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Motivation
• Processes that are very rare or forbidden in the SM are probes 

of new physics, free of irreducible background.
• !" decays in this talk:
• Radiative:

– #$%&'&'$
– In SM: suppressed by ((*+)

• Lepton-flavor violating (LFV):
– %$%&'±.∓,    #$%&'±.∓,    #$#&'±.∓
– In SM: via neutrino oscillations,  Br < 10$5"

• Lepton-number violating (LNV):
– %$%$'&'&,    %$%$.&.&,    %$%$'&.&
– #$%$'&'&,    #$%$.&.&,    #$%$'&.&
– #$#$'&'&,    #$#$.&.&,    #$#'&.&
– In SM: Forbidden
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The BABAR experiment

CUSB/CLEO

583 publications to date, 
10 submitted in 2018:

• 3: hadron physics
• 3: B physics & CPV
• 1: tau physics
• 1: rare-charm physics
• 1: bottomonium
• 1: direct NP search 

Data used for this talk:
424 fb%& on Υ(4))
40 fb%& off the Υ(4))
, -.-% → 0 ̅0 = 1.3 6b
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Collected: 514 fb%&



The BABAR Detector
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NIM A479 (2002) 1
NIM A729 (2013) 615



Observation of !" → $%&'('(%
PRL 122 (2019) 081802

“Short-distance”                                              “Long-distance () = +", -, ., ./, 0 … )”
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• In the SM: (Cappiello et al, JHEP 1304, 135) find that the LD diagram (!" → =$∗"+") 
dominates, expecting ?@ = 1.6× 10%F

• Due to the 4-body decay, various asymmetries (forward-backward, triple-product) can be 
used to study new physics

• Previous limit (E791, PRL 86, 3969) is Br !" → $%&'('(% < 3.85×10%M

• LHCb (PLB 757, 558) measured Br !" → $%&'N'N% = (4.17 ± 0.12 ± 0.40)×10%T
in 675 < U NN < 875MeV (i.e., U ℓℓ ∼ UW)
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!" → $%&'('(% analysis
• Reconstruct !∗' → !"&'

• Energy of photons radiated from the electrons is added to the !" candidate
• * (( > 200 MeV to reject photon conversion and !" → $%&'&"
• Particle identification (PID) is applied to the tracks
• Discard !" candidates if mass is consistent with 4-hadron decay
• !" momentum in center-of-mass frame > 2.4 GeV

• Fit for a signal peak over a polynomial background in the variables 
*. ≡ * $%&'('(%
Δ* = *.∗ − *.

which are uncorrelated,
fit function = 2-sided normal dist. (“bifurcated gaussian”)  (% 3%34 5/789,;5

• Br measured wrt. the “normalization” mode  !" → $%&'&'&%,
which is reconstructed in a similar way
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Fit in 675 < % && < 685 MeV

Signal % () distribution
using SPlot (NIM A555, 356)

• (∗ → (,)- dominance seen
• Consistent with theory and with

LHCb’s ./ → (,)-0-0, results
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Results for !" #$ → &'()*)*'

• For + ** ∈ 675, 875 MeV:
!" = 4.0 ± 0.5 ± 0.2 ± 0.1 ×10'>

• For + ** ∈ 1005, 1035 MeV:
!" = 0.11 )$.@A'$.@@ ± 0.06 ×10'>

– Significance = 1.8B
– 90% CL UL: Br < 0.5×10'>

• For + ** in the non-resonant range (unshaded):
– Cleaner probe of short-distance contributions (and hence new physics)
– 19 ± 7 events after subtraction of 9.9 ± 0.9 events expected from the G$ tail
– !" = 1.6 ± 0.6 ± 0.7 ×10'>, Significance = 2.6B
– 90% CL UL: Br < 3.1×10'>

– First study of #$ → &'()ℓ)ℓ' in non-resonant region

Signal + ** distribution (Splot)

PDG uncert. on !" #$ → &'()()('
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!" → ℎℎ%ℓℓ%: LFV & LNV

• Lepton-flavor violating (LFV):
– '(')*±,∓,    .(')*±,∓,    .(.)*±,∓

• Lepton-number violating (LNV):
– '('(*)*),    '('(,),),    '('(*),)
– .('(*)*),    .('(,),),    .('(*),)
– .(.(*)*),    .(.(,),),    .(.*),)

• Similar selections to those shown earlier, and:
• Background from *)*( → multi-leptons: suppressed with PID cuts on the ℎℎ%
• Background from semileptonic charm decays in which a hadron is 

misidentified as a lepton: suppressed with a Fisher discriminant of 9 kinematic & 
event-shape variables.

arXiv:1905.00608./' */,
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!" → ℎℎ%ℓℓ% yields

• Signal yield determined for each 
mode from fit to Δ( distribution 

• Fit function = )* +*+, -/[012,4- 562,4 +*+, -]
(“Cruijff” function)

• No significant signal seen

• Signal Br and upper limits determined wrt. 
normalization mode D" → ℎℎ%99
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!" → ℎℎ%ℓℓ% Br limits

• BABAR results:
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Summary
• First observation of   !" → $%&'('(%

– Dominated by the “long-distance” decay !" → $∗"*", as expected 
– In + ℓℓ ∼ +. region: Br = 4.0 ± 0.5 ± 0.2 ± 0.1 ×10%:
– Consistent with lepton universality wrt. LHCb’s result

Br !" → $%&';';% = (4.17 ± 0.12 ± 0.40)×10%:
– SM expectation ∼ 1.6×10%@
– In the non-resonant region (more sensitive to “short-distance” interactions) 

we find Br < 3.1×10%:

• New limits on 3 LFV and 9 LNV  !" → ℎℎDℓℓD decays
– Between 8 and 735 times tighter  than previous limits set by E791
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