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Recent results covered in this talk

• LNV:

– 𝐷! → ℎ∓ℎ#∓ℓ±ℓ#± BABAR

• LFV:
– 𝐷! → ℎ%ℎ#&ℓ%ℓ#! BABAR

– 𝐷! → 𝑋!𝑒±𝜇∓ BABAR

– 𝐵% → 𝐾%𝜇&𝜏% LHCb

• FCNC:
– 𝐵 ' → 𝜇%𝜇& ATLAS, CMS, LHCb

– 𝐵! → invisible (+𝛾) Belle
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Lepton-number-violating decays
• Can be mediated by a Majorana neutrino that mixes with SM neutrino [1]: 

• 2nd-order, yet somewhat enhanced if 𝑁 is on-shell, 𝑚! < 𝑚"#$%&'
– 𝑁 can’t be a SM neutrino (even if Majorana), since 𝑚! too small

[1] e.g., Dong, Feng, Li, Chin. Phys. C 39 (2015) 013101 

Mixing-matrix element
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Lepton-flavor-violating decays
• In principle, possible due to neutrino flavor oscillations

• But suppressed by slow neutrino oscillations & 2nd-order interaction
• Predicted LFV branching fractions ≪ 10()*

• à Any LFV observation requires BSM mediator that’s highly LFV
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See talk by 
Avelino Vicente



The BABAR experiment

CUSB/CLEO
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Collected: 514 fb"#
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Resonance L(fb-1) #(𝟏𝟎𝟔)
Υ(4𝑆) 424 471
Υ(3𝑆) 28 121
Υ(2𝑆) 14 99

Off-resonance 48

BABAR data

40 fb!" off-resonance in shown analysis



The BABAR Detector

A. Soffer, FPCP 2021

NIM A479 (2002) 1
NIM A729 (2013) 615
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𝐷! → ℎℎ"ℓℓ" event selection

• Reconstruct 𝐷∗$ → 𝐷%𝜋$ to reduce combinatorial background
• Select  𝐷% →

– LFV:
𝜋$𝜋%𝑒±𝜇∓,    𝐾$𝜋%𝑒±𝜇∓,    𝐾$𝐾%𝑒±𝜇∓

– LNV:
𝜋(𝜋(𝑒+𝑒+,    𝜋(𝜋(𝜇+𝜇+,    𝜋(𝜋(𝑒+𝜇+

𝐾(𝜋(𝑒+𝑒+,    𝐾(𝜋(𝜇+𝜇+,    𝐾(𝜋(𝑒+𝜇+

𝐾(𝐾(𝑒+𝑒+,    𝐾(𝐾(𝜇+𝜇+,    𝐾(𝐾𝑒+𝜇+

• Hadronic-decays background (e.g., Cabibbo-favored 𝐷( → 𝐾$𝜋%𝜋$𝜋%) 
suppressed by requiring 𝑚 𝐾3𝜋 to be inconsistent with 𝑀)!

• Backgrounds from leptons arising from semileptonic decays or 
charm decays with missing neutrals is suppressed with Fisher discriminant of 9 
kinematic variables.
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𝐷! → ℎℎ"ℓℓ" yields
• Determined for each mode from fit to 
Δ𝑚 ≡ 𝑚 𝐷∗% −𝑚 𝐷!

• Signal PDF = 𝑒( ,(,"
#/[/0$,&

# +1$,& ,(,"
#]

(Cruijff function)

• Bgd PDF = 
(ARGUS function)

• No significant signal seen
• Signal Br and upper limits determined wrt. 

normalization mode D% → ℎℎ&𝜋𝜋:
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𝐷! → ℎℎ"ℓℓ" results
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Implications for 𝑉ℓ$
• The authors of ref. [1] provide an expected limit plot for 𝑉!ℓ /

• They comment that this is based on a MC
study in an unpublished thesis, 
using 2.9 /b(4 collected at the 𝜓(3770),
leading to an expected Br limit
𝐵𝑟 𝐷* → 𝐾(𝜋(𝑒+𝑒+ <∼ 10(5,
too low given the cross section of 3.7 nb.

• Later, BESIII obtained a weaker limit [2],
𝐵𝑟 𝐷* → 𝐾(𝜋(𝑒+𝑒+ < 2.8×10(6

(cf. BABAR: 5.0×10(7)

• So this plot seems 𝑂 300 too tight
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Implications for 𝑉ℓ$
If so, the ∼×300 projected limit for BESIII
is similar to observed limits from searches
for heavy neutral leptons 
(summarized in Belle paper PRD 87 (2013) 071102,
excluding newer measurements)



𝐷! → 𝑋!ℓℓ" results
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Summary of charm LNV/LFV 
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𝐷%𝐷!

LHCb could greatly improve the 𝐷% modes

Heavy Flavor Averaging Group https://hflav.web.cern.ch

Some of these shown today

https://hflav.web.cern.ch/


Summary of LNV/LFV
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Λ'𝐷(!

Heavy Flavor Averaging Group https://hflav.web.cern.ch
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Search for 𝐵% → 𝐾%𝜇&𝜏%

• This charge combination is cleaner than 𝐵+ → 𝐾+𝜇+𝜏(, 
which has more background from 𝐵 → @𝐷𝑋𝜇+𝜈8 due to @𝐷 → 𝐾+

• Produce the 𝐵+ in the decay 𝐵9/∗* → 𝐵+𝐾(

• Obtain the 𝜏( 4-momentum  up to a quadratic ambiguity by using the 
𝐾+𝜇( vertex and the known masses.

– Previously used this technique for 𝐵) → +𝐷*𝑋𝜇)𝜈+ [PRD 99 (2019) 092009

A. Soffer, FPCP 2021 15

LHCb, JHEP 2020 (2020) 129

𝜏! does not have to 
be reconstructed  

𝜏! daughter

𝐾"

𝐵!𝐵()∗%

9 fb"#



Signal & background

• Use the SSK sample to train a BDT to separate signal from background, e.g.,
– /𝐵 → 𝐷 → 𝐾!𝑋 𝑌𝜇"�̅�+ (SL b decays with wrong-sign charm decay)  

– 𝐵 → R𝐷 → 𝐾!𝜇"�̅�+ 𝑌 (𝜇" from charm decay)

• Although 𝑀, ∼ 𝑀-, there is no SM background that peaks in 𝑚;<==
/ , e.g., 

– 𝐵! → 𝐾!𝜇"(�̅�+)𝐷! not possible in the SM
– 𝐵! → 𝐾!𝜋"𝐷! is 2nd order (with 𝜋" misidentified as 𝜇")
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= 𝐾'𝐾)𝜇'𝜏)

= 𝐾) 𝐾)𝜇'𝜏)

Signal-like

Data before BDT



Signal extraction
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Fit 𝑚./00
) distribution to signal peak + polynomial background in 4 BDT bins

Most bgd-like

Most sig-like

No significant signal



Normalization and results

A. Soffer, FPCP 2021 18

Normalize the yield to 𝐵! → 𝐽/𝜓 𝐾!



LNV & LFV
B decays summary
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HFLAV https://hflav.web.cern.ch

Chuck Norris observed LFV.
LNV too.

< 39

https://hflav.web.cern.ch/


𝐵 #
! → 𝜇$𝜇% LHC combination

• FCNC decays, both loop- and helicity-suppressed
• Very rare in the SM and hence a good probe of NP
• Uncertainties in the SM BR calculation recently reduced thanks to advances in

– Lattice QCD  [e.g., Flavour Lattice Averaging Group, EPJC 80 (2020) 113] 

– EW effects at NLO [Bobeth, Gorbahn, Stamou, PRD 89 (2014) 034023]

– QCD effects at NNLO [Hermann, Misiak, Steinhauser, JHEP 12 (2013) 097] 

• SM expectations for the BRs:
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LHCb-CONF-2020-002 
CMS PAS BPH-20-003 
ATLAS-CONF-2020-049 

Same note:
PRL 118 (2017) 191801,    1 fb-1 @ 7/8 TeV +   1.4 fb-1 @ 13 TeV
JHEP 04 (2020) 188,        25 fb-1 @ 7/8 TeV + 26.3 fb-1 @ 13 TeV
JHEP 04 (2019) 098,        25 fb-1 @ 7/8 TeV + 36.0 fb-1 @ 13 TeV



Effective lifetime for 𝐵' → 𝜇%𝜇&
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Time-dependent partial width for 𝐵/ + 4𝐵/ (no flavor tag) 

Width diff. b/w 
mass eigenstates

Average width of 
mass eigenstates,

1/𝜏0# Heavy- and light-eigenstate contribution 
to the decay → 𝜇)𝜇'

𝜇+𝜇( is CP-odd, so 𝐴>? = 1 in the SM,
expect 𝜏@1 →8283 = 𝜏@14=1.609± 0.010 ps. This could change in NP.



𝑚(!(" & 𝑡(!(" distributions
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Bgd-subtracted



ATLAS, CMS, LHCb results
• BR measured wrt. that of 𝐵+ → 𝐽/𝜓 𝐾+ (LHCb used also 𝐵* → 𝐾+𝜋()

A. Soffer, FPCP 2021 23

1"
1#
= 0.259 ± 0.015 measured by LHCb @ 7 TeV

ATLAS

CMS

LHCb



Combination of profile likelihoods
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< 1.9×10"#% (95%)

< 0.069 (95%)



Search for 𝐵! → invisible (+𝛾)

• FCNC, suppressed in the SM:
– BR(𝐵* → invis. ) ∼ 10'56 (for 4𝜈) [1]
– BR(𝐵* → 𝜈�̅�𝛾) ∼ 10'7 [2]

• Fully reconstruct the other (tag) B 
in O(10B) hadronic modes
– (The 2 B’s are not separated by direction)

• Reject events with additional 
good tracks, 𝜋* or 𝐾C
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Belle, PRD 102 (2020) 012003 711 \b"#, 772×102 BRB

𝛾
[1] Bhattacharya, Grant, Petrov, PRD 99 (2019) 093010
[2] Lu, Zhang, PLB 381 (1996) 348



Signal and background
• Two neural networks used to suppress background 

– (plots for 𝐵% → 𝛾 + invis. Those for 𝐵% → invis. are similar):
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Evaluates tag-B quality                           Evaluates event shape

𝑒!𝑒" → 𝑞/𝑞
𝐵 /𝐵 bgd. Sig



Signal extraction & results
• 𝐵* → invis.: Fit the data distributions in 2 variables (uncorrelated)

• 𝐵* → invis. +𝛾: subtract bgd. estimated from Otag sideband, and count
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Cosine of angle b/w thrust axes of 
tag-B and remaining particles

Additional neutral energy 
in the EM calorimeter

Signal

𝑒!𝑒" → 𝑞/𝑞

𝐵 /𝐵 bgd.

90% CL



Conclusions
• LFV, LNV, and rare decays are an excellent probe for NP
• Continually exploited as experiments collect more data and develop new 

analysis techniques
• Summary of the recent numbers:
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(90%)


