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Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 

• AT and A# T translated to yields 

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 
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Dark Matter
• Goal is to understand what DM is and its mass scale.

• Many models!

• Effective theory approach provides different “portals” to 
access the dark sector.

• Experiments can constraint mass, operators, and couplings

• (Super)B factories offer a great opportunity to search for low 
mass DM produced through interactions between SM particles 
and portal mediators in:
• B mesogenesis, a recent approach to explain both DM and baryon 

asymmetry in the universe
• B meson decays
• Dark matter production in e+e- collisions
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Physics motivation             

Understand what Dark Matter (DM) is made of and its mass scale ?

Plethora of models !

Effective theory approach provides different « portals » to access the dark sector

Experiments can constrain operators, masses, couplings…

B Factories : great window to search for low mass New Physics

produced through mixing between portals mediators and SM particles in :

• B mesons decays

• Dark matter produced in e+ e- interactions

B mesogenesis : recent approach to explain both

Dark Matter and Baryon Asymmetry in the Universe

PLB 662, 53 (2008) Dark photon A’

Axion Like Particle a

SM Particles Dark Matter
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Portal examples
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The BaBar Experiment
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BABAR EXPERIMENT

1999-2008

e-

e+ • 432/fb            on-
peak (                      )

• smaller samples 
at
and off-peak

• High luminosity, low backgrounds make BABAR an ideal experiment for 
discovering MeV-GeV scale hidden particles

• ~500 million B 
meson pairs

<latexit sha1_base64="GgdGcEsCf44b/43ZkYihlGPrTFc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAguJCRitRuh6EKXFewDmlAm00k7dCaJMxOhhGzd+CtuXCji1j9w5984abPQ1jMMHM65l3vv8WNGpbLtb2NhcWl5ZbW0Vl7f2NzaNnd2WzJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2R1e5334gQtIovFPjmHgcDUIaUIyUlnomdOW9UKnM4AV0bKtac4/140gNBU+vSSvrmRXbsieA88QpSAUUaPTML7cf4YSTUGGGpOw6dqy8FAlFMSNZ2U0kiREeoQHpahoiTqSXTi7J4KFW+jCIhP6hghP1d0eKuJRj7uvKfEc56+Xif143UUHNS2kYJ4qEeDooSBhUEcxjgX0qCFZsrAnCgupdIR4igbDS4ZV1CM7syfOkdWI5Z1b19rRSvyziKIF9cACOgAPOQR3cgAZoAgwewTN4BW/Gk/FivBsf09IFo+jZA39gfP4AcomY7g==</latexit>p
s = 10.58 GeV432 fb-1 @ U(4S)

O(450) million B meson 
pairs

Smaller samples @ 
U(2S), U(3S), and off-
peak

• Clean e+e- environment with good detector coverage
• Good missing energy (potential dark matter) reconstruction in the recoil of 

a fully reconstructed B meson
• Reconstruct displaced vertices from long-lived particles 
• Precise Particle Identification and reconstruction 
• Long history : more than 10 years of DM searches even if different from 

initial (CP violation) goal 
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B-mesogenesis: What It Is ? 

is equally mysterious, as cosmology predicts a universe
born with equal amounts of matter and antimatter. A
dynamical mechanism, baryogenesis, is required to pro-
duce an initial excess of baryons over antibaryons con-
sistent with cosmic microwave background and big bang
nucleosynthesis measurements [3,4].
The B-mesogenesis scenario has been recently proposed

[5,6] to simultaneously explain the DM abundance and the
BAU. This model introduces several new fields, including a
light dark-sector antibaryon and a new TeV-scale color-
triplet bosonic mediator. The baryogenesis mechanism
relies on the out-of-thermal-equilibrium production of b
and b̄ quarks in the early Universe through the decay of a
massive, long-lived scalar field Φ, as illustrated in Fig. 1. A
fraction of these quarks hadronize into B0 and B̄0 mesons,
which undergo CP-violating oscillations before decaying
into a baryon B, a dark-sector antibaryon ψD, and any
number of additional light mesons M. As a result, matter-
antimatter asymmetries are generated in the visible and
dark sectors with equal but opposite magnitudes, keeping
the total baryon number conserved.
We note that our search is strongly related in its

experimental signature to a recently proposed [7] search
for supersymmetry in B-meson decay to a baryon and
undetected light neutralino.
The baryon asymmetry is determined by the charge

asymmetry in semileptonic B decays, which specifies the
level ofCP violation in mixing in the B0-B̄0 system, and the
branching fraction of the inclusiveB → ψDBM decays. The
B-mesogenesis mechanism would imply a robust lower
bound on the total branching fraction BRðB → ψDBMÞ >
10−4 [6]. Constraints on exclusive B0 → ψDB decays are
calculated using phase-space considerations for different
baryons [6]. The results depend on the effective operators
Oi;j ¼ ψDbij mediating the decay, where i ¼ u, c and
j ¼ d, s specify the quark content. The ratio of exclusive
to inclusive branching fractions ranges from about 1% to
100%, depending on the ψD mass. Furthermore, bounds on
inclusive b decays with missing energy [8], searches for
TeV-scale color-triplet scalars at the LHC [9,10], and
dark matter stability require 0.94<mψD

<3.5GeV=c2 [6].
At present, the best constraints on this scenario arise from a
measurement of the exclusive B → ψDΛ decay by the Belle

Collaboration [11] excluding branching fractions larger than
∼ð2–3Þ × 10−5 for mψD

> 1.0 GeV=c2.
We report herein a search for the decay B0 → ψDΛ in

the mass range 1.0 < mψD
< 4.2 GeV=c2. The analysis is

based on 398.5 fb−1 of data collected at the ϒð4SÞ
resonance with the BABAR detector at the PEP-II eþe−

storage ring at SLAC, corresponding to 4.35 × 108 BB̄
pairs [12]. The BABAR detector is described in detail
elsewhere [13,14]. An additional 32.5 fb−1 of data are
used to optimize the analysis strategy and are subsequently
discarded. The remaining data are not examined until the
analysis procedure is finalized.
Simulated signal events are created using the EvtGen [15]

Monte Carlo (MC) event generator. Eight different samples,
each with a different ψD mass, are generated. The mass
values range from 1 to 4.2 GeV=c2. The background is
studied with samples of inclusive eþe− → BB̄ decays
(EvtGen) and continuum eþe− → qq̄ events with q ¼ u,
d, s, c (JetSet [16]). The detector response is simulated with
GEANT4 [17,18].
Since dark-sector particles escape undetected, we iden-

tify the signal by fully reconstructing the second B meson
(Btag) from hadronic decay modes, and we require the
presence of a single Λ baryon among the remaining
particles. The ψD is identified as the system recoiling
against the Btag and Λ candidates. Hadronic B-meson
decays proceed mostly through charmed mesons, and the
Btag candidate is reconstructed via the decays B → SX by a
hierarchical algorithm that combines a “seed” meson S,
such as Dð%Þ0, Dð%Þ&, D%&

s , or J=ψ, with a hadronic system
X containing up to five kaons and/or pions with total charge
0 or &1 [19]. The selection of Btag candidates is based on
two kinematic variables: the energy difference ΔE ¼
Ebeam − Etag and the beam-energy-substituted mass

mESc2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − p2

Btag
c2

q
, where Etag and pBtag

are the

energy and momentum of the Btag candidate in the eþe−

center-of-mass frame, and Ebeam is the beam energy in the
same frame. ΔE and mES have to satisfy jΔEj < 0.12 GeV
and mES > 5.20 GeV=c2, respectively. If more than one
Btag candidate is present in an event, the best one is chosen
following these requirements: the highest B-decay-mode
purity, defined as the fraction of correctly reconstructed
Btag candidates for a given decay mode, is selected, and
the lowest value of jΔEj is picked if there are several
candidates having the same purity [20].
The remaining particles are associated with the signal

B → ΛψD candidate (Bsig). The Λ candidates are recon-
structed as a pair of oppositely charged tracks identified as
a proton and a pion. A kinematic fit is performed on the Λ
candidate, constraining the two tracks to originate from the
same point in space and requiring the momentum vector to
point back to the beam interaction region. The Λ flight
length is calculated as the distance between the primary

FIG. 1. Illustration of the B-mesogenesis mechanism. Figure
taken from Ref. [6].
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• Out-of-thermal-equilibrium production of b and b quarks in the early 
universe through the decay of a massive, long-lived scalar field F

• A fraction of these quarks hadronize into B0and B0 mesons, which undergo 
CP-violating oscillations before decaying into a baryon B, a dark-sector 
antibaryon YD, and any number of additional light mesons M. 

• Matter- antimatter asymmetries are generated in the visible and dark 
sectors with equal but opposite magnitudes, keeping the total baryon number 
conserved. 

δAs
SL ¼ 10 × 10−4 ½LHCb ð33 fb−1Þ − 2025%; ð25aÞ

δAs
SL ¼ 3 × 10−4 ½LHCb ð300 fb−1Þ − 2040%; ð25bÞ

δAd
SL ¼ 8 × 10−4 ½LHCbð33 fb−1Þ − 2025%; ð25cÞ

δAd
SL ¼ 2 × 10−4 ½LHCb ð300 fb−1Þ − 2040%; ð25dÞ

δAd
SL ¼ 5 × 10−4 ½Belle II ð50 ab−1Þ − 2025%: ð25eÞ

Comparing these numbers with the parameters necessary
for baryogenesis shown in Fig. 3, one can appreciate the
great potential that upcoming measurements from LHCb
or Belle II have for helping to confirm (or refute) B-
Mesogenesis. For instance, if all measurements are com-
patible with the SM predictions by the year 2025, we will
know that BrðB → ψBMÞ≳ 6 × 10−4. On the other hand,
positive semileptonic asymmetries potentially reported by
future measurements would be a clear signal in favor of
the mechanism and could point toward somewhat smaller
branching fractions 10−4 ≳ BrðB → ψBMÞ≳ 10−3. As
such, B-Mesogenesis provides a complementary source
of motivation for the LHCb Upgrade II [74], as measure-
ments with 300 fb−1 would be extremely useful in con-
straining the relevant parameter space.

C. Baryogenesis with the SM CP violation?

According to common lore, the CP violation within the
SM is too small to generate a matter-dominated universe as
we observe it. For instance, in electroweak baryogenesis
[20,21], which can occur during a first-order electroweak
phase transition, the relevant quark CP-violating invariant
is such that ðnB − nB̄Þ=nγ < 10−20 [77,78]. This indeed
requires new BSM sources of CP violation to generate
the observed baryon asymmetry of the Universe at the
ðnB − nB̄Þ=nγ ∼ 10−10 level. However, it is important to
note that in the SM, the CP asymmetries in the B0

q mesons
are not small compared with 10−10. In particular, Ad

SLjSM ≃
−4.7 × 10−4 and As

SLjSM ≃ 2.1 × 10−5 [66]. As can be
seen from Fig. 3, B-Mesogenesis could in principle
account for the observed baryon asymmetry of the
Universe with only the SM CP violation provided that
BrðB → ψBMÞ > 2.5%. Although this possibility is

disfavored given the constraints on the new b-decay modes
from ALEPH, which tell us that BrðB → ψBMÞ < 0.5%,
it is important to note that, contrary to scenarios such as
electroweak baryogenesis, the generated baryon asymmetry
with only the SM CP violation is off by just an order of
magnitude rather than by 10 or more. The reason for this
ultimately stems from the fact that B-Mesogenesis proceeds
at much lower temperatures than other baryogenesis
scenarios—temperatures at which the SM CP violation
is not suppressed.

IV. SEARCHES FOR THE B → ψ +BARYON

In B-Mesogenesis, the baryon asymmetry of the
Universe depends upon the inclusive rate of B mesons
decaying into a dark sector antibaryon (ψ) and a SM baryon
(B) plus any number of light mesons, (M), i.e.,
BrðB → ψBMÞ; see Eq. (6). Recall that any of the four
flavors of operators in Eq. (15) can yield such an inclusive
rate; the contributing lightest final flavor states in each case
are summarized in Table I. To illustrate these flavorful
variations, in Fig. 4 we display possible decays of Bþ

mesons for each of the distinct operators.
Experimental searches for B-meson decays into missing

energy and a SM baryon have arguably been overlooked
in experimental programs to date. In this section, we first
summarize in Sec. IVA the current state of constraints on
the branching fractions for these processes as relevant for
baryogenesis. In Secs. IV B and IV C, we then discuss the
potential reach of B factories and the LHC, respectively, to
exclusive decays of Bmesons involving missing energy and
a baryon in the final state (these are easier to target than
inclusive modes including mesons). Finally, in Sec. IV D
we perform a primitive phase-space analysis to relate the
inclusive decay rate BrðB → ψBMÞ to the exclusive one
BrðB → ψBÞ, the result of which suggests that BABAR,
Belle, and especially Belle II and LHCb have the potential
to test wide regions of parameter space of the baryogenesis
and dark matter mechanism of [39].

A. Current limits

There exists no current dedicated search for B-meson
decays into a visible baryon and missing energy plus
any number of light mesons at any experimental facility.

FIG. 4. The decay of the Bþ meson to the lightest possible baryon as triggered by the four different flavor operators given in Eq. (15).
Note that any of the four can lead to successful baryogenesis and dark matter production. As usual, the light dark sector antibaryon ψ
would appear as missing energy in the detector, and Y is a heavy color-triplet scalar mediator with MY > 1.2 TeV (see Sec. V).

ALONSO-ÁLVAREZ, ELOR, and ESCUDERO PHYS. REV. D 104, 035028 (2021)
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G. Elor, M. Escudero and A. E. Nelson,Phys. Rev. D 99, 035031 (2019) 
G. Alonso-Alvarez, G. Elor, and M. Escudero,Phys.Rev. D 104, 035028 (2021)
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B-mesogenesis in B Decays
A BSM TeV-scale color triplet scalar Y is needed. It can be integrated 
out to give an effective Lagrangian:

0.94 GeV < mψ < 4.34 GeV: ð12Þ

We note that since both ψ and ϕ carry baryon number,
they can potentially be produced in high-density environ-
ments, even if they interact very weakly with regular matter.
One of the most favorable environments for this is the
interior of a neutron star, where light baryons can be
produced provided that they are lighter than the chemical
potential of a neutron μn ∼ 1.2 GeV within the star [49]
(see also [50–55]). In [39], this motivated the additional
restriction to only consider masses above this threshold,
i.e., mψ > mϕ > 1.2 GeV at face value. However, there is
in fact no dedicated study of these neutron stars’ constraints
on light baryons like the ones considered here, which
may not have interactions involving only light quarks.
Furthermore, these bounds are subject to several uncer-
tainties, such as the unknown equation of state of neutron
stars. In this situation, we opt to take the conservative
approach of not applying this further restriction to the
masses of ψ and ϕ in this work. That said, we note that the
regime of light massmψ ≲ 1.5 GeVmay be subject to these
astrophysical bounds once a dedicated study addressing the
aforementioned uncertainties is performed.
An important observation at this stage is that the energy

density in asymmetric dark matter that is produced through
B-Mesogenesis cannot be larger than mψ=mp × ΩB. In light
of Eq. (10), this means that the full observed dark matter
abundance cannot be generated solely via this process. That
said, other processes such as annihilation freeze-out can
yield the correct amount of dark matter. In fact, and as
discussed in [39], dark sector interactions are crucial in order
to allow the annihilation of any symmetric abundance of
dark sector particles that would result in an overproduction
of dark matter. The details of these processes depend on the
exact matter content and dynamics of the dark sector. If we
restrict the dark matter to be comprised of ϕ and ξ particles,
then there could also be additional detection signals of
the dark matter. For instance, the dark matter could
annihilate into SM neutrinos, as can occur in supersymmetric
versions of the mechanism [40]. Although this annihilation
channel is at present unconstrained [56,57], it could be
tested in upcoming neutrino experiments such as Hyper-
Kamiokande [58,59]. Alternatively, the dark matter could
annihilate into sterile neutrinos. If the dark sector states are
much heavier than the sterile neutrinos, annihilation would
be p wave [60,61] and would not yield any relevant signals
for CMB or neutrino experiments. Finally, as was discussed
in [39] (see also [62]), the dark matter particles considered
here do not yield typical WIMP-like scattering signals at
underground laboratories, as the dark matter states ξ and ϕ
do not interact directly with SM fermions.
Of course, ψ , ϕ, and ξ need not be the only dark sector

states. Indeed, one may expect many other particles
to be present in a full realization of the dark sector.
A theoretically motivated example of an additional dark

species is a SM gauge singlet A carrying the opposite
baryon number of a quark, i.e., −1=3 [39]. The A state can
be stabilized via a Z2 symmetry and represent the entirety
of the dark matter and could provide an explanation for
why the dark matter and baryon energy densities are
observed to be so similar, ΩDM=ΩB ≃ 5. Since baryon
number is conserved in our setup, nA ¼ 3nB ifA is the only
stable dark sector antibaryon. With this, assuming that the
asymmetric A population makes up the entirety of the dark
matter, we can solve for mA to find

mA ¼ mB

3

ΩDMh2

ΩBh2
¼ 1680$ 20 MeV; ð13Þ

where mB is the average mass per baryon [63], and where
we have used the current errors from Planck [1] on ΩDMh2

and ΩBh2.
A scalars can be produced in the early Universe via

interactions of the type ϕþ ϕ⋆ → AþA⋆, while the
asymmetry in the dark sector can be transferred via
processes of the type ϕþA⋆ → AþA. For these proc-
esses to be active in the early Universe requires mϕ > mA.
Since mψ > mϕ > mA, then for masses of mψ > 1.7 GeV,
B-Mesogenesis with this extended dark sector could
provide an explanation for the observed dark-matter-to-
baryon density ratio.
Motivated by the above discussion, we suggest adopting

the following benchmark value for the mass of ψ :

mψ ¼ 2 GeV ðbenchmarkÞ: ð14Þ

For this benchmark, the dark matter could be fully
composed of antibaryons A with baryon number −1=3,
thereby providing an explanation for the observed ratio
ΩDM=ΩB ≃ 5. Needless to say, while this benchmark is
particularly theoretically appealing, the entire range (12) is
very well motivated as it can lead to an understanding of
baryogenesis and dark matter generation.

C. Exotic B-meson decays

As discussed in the Introduction, one of the key
predictions of B-Mesogenesis is the presence of a new
decay mode of Bmesons into a dark antibaryon ψ , a visible
baryon B, and any number of light mesons with a branching
fraction BrðB → ψBMÞ≳ 10−4.
In order for the B → ψBM decay to exist, a new BSM

TeV-scale bosonic mediator is needed. In particular, this
state should be a color-triplet scalar Y which couples to ψ
and SM quarks. The LHC and flavor observables set
relevant constraints on the mass and couplings of this
color-triplet scalar which we discuss in detail in Sec. V.
This heavy mediator can be integrated out to yield a low

energy Lagrangian of the form Leff ¼
P

i;jOuidj
y2ij
M2

Y
, with

ALONSO-ÁLVAREZ, ELOR, and ESCUDERO PHYS. REV. D 104, 035028 (2021)
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Product of couplings

Flavor combination operators

y2ij being the product of the two relevant dimensionless
couplings. The four possible flavor combination operators
Oi of interest for B-meson decays are

Oud ¼ ψbud; ð15aÞ

Ous ¼ ψbus; ð15bÞ

Ocd ¼ ψbcd; ð15cÞ

Ocs ¼ ψbcs; ð15dÞ

where all fermions are assumed to be right-handed6 and
color indices are contracted in a totally antisymmetric way.
These operators can induce the decay of the b̄ quark within
the B meson into two light quarks and a dark antibaryon ψ .
The resulting possible hadronic processes are summarized
in Table I for the different operators in Eq. (15). Matrix
elements involving the operators in Eq. (15) depend on
the precise pairing of the spinors. Each of the operators
can come in three different versions: “type 1”
O1

ij ¼ ðψbÞðuidjÞ, “type 2” O2
ij ¼ ðψdjÞðuibÞ, and “type

3”O3
ij ¼ ðψuiÞðdjbÞ. This distinction becomes relevant for

some of the constraints discussed in the next sections.
As we will see in Sec. V, flavor constraints on the Y

triplet scalar imply that only one of these operators can
be active in the early Universe. In practice, this means that
we only expect one dominant flavor combination of these
possible operators at collider experiments and not a
combination of the above. Therefore, only one of the sets
of decay channels listed in Table I is expected to have a
sizeable branching ratio, while all others should be
suppressed.
In view of the form of the effective operators in Eq. (15),

it is important to note that all B mesons should decay
at a very similar rate given that mB$ ≃mB0

d
≃mB0

s
.

Additionally, b-flavored baryons (generically denoted by
Bb) should also posses a branching fraction with a size
BrðBb → ψ̄MÞ ∼ BrðB → ψBMÞ, again given that the
masses of all the b-flavored hadrons are fairly similar to
the B-meson ones.

III. CP VIOLATION IN THE B-MESON SYSTEM

As described in the previous sections, B-Mesogenesis
[39] directly relates theCP violation in the neutral B-meson
systems to the observed baryon asymmetry of the Universe.
In this section, we discuss how current measurements of
CP-violating observables in B0

q − B̄0
q mixing constrain the

mechanism. In particular, as clearly seen from Eq. (6), there

is a correlation between BrðB → ψBMÞ and the CP
asymmetries in the B0

q systems. Thus, current measure-
ments on the CP violation of B0

q mesons set a lower bound
to BrðB → ψBMÞ which we find to be ∼10−4.
To set the stage, we first review the origin of CP

violation in B0
q mesons and the associated observables.

The oscillations of neutral B0
s and B0

d mesons are described
by the mass (Mq

12) and decay (Γq
12) mixing amplitudes

between the flavor eigenstates B0
q and B̄0

q; see [64] for
reviews on CP violation in the quark sector and B0

q − B̄0
q

oscillations. CP violation can be present in these systems
and manifests itself as a relative phase between Mq

12 and
Γq
12. The observables that connect the dynamics of B0

q

mesons in the early Universe and observations in laboratory
experiments are the semileptonic asymmetries defined as

Aq
SL ¼

ΓðB̄0
q → B0

q → fÞ − ΓðB0
q → B̄0

q → f̄Þ
ΓðB̄0

q → B0
q → fÞ þ ΓðB0

q → B̄0
q → f̄Þ

; ð16Þ

where As;d
SL is the semileptonic asymmetry in B0

s;d decays, f
is a CP eigenstate that is only accessible to the B0

q meson,
and f̄ is its CP conjugate. Note that Aq

SL is called semi-
leptonic asymmetry simply because the decays used to
quantify it are semileptonic (e.g., b̄ → cν̄ll−). In terms of

TABLE I. The lightest final state resulting from the new decay
of b quarks as necessary to give rise to baryogenesis and dark
matter production. We list each of the possible flavorful operators
that can equally lead to B-Mesogenesis; see Eq. (15). For a given
operator, the rate of each decay is fairly similar given that
mB$ ≃mB0

d
≃mB0

s
∼mΛb

. ΔM refers to the difference in mass
between the initial and final SM hadron. Note that additional light
mesons can be present in the final state, which act to decreaseΔM
by their corresponding masses.

Operator and decay Initial state Final state ΔM (MeV)

Oud ¼ ψbud
b̄ → ψud

Bd ψ þ nðuddÞ 4340.1
Bs ψ þ ΛðudsÞ 4251.2
Bþ ψ þ pðduuÞ 4341.0
Λb ψ̄ þ π0 5484.5

Ous ¼ ψbus
b̄ → ψus

Bd ψ þ ΛðusdÞ 4164.0
Bs ψ þ Ξ0ðussÞ 4025.0
Bþ ψ þ ΣþðuusÞ 4090.0
Λb ψ̄ þ K0 5121.9

Ocd ¼ ψbcd
b̄ → ψcd

Bd ψ þ Λc þ π−ðcddÞ 2853.6
Bs ψ þ Ξ0

cðcdsÞ 2895.0
Bþ ψ þ Λþ

c ðdcuÞ 2992.9
Λb ψ̄ þ D̄0 3754.7

Ocs ¼ ψbcs
b̄ → ψcs

Bd ψ þ Ξ0
cðcsdÞ 2807.8

Bs ψ þΩcðcssÞ 2671.7
Bþ ψ þ Ξþ

c ðcsuÞ 2810.4
Λb ψ̄ þD− þ Kþ 3256.2

6In principle, operators of the form ψdQLQ0
L mediated by a

color-triplet vector in the fundamental of SUð2Þ are also possible.
Although for simplicity we do not expand on this possibility here,
they constitute another viable option.
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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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δAs
SL ¼ 10 × 10−4 ½LHCb ð33 fb−1Þ − 2025%; ð25aÞ

δAs
SL ¼ 3 × 10−4 ½LHCb ð300 fb−1Þ − 2040%; ð25bÞ

δAd
SL ¼ 8 × 10−4 ½LHCbð33 fb−1Þ − 2025%; ð25cÞ

δAd
SL ¼ 2 × 10−4 ½LHCb ð300 fb−1Þ − 2040%; ð25dÞ

δAd
SL ¼ 5 × 10−4 ½Belle II ð50 ab−1Þ − 2025%: ð25eÞ

Comparing these numbers with the parameters necessary
for baryogenesis shown in Fig. 3, one can appreciate the
great potential that upcoming measurements from LHCb
or Belle II have for helping to confirm (or refute) B-
Mesogenesis. For instance, if all measurements are com-
patible with the SM predictions by the year 2025, we will
know that BrðB → ψBMÞ≳ 6 × 10−4. On the other hand,
positive semileptonic asymmetries potentially reported by
future measurements would be a clear signal in favor of
the mechanism and could point toward somewhat smaller
branching fractions 10−4 ≳ BrðB → ψBMÞ≳ 10−3. As
such, B-Mesogenesis provides a complementary source
of motivation for the LHCb Upgrade II [74], as measure-
ments with 300 fb−1 would be extremely useful in con-
straining the relevant parameter space.

C. Baryogenesis with the SM CP violation?

According to common lore, the CP violation within the
SM is too small to generate a matter-dominated universe as
we observe it. For instance, in electroweak baryogenesis
[20,21], which can occur during a first-order electroweak
phase transition, the relevant quark CP-violating invariant
is such that ðnB − nB̄Þ=nγ < 10−20 [77,78]. This indeed
requires new BSM sources of CP violation to generate
the observed baryon asymmetry of the Universe at the
ðnB − nB̄Þ=nγ ∼ 10−10 level. However, it is important to
note that in the SM, the CP asymmetries in the B0

q mesons
are not small compared with 10−10. In particular, Ad

SLjSM ≃
−4.7 × 10−4 and As

SLjSM ≃ 2.1 × 10−5 [66]. As can be
seen from Fig. 3, B-Mesogenesis could in principle
account for the observed baryon asymmetry of the
Universe with only the SM CP violation provided that
BrðB → ψBMÞ > 2.5%. Although this possibility is

disfavored given the constraints on the new b-decay modes
from ALEPH, which tell us that BrðB → ψBMÞ < 0.5%,
it is important to note that, contrary to scenarios such as
electroweak baryogenesis, the generated baryon asymmetry
with only the SM CP violation is off by just an order of
magnitude rather than by 10 or more. The reason for this
ultimately stems from the fact that B-Mesogenesis proceeds
at much lower temperatures than other baryogenesis
scenarios—temperatures at which the SM CP violation
is not suppressed.

IV. SEARCHES FOR THE B → ψ +BARYON

In B-Mesogenesis, the baryon asymmetry of the
Universe depends upon the inclusive rate of B mesons
decaying into a dark sector antibaryon (ψ) and a SM baryon
(B) plus any number of light mesons, (M), i.e.,
BrðB → ψBMÞ; see Eq. (6). Recall that any of the four
flavors of operators in Eq. (15) can yield such an inclusive
rate; the contributing lightest final flavor states in each case
are summarized in Table I. To illustrate these flavorful
variations, in Fig. 4 we display possible decays of Bþ

mesons for each of the distinct operators.
Experimental searches for B-meson decays into missing

energy and a SM baryon have arguably been overlooked
in experimental programs to date. In this section, we first
summarize in Sec. IVA the current state of constraints on
the branching fractions for these processes as relevant for
baryogenesis. In Secs. IV B and IV C, we then discuss the
potential reach of B factories and the LHC, respectively, to
exclusive decays of Bmesons involving missing energy and
a baryon in the final state (these are easier to target than
inclusive modes including mesons). Finally, in Sec. IV D
we perform a primitive phase-space analysis to relate the
inclusive decay rate BrðB → ψBMÞ to the exclusive one
BrðB → ψBÞ, the result of which suggests that BABAR,
Belle, and especially Belle II and LHCb have the potential
to test wide regions of parameter space of the baryogenesis
and dark matter mechanism of [39].

A. Current limits

There exists no current dedicated search for B-meson
decays into a visible baryon and missing energy plus
any number of light mesons at any experimental facility.

FIG. 4. The decay of the Bþ meson to the lightest possible baryon as triggered by the four different flavor operators given in Eq. (15).
Note that any of the four can lead to successful baryogenesis and dark matter production. As usual, the light dark sector antibaryon ψ
would appear as missing energy in the detector, and Y is a heavy color-triplet scalar mediator with MY > 1.2 TeV (see Sec. V).
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• Boosted Decision Tree (BDT) to suppress residual combinatorial 
backgrounds from 𝑞𝑞 and 𝐵𝐵 decays

• In B0→Λ YD analysis, kinematic fit of Λ → p π, including displaced vertex 
significance requirement 
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Upper Limits on B-mesogenesis @ BaBar

requirement 5.20<mES<5.29GeV=c2. The region −0.5 <
νBDT < 0.75, largely dominated by eþe− → qq̄ (q ¼ u, d, s,
c) events, is used to extract a correction factor for continuum
production, fudsc, by rescaling the corresponding MC
predictions to the number of observed events. The correction
factor for BB̄ production, fB0B̄0 , is determined from data in
the complementary region νBDT < −0.5, assuming equal
contributions from B0B̄0 and BþB−. We obtain fudsc ¼
1.34# 0.10 and fB0B̄0 ¼ 1.06# 0.08. Under the
assumption that the BB̄ correction factor is independent of
the signal B-decay mode, we rescale the signal efficiency by
fB0B̄0 and propagate the corresponding uncertainty as a
systematic uncertainty.
We extract the signal yield by scanning the ψD mass

spectrum in steps of the signal mass resolution, σm, probing
a total of 193 mass hypotheses. The resolution is estimated
by performing fits of a Bukin function [23] to the ψD
mass distribution for each signal MC sample, and inter-
polating the results to the full mass range. The results vary
between 90 MeV=c2 atmψD

¼ 1.0 GeV=c2 and 6 MeV=c2

at mψD
¼ 4.2 GeV=c2. The signal yield is determined by

counting the number of events in a window of #3σm
centered around the ψD mass hypothesis. The background
is evaluated with a Poisson counting approach in two
sideband regions of #3σm surrounding the signal window
in the data, except near mψD

¼ 4.2 GeV=c2, where a single
region is used. The largest local significance is found to
be 2.3σ, observed near mψD

¼ 3.7 GeV=c2, correspon-
ding to a global significance of 0.4σ after including trial
factors [24], consistent with the null hypothesis.
In the absence of a signal, upper limits on the branching

fraction B0 → ψDΛ are derived at a 90% confidence level
(CL) by applying a profile likelihood method [25] for each

ψD mass hypothesis. The number of signal and background
events is assumed to follow Poisson distributions, while the
efficiency is modeled with a Gaussian having a variance
equal to the total systematic uncertainty. Systematic uncer-
tainties arising from track and neutral reconstruction
efficiencies, Btag reconstruction efficiencies, selection cri-
teria, and modeling of the BDT variables are included in the
BB̄ correction factor described above. Other sources of
uncertainty include the Λ → pπ− branching fraction
(0.8%), the integrated luminosity (0.6%) [12], and the
limited statistical precision of the signal MC samples
(0.7%–4.6%). The total systematic uncertainty, obtained
by summing in quadrature the different contributions,
varies between 7.8% and 9.1%.
The results are displayed in Fig. 5, together with the

previous measurement from the Belle Collaboration and
theoretical predictions for different type of operators
generating B mesogenesis. We probe branching fractions
in the range 0.13–5.2 × 10−5, improving previous con-
straints by up to an order of magnitude. These bounds
exclude most of the remaining parameter space for the
O2

us ¼ ðψDsÞðubÞ and O3
us ¼ ðψDuÞðsbÞ operators, and a

significant fraction of the region allowed for O1
us ¼

ðψDbÞðusÞ operators above mψD
> 2.8 GeV=c2.

In summary, we report a search for baryogenesis and
dark matter in the process B0 → ΛψD with a fully recon-
structed Btag meson. No significant signal is observed, and
upper limits on the branching fraction at the level of
10−6–10−5 are set. These results exclude a large fraction
of the parameter space allowed by B mesogenesis. Future
measurements at Belle-II should be able to fully explore
the remaining region.
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FIG. 4. The distribution of the ψD mass (mψD
) after applying all

selection criteria for data (points), signal MC for mψD
¼

2.0 GeV=c2 (red histogram), and inclusive background MC
predictions (stacked histograms). The normalization of the signal
events is arbitrary.

FIG. 5. Upper limits on the B0 → ψDΛ branching fraction at a
90% CL, together with previous constraints [11]. The light blue
and orange [orange-only] region shows the values of the B0 →
ψDΛ branching fraction allowed to successfully generate B
mesogenesis for the O1

us ¼ ðψDbÞðusÞ [O2
us ¼ ðψDsÞðubÞ and

O3
us ¼ ðψDuÞðsbÞ] effective operators [6].
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FIG. 4. Missing-mass distributions after all selections are
applied for a simulated signal sample with m D = 2 GeV/c2

(solid red line), inclusive SM background (stack histograms)
and data (black dots). In total 45 events remain in the data.

A scan is performed across the missing-mass distribu-
tion with a step size equal to the signal mass resolution
(�m) interpolated from fits to the signal MC samples. In
total 127 mass hypotheses were considered in the range
1.0 < mmiss < 4.29 GeV/c2.

The largest systematic uncertainty comes from the
data/MC correction (8.2%) and a↵ects the signal e�-
ciency. The uncertainty on the correction factor includes
several contributions including imperfections in the mod-
eling of reconstruction and particle identification. In ad-
dition, there are normalization uncertainties in the yield
of B+B� pairs which include: the uncertainty on the
number of ⌥(4S) mesons (0.6%[26]); the uncertainty on
the ⌥(4S) ! B+B� branching fraction (1.2%); and, the
uncertainty on the signal e�ciency due to the PID algo-
rithms incorrectly identifying a proton track (1%). The
total uncertainty on the signal e�ciency is 8.4 %.

In the absence of a signal, 90% confidence level (C.L.)
upper limits on the branching fractions are derived us-
ing a profile likelihood method [27]. A Poisson count-
ing approach is followed using only the data. The num-
ber of signal and background events is assumed to fol-
low Poisson distributions, and the e�ciency is assumed
Gaussian with variance equal to the total systematic un-
certainty. For a given  D mass hypothesis, the signal
region is defined in the data as the region m D � 5�m <
mmiss < m D + 5�m, the side-bands ([+5�,+10�] and
[�10�,�5�]) on either side of this window are classified
as the background region.

Figure 5 shows the resulting 90 % C.L. upper limit on
the branching fraction. The largest local significance is
3.5 � at 3.3 GeV/c2 which results in a 1 � global signif-
icance. Almost all the available parameter space for the
O

2,3
ud operators is constrained with the BABAR data set.

However, operatorO1
ud remains mostly unconstrained be-

tween 1.9 – 3.0 GeV/c2 and below 1.5 GeV/c2.
In Fig. 6 the result is interpreted to constrain a su-

persymmetric model with R-parity violation (RPV) and

FIG. 5. Derived 90 % C.L. upper limits on the branching frac-
tion B+ !  D +p and the charge conjugate for BABAR data
set corresponding to 398 fb�1. The theory expectation for the
three e↵ective operators are from Ref. [9].

FIG. 6. Derived 90 % C.L. upper limits for BABAR data set
corresponding to 398 fb�1 on the RPV coupling �

00
113 for the

process B+ ! �̃0 + p using the conversion factors presented
in figure 2 of [28].

a light neutralino detailed in Ref. [28]. The branching
fraction upper limits obtained in the present analysis are
converted to limits on the RPV coupling �

00

113 divided by
the relevant squark mass squared as a function of the
neutralino mass (�̃0).

To summarize, a search for B+
!  D + p has been

presented. This is the first attempt to directly search for
this channel. No signal is observed and upper limits, and
90% C.L upper limits from 10�7 – 10�5 are set on the
branching fraction. A large fraction of the B-mesogenesis
parameter space is excluded by this measurement. Our
result also constrains the branching fraction upper lim-
its on the RPV coupling, �

00

113, divided by the relevant
squark mass squared as a function of the neutralino mass,
at the level 10�7 – 10�6 for 0.5< m�̃0 < 4.0 GeV/c2.

We are grateful for the extraordinary contributions
of our PEP-II colleagues in achieving the excellent lu-

B0 →LYD

M(YD) [GeV/c2] M(YD) [GeV/c2]

M(YD) [GeV/c2]M(YD) [GeV/c2]

B+ →pYD
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Scan various M(YD) hypothesis in step of sM, count the number of events within 3 sM of M(YD), 
set an upper limit  

Example:
M(YD) = 2 GeV
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Search for an Axion Like Particle (ALP) in B+ → K+ a (a → γγ) 
PhysRevLett.128.131802 (2022)

E. Izaguirre et al., PRL 118 (2017) 111802
Pseudo-Goldstone bosons : Axion-Like Particles (ALPs) 
resulting from Spontaneously-broken global symmetries, 
Could help resolve naturalness issues of SM parameters 
(like CP strong Pb) and serve as mediators to dark sectors

Can be produced in FCNC B decay processes, like
B → K a, with a → γγ (SM BR prediction very small for  B → K γγ )

90% CL exclusion 
bounds on 
the ALP coupling 𝑔𝑎𝑊
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Up to two orders of magnitude improvements over previous limits

Search for peak in 
reconstructed 𝜸𝜸 mass
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𝑆𝑈(2)𝑊field 
strength tensor
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Up to two orders of magnitude improvements over previous limits

Search for peak in 
reconstructed 𝜸𝜸 mass

E. Izaguirre et al., PRL 118 (2017) 111802 

• Many extensions of SM include spontaneously-broken global symmetries, 
resulting in pseudo-Goldstone bosons : Axion-Like Particles (ALPs)

• Could help resolve issues of naturalness of SM parameters and serve as 
mediators to dark sectors 

• ALPs (a) couple primarily to pairs of SM gauge bosons (coupling gaW).
• Can be produced in FCNC B decay processes, like B → K a, with a → gg
• (nearly 100% BF for m(a) < m(W) ) 

• t ~ 1/ma3gaW2: for low ma and small gaW, the decay can be “non-prompt” 

2023/08/09 10



Search for B → Ka (a → gg)
Phys. Rev. Lett. 128, 131802 (2022) 
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Search for Axion-Like Particles (ALP)- (2)

90% CL exclusion bounds on the ALP coupling 𝑔𝑎𝑊

Phys. Rev. Lett. 128, 131802 (2022)

Up to two orders of magnitude improvements over previous limits

ℒ= - 𝑔𝑎𝑊
4

a 𝑊𝜇𝜐𝑏 ෩𝑊𝑏𝜇𝜐
𝑆𝑈(2)𝑊field 
strength tensor

coupling

Searches for ALPs in B+ → K+ a (a → γγ) 

peaking contributions
from π0, η, η' ηc

Search for peak in the reconstructed γγ mass

We additionally determine the branching fraction for cτa
values of 1, 10, and 100 mm in this mass range.
The search is based on a sample of 4.72 × 108 BB̄meson

pairs corresponding to 424 fb−1 of integrated luminosity
collected at the ϒð4SÞ resonance by the BABAR detector at
the PEP-II eþe− storage ring at the SLAC National
Accelerator Laboratory [35]. The BABAR detector is
described in detail elsewhere [36,37]. A small sample,
corresponding to 8% of the total data set, is used to
optimize the search strategy and is subsequently discarded.
Signal Monte Carlo (MC) events are simulated using

EVTGEN [38], with MC samples generated at 24 masses
(from 0.1–4.8 GeV) for promptly decaying ALPs and 16
masses for long-lived ALPs (from 0.1–2.5 GeV). We
simulate the following reactions to study the background:
eþe− → eþe−ðγÞ (BHWIDE [39]), eþe− → μþμ−ðγÞ,
eþe− → τþτ−ðγÞ (KK with TAUOLA library [40,41]), con-
tinuum eþe− → qq̄ with q ¼ u, d, s, and c (JETSET [42]),
and eþe− → BB̄ (EVTGEN). Each background MC sample
is weighted to match the luminosity of the dataset. The
detector acceptance and reconstruction efficiencies are
estimated with a simulation based on GEANT4 [43].
We reconstruct signal B% candidates by combining a pair

of photons with a track identified as a kaon by particle
identification algorithms [36]. All other reconstructed
tracks and neutral clusters in the event are collectively
referred to as the rest of the event (ROE). To suppress
backgrounds, we require an energy-substituted massmES ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs=2þ p⃗i · p⃗BÞ2=E2

i − p2
B

p
> 5.0 GeV and an energy

difference ΔE ¼ j
ffiffiffi
s

p
=2 − E&

Bj < 0.3 GeV, where
ffiffiffi
s

p

denotes the center-of-mass (c.m.) energy, p⃗B and EB are
the B% momentum and energy in the lab frame, E&

B is the
B% energy in the c.m. frame, and Ei and p⃗i are the energy
and momentum of the initial state in the lab frame. A
kinematic fit is performed on the selected B% candidates,
requiring the photon and kaon candidates to originate from
the measured beam interaction region, and constraining
their total energy and invariant mass to the nominal B%

meson mass and measured c.m. beam energy.
Two boosted decision trees (BDTs) [44] are used to

further separate signal from each of the main backgrounds:
one BDT is trained using continuum MC background
events and the other using BþB− MC background events.
For the signal sample, we combine events from all
simulated ALP masses with prompt decays to obtain a
uniform distribution in diphoton invariant mass ðmγγÞ. Each
BDT includes the following 13 observables: invariant mass
of the ROE; cosine of the angle between two sphericity
axes, one computed with the B% constituents and the other
with the ROE; second Legendre moment of the ROE,
calculated relative to the B% thrust axis; mES and ΔE;
particle identification information for theK%; helicity angle
of the K%, which is the angle between the K% and the
ϒð4SÞ as measured in the B% frame; helicity angle and

energy of the most energetic photon forming the a; three
invariant masses mðγiγPj Þ, where γi is an ALP-daughter
photon, γPj is a photon in the ROE, and γi and γPj are chosen
so that mðγiγPj Þ is closest to the nominal mass of each of
P ¼ π0; η; η0; and, multiplicity of neutral candidates in
the event.
The BDT score distributions for data, signal MC, and

background MC are provided in the Supplemental Material
[45]. For our final signal region selection, we apply the
criteria on the two BDT scores shown in Ref. [45], allowing
multiple candidates per event. The BDT selection criteria
are independent of the ALP mass hypothesis. The signal
efficiency estimated from MC varies between 2% for ma ¼
4.78 GeV to 33% for ma ¼ 0.3 GeV. The resulting mγγ
distribution is shown in Fig. 1.
The background is dominated by continuum events and

by peaking contributions from B% → K%h0 and B% →
π%h0 decays where h0 ¼ π0; η; η0. The continuum back-
ground arises from random combinations of photons and
charged hadrons. The observed deviations betweenMC and
data above 1 GeV are due to the challenges of modeling
continuum events in this mass range. This is particularly
true above 4 GeV where initial-state radiation contributes
substantially to the background but is absent from our
continuum MC. Over narrow regions of order a few
hundred MeV, the data-to-MC ratio is relatively flat for
mγγ < 4 GeV and MC can be used to model the continuum
shape in intervals of this width. Nonresonant B% → K%γγ
decays and B% → K&γ; K& → Kγ decays are negligible, as
they have total branching fractions ≲10−7 [46,47] and do
not give a peak in mγγ . The B% → K%ηc; ηc → γγ decay is
not included in our background MC; we observe an excess
at the ηc mass, with a local significance of 2.6σ as
determined by the signal extraction procedure defined
below. The measured product branching fraction is
consistent with the world average value of BðB% →
K%ηcÞBðηc → γγÞ [47]. Because of the relatively small
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FIG. 1. The diphoton mass distribution of ALP candidates,
together with Monte Carlo predictions of leading background
processes normalized to the data luminosity.
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Search for peak in the reconstructed gg mass 

Peaking contributions from p0, h, h’ 90% CL exclusion bounds on 
the ALP coupling gaW 

Up to two orders of magnitude improvements over previous limits 
2023/08/09 11



Search for Darkonium @ BaBar (1)
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99

DM BOUND STATE: DARKONIUM
• Consider DM coupled to a dark photon: DM can form bound states 

(darkonia)!

• We search for the lightest vector 
darkonium,      

• We reconstruct dark photon 
decays into pairs of similar 
mass (min. 1 lepton pair)

• Use multivariate analysis to 
separate signal from background

H. An et al., PRL 116, 151801, arXiv:1510.05020
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Cn ! n pion pairs
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e/µ/⇡

• DM bound states (Darkonia) arises in 
models in which:

• Dark photon A’ has large coupling 
aD to DM fermion 

• A’ mixes with SM g with kinetic 
strength e

• We search for the lightest vector 
darkonium, UD

• We reconstruct dark photon A’ decays 
into e/μ/p pairs of similar mass (min. 1 
lepton pair) 

• Search for a 6 tracks final state
• Dark photon lifetime can be long for 

small masses and small kinetic mixing ε 
hence prompt and displaced vertex 
signatures 

H. An et al., PRL 116 (2016) 151801 

e+e- →g UD,  UD → A’A’A’

A’ → f+f-  (f=e, µ, p)
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Final state selection : 3 pairs of 
opposite-sign tracks (at least one lepton 
pair) which should all have same invariant 
mass 

Reconstruct UD mass 

ISR photon may or may not be detected, 
but recoil mass against UD should be 
consistent with zero 

MVA trained on MC sample with 
different A’ lifetimes used to suppress 
backgrounds 

Scan m(UD) - m(A') plane 

PRL 128, 021802 (2022) 

σmϒD
(σmA0

) denotes the corresponding ϒD (A0) mass
resolution. The resolutions are determined by fitting the
different signal Monte Carlo (MC) samples with a crystal
ball function [28] and interpolating the results throughout
the full mass range. The ϒD (A0) mass resolution varies
between 5–40 MeV (1–8 MeV); the detailed results are
available in Supplemental Material [29]. The number of
observed background events is estimated by averaging two
neighboring regions along the mϒD

axis: ½mϒD
− 8σmϒD

;

mϒD
− 4σmϒD

" and ½mϒD
þ 4σmϒD

;mϒD
þ 8σmϒD

". This
choice is motivated by the potential background contribu-
tion due to hadronic resonances or photon conversions,
which would be concentrated at similar values of dark
photon masses. The signal significance is assessed from
MC samples, using sideband data from the classifier score
distribution to model the ðmϒD

; mA0Þ distribution of the
background. The most significant measurement contains
two events in the signal window, corresponding to a p value
of 30%, which is compatible with the null hypothesis.
In the absence of signal, we derive 90% confidence

level (C.L.) upper limits on the eþe− → γϒD cross section
using a profile likelihood method [30]. The probability of
observing N events in a given signal region is described by
the following model:

PðNjnþ bÞ

¼ e−nnN

N!

e−bbB

B!
1

2πσZσL
e½−ðz−ZÞ

2=2σ2Z"e½−ðl−LÞ
2=2σ2L";

where b (B) is the expected (estimated) number of back-
ground events, and n ¼ lzσðeþe− → γϒDÞ is the expected
number of signal events given by the product of the
integrated luminosity l, the eþe− → γϒD cross section,
and the signal efficiency z. The measured luminosity, signal
efficiency, and their uncertainties are denoted by L, Z, σL,
and σZ, respectively. The signal efficiency includes the
dark photon branching fractions, taken from Ref. [31].

The efficiency is determined for each simulated sample
and interpolated to the full parameter space, ranging
from 0.1% for mϒD

∼ 0.15 GeV, mA0 ∼ 0.05 GeV to
34% for mϒD

∼ 8.0 GeV, mA0 ∼ 1.0 GeV. The uncertainty
in the signal efficiency arises mainly from particle iden-
tification algorithms, assessed with high-purity samples of
leptons and pions. This source of uncertainty varies
between 9% and 11%. The uncertainty associated with
the efficiency extrapolation procedure ranges from 4% to
7%, depending on the mϒD

and mA0 . Other uncertainties
include the tracking efficiency (1.2%) and the limited
statistical precision of the simulated sample (1%–5%).
The uncertainty in the dark photon branching fraction
[31] ranges from parts per mille to 1%. The uncertainty in
the luminosity is determined to be 0.6% [20]. The cross
section at 90% C.L. upper limits are displayed in Fig. 3.
The dark photon decays predominantly into πþπ−π0

(KþK−) near the ω (ϕ) resonance which are not considered

FIG. 2. The ðmϒD
; mA0Þ distribution for events passing all

selection criteria for prompt dark photon decays. FIG. 3. The 90% C.L. upper limits on the eþe− → γϒD cross
section for prompt dark photon decays.

FIG. 4. The ðmϒD
; mA0Þ mass distribution of event candidates

passing all selection criteria for the datasets optimized for each
dark photon lifetime.

PHYSICAL REVIEW LETTERS 128, 021802 (2022)

021802-5

No significant signals observed in either 
prompt or displaced decay searches 
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Dark photon A' couples to the dark matter fermion via coupling αD and A' 
mixes with SM photon via kinetic mixing with strength ε 

in this analysis, resulting in much looser bounds around
mA0 ∼ 0.8 GeV (mA0 ∼ 1 GeV).
We follow a similar procedure to determine the eþe− →

γϒD cross section for each dark photon lifetime hypothesis.
The measurement is performed for mA0 < 0.2 GeV. In this
mass range, the A0 decays almost exclusively to an eþe−

pair. The event selection is analogous to that previously
described, except that we constrain the momentum vector
of the A0 candidates to point back to the beam interaction
region instead of requiring the tracks to originate from this
location when performing the ϒD kinematic fit. To further
suppress photon conversions in the detector material, we
add the following variables to the RF classifier, averaged
over the three dark photon candidates: the χ2 of a fit of the
A0 candidate; the angle between the secondary vertex flight
direction and the A0 momentum; and the ratio between the
flight length and its uncertainty. We train a classifier for
each cτA0 value to improve the search sensitivity. A total of
56, 33, and 31 events are selected for the cτA0 ¼ 0.1, 1, and
10 mm data sample, respectively. The resulting mass
distributions are shown in Fig. 4. The signal extraction
procedure described above is applied to each selected
sample separately. No significant signal is observed for
any A0 lifetime hypothesis, and limits on the cross section
for each value of cτA0 are extracted. The classifier score
distributions and the cross section at 90% C.L. upper limits
are shown in Supplemental Material [29].
The 90% C.L. upper limits on the kinetic mixing

parameter are extracted by an iterative procedure taking
into account the effect of the potentially long dark photon
lifetime. At each step, we estimate the dark photon lifetime
given the current value of the kinetic mixing, compare the
limit on the production cross section interpolated at that
lifetime, update the kinetic mixing, and repeat the pro-
cedure until convergence is obtained. Since the dark photon
lifetime is independent of the dark sector coupling constant,
we derive separate limits for αD values set to 0.1, 0.3, 0.5,
0.7, 0.9, and 1.1. The results are shown in Fig. 5 for

αD ¼ 0.5, and in Supplemental Material [29] for the
remaining values. Bounds on the mixing strength ε down
to 5 × 10−5 − 10−3 are set for a large fraction of the
parameter space. Constraints for different values of αD,
mA0 and mϒD

are also shown in Fig. 6.
In summary, we report the first search for a dark sector

bound state decaying into three dark photons in the range
0.001 GeV < mA0 < 3.16 GeV and 0.05 GeV < mϒD

<
9.5 GeV. No significant signal is seen, and we derive
limits on the γ − A0 kinetic mixing ε at the level of
5 × 10−5 − 10−3, depending on the values of the model
parameters. These measurements improve upon existing
constraints over a significant fraction of dark photon
masses below 1 GeV for large values of the dark sector
coupling constant. Were the ηD bound state to be included
in the search, the upper limits on the cross section (in the
absence of a signal) could be improved by around a factor
of 2, leading to an improvement on the constraints on the
kinetic mixing strength by about a factor of

ffiffiffi
2

p
.

The authors wish to thank Haipeng An and Yue Zhang
for useful discussions and for providing us with MADGRAPH

FIG. 5. The 90% C.L. upper limits on the kinetic mixing ε2 as a
function of the ϒD mass mϒD

and dark photon mass mA0 ,
assuming αD ¼ 0.5.

FIG. 6. The 90% C.L. upper limits on the kinetic mixing ε for
(top) various ϒD masses assuming αD ¼ 0.5 and (bottom)
various αD values assuming mϒD

¼ 9 GeV together with current
constraints (gray area) [8–18].
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5 × 10−5 − 10−3, depending on the values of the model
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90% C.L. Upper limits on the kinetic mixing parameter ε as a function of m(A')

For different values of m(UD)
For different values of aD 

and m(UD) = 9 GeV



Summary
• BaBar data open an interesting and important window for searching 

for various physics beyond the Standard Model 

• Clean B factory environment : extremely well suited to searches for 
light dark sector particles

• Significant improvements in constraining dark sector 

• B mesogenesis, ALPs and darkonium searches are the most recent
in a long, flourishing, and still developing history of dark sector and 
exotic searches at BaBar. 

• The larger datasets that will be collected by Belle II will extend the 
searches presented here
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