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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
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HIDDEN SECTOR DM
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• For thermal dark matter masses below a few GeV, a low-mass 
mediator is needed for observed abundance

• Many searches focus on minimal, 
predictive “portals”, such as a dark 
photon       with kinetic mixing

B. Lee, S. Weinberg, PRL 39, 165 (1977)

BABAR: PRL 113 (2014) 201801
LHCb: PRL 124 (2020) 041801

visible decays: invisible decays:

BABAR: PRL 119 (2017) 131804

• However, a richer array of signatures is possible, necessitating 
new searches
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SEARCHES PRESENTED TODAY
Axion-like 

particles (ALPs)
Heavy neutral 
leptons (HNLs)

B-Mesogenesis

• produced in     decays• B mesons decay to 
ALP via coupling to 
gauge bosons

• model of QCD-scale 
baryogenesis 

• motivated by neutrino 
masses, leptogenesis • B mesons decay to 

baryon + dark baryon
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BaBar, PRL 128, 131802 (2022), 
arXiv:2111.01800

BaBar, PRD 107, 052009 (2023), 
arXiv:2207.09575

BaBar, PRD 107, 092001 (2023) 
BaBar, arXiv:2306.08490 (submitted 
to PRL)

ϕD
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802
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AXION-LIKE PARTICLES
• Axion-like particles (ALPs): pseudoscalars that couple to pairs of 

gauge bosons

• Ubiquitous in BSM theories, ideal hidden sector mediators 

• If ALP couples to SU(2) gauge bosons, it can be produced in rare B 
meson decays: 

E. Izaguirre, T. Lin, BS, PRL 118, 111802 (2017), 
arXiv:1611.09355 See also: Belle II search for ALP-fermion coupling, 

arXiv:2306.02830

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.111802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.111802
https://arxiv.org/abs/2306.02830
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AXION-LIKE PARTICLES
• Reconstruct                                          candidates, look for narrow 

peak in diphoton mass; assume prompt decays

• Train separate boosted decision trees to reject dominant 
backgrounds

BABAR, PRL 128, 131802 (2022), arXiv:2111.01800

BABAR

BABAR
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AXION-LIKE PARTICLES
• Search for a narrow diphoton peak over continuum background; 

use signal template for both prompt & long-lived signals

BABAR, PRL 128, 131802 (2022), arXiv:2111.01800

• No significant signal: set 90% CL limits on signal branching 
fraction & coupling. Up to 100x improvement in coupling limits!

BABAR

• Exclude signals in immediate vicinity of SM peaking backgrounds

LEP
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HEAVY NEUTRAL LEPTONS
• Heavy neutral lepton (HNL): right-handed Majorana fermion, singlet 

under SM. Gives mass to SM neutrinos through seesaw mechanism

• With approx. lepton number symmetry, HNL coupling can be 
much larger than see-saw prediction: relevant for leptogenesis

• Least constrained HNL is produced through mixing with SM tau 
neutrino: produced in rare tau decays
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Current Limits From Taus: |"%"|#
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CHARM: Phys. Lett. B550 (2002) 8–15,[hep-ph/0208075].
NOMAD: Phys. Lett. B506 (2001) 27–38, [hep-ex/0101041].
DELPHI:  Z. Phys. C74 (1997) 57–71.

▹NOMAD @ CERN: used 4.1 x 1019 450 GeV protons on
target at the WANF facility. Searched for 9$ → /$0
followed by the decay $0 → :1-/-2 .

▹CHARM @ CERN: null result of a search for events 
produced by the decay of neutral particles into two 
electrons using 2 x 1018 400 GeV protons on a solid 
copper target.

▹ Limits on |U%N|2 are weaker, motivating |U%N|2≫
|UeN|2, |UμN|2

J. Beacham et al., Journal of Physics G: Nuc. and Part.1075 Phys. 47, 010501 
(2019)

Unfilled line = Projections
Filled Area = Actual Results

Bounded from below by the BBN constraint (JCAP 1210 (2012) 014, [1202.2841) and the see-saw limit (JCAP1009 (2010) 001, [1006.0133])
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m4 (GeV/c2)

<latexit sha1_base64="tY+/MmI1HqBLdGoVwLYG83UI5YI=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRX8uiG5cV7APaoWQyaRuaSYYkUyhD/8SNC0Xc+ifu/Bsz7Sy09UDgcM693JMTJpxp43nfTmltfWNzq7xd2dnd2z9wD49aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4PvfbE6o0k+LJTBMaxHgo2IARbKzUd91ejM1IxdkIR0oKPeu7Va/mzYFWiV+QKhRo9N2vXiRJGlNhCMdad30vMUGGlWGE01mll2qaYDLGQ9q1VOCY6iCbJ5+hM6tEaCCVfcKgufp7I8Ox1tM4tJN5Tr3s5eJ/Xjc1g9sgYyJJDRVkcWiQcmQkymtAEVOUGD61BBPFbFZERlhhYmxZFVuCv/zlVdK6qPnXtavHy2r9rqijDCdwCufgww3U4QEa0AQCE3iGV3hzMufFeXc+FqMlp9g5hj9wPn8AVVSUIQ==</latexit>

hadrons

BABAR, PRL 128, 131802 (2022), arXiv:2111.01800
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e.g., Mohapatra, PRL 56 (1986), 561; Shaposhnikov, Nucl.Phys.B 763 (2007) 49    
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HNL IN TAU DECAYS
• Consider 3-pronged hadronic tau decays, veto neutrals/     , other 

tau in event must decay leptonically; use                        dataset

• Use different kinematics of massless SM neutrino vs massive HNL

• Signal & background templates from MC, < 1% non-   background 

(i) For electrons in the 1-prong case there is an un-
associated neutral cluster with Eneut;1-prong

EMC > 1 GeV
or if the 3-prong side has

P
Eneut;3-prong
EMC > 0.2 GeV.

(ii) Formuons in the 1-prong side there is an un-associated
neutral cluster with Eneut;1-prong

EMC > 0.5 GeV or if the
3-prong side has

P
Eneut;3-prong
EMC > 0.2 GeV.

VII. EXPECTED YIELD

Tables I and II list the non-negligible background yields,
calculated using reconstructed MC samples (as described in
Sec. V), with all selection requirements applied. By far the
largest source of background comes from the SM 3-prong τ
decay, that provides ∼70% of the total events. The 3-prong
SM hadronic decay, accompanied by 1 or 2 neutral pions
provides ∼27% of the events, the second largest contribu-
tion. The channel with two charged pions and a charged
kaon, where the kaon is tagged as a pion, makes up the
fourth highest contribution of the τ backgrounds. Yields
from B0B̄0, BþB− and μ−μþ are expected to be very low,
with the latter being completely negligible in the electron

channel. The qq̄ backgrounds make up a total ∼1–2% of
the overall expected background yield.
The MC simulation yields exceed those from data by

0.48% to 0.99%.

A. Energy and mass distributions

Figures 3 and 4 show the reconstructed invariant-mass
and energy fraction distributions of the hadronic system for
events with an electron and muon 1-prong tag, respectively.
The background uncertainty corresponds to the total
uncertainty ("1σtotal) on each bin, which includes statistical
uncertainty, uncertainty on τ branching fractions and
uncertainties on the modeling of the underlying resonances.
To account for the latter, the τ backgroundMC distributions
are reweighted to reflect an underlying resonance mass
and width values at either "1σ, where σ is the averaged
experimental uncertainty. This will be discussed in detail in
Secs. IX B 2 and IX B 3. The results of this analysis will
quote two sets of limits, one which does not take into
account these modeling uncertainties (and uses the average
values presented in Ref. [3]), and a more conservative limit,
which takes into account the largest possible deviation in

FIG. 2. Example of reconstructed invariant-mass and energy (mh, Eh) (as fraction of incoming τ mass and energy) of the outgoing
hadronic system from τ− → π−π−πþ þ ν4 for HNL masses of 100, 500, 700, and 1000 MeV=c2. No selection criteria are applied other
than particle identification. The simulated signal samples in these plots assume a nonsignal (tag) τ lepton decaying leptonically to an
electron and SM neutrinos.
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(i) For electrons in the 1-prong case there is an un-
associated neutral cluster with Eneut;1-prong

EMC > 1 GeV
or if the 3-prong side has

P
Eneut;3-prong
EMC > 0.2 GeV.

(ii) Formuons in the 1-prong side there is an un-associated
neutral cluster with Eneut;1-prong

EMC > 0.5 GeV or if the
3-prong side has

P
Eneut;3-prong
EMC > 0.2 GeV.

VII. EXPECTED YIELD

Tables I and II list the non-negligible background yields,
calculated using reconstructed MC samples (as described in
Sec. V), with all selection requirements applied. By far the
largest source of background comes from the SM 3-prong τ
decay, that provides ∼70% of the total events. The 3-prong
SM hadronic decay, accompanied by 1 or 2 neutral pions
provides ∼27% of the events, the second largest contribu-
tion. The channel with two charged pions and a charged
kaon, where the kaon is tagged as a pion, makes up the
fourth highest contribution of the τ backgrounds. Yields
from B0B̄0, BþB− and μ−μþ are expected to be very low,
with the latter being completely negligible in the electron

channel. The qq̄ backgrounds make up a total ∼1–2% of
the overall expected background yield.
The MC simulation yields exceed those from data by

0.48% to 0.99%.

A. Energy and mass distributions

Figures 3 and 4 show the reconstructed invariant-mass
and energy fraction distributions of the hadronic system for
events with an electron and muon 1-prong tag, respectively.
The background uncertainty corresponds to the total
uncertainty ("1σtotal) on each bin, which includes statistical
uncertainty, uncertainty on τ branching fractions and
uncertainties on the modeling of the underlying resonances.
To account for the latter, the τ backgroundMC distributions
are reweighted to reflect an underlying resonance mass
and width values at either "1σ, where σ is the averaged
experimental uncertainty. This will be discussed in detail in
Secs. IX B 2 and IX B 3. The results of this analysis will
quote two sets of limits, one which does not take into
account these modeling uncertainties (and uses the average
values presented in Ref. [3]), and a more conservative limit,
which takes into account the largest possible deviation in

FIG. 2. Example of reconstructed invariant-mass and energy (mh, Eh) (as fraction of incoming τ mass and energy) of the outgoing
hadronic system from τ− → π−π−πþ þ ν4 for HNL masses of 100, 500, 700, and 1000 MeV=c2. No selection criteria are applied other
than particle identification. The simulated signal samples in these plots assume a nonsignal (tag) τ lepton decaying leptonically to an
electron and SM neutrinos.
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EMC > 0.5 GeV or if the
3-prong side has
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Eneut;3-prong
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VII. EXPECTED YIELD

Tables I and II list the non-negligible background yields,
calculated using reconstructed MC samples (as described in
Sec. V), with all selection requirements applied. By far the
largest source of background comes from the SM 3-prong τ
decay, that provides ∼70% of the total events. The 3-prong
SM hadronic decay, accompanied by 1 or 2 neutral pions
provides ∼27% of the events, the second largest contribu-
tion. The channel with two charged pions and a charged
kaon, where the kaon is tagged as a pion, makes up the
fourth highest contribution of the τ backgrounds. Yields
from B0B̄0, BþB− and μ−μþ are expected to be very low,
with the latter being completely negligible in the electron

channel. The qq̄ backgrounds make up a total ∼1–2% of
the overall expected background yield.
The MC simulation yields exceed those from data by

0.48% to 0.99%.

A. Energy and mass distributions

Figures 3 and 4 show the reconstructed invariant-mass
and energy fraction distributions of the hadronic system for
events with an electron and muon 1-prong tag, respectively.
The background uncertainty corresponds to the total
uncertainty ("1σtotal) on each bin, which includes statistical
uncertainty, uncertainty on τ branching fractions and
uncertainties on the modeling of the underlying resonances.
To account for the latter, the τ backgroundMC distributions
are reweighted to reflect an underlying resonance mass
and width values at either "1σ, where σ is the averaged
experimental uncertainty. This will be discussed in detail in
Secs. IX B 2 and IX B 3. The results of this analysis will
quote two sets of limits, one which does not take into
account these modeling uncertainties (and uses the average
values presented in Ref. [3]), and a more conservative limit,
which takes into account the largest possible deviation in

FIG. 2. Example of reconstructed invariant-mass and energy (mh, Eh) (as fraction of incoming τ mass and energy) of the outgoing
hadronic system from τ− → π−π−πþ þ ν4 for HNL masses of 100, 500, 700, and 1000 MeV=c2. No selection criteria are applied other
than particle identification. The simulated signal samples in these plots assume a nonsignal (tag) τ lepton decaying leptonically to an
electron and SM neutrinos.
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HNL LIMITS
• Use binned profile likelihood method to set 95% CL limit on 

• Dominant systematic comes from uncertainty in      mass and 
width, which affect    -decay kinematics. Repeat analysis varying 
these parameters, take weakest limit (very conservative estimate)
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3. Uncertainties in modeling of other τ channels

There are two other dominant τ channels in this analysis,
τ → 3π! þ π0 and τ → 3π! þ 2π0, with the former being,
by far, the largest. These other hadronic τ-decay channels
involve several other intermediate states; TAUOLA models
these multipion channels in an oversimplified way. The
spectral functions involved are calculated using data. To
understand the impact of uncertainty from the modeling of
these modes the reconstructed samples can be reweighted
to reflect the reconstructed mass/energy obtained when the
masses used for the intermediate mesons in these decay
models are varied to the PDG! 1σ values. This follows the
same technique as described in the previous section.
Uncertainties in all τ hadronic models are included in the

background uncertainty displayed in Figs. 3 and 4. The
impact of these uncertainties in the 3-prong and other τ
background shapes will be quoted in the final result as the
“modeling uncertainty.”

C. Systematic uncertainty summary table

Table III lists the relative contribution for each of the
systematic uncertainties discussed in this section.

X. RESULTS

For the final results, and following Eq. (11), the data
from the two channels were combined, assuming CPT
symmetry holds, and the coupling to neutrinos and anti-
neutrinos is identical. Figure 10 shows the upper limit at
the 95% confidence level provided by this analysis using
the binned likelihood technique described in Sec. VIII. The
magenta line represents the upper limit when all systematic
uncertainties are considered. To characterize deviations

due to the uncertainty on Γa1 the more conservative
PDG estimates are used. The dominant systematic uncer-
tainty is, by far, that due to the assumptions made within
our hadronic modeling, the main contribution being uncer-
tainty in the intermediate resonances for the τ 3-prong
channel, and the dominant τ backgrounds. Table IV lists
these 95% CL upper limits derived for each HNL mass
hypothesis, with and without the systematic uncertainties
considered. The “with systematic uncertainty” is a
conservative calculation, which includes the largest dis-
crepancies possible in the 2D fits with consideration of
experimental limits on the resonances. The relative sys-
tematic uncertainty decreases as the mass of the hypotheti-
cal HNL increases, which is expected since it was shown in

TABLE IV. Break down of upper limit on jUτ4j2 (95% CL) for
each HNL mass hypothesis, with and without consideration of
systematic uncertainty.

Mass [MeV=c2] No sys. With sys.

100 1.58 × 10−2 2.31 × 10−2

200 1.33 × 10−2 1.95 × 10−2

300 6.91 × 10−3 9.67 × 10−3

400 1.57 × 10−3 2.14 × 10−3

500 4.65 × 10−4 5.85 × 10−4

600 5.06 × 10−4 6.22 × 10−4

700 3.82 × 10−4 4.85 × 10−4

800 3.12 × 10−4 3.85 × 10−4

900 4.70 × 10−5 5.38 × 10−5

1000 8.34 × 10−5 9.11 × 10−5

1100 4.49 × 10−5 4.78 × 10−5

1200 4.70 × 10−6 5.04 × 10−6

1300 3.85 × 10−5 4.09 × 10−5

FIG. 10. Upper limits at 95% CL on jUτ4j2. The magenta
line represents the result when uncertainties are included. The
magenta line is expected to be a very conservative upper
limit. Limits from Nomad [29], Charm [20], and Delphi [30] are
also shown for reference. The recent ArgoNeuT result is also
shown [31].

TABLE III. Systematic uncertainty contribution to the event
yield (in %) from each source, based on comparisons between
MC simulations and data.

Uncertainty Yield change (!)

Luminosity 0.44%
σðee → ττÞ 0.31%

Branching fractions (1 prong) e: 0.22%
μ: 0.22%

Branching fractions (3 prong) 3π: 0.57%

PID efficiency e: 2%
μ: 1%
π: 3%

Bhabha contamination 0.2%
qq̄ contamination (data) 0.1%

Tracking efficiency Negligible
Detector modeling Negligible

Beam energy Negligible
Tau mass Negligible
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of signal and background events are functions of a set
of nuisance parameters (θ⃗). These represent the system-
atic yield uncertainties to be outlined in Sec. IX.
Incorporation of shape uncertainties is described in
Secs. IX B 2 and IX B 3.
Two hypotheses can be proposed regarding the content

of the data:
(i) H0: where the signal is present at some level, jUτ4j20.
(ii) H1: where the data is a mixture of backgroundþ

signal, with small signal present.
A likelihood ratio test statistic (LR) is used to test

hypothesis H0 against H1,

LR ¼
LH0

ðjUτ4j20;
ˆ̂θ0; dataÞ

LH1
ðjÛτ4j2; θ̂; dataÞ

; ð12Þ

where L in both numerator and denominator describes the
maximized likelihood, for two instances. The denominator
is the maximized (unconditional) likelihood giving the
maximum likelihood estimator of jUτ4j2 and the set of
nuisance parameters (θ̂); θ̂ is a vector of nuisance param-
eters which maximize the likelihood. In the numerator
the nuisance parameters are maximized for a given value
of jUτ4j2 i.e. it is the conditional maximum-likelihood. The
ratio, LR, is consequently a function of jUτ4j2 through the

BABAR
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FIG. 7. Electron tag: 2D Templates of reconstructed hadronic
invariant mass and energy (mh, Eh) (as fraction of incoming τ
mass and energy) for data (top), SM τ MC template for
τ− → π−π−πþντ (middle) and all other τ decays (bottom).
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FIG. 8. Muon tag: 2D Templates of reconstructed hadronic
invariant mass and energy (mh, Eh) (as fraction of incoming τ
mass and energy) for data (top), SM τ MC template for
τ− → π−π−πþντ (middle) and all other τ decays (bottom).
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B-MESOGENESIS
• Mechanism for baryogenesis & DM where regular + dark baryon 

asymmetries produced in CPV decays of B mesons

• Viable baryogenesis with low reheat temperatures,                        

• Signal depends on flavor structure; can also get e.g.,

ϕD

G. Elor, M. Escudero, A. Nelson, PRD 99, 035031 (2019); F. Elahi, G. Elor, R. McGehee, PRD 105, 055024 (2022)

<latexit sha1_base64="hMNgS7PbV8M+9XblE+AGc/KzBuQ=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoWGIivpalunDhooJ9QBPDZDJph04ezEwKJfQz3Pgrblwo4rY7/8bpY6GtBwYO59zL3HO8hFEhTfNbyy0tr6yu5dcLG5tb2zv67l5DxCnHpI5jFvOWhwRhNCJ1SSUjrYQTFHqMNL3ezdhv9gkXNI4e5SAhTog6EQ0oRlJJrn5KjI5RtsvVJ9OWsX2vNn0ET6CdCOre2sop2SGSXR5mNOoPj129aBrmBHCRWDNSBDPUXH1k+zFOQxJJzJAQbctMpJMhLilmZFiwU0EShHuoQ9qKRigkwskmwYbwSCk+DGKuXiThRP29kaFQiEHoqcnxkWLeG4v/ee1UBteOSpSkkkR4+lGQMihjOG4J+pQTLNlAEYQ5VbdC3EUcYam6LKgSrPnIi6RxZliXxsXDebFSndWRBwfgEJSABa5ABdyBGqgDDJ7BK3gHH9qL9qZ9al/T0Zw229kHf6CNfgCc5p5U</latexit>

e.g., B0 ! ⇤+  D (inv) (dark baryon)

(SM baryon)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.035031
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.055024


4

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
]2 [GeV/cmiss.m

0

1

2

3

4

5

6

2
En

tri
es

 p
er

 1
0 

M
eV

/c RABAB

FIG. 4. Missing-mass distributions after all selections are
applied for a simulated signal sample with m D = 2 GeV/c2

(solid green line), inclusive SM background (stack histograms)
and data (black dots). In total 46 events remain in the data
and 48 remain in the inclusive SM MC sample.

the signal mass resolution. The resolution is obtained
from the fits to the signal MC and defined as �m =
FWHM/2.35; it varies from ⇠110 MeV/c2 at mmiss =
1 GeV/c2 to ⇠11 MeV/c2 at mmiss = 4.2 GeV/c2. The
resolutions for all mass values in the search region are in-
terpolated from the fit to the eight signal samples using
an exponential function, the �2/ndf of the fit was 1.1.

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/anti-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 are assumed to fol-
low Poisson distributions, and the e�ciency is assumed
Gaussian with a standard deviation equal to the total
systematic uncertainty. For a given  D mass hypothe-
sis, the signal region is defined in the data as the re-
gion m D � 5�m < mmiss < m D + 5�m, the side-bands
([+5�,+10�] and [�10�,�5�]) on either side of this win-
dow are classified as the background region.

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 Fig. of Ref. [28].

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.

Our result can be reinterpreted to constrain other
models with missing mass in the final state, including
the R-parity violating (RPV) supersymmetry process
B+

! �̃0 + p, where �̃0 is the lightest neutralino. In
Fig. 6 the branching fraction upper limits obtained in the
present analysis are converted to limits on the RPV cou-
pling �

00

113 divided by the relevant squark mass squared
as a function of the neutralino mass. These are unique
limits, there are no previous results for this channel.

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

1212

B-MESOGENESIS
• Fully reconstruct hadronic decay of “tag” B meson, search for single 

SM baryon (    or    ) + missing mass from signal B decay

• Train BDT to separate signal from background

BABAR, PRD 107, 092001 (2023) & arXiv:2306.08490 (submitted to PRL)
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B-MESOGENESIS RESULTS
• No significant signal: set 90% CL limits on signal branching fraction

• Shaded regions are branching fractions predicted from mesogenesis

BABAR
preliminary

BABAR, arXiv:2306.08490, 
submitted to PRL

• Additionally constrain R-parity violating supersymmetry scenario
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• B factories are among the best experiments to search for GeV-scale 
hidden sectors

SUMMARY

• Many years after it stopped running, BABAR continues to put out 
new and world-leading hidden-sector results

• There are still models that are largely untested, and new searches at 
BABAR and Belle II can significantly improve sensitivity

• Presented three recent searches: axionlike particles, heavy neutral 
leptons, and non-thermal models of baryogenesis + DM
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BACKUP SLIDES



ALP SELECTIONS

16

• Preselection: Reconstruct        candidates from         candidate and 
two photons 

• Require

• Perform kinematic fit requiring photon and kaon to originate from 
beamspot, constrain mass to            and energy to beam energy 

• Train 2 Boosted Decision Trees: each is trained on MC for one of 
the two predominant backgrounds:



•  
•  
• cosine of angle between

sphericity axes of       candidate
and rest of event (ROE)

• PID info for kaon candidate
• 2nd Legendre moment of ROE,

calculated relative to       thrust
axis

• helicity angle of most energetic
photon, and of kaon

ALP SELECTIONS

17

• 13 BDT training observables:

• energy of most energetic 
photon in     candidate

• invariant mass of ROE 
• multiplicity of neutral clusters
• invariant mass of diphoton 

pair, with 1 photon in 
candidate and 1 photon in 
ROE, closest to each of 



ALP SIGNAL EXTRACTION

18

• Perform unbinned maximum likelihood fits for signal peak over smooth 
background

• 476 mass hypotheses, step size between adjacent mass hypotheses is 
given by the signal resolution, 

•      is determined by fitting a double-sided Crystal Ball function to signal 
MC at various masses, interpolating for intermediate values

• Resolution ranges from 8 MeV at                               to 14 MeV at
                    , decreasing back to 2 MeV at                            as a result of 
the kinematic fit

• Signal MC resolution is validated by data/MC comparisons of 
                      and                     , found to be consistent within 3%

• Signal efficiency derived from MC, ranges from 2% at
to 33% at



ALP FIT PROPERTIES

19

• Fits are performed over intervals of length                  depending on ALP 
mass, restricted to the range   

• Signal PDF: modeled from signal MC and interpolated between 
simulated mass points

• Continuum background PDF: second-order polynomial for                              
,                         , first-order polynomial at higher masses

• Likelihood function includes contributions from signal, continuum 
background, peaking background

• Peaking background PDF: each SM diphoton resonance is modeled as 
a sum of a signal template and a broader Gaussian distribution with 
parameters fixed to fits in MC — this component arises from continuum 
production of               that is broadened because of kinematic fit



• Background modeled as a smooth continuum plus a peaking 
component where relevant

• For each mass hypothesis, fit data in a window whose size is 
determined by ALP mass. We do not consider signals near

20

BABAR, PRL 128, 131802 (2022), arXiv:2111.01800

local signal significance

number of signal events• We see no significant signal

• We find that we are sensitive 
to ALPs with finite lifetime

AXION-LIKE PARTICLES

BABAR



ALP SYSTEMATICS

21

• Assess uncertainty on signal yield from fit by varying order of polynomial 
for continuum background (3rd-order for                            , constant at 
higher mass), varying shape of peaking background within uncertainties, 
and using next-nearest neighbor for interpolating signal shape

• Dominates total uncertainty for some masses in vicinity of

• 6% systematic uncertainty on signal efficiency, derived from data/MC 
ratio in vicinity of        

• Systematic uncertainty on signal yield from varying signal shape width 
within uncertainty is on average 3% of statistical uncertainty

• Other systematic effects negligible by comparison, including on limited 
signal MC statistics, luminosity



HNL SIGNAL KINEMATICS

22

▹Model 3-pronged decay as if it were 2-body with HNL and hadronic 
system as outgoing particles.

▹Define F4 as energy and "4 as the invariant mass of the hadronic 
products.

▹F1 = 5!"#
! in the limit of no ISR. The value of "4 can exist, in 

principle, in the range: 3"6± < "4 < "1 − "789 . The range of F4
is 

Method Templates for each mass in the form of 
2D plots of Eh.v. mh. Boundary of 
curved region in this plot due to 

massive neutrino if present.

20
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HNL SELECTIONS

23

Selection Criteria

▹ Set of criteria enforced to improve signal selection and remove problematic backgrounds:

24

Cut Purpose 
Number of tracks Ensure 1+3 prong topolgy

Total charge on all 4 charged tracks is 0 Charge conservation

"!"#$%% > 0.9% ( Suppresses non-tau backgrounds

All tracks: "&'()% > 250MeV/c To reach DIRC1

All tracks: −0.76 < cos(7) < 0.9 Acceptance of DIRC1

1 prong:
*+
, < 0.9% Consistent with tau decay

PID Requirements Uses Electron and Muon ID algorithms

Signature:

-/-2 → ///2 followed by /± → +±$H & /∓ → C∓C∓C±$789?

1 Detection of Internally Reflected Cherenkov light = BaBar PID Detector System• Events vetoed if tracks consistent with photon conversions

• Neutral clusters are associated with leptons; events vetoed if significant 
other neutral clusters (>1 GeV/>0.5 GeV on 1-prong side for e/mu, >0.2 
GeV on 3-prong side)

• Thrust > 0.85; KS veto based on two-track displaced vertex at KS mass



BACKGROUND DISTRIBUTIONS

24

algorithms find it), selection efficiency (ϵselij —the probability that the reconstructed event passes the event selection in

this analysis), and pshape
ij (the fraction of total histogram reconstructed and selected events present in the ijth bin) for

each process.
The likelihood to observe the selected candidates in all the ðmh; EhÞ bins is the product of the Poisson probability to

observe the selected events in each bin,

L ¼
Y

ij

fðnij; nobs; θ⃗Þ ¼
Y

ij

ðνHNL þ ντ−SM þ νBKGÞ
ðnobsÞij
ij e−ðνHNLþνBKGþντ−SMÞij

ðnobsÞij!
Y

k

fðθk; θ̃kÞ; ð10Þ

where nobs is the number of events observed in the data and θ⃗ describes a number of nuisance parameters corresponding to
the yield uncertainties outlined in Sec. IX. The final product in this expression represents the product of the nuisance
parameters. Each parameter, k, will be modeled using a Gaussian probability density function; fðθk; θ̃kÞ. Each fðθk; θ̃kÞ
term represents the probability for the true value of a nuisance parameter to be equal to θk, given that the best estimate of the
parameter is θ̃k, which is determined using the methods outlined in Sec. IX.
Substituting in the expressions for the estimators of the expected yields gives

L ¼
Yþ−

charge

! Yeμ

channel

!Yij

bin

!
1

nobs;ij!

h
Nτ;gen · jUτ4j2 · pHNL;ij þ Nτ;gen · ð1 − jUτ4j2Þ · pτ−SM;ij þ nrecoBKG;ij

iðnobsÞij

× exp
h
−ðNτ;gen · jUτ4j2 · pHNL;ij þ Nτ;gen · ð1 − jUτ4j2Þ · pτ−SM;ij þ nrecoBKG;ijÞ

i"

bin
×
Y

k

fðθk; θ̃kÞ
"

channel

"

charge
: ð11Þ

BABAR

BABAR BABAR

BABAR

FIG. 5. Electron tag (non-τ): 2D templates showing reconstructed invariant mass and energy (as fraction of incoming τ mass and
energy) for SM non-τ background processes, the μþμ− background is not shown since the yield is zero.

J. P. LEES et al. PHYS. REV. D 107, 052009 (2023)

052009-10

of signal and background events are functions of a set
of nuisance parameters (θ⃗). These represent the system-
atic yield uncertainties to be outlined in Sec. IX.
Incorporation of shape uncertainties is described in
Secs. IX B 2 and IX B 3.
Two hypotheses can be proposed regarding the content

of the data:
(i) H0: where the signal is present at some level, jUτ4j20.
(ii) H1: where the data is a mixture of backgroundþ

signal, with small signal present.
A likelihood ratio test statistic (LR) is used to test

hypothesis H0 against H1,

LR ¼
LH0

ðjUτ4j20;
ˆ̂θ0; dataÞ

LH1
ðjÛτ4j2; θ̂; dataÞ

; ð12Þ

where L in both numerator and denominator describes the
maximized likelihood, for two instances. The denominator
is the maximized (unconditional) likelihood giving the
maximum likelihood estimator of jUτ4j2 and the set of
nuisance parameters (θ̂); θ̂ is a vector of nuisance param-
eters which maximize the likelihood. In the numerator
the nuisance parameters are maximized for a given value
of jUτ4j2 i.e. it is the conditional maximum-likelihood. The
ratio, LR, is consequently a function of jUτ4j2 through the

BABAR

BABAR

BABAR

FIG. 7. Electron tag: 2D Templates of reconstructed hadronic
invariant mass and energy (mh, Eh) (as fraction of incoming τ
mass and energy) for data (top), SM τ MC template for
τ− → π−π−πþντ (middle) and all other τ decays (bottom).

BABAR

BABAR

BABAR

FIG. 8. Muon tag: 2D Templates of reconstructed hadronic
invariant mass and energy (mh, Eh) (as fraction of incoming τ
mass and energy) for data (top), SM τ MC template for
τ− → π−π−πþντ (middle) and all other τ decays (bottom).

J. P. LEES et al. PHYS. REV. D 107, 052009 (2023)

052009-12

of signal and background events are functions of a set
of nuisance parameters (θ⃗). These represent the system-
atic yield uncertainties to be outlined in Sec. IX.
Incorporation of shape uncertainties is described in
Secs. IX B 2 and IX B 3.
Two hypotheses can be proposed regarding the content

of the data:
(i) H0: where the signal is present at some level, jUτ4j20.
(ii) H1: where the data is a mixture of backgroundþ

signal, with small signal present.
A likelihood ratio test statistic (LR) is used to test

hypothesis H0 against H1,

LR ¼
LH0

ðjUτ4j20;
ˆ̂θ0; dataÞ

LH1
ðjÛτ4j2; θ̂; dataÞ

; ð12Þ

where L in both numerator and denominator describes the
maximized likelihood, for two instances. The denominator
is the maximized (unconditional) likelihood giving the
maximum likelihood estimator of jUτ4j2 and the set of
nuisance parameters (θ̂); θ̂ is a vector of nuisance param-
eters which maximize the likelihood. In the numerator
the nuisance parameters are maximized for a given value
of jUτ4j2 i.e. it is the conditional maximum-likelihood. The
ratio, LR, is consequently a function of jUτ4j2 through the
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FIG. 7. Electron tag: 2D Templates of reconstructed hadronic
invariant mass and energy (mh, Eh) (as fraction of incoming τ
mass and energy) for data (top), SM τ MC template for
τ− → π−π−πþντ (middle) and all other τ decays (bottom).
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FIG. 8. Muon tag: 2D Templates of reconstructed hadronic
invariant mass and energy (mh, Eh) (as fraction of incoming τ
mass and energy) for data (top), SM τ MC template for
τ− → π−π−πþντ (middle) and all other τ decays (bottom).

J. P. LEES et al. PHYS. REV. D 107, 052009 (2023)

052009-12

The expression involves a product over all bins, ij, over the
two 1-prong channels, and over both possible τ-lepton
charges (!).
In this analysis it is assumed that the BABAR modeling

and reconstruction software offers a realistic representation
of the physics processes, the experimental environment and

the response of the detectors to the data. Any known cause
of a discrepancy between the data and MC must be
characterized as an uncertainty.
Reference [46] gives an overview of the process of

incorporating nuisance parameters into a binned Poisson
likelihood such as that presented. The expected number

BABAR BABAR

BABAR BABAR

BABAR

FIG. 6. Muon tag (non-τ): 2D templates showing reconstructed invariant mass and energy (as fraction of incoming τ mass and energy)
for SM non-τ background processes.

SEARCH FOR HEAVY NEUTRAL LEPTONS USING TAU LEPTON … PHYS. REV. D 107, 052009 (2023)

052009-11
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BKD NORMALIZATION UNCERTAINTIES

25

Normalization Uncertainties

▹Normalization uncertainties effect all bins uniformly.
▹Have small effect on overall yield.
▹They will be characterized as Gaussian nuisance 

parameters in the likelihood.

Uncertainty Contribution
Luminosity 0.44 % [BaBar]

Cross-section 0.31% [Data]

Branching fraction of 1-prong tau 

decays

Electron : 0.23 % [PDG]

Muon: 0.23% [PDG]

Branching fracgon of 3−prong tau

decays

3 pions : 0.57 % [PDG]

PID Efficiency Electron : 2 % [BaBar]

Muons : 1 %

Pions : 3 %

9:9 and Bhabha Contamination 0.3 % [Control region 

analysis]

Bin Size < 1% [Alter bins, check 

results]

Tracking Efficiency N/A 

Detector Modelling N/A

Tau Mass uncertainty N/A

Tau Energy N/A
26



BKD SHAPE UNCERTAINTIES

26

Systematic 
Shape 

Uncertainties

▹Dominant shape systematic 
from modelling of the 
hadronic tau decays in 
TAUOLA

▹ /2 → C2C2C/$1 is mediated 
by the a1 resonance 97% of 
the time.

▹"L% = 1230 ± 40 MeV/c2 and 
ΓL%= 420 ± 35 MeV/c2 (PDG 
estimates 250 – 600  MeV/c2 )

MC Preliminary MC PreliminaryMC Preliminary

MC PreliminaryMC PreliminaryMC Preliminary

MC PreliminaryMC PreliminaryMC Preliminary

"3 = 1000 S-T/Q!"3 = 500 S-T/Q!"3 = 0S-T/Q!

27
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�a1 = 420± 35 MeV/c2
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(conservative : 250� 600 MeV/c2)
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B-MESOGENESIS
BABAR, arXiv:2302.00208

• Select events with:

BABARBABAR
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B-MESOGENESIS
BABAR, preliminary

• Select events with:

BABAR preliminary
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B-MESOGENESIS
• Fully reconstruct hadronic decay of “tag” B meson, search for single 

SM baryon (    or    ) + missing mass from signal B decay

• Train BDT using kinematic & purity observables that distinguish 
tagged B from continuum QCD events, as well as kinematic 
observables for signal B

• Derive data/MC rescaling factors using side bands

BABAR BABAR

signal
selection

normalized BDT score 

BABAR, PRD 107, 092001 (2023) & arXiv:2306.08490 (submitted to PRL)
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B-MESOGENESIS
BABAR, preliminary

signal
selection
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B-MESOGENESIS RESULTS
• Scan over        mass hypotheses: signal region size is 3x signal 

resolution, background is estimated from adjacent intervals

• No significant signal is seen: set limits on signal branching fraction 
using profile likelihood method

• Shaded regions are branching fractions predicted from mesogenesis

BABAR

BABAR, PRD 107, 092001 (2023)

BABAR, arXiv:2306.08490, 
submitted to PRL

BABAR
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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-
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B-MESOGENESIS RESULTS
• The same results can be re-interpreted to constrain R-parity-

violating supersymmetry with low-mass neutralinos
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1Figure 1. Parton-level diagrams for the decays B → Bχ̃0
1, where B stands for one of the baryons

and λ′′
ij3 the corresponding RPV coupling: p, n (for λ′′

113); Λ, Σ+, Σ0 (for λ′′
123); Λ+

c , Σ+
c , Σ0

c (for
λ′′
213); and Ξ+

c , Ξ0
c (for λ′′

223).

and the upper index C denotes charge conjugation. Since we take χ̃0
1 to be a pure Bino,

the coupling gq̃1R is given by

gq̃1R = −
√
2gW eq tan θW , (2.2)

where θW is the Weinberg angle with tan θW $ 0.54840, gW = e/ sin θW $ 0.62977 is the
SU(2) weak coupling, and eq is the quark electric charge, i.e. eu = 2/3 and ed = es = eb =
−1/3. In the last line of eq. (2.1) we explicitly write only the terms with right-chiral fields,
since we consider vanishing squark mixing, and only such fields are involved in the RPV
interactions considered here.

The Lagrangian of eq. (2.1) generates the parton-level diagrams shown in figure 1 for
the decays B → Bχ̃0

1, as long as the decays are kinematically allowed.3 To simplify the
discussion, we first focus on the B+ → pχ̃0

1 process, i.e., the diagrams that have a d quark
in the final state.

For simplicity, we assume the squark masses to be degenerate and no squark mixing.
In the limit that the squark mass mq̃ is large, the squark propagators are approximately
1/m2

q̃ . Therefore, the d-quark diagrams in figure 1 correspond to the four-fermion effec-
tive Lagrangian

LBNV
d = Lbudχ̃0

1
d + Ludbχ̃0

1
d + Ldubχ̃0

1
d , (2.3)

where
Lq1q2q3χ̃0

1
d = Oq1q2q3

d χ̃0
1 + h.c., (2.4)

the effective operators are defined as

Oq1q2q3
d = gq̃1Rd OLL

q1q2q3 , (2.5)

and we have used the definitions

gq̃Rd = gq̃1Rλ
′′
113

m2
q̃

, OLL
q1q2q3 = εabc (q̄3,cPLCq̄2,b) q̄1,aPL, (2.6)

where C = iγ0γ2 is the charge conjugation matrix.
3While the decay B0 → nχ̃0

1 can also take place, we do not consider it due to the experimental difficulty
involved with neutron reconstruction.

– 4 –
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