
Recent Dark Matter related searches
with BaBar

Sandrine Emery-Schrenk

sandrine.emery@cea.fr
ORCID 0000-0003-3048-8265

On  Behalf of the BABAR Collaboration

FPCP 2023, May 30 2023
1

mailto:sandrine.emery@cea.fr
https://orcid/


2

Outline
Recent BaBar results on searches for low mass New Physics

• Physics motivation and experimental frame

• Search for B Mesogenesis:
B0→ Λ D Phys. Rev. D 107, 092001 – Published May 3 2023

Dark Baryon

• Recently published other searches for New Physics

NEWB+→ p D

Preliminary : 
First presentation at Moriond EW 2023

Charge conjugate implicit through talk 

• Search for an Axion Like Particle (ALP) : 
PhysRevLett.128.131802 (2022)

• Search for Darkonium 𝚼𝑫 : 
PhysRevLett.128.021802 (2022)

In B decays

e+e- → 𝜸𝑰𝑺𝑹 𝚼𝑫
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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

M. Pospelov, A. Ritz, M. Voloshin



Production mechanisms at BaBar – PEP II           

B mesons pairs (𝑩+𝑩−or 𝑩𝟎𝑩𝟎)
production threshold

Continuum background
for B decays analyses

B → K + a (ALP)
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B Mesogenesis
dark anti-baryon 𝝍D

Axion Like Particle
Dark photons

Darkonium

Darkonium

a → 𝜸𝜸

4

Integrated luminosity
Total 531 fb -1

at ϒ(4S) 432 fb -1

~ 4-5 x 108 𝑩ഥ𝑩 pairs



5

Detector performances for DM searches

Long history :  more than 10 years of DM searches
even if different from initial (CP violation) goal

B factories very well suited to dark sector searches:

● Clean e+e- environment with quasi hermetic detector 
coverage; good missing energy (potential dark matter) 
reconstruction

● Reconstruct displaced vertices from long-lived particles

● Precise Particle Identification and reconstruction

● High statistics “precision frontier” data samples

Analyses optimized and validated
on <10% of data set, discarded 
before search performed
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Search for B Mesogenesis (1)

• 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).

● BAU from B meson decays into a SM baryon (, p, c …) and a dark sector anti-

baryon D + possible SM light mesons M (not in our analyses channels)
● Visible and dark sectors have equal but opposite matter-antimatter asymmetries 
(but total baryon number is conserved)

Recently proposed mechanism to explain dark matter abundance and
Baryon Asymmetry of the Universe (BAU)
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Search for B Mesogenesis (2)

Fully reconstructed
« Tag » B meson
in known hadronic modes

« Signal »  B meson : 
• Reconstructed baryon (, p)
• Missing D 4-momentum
(dark anti-baryon D escaping detection) 

B0→ Λ D
B+→ p D

Preliminary

Preliminary

• Boosted Decision Tree (BDT) to suppress residual combinatorial backgrounds from 
𝑞ത𝑞 and 𝐵 ത𝐵 decays

• Background estimated directly from m(D) sideband data
• Many m(D) mass hypotheses tested

In B0→Λ D analysis, kinematic fit of Λ → p π, 
including displaced vertex significance requirement

Hadronic Recoil Method

B+→ Λ𝑐
+ D will be out soon

Presented at Moriond EW 2023 

NEW

PRD 107, 092001
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Background rejection 
• Beam energy substituted mass mES :  𝐸𝑏𝑒𝑎𝑚

2 − 𝑝𝐵𝑇𝑎𝑔
2

Peaks at B meson mass for signal
• DE relative to the beam energy : 𝐸𝑏𝑒𝑎𝑚 − 𝐸𝐵𝑇𝑎𝑔

Centered at 0 for 𝐵 signal events
• Event topology variables to separate 𝐵 ത𝐵 more « spherical » 

events from more « jet-like » 𝑞ത𝑞 continuum events

mES for BTag in B0→ Λ D analysis 

BDT output variable nBDT

combines background rejection variables, 
with BTAG reconstruction  quality, 
Λ reconstruction quality for B0→ Λ D channel, 
etc.

Main systematics from Monte-Carlo-Data correction in BDT distributions using control region in data 

B±→ p D

nBDT > 0.95 required for signal   

Preliminary

NEW

(-)

PRD 107, 092001
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Probes Ous

G. Alonso-Alvarez, G. Elor, and M. Escudero 

Phys.Rev. D 104, 035028 (2021).

Oud=𝝍𝒃𝒖𝒅

Ous=𝝍𝒃𝒖𝒔

Ocd=𝝍𝒃𝒄𝒅

Ocs=𝝍𝒃𝒄𝒔

For the decay 𝑩 →𝝍𝑫 𝓑 𝓜 to exist : 
new BSM TeV-scale color triplet scalar Y, 
coupling 𝜓𝐷 and SM quarks

Effective low energy Lagrangian integrating out heavy mediator Y  

𝓛𝒆𝒇𝒇 = σ𝒊,𝒋O𝒖𝒊,𝒅𝒋
𝒚𝒊𝒋
𝟐

𝑴𝒀
𝟐

Four possible flavor combination

O𝒖𝒊,𝒅𝒋 operators for B meson decays

Only one active in early universe
Need to test four possibilities

𝒚𝒊𝒋
𝟐

Product of couplings

Dark SM SM
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Search for B Mesogenesis (4)
Distribution of  m(D) (missing energy)

BaBar analyses scan (many) 
mD hypotheses
As Belle looks at discrete
mD hypotheses

90% C.L. Upper limits on Br(B0→Λ D) vs m(D)

Preliminary B+→p D 

90% C.L. Upper limits on Br(B+→p D) vs m(D)

Exclude large 
fraction of 
parameter space for 
B mesogenesis

Belle previous limit
PRD 105, L051101 (2022)

B0→ Λ D
PRD 107, 092001

Preliminary
NEW

NEW

Result also useful to 
constrain SUSY model
jhep02(2023)224 
(see back-up)

PRD 107, 092001
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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

ℒ= -
𝑔𝑎𝑊

4
a 𝑊𝜇𝜐

𝑏 ෩𝑊𝑏𝜇𝜐

𝑆𝑈(2)𝑊field 
strength tensor

coupling

Up to two orders of magnitude improvements over previous limits !

Search for peak in 
reconstructed 𝜸𝜸 mass



Search for Darkonium: 
PhysRevLett.128.021802 (2022)

3 dark photons A’

Darkonium
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90% C.L. upper limits on the kinetic mixing parameter ε versus 𝒎𝑨′

For different values of αD
For different values of m(ϒD)

Dark photon A' couples strongly to the dark 
matter fermion (χ) via coupling αD and A' mixes 

with SM photon via kinetic mixing with strength ε

Six tracks final state :
A' → f +f - ( f = e, μ,π)

Lowest bound states of χ
ηD (JPC = 0 - + ) 
ϒD (JPC = 1- - )

ISR 
photon

ε

ϒD → A'A'A'

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

εε

𝒎𝑨′ (GeV)𝒎𝑨′ (GeV)
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CONCLUSION

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
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. 

One of the recent BaBar results not covered in this talk : 
Search for Heavy Neutral Leptons from Taus (see back-up)

Phys. Rev. D 107, 052009 – Published 23 March 2023     
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BACK-UP SLIDES
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Presentation at Lake Louise 2023
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SUSY model: (Journal of High Energy Physics 2023 - jhep02(2023)224) 
also constrained by this result

SUSY constraints from B±→ p +invisible(-)

Model with :
R-parity violation (RPV) and 
Light neutralino ෤𝜒0

Limits on the RPV coupling
𝜆123
′′ divided by the relevant 

squark mass squared

C. O. Dib et al.
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Search for heavy neutral leptons using tau lepton decays at BABAR

Phys. Rev. D 107, 052009 – Published 23 March 2023 (Analysis covered at Moriond EW 2023)

Search for Heavy Neutral Leptons from t decays

Heavy neutral leptons : additional neutrino states νn (“sterile neutrinos”) 
mixing with active neutrinos νl with mixing strength |Uln|2 ,  Uln element
of the extended PMNS matrix

Model independent search :
• looking only at kinematics
• For a HNL N=ν4 mixing with ντ

• Signal side : 3-prong pionic τ decay
• Tag side : leptonic τ decay
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BaBar at SLAC PEPII : 1999 - 2008

Integrated luminosity
Total 531 fb -1

U(4s) 432 fb -1
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21Probes Oud

Probes Ous

G. Alonso-Alvarez, G. Elorand, and M. Escudero, 

Phys.Rev. D 104, 035028 (2021).
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Recent BaBar
results

BaBar Result
Coming soon
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mES for BTag in B0→ Λ D analysis 

Preliminary

B0→ Λ D analysis 
Main systematics from Monte-Carlo-Data correction in BDT distributions using control region in data 

B0→ Λ D

nBDT > 0.75 required for signal   

Preliminary

arXiv:2302.00208v1 
(submitted to Phys. Rev. D) 

The inclusive background MC samples do not accurately reproduce the data. This discrepancy arises from a mis-modeling of 
several branching fractions used in the simulation, resulting in differences in Btag reconstruction efficiencies, as well as 
differences in charged and neutral particle reconstruction efficiencies, PID efficiencies, and the modeling of variables used in 
the BDT.  We correct the simulation in a two-step procedure, using sideband data selected with the criteria, described above, 
applied before the BDT selection, except with the looser requirement 5.20 < mES < 5.29 GeV/c2. 
• The region - 0.5 < BDT < 0.75, largely dominated by e+e- → 𝑞ത𝑞 (q = 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 𝐵 ത𝐵 production, is determined from data in the complementary region BDT < - 0.5, assuming

equal contributions from 𝐵0𝐵0 and B+B-. We obtain fudsc = 1.34 ± 0.10 and f 𝐵0𝐵0 = 1.06 ± 0.08. Under the assumption that the 

𝐵0𝐵0correction factor is independent of the signal B decay mode, we rescale the signal efficiency by f 𝐵0𝐵0 and propagate the 
corresponding uncertainty as a systematic uncertainty.
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Search for Axion-Like Particles (ALP)- (1)

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 
(like CP strong Pb) 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 → γγ (nearly 100% BF for m(a) < m(W) )

For low axion mass and small coupling gaW, the axion
lifetime can become “long”, i.e. non-prompt 
τ ~ 1 / ma

3 gaW
2

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

Very Small SM BR prediction
for :  B → K γγ
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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 𝑊𝜇𝜐

𝑏 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
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Presentation at Lake Louise 2023
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Search for Darkonium (1)

Dark photons A’ decay to 
pairs of leptons or pions
BaBar search in six-track 
final state in  514 fb-1

Lowest bound states
ηD (JPC = 0 - + ) 
ϒD (JPC = 1- - )

Dark photon lifetime can be 
long for small masses and 
small kinetic mixing ε hence
prompt and displaced vertex 
signatures

Dark matter bound states arise in some simple dark photon 
(A') models in which : the A' couples strongly to the dark 
matter fermion (χ) via coupling αD and A' mixes with SM 

photon via kinetic mixing with strength ε

ϒD → A'A'A'

Final state :
A' → f +f - ( f = e, μ,π)

e+e- → γ ϒD

PRL 128, 021802 (2022)

ISR 
photon

H. An et al., PRL 116 (2016) 151801
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Search for Darkonium (2) PRL 128, 021802 (2022)

90% C.L. Upper limits on the kinetic mixing parameter ε as a function of m(A')
For different values of αDFor different values of m(ϒD)

Dark photon A' couples strongly to the dark 
matter fermion (χ) via coupling αD and A' mixes 

with SM photon via kinetic mixing with strength ε

Search for 3 

dark photons

Prompt decays

0π 6 leptons
2π 4 leptons
4π 2 leptons

No significant signals observed in either 
prompt or displaced decay searches
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Search for Darkonium

Final state selection : 3 pairs of opposite-sign 
tracks (at least one lepton pair) which should 
all have same invariant mass

● Reconstruct ϒD mass

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

●MVA used to suppress backgrounds

● Scan m(ϒD) - m(A') plane 
No significant signals observed in either 
prompt or displaced decay searches

0π 6 leptons

2π 4 leptons

4π 2 leptons

PRL 128, 021802 (2022)

3 dark photons

Prompt decays
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Search for Darkonium

Final state selection : 3 pairs of opposite-sign 
tracks (at least one lepton pair) which should 
all have same invariant mass

● Reconstruct ϒD mass

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

●MVA used to suppress backgrounds

● Scan m(ϒD) - m(A') plane 

PRL 128, 021802 (2022)

3 dark photons

Non prompt decays

No significant signals observed in either prompt or displaced decay searches
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From PHYSICAL REVIEW LETTERS 128, 021802 (2022)

Search for Darkonium
Constraints other than Recent BaBar result (gray)


