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Lepton flavor universality

Å In the Standard Model, the electroweak couplings between 
leptons and gauge bosons do not depend on the lepton flavor.
ïThe difference of the branching fraction comes from the difference of 

the mass, i.e. helicity suppression and phase space.
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Tests of lepton flavor universality
ÅDecays of ὡ/ὤbosons

ï ḳ
ꜞ ᴼ

ꜞ ᴼ
,  ḳ

ꜞ ᴼ

ꜞ ᴼ
by LEP [Phys. Rep. 427 (2006) 257]

ïὙ ḳ
ɇꜞ ᴼ

ɇꜞ ᴼ
,  Ὑ ḳ

ɇꜞ ᴼ

ɇꜞ ᴼ
by ATLAS [Phys. Rev. D85, 072004 (2012)]

ïꜞ ὡᴼЉ’ Љ Ὡȟ‘ȟ† by LEP [Phys. Rep. 532 (2013) 119]

ï
ꜞ ᴼ

ꜞ ᴼ
by CDF,D0, LEP, ATLAS, LHCb[JHEP 10 (2016) 030]

ÅDecays ofleptons
ï ϳὫ Ὣ , ϳὫ Ὣ , ϳὫ Ὣ from ɜ†O ‘’’, ɜ†O Ὡ’’, ɜ‘ᴼὩ’’

ï ϳὫ Ὣ , ϳὫ Ὣ from 
ᴼ

ᴼ
, 

ᴼ

ᴼ

ÅDecays of light mesons

ïὙȾ
ᴼ

ᴼ
by PIENU [Phys. Rev. Lett. 115, 071801 (2015)]

ïὙ
ᴼ

ᴼ
by KLOE, NA62 [Phys. Lett. B719, 326 (2013)], et al.

All consistent with SM except for ὄὡᴼ†’
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ὄᴼὈᶻ†’

꞊ ὠ Ӷὧ‎ ρ ‎ ὦ Ӷ†‎ ρ ‎ ’ Χ {a όὡ )

ӶὧὫ Ὣ‎ ὦ Ӷ†ρ ‎ ’ ... New Physics (Ὄ )

ÈȢÃȢ

Flavor-dependent couplingto the fermions
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Sizableuncertaintieson ὠ and the form factors

Sensitive to new physics
because the massive 3rd generation 
ὦquark and †lepton are involved.
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Hint of new physics in ὦO ὧЉ’tree decays

ὙὈᶻ
ɜὄᴼὈᶻ†’

ɜὄᴼὈᶻЉ’

Useful observable to probe 
new physics since the 
uncertainties on ὠ and 
the form factors as well as 
the experimental systematics 
cancel out

ὙὐȾɰ
ɜὄᴼὐȾɰ†’

ɜὄᴼὐȾɰ‘’
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SM World avg.

~3.8sdeviation

Phys. Rev. Lett. 120, 121801 (2018)

LHCb

SM

Deviationalsoin

Ὑὑᶻ
ɜὄᴼὑᶻ‘‘

ɜὄᴼὑᶻὩὩ
Χ ὦO ίЉЉpenguin decays



Ὀᶻand †polarizations in ὄᴼὈᶻ†’

Observable which could distinguish the type of new physics:
Longitudinal polarizations

ÅὖὈᶻ
ᶻ ᶻ

ᶻ ᶻ ɜ Ὀᶻ: decay rate with †helicity ‗

ÅὊ
ᶻ ᶻ

ᶻ ᶻ ɜὈᶻ : decay rate of longitudinally

(transversely) polarized Ὀᶻ

New physics scenarios [Phys. Rev. D 87, 034028 (2013)]

Belle measured ὙὈ , ὙὈᶻ and ὖὈᶻ , and
is still active in producing new results.
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The Belle experiment

ÅCollected 772 x 106ὄὄevents at KEKB factory (1998-2010), 
asymmetric ὩὩ collider at ί 10.58 GeV, in Japan.
ïὩὩ ᴼɭτὛO ὄὄ (very clean and well-known initial state)

Hermetic spectrometer 
capable of
Å Tracking and momentum 

meas. of charged tracks
Å Vertex meas.
Å Particle ID
Å‎energy meas.
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ὄᴼὈᶻ†’reconstruction in Belle

ÅNot a rare decay
ïLƴ{aΣꜞὄ ᴼὈ†’ лΦсс҈ŀƴŘꜞὄ ᴼὈᶻ†’ мΦно҈

Åbut reconstruction of †is challenging due to multiple neutrinos 
and need a high statistics..
Ą Need full reconstruction of the event

ÅSuppress non-ὄὄbkgd. and
misreconstructedevents

Ą quite low efficiency ὄ ὄ

’
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†

Ӷ’
Reconstruct one of the ὄΩǎ ŘŜŎŀȅƛƴƎ
1. Hadronically (‐ 0.2%)

2. Semileptonically(‐ 0.5%)

3. Inclusively (‐ a few %) Select the other ὄof the signal decay with

Å a Ὀᶻ

Å a charged daughter of †
1. Leptonic †decay
2. Hadronic †decay
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Previous results on ὙὈ and ὙὈᶻ

Hadronic tag
†O Љ’Љ’

Hadronic tag
†O Љ’Љ’

Hadronic tag
†O “’ȟ”’

Semileptonictag
†O Љ’Љ’

Only two (direct) measurements with hadronic tag
ĄὙὈ with semileptonictag will be added.
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Hadronic tag
†O Љ’Љ’

Hadronic tag
†O Љ’Љ’



ὄᴼὈᶻ†’with semileptonictag

ÅSimultaneous measurement of ὙὈ and ὙὈᶻ

ὙὈᶻ
ꜞὄᴼὈᶻ†’

ꜞὄᴼὈᶻЉ’Љ

ÓÉÇÎÁÌ

ÎÏÒÍÁÌÉÚÁÔÉÏÎ

ï In the previous result
only ὄὄ ᴼ ὈᶻЉ ὈᶻЉ

ïAdd ὄὄ ᴼ Ὀᶻ Љ Ὀᶻ Љ and

ὄὄ ᴼ Ὀᶻ Љ Ὀᶻ Љ

ÅAnalysis with the Belle II software framework

ïTo reconstruct ὄ we can exploit FEI (Full Event Interpretation;

Multivariate analysiswith Boosted-Decision Tree classifier)
Ą higher efficiency

Close to opening the blinded signal box

10

’Љ

Ὀᶻ

Љ

Ὀᶻ

Љ
’

†
’’Љ

’Љ

Ὀᶻ

Љ

Ὀᶻ

Љ

’



Polarization measurements

Angular distribution of †decay

ρ ‌ὖὈᶻÃÏÓ—

‌
ρ ÆÏÒ†O “’
πȢτυÆÏÒ†O ”’

ᴆὴ can be constrained to lie on the 
cone with a half apex angle — :

ÃÏÓ—
ςὉὉ ά ά

ςᴆὴ ᴆὴ
Boost in an arbitrary direction on the 
cone to translate ÃÏÓ— to ÃÏÓ—
in the †rest frame.

Angular distribution of Ὀz decay

ςὊ
ᶻ
ÃÏÓ— Ὂ

ᶻ
ÓÉÎ—

Ὂ
ᶻ
Ὂ
ᶻ
ρ

ὄ Ὀᶻ

Ὀ

“

—

[Pros]
ïAll †decays are useful.
ïNot affected by cross-feeds of †decays.
[Cons]
ïStrong dependence of acceptance on 
ÃÏÓ— and ή.

11

ὡ rest frame Ὀᶻrest frame

ὡ
†

ὄ Ὀᶻ

“

ᴆὴ

—
’

’



Result on ὖὈᶻ

ÅHadronic tag

ÅTwo-body †decays (†O “’, ”’)

World average
HFLAV arXiv:1412.7515

SM

ὖὈᶻ πȢσψπȢυρÓÔÁÔȢ
Ȣ ÓÙÓÔ

PRL 118, 211801 (2017)

SM prediction
PRD 85, 094025 (2012); PRD 87, 034028 (2013)
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ὖὈᶻ and Ὂ
ᶻ

with inclusive tag

ÅSelect candidates for ὄ daughters; Ὀᶻ Љ ÏÒ“ .

ïὄ ᴼὈᶻ† Ӷ’

ÅὈᶻ ᴼὈ“

ɀὈ ᴼὑ “ȟὑ ““ȟὑ “““

Å† ᴼЉ’ Ӷ’ȟ“ Ӷ’

ÅReconstruct ὄ inclusively from all the remaining particles.

ïProper assignment of the particles without missing should lead to

ὓ ḳ Ὁ ᴆὴ ὓ

ɝὉ ḳὉ Ὁ π

ÅUseonly ÃÏÓ— πfor Ὂ
ᶻ

meas.
ïStrongdependenceof the efficiencyonÃÏÓ—

due to the slow “from Ὀᶻ, which is softer at
a larger ÃÏÓ— .

ïCorrect signal yieldfor the efficiency/acceptance
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Signal extraction for Ὂ
ᶻ

measurement

Simultaneous extended 
unbinnedmax likelihood fit 
to all 9 sub-channels in the 
ὓ distrbutionsfor each 

of 3 bins of ÃÏÓ—

ὓ (GeV)
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ρȢπ ÃÏÓ— Ὀᶻ πȢφχ

†
ᴽ
“

Ὡ

‘

Ὀ ᴼὑ “ ὑ ““ ὑ “““

Signal
Combinatorial
Peakingbkg.

Peaking bkg. mainly from

Combinatorial bkg.
mainly from
hadronic B decays
fake
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Result on Ὂ
ᶻ

presented at CKM2018

Ὂ
ᶻ
πȢφππȢπψÓÔÁÔπȢπσυÓÙÓÔ

cf. in SM

ïὊ
ᶻ
πȢτφ πȢπσ[Phys. Rev. D 95, 115038 (2017)]

ïὊ
ᶻ
πȢττρ πȢππφ[arXiv:1808.03565]

Consistent with SM within 2s
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Search for ὄᴼ‘’

Å In SM ꜞ ὄ ᴼ‘ Ӷ’ ρ Ὢ ὠ † σȢψππȢσρ ρπ

Å More precise SM prediction of
ꜞ ᴼ

ꜞ ᴼ
than ὙὈᶻ

Å Untagged (inclusive) method

ï Select a muon and check that
the rest of event resembles ὄ

Phys. Rev. Lett. 121, 031801 (2018)

ꜞὄ ᴼ‘ Ӷ’

φȢτφςȢςςρȢφπ ρπ
Significance: 2.4s

ςȢωȟρπȢχ ρπ at 90% CL

ὄ ὄ

‘

Ӷ’

‐ σψϷ
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Prospects for ὄᴼὈᶻ†’at Belle II

ÅThe uncertainty due to the MC statistics is reducible.
ïMCstat affectsthe estimationof the reconstruction efficiency, 

understanding of small cross-feed components and PDFs for the fit.

ÅThe uncertainties from ꜞ ὄᴼὈz Љz’Љ , Ὀz dzecays and 
hadronic ὄdecays have to be reduced.
ïNeeddedicatedmeasurements of ὄᴼὈᶻzЉ’Љand hadronic ὄdecays 

with a large data sample.

ά¢ƘŜ .ŜƭƭŜ LL tƘȅǎƛŎǎ .ƻƻƪέΣ arXiv:1808.10567

Composition of the systematic uncertainties in each Belle analysis

17



Prospects for ὄᴼὈᶻ†’at Belle II

ÅBelle 0.772 x 109ὄὄ Ą Belle II ~50 x 109ὄὄ(50 abς1 in 6 yrs)

Expected precision (stat and syst)

ά¢ƘŜ .ŜƭƭŜ LL tƘȅǎƛŎǎ .ƻƻƪέΣ arXiv:1808.10567

In addition, ή and other 
distributions of kinematic 
observables to discriminate 
the new physics scenarios.
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Search for ὦO ί†† at Belle II

Phys. Rev. Lett. 120, 181802 (2018)

The anomalies seen in

ὙὈᶻ , ὙὐȾ‪ , Ὑὑᶻ and 
ὦO ί‘‘ suggest a possibility 
of huge effects of lepton flavor 
universality violation in
ὦO ί†† (FCNC penguin).

ὕρπ enhancement of 
the branching fractions
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