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Belle	II	vs.	LHCb
LHCb	

* ultra-high-statistics sample of B and 
Bs in all-charged modes 

* heavy excited b-hadrons are 
accessible 

* (previous lecture by Dr. Oyanguren) 

Belle	II	

* unique for final states with neutrinos 
or multiple photons (i.e. π0), and 
inclusive analyses (e.g. B ➔ Xs γ) 

* also a good place to study charm, 
τ+τ−,  

* hermeticity is a great plus, too!
�3

⌥(nS)

Table 16: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. Errors given in % represent relative errors. In the final

column we denote where LHCb is expected to reach a highly competitive level of precision:

if one experiment is expected to be slightly more accurate we list it first.

Observables Expected the. accu-
racy

Expected
exp. uncertainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 LHCb/Belle II
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CP Violation
S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) *** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle II
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb

36/690

from “The Belle II Physics Book”, arXiv:1808.10567.
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Strengths	of	Belle	(II)
Full reconstruction of B  
* missing (E,p) analysis 
* inclusive measurements 
Hermeticity  
* minimal trigger for, e.g. Dalitz analysis 
* precision τ measurements 
Neutral particles 
* and for η, η′, ρ+, etc.   

other notable features 
* good PID for both µ± and e± 
* high flavor-tagging efficiency  

- (×15 better than LHC)

• Belle II covering ≳90% of 4π  
• ⟨N(track)⟩ ~ 10 per event

0.910 ' 0.35



e+e� ! ⌥(4S) as a B-factory

B-factories 
• Precise knowledge of  the initial states in 𝑒ା𝑒ି collisions. 

• Designed to run at Υ(4𝑆) resonance ( 𝑠 = 10.58GeV). 

Saga-Yonsei Workshop on High Energy Physics: Jan. 14th, 2014 4 

8GeV 𝒆ି 

3.5GeV 𝒆ା 
10.58 GeV 

1.1nb 𝝈 𝒆ା𝒆ି → 𝒀 𝟒𝑺  
~3nb 𝝈 𝒆ା𝒆ି → 𝒒𝒒ഥ  

(𝒒 = 𝒖,𝒅, 𝒔, 𝒄) 

𝚼(𝟒𝑺) 

• Br Υ 4𝑆 → 𝐵𝐵ത > 96% ; w/ 𝑝ெ = 380MeV/𝑐 

• How to benefit from this Υ(4𝑆) decay structure? 

The Upsilon System 

• B(⌥(4S) ! BB) > 96%, with pCM
B ⇠ 0.35 GeV/c

• nothing else but BB in the final state
) if we know (E,~p) of one B, the other B is also constrained

Y. Kwon (Yonsei Univ.) Study of neutrinos using “B-meson beams” at Belle Apr. 9, 2014 5

(Note) mB = 5.28 GeV

 5
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e� �! (?) e+
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8 GeV 3.5 GeV

Btag
<latexit sha1_base64="51G7sC07PHh4QVWov0Lbp02RAAc=">AAACB3icdVDLTsJAFJ3iC8EH6tLNRDRx1bQUBXcENy4xkUcCDZkOA0yYTpuZKQlp+AA/wK1+gjvi1vgVfoFfoGunoIkSPclNTs59Hy9kVCrLejVSK6tr6xvpzUx2a3tnN7e335BBJDCp44AFouUhSRjlpK6oYqQVCoJ8j5GmN7pM8s0xEZIG/EZNQuL6aMBpn2KktNSuduOO8KFCg2k3l7fM0oXtlIvQMm3HObPKmhQdu2CfQ9u05shXjt9nL+PsR62be+v0Ahz5hCvMkJRt2wqVGyOhKGZkmulEkoQIj9CAtDXlyCfSjecnT+GJVnqwHwgdXMG5+rMjRr6UE9/TlT5SQ7mcS8Q/c3ioDyBiab3ql92Y8jBShOPF9n7EoApgYgrsUUGwYhNNEBZUPwCTOQjrSTKjnfl+H/5PGgVtmmlda4uqYIE0OARH4BTYoAQq4ArUQB1gEIA7cA8ejFvj0ZgZT4vSlPHVcwB+wXj+BNB0noI=</latexit>

Bsig
<latexit sha1_base64="K5D0stbuTlb+bn3QtAGI/ht3HMc=">AAACB3icdVDLTgIxFO34RPCBunTTiCauJlNFwB3BjUtM5JHAhHRKgYZ2ZtJ2SMiED/AD3OonuCNujV/hF/gFurYDmijRk9zk5Jz79kLOlHacV2tpeWV1bT21kc5sbm3vZHf36iqIJKE1EvBANj2sKGc+rWmmOW2GkmLhcdrwhpeJ3xhRqVjg3+hxSF2B+z7rMYK1kVqVTtyWAirWn3SyOcdGpSJCBejY+fNiyckbggqFC6Mg25khVz56n76MMh/VTvat3Q1IJKivCcdKtZATajfGUjPC6STdjhQNMRniPm0Z6mNBlRvPVp7AY6N0YS+QJnwNZ+rPihgLpcbCM5kC64Fa9BLxT48MzAJULozXvZIbMz+MNPXJfHov4lAHMHkK7DJJieZjQzCRzBwAkz6YmE4qbT7zfT78n9RPbXRmO9fmRRUwRwocgENwAhAogjK4AlVQAwQE4A7cgwfr1nq0ptbTPHXJ+qrZB79gPX8C7WCelQ==</latexit> FEI  

• the most evolved version of B-tagging S/W 
• developed for Belle II; used in several Belle studies
- O(200) decay chains with BDT trained for each 
- O(10k) decay chains in 6 stages 
- ×3 high MC efficiency than existing Belle algorithm

B-tagging	and	FEI
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Belle	(and	BaBar,	too)	achievements	include:	

• CPV, CKM, and rare decays of B mesons 
(and Bs, too) 

• Mixing, CP, and spectroscopy of charmed 
hadrons 

• Quarkonium spectroscopy and discovery of 
(many) exotic states, e.g. X(3872), 
Zc(4430)+ 

• Studies of τ and 2γ

 9
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Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP
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R(D) ⌘ B(B ! D ⌧+⌫)

B(B ! D `+⌫)
<latexit sha1_base64="+jqOR3xEPpA3AdIPpDHgUyhjfFM="></latexit>

R(D⇤) ⌘ B(B ! D⇤⌧+⌫)

B(B ! D⇤`+⌫)
<latexit sha1_base64="Ucm5xvCPUmEH3iCMH8n1WjD4ukw="></latexit>

where ` = e, µ
<latexit sha1_base64="BtGlWxHIP/B7L3CrY89kngkhXpw=">AAACFXicdVC7SgNBFJ2NrxhfqxYWNoOJYCHLblKYFELQxjKCeUA2hNnJ3WTI7IOZWSUs+Q4/wFY/wU5srf0Cf8PJQ9CoBwYO59zH3OPFnEll2+9GZml5ZXUtu57b2Nza3jF39xoySgSFOo14JFoekcBZCHXFFIdWLIAEHoemN7yc+M1bEJJF4Y0axdAJSD9kPqNEaalrHtwNQAAuuMA5Psdw6mI3SAq4a+Zty66U7VIF/yaOZU+RR3PUuuaH24toEkCoKCdSth07Vp2UCMUoh3HOTSTEhA5JH9qahiQA2UmnB4zxsVZ62I+EfqHCU/V7R0oCKUeBpysDogZy0ZuIf3p0oD8AYmG98sudlIVxoiCks+1+wrGK8CQi3GMCqOIjTQgVTB+AJ3MI1ZNkTifzdT7+nzSKllOy7OtivnoxzyiLDtEROkEOOkNVdIVqqI4oGqMH9IiejHvj2XgxXmelGWPes49+wHj7BMwmnco=</latexit>

B ! D(⇤)⌧+⌫
<latexit sha1_base64="RqxZudsRMyusPpoj1MUzhJlREew="></latexit>

• mτ	≫	me,	mμ					∴	B	➔	D*	τ	ν	can	be	more	sensi3ve	to	NP,	e.g.	from	H+		
• ∃	hints	(from	BaBar,	Belle,	LHCb)	for	devia3ons	of	R(D),	R(D*)	from	SM;	LUV?	
• B	➔	D*	τ	ν	was	first	observed	by	Belle	

Observation of B0 ! D!"!#"! Decay at Belle
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Puzzles of R(D) and R(D⇤)
<latexit sha1_base64="gbKeBzVIoFqiHBJei/8tmX6Mwoo="></latexit>

as of 2018
Reminder
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• R(D(*))	devia3ons	from	SM	(by	~3.8σ	as	of	2018)	mo3vates	further	study	

• Detailed	kinema3c	informa3on	of	the	final-state	par3cles,	e.g.	angular	
observables,	can	provide	a	good	clue	for	NP	signature	(if	there	is	any!)	

• In	2017,	Belle	has	reported	world-first	measurement	of	Pτ	in	B	➔	D*	τν

Polarizations in B ! D⇤⌧⌫
<latexit sha1_base64="Kyun9h4iy/67b+JPmLGODyZ3DI0="></latexit>

� 𝑅 𝐷∗ and 𝑃𝜏 𝐷∗ with Hadronic 𝜏 Decays

• 𝜏 polarization is a variable sensitive to NP
– It can be measured using two-body decays of 𝜏

Target of this analysis
• First measurement of 𝑃𝜏 𝐷∗ using 𝜏− → 𝜋−𝜈𝜏, 𝜌−𝜈𝜏
• New measurement of 𝑅 𝐷∗

– Independent study of previous measurements using 𝜏− → 𝑙−  𝜈𝑙𝜈𝜏
Æ Different final state = different background

𝐷∗

 𝜈𝜏
Always right-handed

 𝐵

𝜏−
or
Sz

𝑃𝜏 𝐷∗ =
Γ+ − Γ−

Γ+ + Γ−

Γ+(−) for right-(left-)handed 𝜏
𝑊−,𝐻−

S = 1 S = 0

𝑃𝜏 𝐷∗ is modified

Rencontres de Moriond EW 2017

Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett.) 7/15

𝑃𝜏 𝐷∗
SM = −0.497 ± 0.013

M. Tanaka and R. Watanabe, 
Phys. Rev. D 87, 034028 (2013)

by	M.	Tanaka	&	R.	Watanabe,	
PRD	87,	034028	(2013)

P⌧ (D
⇤) = �0.38± 0.51+0.21

�0.16
<latexit sha1_base64="m1lnh45V88boT4iyavBxiNZtyjE="></latexit>
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• D*	polariza3on	(PD*)	will	give	yet	another	clue	about	NP	signature	

• Belle	measures	PD*		

✓ reconstruct signal B in  τ ➔ ℓ ν ν  and  τ ➔ π ν  modes 

✓ then require kinematic consistency on the accompanying B (Btag) 
inclusively (a la 2007 PRL)

New in 2019

Mtag > 5.2 GeV

�0.30 < �Etag < +0.05 GeV
<latexit sha1_base64="T9jEFqFSBYfNbX9eMn5zDHjgSoY="></latexit>

D⇤ polarization in B ! D⇤⌧⌫
<latexit sha1_base64="voao3Gx/jTtonbCp1GHM59Zi6dg="></latexit>

INTRODUCTION210

Decays of B mesons to final states containing ⌧ leptons provide an important test-bed211

for the standard model (SM) and its extensions. Of special interest are theoretically well-212

controlled semitauonic decays B ! D̄(⇤)⌧+⌫⌧ [1], where new physics (NP) may contribute213

at tree level. Complementary sensitivities of the decays B ! D̄⌧+⌫⌧ and B ! D̄⇤⌧+⌫⌧214

to various SM extensions, and the rich spectrum of kinematical observables accessible in215

the three-body final states, enable comprehensive studies of the underlying dynamics in216

b̄ ! c̄⌧+⌫⌧ transitions [2, 3]. This potential is still far from being fully explored, primarily217

due to the inherent measurement challenges associated with multiple neutrino final states.218

The decays B ! D̄(⇤)⌧+⌫⌧ have been studied experimentally by Belle [4–8], BaBar219

[9, 10], and LHCb [11, 12]. So far, the experiments measured the branching fractions220

B(B ! D̄(⇤)⌧+⌫⌧ ), or the ratios R(D(⇤)) = B(B ! D̄(⇤)⌧+⌫⌧ )/B(B ! D̄(⇤)`+⌫`), (` = e, µ),221

distributions of several kinematic variables, and recently the longitudinal tau polarization,222

PD⇤
⌧ , in the D⇤ mode [8]. While the results on di↵erential decay rates and PD⇤

⌧ are still223

statistically limited, the experimental values of R(D(⇤)) already challenge the SM and224

some of its extensions. The current world averages of R(D) = 0.407 ± 0.039 ± 0.024 and225

R(D⇤) = 0.306 ± 0.013 ± 0.007 [13] exceed the SM predictions R(D) = 0.299 ± 0.003 [14],226

and R(D⇤) = 0.257 ± 0.003 [15] by 2.3 and 3.0 standard deviations (�), respectively, and227

the combined results on R(D(⇤)) deviate from the SM by about 3.8 �. Interestingly, it is228

also di�cult to accommodate the observed branching fractions within the two Higgs doublet229

models [16, 17], mainly due to the relatively large excess in the B ! D̄⇤⌧+⌫⌧ mode, which230

is expected to be less sensitive to the charged Higgs contributions than the B ! D̄⌧+⌫⌧231

channel. Further studies of kinematic distributions and angular observables in semitauonic232

B decays may provide new clues to unravel the R(D(⇤)) puzzle. An interesting observable,233

not explored so far experimentally, is the D⇤ polarization. In the SM, the fraction of D⇤
234

longitudinal polarization, FD⇤
L , is expected to be around 0.45 [3, 18–21], and the most recent235

predictions are 0.441 ± 0.006 [20], and 0.457 ± 0.010 [21]. The value of FD⇤
L can be signifi-236

cantly modified in the presence of NP contributions [3, 19–22]; in particular, the scalar and237

tensor operators may enhance and decrease FD⇤
L , respectively. In this paper, we present the238

first measurement of the D⇤ polarization in the B0 ! D⇤�⌧+⌫⌧ decay. We extract FD⇤
L from239

the angular distribution in D⇤� ! D̄0⇡� decay:240

1

�

d�

d cos ✓hel
=

3

4
(2FD⇤

L cos2 ✓hel + (1� FD⇤

L ) sin2 ✓hel), (1)

where ✓hel is the angle between D̄0 and the direction opposite to B0 in the D⇤� rest frame.241

DETECTOR AND DATA SAMPLES242

This analysis is based on the full ⌥(4S) data sample containing 772 ⇥ 106B̄B pairs243

recorded with the Belle detector at the asymmetric-beam-energy e+e� collider KEKB [23].244

The Belle detector, described in detail elsewhere [24], is a large-solid-angle magnetic spec-245

trometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber246

(CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement247

of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL)248

comprised of CsI(Tl) crystals located inside a superconducting solenoid coil that provides249

6

FD⇤

L
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=	the	frac3on	of	longitudinal	
polariza3on	of	D*

Signal extraction 

✓ by	fi_ng	for	Mtag	in	three	equal	bins	in	cos	θhel		

✓ The	procedure	is	checked	by	“measuring”

SM:	0.54	(0.53)	
	by	covariant	quark	model	

(heavy	quark	limit)

FD⇤

L (B0 ! D⇤�e+⌫) = 0.56± 0.02
<latexit sha1_base64="n8l+cQS8QG8jBLMZB3XXwAq0EvI="></latexit>



!16

New in 2019
D⇤ polarization in B ! D⇤⌧⌫

<latexit sha1_base64="voao3Gx/jTtonbCp1GHM59Zi6dg="></latexit>

Fit to Mtag ⌧� ! e�⌫⌫̄ mode
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D ! K⇡ (top)
D ! K⇡⇡0 (middle)
D ! K3⇡ (bottom)

<latexit sha1_base64="Ssrkusr/ig471MOBSg1CkIJt1ww="></latexit>

Fit	(total)

signal

combinatorial	bkgd.

peaking	bkgd.

preliminary, arXiv:1903.03102 [hep-ex]
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FIG. 2. Fit projections to Mtag distributions in three bins of cos ✓hel for ⌧ ! e⌫̄e⌫⌧ (sequential
columns) and D ! K⇡ (top), D ! K⇡⇡0 (middle), D ! K3⇡ (bottom). The solid lines show
the result of the fit. Contributions of the signal, combinatorial and peaking backgrounds are
represented by the red (dot-dashed), blue (dashed) and green (dotted) lines, respectively.

GeV2 there is a sharp change in the cos ✓hel distribution for this component.)

Uncertainties due to the form factor parameterization of signal decays are estimated by
comparing the results obtained with the two versions of the signal MC, and found to be
very small. Uncertainties related to the cos ✓hel resolution and acceptance non-uniformities
along cos ✓hel depend on the actual value of the D⇤ polarization. To evaluate them, the
simulated signal events are reweighted to obtain cos ✓hel distributions that correspond to
arbitrary D⇤ polarizations, and di↵erences between the generated and measured values of

12

�0.67  cos ✓hel < �0.33
<latexit sha1_base64="hjDMZJzY/2i2aGRV8uRUh0TQSic=">AAACJXicbVC7TsMwFHV4lvIKMLJYVAgWooQiysBQwcJYJPqQmqpy3JvWqp0E20Gqon4C38EHsMInsCEkJkZ+A/cxQMuRLB2dcx++J0g4U9p1P62FxaXlldXcWn59Y3Nr297Zrak4lRSqNOaxbAREAWcRVDXTHBqJBCICDvWgfz3y6w8gFYujOz1IoCVIN2Iho0QbqW0fnbjOeQn7HO6xT2Pl6x5o0s58KXAP+BBfYlNRLLbtguu4Y+B54k1JAU1RadvffiemqYBIU06UanpuolsZkZpRDsO8nypICO2TLjQNjYgA1crGBw3xoVE6OIyleZHGY/V3R0aEUgMRmEpBdE/NeiPxX4/2zAdAzqzX4UUrY1GSaojoZHuYcqxjPIoMd5gEqvnAEEIlMwfg0RxCzSSVN8l4sznMk9qp4xUd9/asUL6aZpRD++gAHSMPlVAZ3aAKqiKKHtEzekGv1pP1Zr1bH5PSBWvas4f+wPr6AZTeo1I=</latexit>

�1.0  cos ✓hel < �0.67
<latexit sha1_base64="kI8Mt9AdxXvZuf0Uk05+bn3zNVM=">AAACJHicbVC7TsMwFHV4lvIqMLJYVCCWRgkgysBQwcJYJPqQmqpy3JvWqp0E20Gqov4B38EHsMInsCEGFlZ+A7fNAC1HsnR0zn34Hj/mTGnH+bQWFpeWV1Zza/n1jc2t7cLObl1FiaRQoxGPZNMnCjgLoaaZ5tCMJRDhc2j4g+ux33gAqVgU3ulhDG1BeiELGCXaSJ3CUcm1HexxuMcejZSn+6BJJ/WkwH3gI3yJS459Xu4Uio7tTIDniZuRIspQ7RS+vW5EEwGhppwo1XKdWLdTIjWjHEZ5L1EQEzogPWgZGhIBqp1O7hnhQ6N0cRBJ80KNJ+rvjpQIpYbCN5WC6L6a9cbivx7tmw+AnFmvg4t2ysI40RDS6fYg4VhHeJwY7jIJVPOhIYRKZg7A4zmEmkkqb5JxZ3OYJ/UT2z21nduzYuUqyyiH9tEBOkYuKqMKukFVVEMUPaJn9IJerSfrzXq3PqalC1bWs4f+wPr6ARIboxM=</latexit>

�0.33  cos ✓hel < 0
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⇣
FD⇤

L

⌘

SM
= 0.457± 0.010

<latexit sha1_base64="NgSyN9RgxxfUxu9R8QrgYalNt2s="></latexit>

FD⇤

L = 0.60± 0.08± 0.04
<latexit sha1_base64="NpjhtiFs+LwBDjvjF848Gj3weKE=">AAACJnicbZDLSgMxFIYz9VbrbdSlm2ARiosyo0W7EYqKuHBRwV6gnQ6ZNG1Dk8yQZIQy9BV8Dh/ArT6COxF37nwN04ugrQdCPv6Tc07OH0SMKu04H1ZqYXFpeSW9mllb39jcsrd3qiqMJSYVHLJQ1gOkCKOCVDTVjNQjSRAPGKkF/YtRvnZPpKKhuNODiHgcdQXtUIy0kXw7d+UnTcnhzbCVXLYOh/AMOvkTBzYjbsAp/kDBt7PmGgecB3cKWTCNsm9/NdshjjkRGjOkVMN1Iu0lSGqKGRlmmrEiEcJ91CUNgwJxorxkvNEQHhilDTuhNEdoOFZ/VySIKzXggXnJke6p2dxI/DeHe+YDRM6M152il1ARxZoIPJneiRnUIRx5BttUEqzZwADCkpoF4KgPwqaTyhhn3Fkf5qF6lHeP885tIVs6n3qUBntgH+SAC05BCVyDMqgADB7AE3gGL9aj9Wq9We+TpylrWrML/oT1+Q3woaI8</latexit>

New in 2019
D⇤ polarization in B ! D⇤⌧⌫

<latexit sha1_base64="voao3Gx/jTtonbCp1GHM59Zi6dg="></latexit>

Huang,	Li,	Lu,	Ali	Paracha,	and	Wang	
Phys.	Rev.	D	98,	095018	(2018)

The measured cos ✓hel distribution in B0 ! D⇤�⌧+⌫⌧
decays (data points with statistical errors).

<latexit sha1_base64="Gyp05zUe0+hDRbYAqR1SEMJ+kpE="></latexit>

FIG. 4. The measured cos ✓hel distribution in B0 ! D⇤�⌧+⌫⌧ decays (data points with statistical
errors); the fit result is overlaid (red line) with FD⇤

L = 0.60. The yellow band represents the SM
prediction of Ref. [20].

TABLE I. Summary of systematic uncertainties

Source �FD⇤
L

Monte Carlo AR shape and peaking background ±0.032

statistics CB shape ±0.010

Background scale factors ±0.001

Background B ! D⇤⇤`⌫ ±0.003

modeling B ! D⇤⇤⌧⌫ ±0.011

B ! hadrons ±0.005

B ! D̄⇤M ±0.004

Signal modeling Form factors ±0.002

cos ✓hel resolution ±0.003

Acceptance non-uniformity +0.015
�0.005

Total +0.039
�0.037

CONCLUSIONS440

We report the first measurement of the D⇤ polarization in semitauonic decay B0 !441

D⇤�⌧+⌫⌧ . The result is based on a data sample of 772 ⇥ 106 BB̄ pairs collected with442

the Belle detector. The fraction of D⇤� longitudinal polarization, measured assuming SM443

dynamics, is found to be FD⇤
L = 0.60 ± 0.08(stat) ± 0.04(syst), and agrees within 1.6 (1.8)444

standard deviations with the SM predicted values (FD⇤
L )SM = 0.457±0.010 [21] (0.441±0.006445

[20]).446

We thank the KEKB group for the excellent operation of the accelerator, the KEK447

cryogenics group for the e�cient operation of the solenoid, and the KEK computer group and448
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R(D)	&	R(D*)	before	March	2019

Experiment Tag	method τ	mode R(D) R(D*)

Babar	‘12 Hadronic ℓ	ν	ν 0.440	±	0.058	±	0.042 0.332	±	0.024	±	0.018

Belle	‘15 Hadronic ℓ	ν	ν 0.375	±	0.064	±	0.026 0.293	±	0.038	±	0.015

LHCb	‘15 - ℓ	ν	ν - 0.336	±	0.027	±	0.030

Belle	‘16 Semileptonic ℓ	ν	ν - 0.302	±	0.030	±	0.011

Belle	‘17 Hadronic π	ν,	ρ	ν - 0.270	±	0.035	±	0.027

LHCb	‘18 - π	π	π	ν - 0.291	±	0.019	±	0.029

Average - - 0.407	±	0.039	±	0.024 0.306	±	0.013	±	0.007

SM 0.299	±	0.003 0.258	±	0.005
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R(D) and R(D⇤) with SL tagging
<latexit sha1_base64="e9wpme7OslvGAKr0anITA5T9zeU=">AAACMXicbVC7TsMwFHXKq5RXgJHFokUqDFXSDjBWwMDAUB59SG2oHMdNrTpOZDugKuqH8B18ACt8QjfEwsBP4LQdSuFIlo7OuQ/f40aMSmVZYyOztLyyupZdz21sbm3vmLt7DRnGApM6DlkoWi6ShFFO6ooqRlqRIChwGWm6g4vUbz4SIWnI79UwIk6AfE57FCOlpa5ZKSQdjBi8HRUvj2EBIu7BOenhJBWfqOrDu2uokO9T7nfNvFWyJoB/iT0jeTBDrWt+dbwQxwHhCjMkZdu2IuUkSCiKGRnlOrEkEcID5JO2phwFRDrJ5LgRPNKKB3uh0I8rOFHnOxIUSDkMXF0ZINWXi14q/uvhvv4AEQvrVe/MSSiPYkU4nm7vxQyqEKbxQY8KghUbaoKwoPoAmM5BWE+SOZ2MvZjDX9Iol+xKybop56vns4yy4AAcgiKwwSmogitQA3WAwTN4BW/g3XgxxsaH8TktzRiznn3wC8b3DwqZpwQ=</latexit>

New in 2019

Features
Phys.	Rev.	D	94,	072007	(2016)• update	of	the	Belle’s	SL-tagged	analysis		

✓ R(D*) only ⇒ R(D) and R(D*), simultaneously 

✓ for R(D*), B0 only ⇒ B0 and B+ 

✓ improved tagging (FEI, a Belle II s/w) 

• on	the	tag-side,	exploit	the	observable	

✓                           = angle between B and D(*)ℓ in Υ(4S) framecos ✓B,D(⇤)`
<latexit sha1_base64="0JIDi/AgCXz4bjom1uLmvknvjs4=">AAACGXicdVDLSgMxFM3UV62vqstugkWoImWmCros1YXLCvYBnXHIpLdtaOZBkhHK0IXf4Qe41U9wJ25d+QX+hpm2gla9EHI45z6PF3EmlWm+G5mFxaXllexqbm19Y3Mrv73TlGEsKDRoyEPR9ogEzgJoKKY4tCMBxPc4tLzheaq3bkFIFgbXahSB45N+wHqMEqUpN1+waSixrQagiJvUji5uktLhwdgGzsduvmiWK2Ya+DewypPfLKJZ1N38h90NaexDoCgnUnYsM1JOQoRilMM4Z8cSIkKHpA8dDQPig3SSyRFjvK+ZLu6FQr9A4Qn7vSIhvpQj39OZPlEDOa+l5J8aHegFQMyNV70zJ2FBFCsI6HR6L+ZYhTi1CXeZAKr4SANCBdMH4LQPobqTzGlnvs7H/4NmpWwdl82rk2K1NvMoiwpoD5WQhU5RFV2iOmogiu7QA3pET8a98Wy8GK/T1Iwxq9lFP8J4+wRFdqBF</latexit>

cos ✓B,D(⇤)` =
2EbeamED(⇤)` �m2

B �m2
D(⇤)`

2|pB ||pD(⇤)`|
<latexit sha1_base64="YLmV4jh6Vmfqi4Jr85YeBERyXYQ="></latexit>

arXiv:1904.08794 [hep-ex]preliminary
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6

backgrounds.
To improve the resolution of the D⇤-D mass di↵erence,

�M , for the D⇤+ ! D0⇡+ decay mode, the charged pion
track from theD⇤+ is refitted to theD0 decay vertex. We
require �M be within 2.5 MeV/c2 around the nominal
D⇤-D mass di↵erence for the D⇤+ ! D0⇡+ decay mode,
and within 2.0 MeV/c2 for the D⇤+ ! D+⇡0 and D⇤0 !
D0⇡0 decay modes. These windows correspond to ±3.2
and ±2.0 times the resolution, respectively. We require
a tighter mass window in the D⇤ modes containing low-
momentum (“slow”) ⇡0 to suppress a large background
arising from misreconstructed neutral pions.

In each event we require that there be two B candi-
dates of opposite in flavor. While it is possible for sig-
nal events to have the same flavor due to BB̄ mixing,
we do not allow such events as they lead to ambiguous
D⇤` pair assignment and hence to a larger combinatorial
background.

On the signal side, we require cos ✓B,D(⇤)` to be less

than 1.0 and theD(⇤) momentum in the ⌥(4S) rest frame
to be less than 2.0 GeV/c. Finally, we require that events
contain no extra charged tracks, K0

S candidates, or ⇡0

candidates, which are reconstructed with the same crite-
ria as those used for the D candidates.

When multiple Btag or Bsig candidates are found in
an event, we select the Btag candidate with the highest
tagging classifier output, and the Bsig candidate with the
highest p-value resulting from theD orD⇤ vertex fit. The
e�ciencies of the best candidate selection algorithm are
95%, 93%, 88%, and 86% for the D+`�, D0`�, D⇤+`�

and D⇤0`� samples, respectively.

IV. SIGNAL EXTRACTION

To distinguish signal and normalization events from
background processes, we use the sum of the energies
of neutral clusters detected in the ECL that are not as-
sociated with reconstructed particles, denoted as EECL.
To mitigate the e↵ects of photons related to beam back-
ground, for the EECL calculation we include only clusters
with energies greater than 50, 100, and 150 MeV, respec-
tively, from the barrel, forward, and backward calorime-
ter regions [18]. Signal and normalization events peak
near zero in EECL, while background events populate a
wider range as shown in Figure 1. We require that EECL

be less than 1.2 GeV.
To separate reconstructed signal and normalization

events, we employ a BDT based on the XGBoost pack-
age [28]. The input variables to the BDT are cos ✓B,D(⇤)`;
the approximate missing mass squared m2

miss = (Ebeam�
ED(⇤) � E`)2 � (pD(⇤) + p`)2; the visible energy Evis =P

i Ei, where (Ei,pi) is the four-momentum of particle
i. The BDT classifier is trained for each of the four
D(⇤)` samples using MC events of signal and normaliza-
tion modes. We do not apply any selection on the BDT
classifier output, denoted as class; instead we use it as

one of the fitting variables for the extraction of R(D(⇤)).

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ar
b.

 u
ni

ts

0

0.05

0.1

0.15

0.2
ν τ D(*) →B 

ν D(*) l →B 

Background

FIG. 1. EECL distributions for the signal, normalization, and
background taken from MC simulation. The distributions for
all decay modes are summed together and normalized to unity.

We extract the yields of signal and normalization
modes from a two-dimensional (2D) extended maximum-
likelihood fit to the variables class and EECL. The fit
is performed simultaneously to the four D(⇤)` samples.
The distribution of each sample is described as the sum
of several components: D(⇤)⌧⌫, D(⇤)`⌫, feed-down from
D⇤`(⌧)⌫ to D`(⌧)⌫, D⇤⇤`/⌧⌫, and other backgrounds.
The PDFs of these components are determined from MC
simulations. A large fraction of B ! D⇤`⌫ decays for
both B0 and B+ is reconstructed in theD` samples (feed-
down). We leave these two contributions free in the fit
and use their fitted yields to estimate the feed-down rate
ofB ! D⇤⌧⌫ decays. As the probability ofB ! D(`/⌧)⌫
decays contributing to the D⇤` samples is small, the rate
of this contribution is fixed to its expected value.
The free parameters in the final fit are the yields of

signal, normalization, B ! D⇤⇤`⌫` and feed-down from
D⇤` to D` components. The yield of fake D(⇤) events
is fixed to the value estimated from the �M sidebands.
The yields of other backgrounds are fixed to their MC
expected values. The ratios R(D(⇤)) are given by the
formula:

R(D(⇤)) =
1

2B(⌧� ! `�⌫̄`⌫⌧ )
· "norm

"sig
· Nsig

Nnorm
, (3)

where "sig(norm) andNsig(norm) are the detection e�ciency
and yields of signal (normalization) modes and B(⌧� !
`�⌫̄`⌫⌧ ) is the average of the world averages for ` = e and
` = µ.
To improve the accuracy of the MC simulation, we

apply a series of correction factors determined from con-
trol sample measurements. The lepton identification e�-
ciencies are separately corrected for electrons and muons
to account for di↵erences between data and simulations
in the detector responses. Correction factors for these
e�ciencies are evaluated as a functions of the lepton

• EECL	to	suppress	generic	background	
• BDT	classifier	to	dis3nguish	Signal	from	D(*)ℓν		
✓ based on XGBoost package 
✓ uses m2(miss), E(vis), cos θ(B,D(*)ℓ)  
• 2D	fit	to	(BDT	class,	EECL)

New in 2019
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B ! D(⇤)`⌫
<latexit sha1_base64="UKWoDY61VvnziOKilngDW9gXJVA=">AAACFHicdVDLSgMxFM34rPU1KrhxEyxCdVFmVNTuSnXhsoJ9QKeWTHrbhmYyQ5IRytjf8APc6ie4E7fu/QJ/w/QhaNUDFw7nvo8fcaa047xbM7Nz8wuLqaX08srq2rq9sVlRYSwplGnIQ1nziQLOBJQ10xxqkQQS+Byqfu98mK/eglQsFNe6H0EjIB3B2owSbaSmvV3Eng7xxU2SPdgfYA84x56Im3bGyeUdN3/i4t/EzTkjZNAEpab94bVCGgcgNOVEqbrrRLqREKkZ5TBIe7GCiNAe6UDdUEECUI1kdP8A7xmlhduhNCE0HqnfOxISKNUPfFMZEN1V07mh+GeOds0BIKfW6/ZZI2EiijUIOt7ejjk2Ngwdwi0mgWreN4RQycwDeDiHUDNJpY0zX+/j/0nlMOce5Zyr40yhOPEohXbQLsoiF52iArpEJVRGFN2hB/SInqx769l6sV7HpTPWpGcL/YD19glnep2j</latexit>

R(D) and R(D⇤) with SL tagging
<latexit sha1_base64="e9wpme7OslvGAKr0anITA5T9zeU=">AAACMXicbVC7TsMwFHXKq5RXgJHFokUqDFXSDjBWwMDAUB59SG2oHMdNrTpOZDugKuqH8B18ACt8QjfEwsBP4LQdSuFIlo7OuQ/f40aMSmVZYyOztLyyupZdz21sbm3vmLt7DRnGApM6DlkoWi6ShFFO6ooqRlqRIChwGWm6g4vUbz4SIWnI79UwIk6AfE57FCOlpa5ZKSQdjBi8HRUvj2EBIu7BOenhJBWfqOrDu2uokO9T7nfNvFWyJoB/iT0jeTBDrWt+dbwQxwHhCjMkZdu2IuUkSCiKGRnlOrEkEcID5JO2phwFRDrJ5LgRPNKKB3uh0I8rOFHnOxIUSDkMXF0ZINWXi14q/uvhvv4AEQvrVe/MSSiPYkU4nm7vxQyqEKbxQY8KghUbaoKwoPoAmM5BWE+SOZ2MvZjDX9Iol+xKybop56vns4yy4AAcgiKwwSmogitQA3WAwTN4BW/g3XgxxsaH8TktzRiznn3wC8b3DwqZpwQ=</latexit>

arXiv:1904.08794 [hep-ex]preliminary

EECL = extra energy left in the 
EM calorimeter
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BDT class > 0.9D⇤+`�
<latexit sha1_base64="1uwkiziVYcMjzpMVF7tCpjYSRGs=">AAACCXicdVDLSgMxFM34dnxVXboJFkEUh9QubBeiqAuXCtYW7LRk0ts2NPMwyQhl6Bf4AW4Vv8CduHXhJ4hf4G+YaRW06oELh3Pu24sEV5qQN2tkdGx8YnJq2p6ZnZtfyCwunaswlgxKLBShrHhUgeABlDTXAiqRBOp7Aspe5zD1y1cgFQ+DM92NwPVpK+BNzqg2kntUSzY2e7gKQtS26pkscUixQPJF/JvkHNJHdu/F3o3uX+2Teua92ghZ7EOgmaBKXeRIpN2ESs2ZgJ5djRVElHVoCy4MDagPyk36S/fwmlEauBlKE4HGffV7RUJ9pbq+ZzJ9qttq2EvFPz3WNguAHBqvmwU34UEUawjYYHozFliHOH0LbnAJTIuuIZRJbg7AaR/KTCdlm898nY//J+fbTi7vkFOS3T9AA0yhFbSK1lEO7aB9dIxOUAkxdIlu0C26s66tB+vRehqkjlifNcvoB6znD8crnaM=</latexit>

D⇤0`�
<latexit sha1_base64="xOX5mPNetvttKjSh9yoro1K4L8Q=">AAACCXicdVDLSkJBGJ7T1U43q2WbIQkiSMZcpItIqkVLg7yAHmXO+KuDcy7NzAnk4BP0AG2LnqBdtG3RI0RP0Gs0akFZffDDx/f9dzcUXGlC3qyp6ZnZufnEgr24tLyymlxbL6sgkgxKLBCBrLpUgeA+lDTXAqqhBOq5Aipu72ToV65AKh74F7ofguPRjs/bnFFtJOe0Ee+SAa6DEI29ZjJF0iSfI9k8/k0yaTJC6ujFPgzvX+1iM/lebwUs8sDXTFClahkSaiemUnMmYGDXIwUhZT3agZqhPvVAOfFo6QHeNkoLtwNpwtd4pH6viKmnVN9zTaZHdVdNekPxT491zQIgJ8brds6JuR9GGnw2nt6OBNYBHr4Ft7gEpkXfEMokNwfgYR/KTCdlm898nY//J+X9dCabJuckVThGYyTQJtpCOyiDDlABnaEiKiGGLtENukV31rX1YD1aT+PUKeuzZgP9gPX8Ac9Qnag=</latexit>

New in 2019

R(D) and R(D⇤) with SL tagging
<latexit sha1_base64="e9wpme7OslvGAKr0anITA5T9zeU=">AAACMXicbVC7TsMwFHXKq5RXgJHFokUqDFXSDjBWwMDAUB59SG2oHMdNrTpOZDugKuqH8B18ACt8QjfEwsBP4LQdSuFIlo7OuQ/f40aMSmVZYyOztLyyupZdz21sbm3vmLt7DRnGApM6DlkoWi6ShFFO6ooqRlqRIChwGWm6g4vUbz4SIWnI79UwIk6AfE57FCOlpa5ZKSQdjBi8HRUvj2EBIu7BOenhJBWfqOrDu2uokO9T7nfNvFWyJoB/iT0jeTBDrWt+dbwQxwHhCjMkZdu2IuUkSCiKGRnlOrEkEcID5JO2phwFRDrJ5LgRPNKKB3uh0I8rOFHnOxIUSDkMXF0ZINWXi14q/uvhvv4AEQvrVe/MSSiPYkU4nm7vxQyqEKbxQY8KghUbaoKwoPoAmM5BWE+SOZ2MvZjDX9Iol+xKybop56vns4yy4AAcgiKwwSmogitQA3WAwTN4BW/g3XgxxsaH8TktzRiznn3wC8b3DwqZpwQ=</latexit>

arXiv:1904.08794 [hep-ex]preliminary
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BDT class > 0.9

D0`�
<latexit sha1_base64="KB698oQnoeAYnUtJn/N+Oor6uOU=">AAACBnicdVC7SgNBFJ2Nr7i+opY2g0GwMUxMYVKIQS0sI5gH5sXs5CYZMju7zMwKIaT3A2y1sbcTWzs/QfwCf8NJoqBRD1w4nHPfXii4NoS8ObGZ2bn5hfiiu7S8srqWWN8o6SBSDIosEIGqeFSD4BKKhhsBlVAB9T0BZa93MvLLV6A0D+SF6YdQ92lH8jZn1Fjp8rRBcA2EaOw1E0mSIrksyeTwb5JOkTGSRy/uYXj/6haaifdaK2CRD9IwQbWupklo6gOqDGcChm4t0hBS1qMdqFoqqQ+6PhhvPMQ7VmnhdqBsSIPH6veKAfW17vuezfSp6eppbyT+6bGuXQDU1HjTztYHXIaRAckm09uRwCbAo5/gFlfAjOhbQpni9gA86kOZ7aRd+5mv8/H/pLSfSmdS5Jwk88dogjjaQttoF6XRAcqjM1RARcSQRDfoFt05186D8+g8TVJjzmfNJvoB5/kDhPCcaA==</latexit>

D+`�
<latexit sha1_base64="1tNANCMBkVbE1QWKYwAkst4u8XY=">AAACBnicdVC7SgNBFJ31GddX1NJmMAiCGCamMCnEoBaWEcwD82J2cpMMmZ1dZmaFENL7Abba2NuJrZ2fIH6Bv+EkUdCoBy4czrlvLxRcG0LenKnpmdm5+diCu7i0vLIaX1sv6iBSDAosEIEqe1SD4BIKhhsB5VAB9T0BJa97MvRLV6A0D+SF6YVQ82lb8hZn1Fjp8rS+i6sgRH2vEU+QJMlmSDqLf5NUkoyQOHpxD8P7VzffiL9XmwGLfJCGCap1JUVCU+tTZTgTMHCrkYaQsi5tQ8VSSX3Qtf5o4wHetkoTtwJlQxo8Ur9X9Kmvdc/3bKZPTUdPekPxT4917AKgJsabVqbW5zKMDEg2nt6KBDYBHv4EN7kCZkTPEsoUtwfgYR/KbCft2s98nY//J8X9ZCqdJOckkTtGY8TQJtpCOyiFDlAOnaE8KiCGJLpBt+jOuXYenEfnaZw65XzWbKAfcJ4/AHzQnGM=</latexit>

New in 2019

R(D) and R(D⇤) with SL tagging
<latexit sha1_base64="e9wpme7OslvGAKr0anITA5T9zeU=">AAACMXicbVC7TsMwFHXKq5RXgJHFokUqDFXSDjBWwMDAUB59SG2oHMdNrTpOZDugKuqH8B18ACt8QjfEwsBP4LQdSuFIlo7OuQ/f40aMSmVZYyOztLyyupZdz21sbm3vmLt7DRnGApM6DlkoWi6ShFFO6ooqRlqRIChwGWm6g4vUbz4SIWnI79UwIk6AfE57FCOlpa5ZKSQdjBi8HRUvj2EBIu7BOenhJBWfqOrDu2uokO9T7nfNvFWyJoB/iT0jeTBDrWt+dbwQxwHhCjMkZdu2IuUkSCiKGRnlOrEkEcID5JO2phwFRDrJ5LgRPNKKB3uh0I8rOFHnOxIUSDkMXF0ZINWXi14q/uvhvv4AEQvrVe/MSSiPYkU4nm7vxQyqEKbxQY8KghUbaoKwoPoAmM5BWE+SOZ2MvZjDX9Iol+xKybop56vns4yy4AAcgiKwwSmogitQA3WAwTN4BW/g3XgxxsaH8TktzRiznn3wC8b3DwqZpwQ=</latexit>

arXiv:1904.08794 [hep-ex]preliminary
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Experiment Tag	method τ	mode R(D) R(D*)

Babar	‘12 Hadronic ℓ	ν	ν 0.440	±	0.058	±	0.042 0.332	±	0.024	±	0.018

Belle	‘15 Hadronic ℓ	ν	ν 0.375	±	0.064	±	0.026 0.293	±	0.038	±	0.015

LHCb	‘15 - ℓ	ν	ν - 0.336	±	0.027	±	0.030

Belle	‘16 Semileptonic ℓ	ν	ν - 0.302	±	0.030	±	0.011

Belle	‘17 Hadronic π	ν,	ρ	ν - 0.270	±	0.035	±	0.027

LHCb	‘18 - π	π	π	ν - 0.291	±	0.019	±	0.029

Belle	’19	
preliminary Semileptonic ℓ	ν	ν 0.307	±	0.037	±	0.016 0.283	±	0.018	±	0.014

Average	
(2018) - - 0.407	±	0.039	±	0.024 0.306	±	0.013	±	0.007

Average	
(2019) - - 0.340	±	0.027	±	0.013 0.295	±	0.011	±	0.008

SM 0.299	±	0.003 0.258	±	0.005

B0

B0,	B+

averages	from	HFLAV
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• Most	precise	R(D),	R(D*)	to	date	
• First	R(D)	with	SL-tag	
• 1.2σ	from	SM

• Belle	average,	now	within	2σ	from	SM	
• World	average	—	tension	with	SM,	now	3.1σ	
(was	3.8σ)

R(D) and R(D⇤) updated
<latexit sha1_base64="bTI76MCesho+8Ana8dSBvJvmgUE=">AAACKnicbVDLTgIxFO3gC/GFunTTCCZoDJnBhS6JunCJRh4JIOl0LtjQ6UzajgmZ4Ef4HX6AW/0Ed8Stib9hB1ggeJImJ+fcR+9xQ86Utu2RlVpaXlldS69nNja3tneyu3s1FUSSQpUGPJANlyjgTEBVM82hEUogvsuh7vavEr/+BFKxQNzrQQhtn/QE6zJKtJE62dN83KKE47th4foY5zERHp6RHk6M+Iyj0CMavE42ZxftMfAicaYkh6aodLI/LS+gkQ9CU06Uajp2qNsxkZpRDsNMK1IQEtonPWgaKogPqh2PrxriI6N4uBtI84TGY3W2Iya+UgPfNZU+0Y9q3kvEfz36aD4Acm697l60YybCSIOgk+3diGMd4CQ37DEJVPOBIYRKZg7AyRxCzSSVMck48zksklqp6JwV7dtSrnw5zSiNDtAhKiAHnaMyukEVVEUUvaA39I4+rFfr0xpZX5PSlDXt2Ud/YH3/Ak5CpKc=</latexit>
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shown in Figure 6. The latter results are combined with
this measurement to provide the preliminary Belle com-
bination, which yields R(D) = 0.326 ± 0.034, R(D⇤) =
0.284± 0.018 with a correlation equal to �0.47 between
the R(D) and R(D⇤) values. The preliminary Belle com-
bination is also shown in Figure 6, with contours up to
3�.

TABLE II. Fit results for the yields of all components.

Channel Component Yield
D+`� B ! D⌧⌫ 307± 65

B ! D`⌫ 6800± 179
B0 ! D⇤`⌫ 6370± 225
B0 ! D⇤⌧⌫ 269± 24
B ! D⇤⇤`⌫ 413± 110
Fake D 3072± 129 (Fixed)
Other 506± 23 (Fixed)

D0`� B ! D⌧⌫ 1471± 193
B ! D`⌫ 16096± 436
B+ ! D⇤`⌫ 45042± 563
B0 ! D⇤`⌫ 2302± 531
B+ ! D⇤⌧⌫ 1704± 177
B0 ! D⇤⌧⌫ 123± 11
B ! D⇤⇤`⌫ 3595± 252
Fake D 8708± 418 (Fixed)
Other 2131± 83 (Fixed)

D⇤+`� B ! D⇤⌧⌫ 376± 36
B ! D⇤`⌫ 9794± 109
B ! D⇤⇤`⌫ 314± 65
Fake D⇤ 754± 39 (Fixed)
Other 287± 13 (Fixed)

D⇤0`� B ! D⇤⌧⌫ 275± 29
B ! D⇤`⌫ 7148± 100
B ! D⇤⇤`⌫ 406± 64
Fake D⇤ 1993± 122 (Fixed)
Other 187± 7 (Fixed)

VII. CONCLUSION

In summary, we have measured the ratios R(D(⇤)) =
B(B̄ ! D(⇤)⌧�⌫̄⌧ )/B(B̄ ! D(⇤)`�⌫̄`), where ` denotes
an electron or a muon, based on a semileptonic tagging
method using a data sample containing 772 ⇥ 106BB̄
events collected with the Belle detector. The results are

R(D) = 0.307± 0.037± 0.016 (6)

R(D⇤) = 0.283± 0.018± 0.014, (7)

which are in agreement with the SM predictions within
0.2� and 1.1�, respectively. The combined result agrees
with the SM predictions within 1.2�. This work consti-
tutes the most precise measurements ofR(D) andR(D⇤)
performed to date. Furthermore, this is the first result
for R(D) based on a semileptonic tagging method.
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For a clean test of lepton universality
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and	all	other	parameters	cancel!

• Belle	has	measured	B	➔	e+	ν,	μ+	ν	with	both	inclusive	tag	and	hadronic	tag	
and	updated	B	➔	μ+	ν	with	inclusive	tagging																											PRL 121, 031801 (2018)

1.60



SM and NP diagrams for B+ ➔ µ+ν

�26N = unknown neutral fermion (e.g. a sterile ν)
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New in 2019

5

FIG. 2. The signal resolution of B+ ! µ+ ⌫µ is compared
for signal events reconstructed in the c.m. (p⇤µ) and the signal

B rest frame (pBµ ).

Wolfram moments [39] and CLEO Cones [40], are highly359

discriminating. In addition, we include in the input fea-360

tures of the boosted decision tree the number of tracks in361

the ROE, the number of leptons (electrons or muons) in362

the ROE, the normalized beam constrained mass of the363

tag-side B meson defined as364

bmtag
bc

=
q

s/4�
�
p⇤
tag,cal

�2
/
�p

s/2
�
, (8)

and the normalized missing energy defined as365

� bE =
�
E⇤

tag,reco �
p
s/2

�
/
�p

s/2
�
, (9)

with E⇤
tag,reco denoting the energy from boosting the366

ROE four-vector from the laboratory into the c.m. frame.367

This list of variables and pBµ are used in the data-driven368

correction described in Section II to correct the simulated369

continuum events. We apply a loose set of ROE prese-370

lection cuts: only events with at least two tracks, less371

than three leptons, bmtag
bc

> 0.96, � bE 2 [�0.5, 0.1), and372

R2 < 0.5 are further considered. Figure 3 compares the373

classifier output Cout and pBµ distributions of the pre-374

dicted simulated and corrected continuum contribution375

with recorded o↵-resonance collision events. Both vari-376

ables show good agreement.377

Using this classifier and the cosine of the angle between378

the calibrated signal B meson in the c.m. system and379

the muon in the B rest frame (cos⇥Bµ) we define four380

mutually exclusive categories: two signal enriched cate-381

gories with Cout 2 [0.98, 1) and split with respect to their382

cos⇥Bµ values. For B+ ! µ+ ⌫µ signal decays no pre-383

ferred direction is expected, but for semileptonic and con-384

tinuum backgrounds the selected muons are emitted more385

frequently in the flight direction of the reconstructed B386

meson candidate direction due to the spin quantum num-387

ber of the hadronic final states or the nature of the pro-388

duction process, respectively. In addition, we include389

two additional categories with Cout 2 [0.93, 0.98), which390

help separate b ! u ` ⌫` and continuum processes from391

B+ ! µ+ ⌫µ signal decays. Table II summarizes the four392

categories. The chosen cut values were determined using393

a grid search and by fits to Asimov data sets (using the394

fit procedure further described in Section V).395

In Section VII the signal depleted region of Cout 2396

[0.9, 0.93) is analyzed and simultaneous fits in two cate-397

gories, cos⇥Bµ < 0 and cos⇥Bµ > 0, are carried out to398

validate the modeling of the important b ! u ` ⌫` back-399

ground and to extract a value of the inclusive B(B !400

Xu `
+ ⌫) branching fraction. The selection e�ciencies of401

B+ ! µ+ ⌫µ signal and the background processes are402

summarized in Table III.403

IV. INCLUSIVE TAG VALIDATION USING404

B+ ! D
0
⇡+ DECAYS405

In order to validate the quality of the inclusive tag re-406

construction and rule out possible biases introduced by407

the calibration method, we study the hadronic two-body408

decay of B+ ! D
0
⇡+ with D

0 ! K+ ⇡�. Due to409

the absence of any neutrino in this decay, we are able410

to fully reconstruct the B+ four-vector and boost the411

prompt ⇡+ in its frame of rest. Alternatively, we use the412

ROE, as outlined in the previous section, to reconstruct413

the very same information. Comparing the results from414

both allows us to determine if the calibration introduces415

potential biases and do also validate the signal resolu-416

tion predicted in the simulation. In addition, we use this417

data set to test the validity of the continuum suppres-418

sion and the data-driven continuum corrections outlined419

in Section II.420

We reconstruct the B+ ! D
0
⇡+ with D

0 ! K+ ⇡�
421

using the same impact parameter requirements used in422

the B+ ! µ+ ⌫µ analysis. For the prompt ⇡+ candidate423

we require a momentum of more than 2.1 GeV in the424

TABLE II. The definition of the four signal categories is
shown.

Category Cout cos⇥Bµ Signal E�ciency

I [0.98,1.00) [-0.13,1.00) 6.5%

II [0.98,1.00) [-1.00,-0.13) 5.9%

III [0.93,0.98) [0.04,1.00) 7.1%

IV [0.93,0.98) [-1.00,0.04) 8.3%

TABLE III. The cumulative selection e�ciencies of B+ !
µ+ ⌫µ signal decays and dominant background processes
throughout the selection is listed. For details about the vari-
ous selection steps see text.

E�ciency B+ ! µ+ ⌫µ b ! u ` ⌫` Continuum

B B̄ & Muon reco. 99% 10% 0.9%

ROE Presel. 55% 1.4% 0.03%

Cout cut 28% 0.2% 0.001%

use	inclusive	B	tagging	to	maximize	signal	selec3on	
efficiency	(⇐	BFSM	~	4	×	10-7)	

an	improved	search	over	Belle’s	PRL	2018	

✓ modeling of  b ➔ u ℓ ν  and continuum background 

carry	out	the	analysis	in	the	signal	B	rest	frame	

✓   
✓ achieve better resolution and sensitivity  

than using        (CM frame) 
⇐ tag-side momentum is calibrated by using MC 

✓ sensitive to B+ ➔ µ+ N search, for mN ∈ [0, 1.5) GeV

pBµ = 2.64 GeV
<latexit sha1_base64="3o7fn/0SPEkowz7abYCAqxjUqrs="></latexit>

p⇤µ
<latexit sha1_base64="cn1NHEdbYymOIPonl14pWa1UuUk=">AAACA3icdVC7SgNBFJ2NrxhfUUubwSCIwrIxhUkXtLGMYB6QrGF2cjcZMju7zMwKYUlpZWWrrZ2d2PohfoFfYO9soqBRD1w4nHPfXsSZ0o7zamXm5hcWl7LLuZXVtfWN/OZWQ4WxpFCnIQ9lyyMKOBNQ10xzaEUSSOBxaHrD09RvXoFULBQXehSBG5C+YD6jRBupGXU7QXx50M0XHNuplJ1SBf8mRduZoFA9fH+4gUJU6+bfOr2QxgEITTlRql10Iu0mRGpGOYxznVhBROiQ9KFtqCABKDeZrDvGe0bpYT+UJoTGE/V7RUICpUaBZzIDogdq1kvFPz06MAuAnBmv/bKbMBHFGgSdTvdjjnWI04fgHpNANR8ZQqhk5gCc9iHUdFI585mv8/H/pHFkF0u2c25edIKmyKIdtIv2UREdoyo6QzVURxQN0S26Q/fWtfVoPVnP09SM9VmzjX7AevkAp56cDw==</latexit>

psig = �p⇤
tag,cal

<latexit sha1_base64="qZXsHH69pf0JoJLfnMSIvQNLYiA="></latexit>

B+ ➔ µ+ν  and  B+ ➔ µ+N
Features

BELLE

Preliminary

N = unknown neutral fermion (e.g. a sterile ν)
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New in 2019

Signal extraction

I II

IVIII

B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

Preliminary

✓ by	binned	max.	likelihood	fit	to								in	kinema3c/BDT	categories		pBµ
<latexit sha1_base64="PmX2AKXmshc7KUW+YtmrwtMMQgI=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSAIQtjVQssQG8sI5gHJGmYnd5MhM7vDzKwQlrQ2drZaWtqJrf/hF/gF9s4mKTTxwMDhnPuaE0jOtHHdTye3tLyyupZfL2xsbm3vFHf3GjpOFIU6jXmsWgHRwFkEdcMMh5ZUQETAoRkMLzO/eQdKszi6MSMJviD9iIWMEmOllux2RHJbxd1iyS27E+BF4s1IqXLy/fIAJVnrFr86vZgmAiJDOdG67bnS+ClRhlEO40In0SAJHZI+tC2NiADtp5N7x/jIKj0cxsq+yOCJ+rsjJULrkQhspSBmoOe9TPzXowN7AKi59Sa88FMWycRARKfbw4RjE+MsEdxjCqjhI0sIVcx+AGdzCLWTdMEm483nsEgap2XvrOxe24iqaIo8OkCH6Bh56BxV0BWqoTqiiKNH9ISenXvn1Xlz3qelOWfWs4/+wPn4AaPYm/o=</latexit>
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New in 2019
BELLE

B+ ➔ µ+ν   Results

• B(B+ ! µ+⌫) = (5.3± 2.0± 0.9)⇥ 10�7 @ 2.8�
<latexit sha1_base64="oTaXZ8yo9FhXi7l7IITepjUAsSg="></latexit>

Preliminary

Frequentist 

Bayesian< 8.9⇥ 10�7
<latexit sha1_base64="KDorkx67SKYyegPVtxebmMNOs/w="></latexit>

B(B+ ! µ+⌫) < 8.6⇥ 10�7
<latexit sha1_base64="SmaWXArlyvlopLgo5YK1dv094kU="></latexit>
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New in 2019
BELLE

B+ ➔ µ+ν 
B ! µ⌫µ 2HDM

Type II

B(B ! `⌫`) = B
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Interpretation with NP (2HDM) scenarios

Preliminary



 31

B+ ➔ µ+ν  and  B+ ➔ µ+NNew in 2019
BELLE

Preliminary
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a few words on
Flavor-Changing	Neutral	Current	(FCNC)	

• forbidden at tree level in SM 
• but appears via EW penguin loop or box 

diagrams 
• sensitive to New Physics   

Rich	structure	to	probe	NP	
• q2, angular distributions 
• asymmetries 

and	a	tesYng	ground	for	Lepton	Flavor	
Universality	(LFU)	
RK(⇤) anomaly

<latexit sha1_base64="HZPE1AFcO4YuRwa4ieL8LIj2UD8=">AAACE3icdVDLTgIxFO3gC/GFGlduGsEEXZAOBoUd0Y2JGzTySGAknVKgodOZtB0TMuEz/AC3+gnujFs/wC/wNywwJkr0JDc5Oee+3YAzpRH6sBILi0vLK8nV1Nr6xuZWenunrvxQElojPvdl08WKciZoTTPNaTOQFHsupw13eDHxG/dUKuaLWz0KqOPhvmA9RrA2Uie9l73pRFd3Ue74aDzOQix8D/NRJ51B+SKyy6c2RHk0hSGFIiqXELRjJQNiVDvpz3bXJ6FHhSYcK9WyUaCdCEvNCKfjVDtUNMBkiPu0ZajAHlVONF1/DA+N0oU9X5oQGk7VnxUR9pQaea7J9LAeqHlvIv7pkYFZgMq58bpXciImglBTQWbTeyGH2oeTB8Euk5RoPjIEE8nMAXDSBxPTSaXMZ77Ph/+TeiFvn+TRdSFTOY9/lAT74ADkgA3OQAVcgiqoAQIi8AiewLP1YL1Yr9bbLDVhxTW74Bes9y9a+Z2n</latexit>

B ! K(⇤)`+`�
<latexit sha1_base64="S7O5GRuXP0m3jgEbh8jl1DyZvAY="></latexit>
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Belle’s legacy on EWP
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R(K ⇤): Fit on Data

Example fit for q2 > 0.045GeV
2
.

103.0+13.4
�12.7 (139.0+16.0

�15.4) events in the electron (muon) modes.
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Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 21/23• example fit for q2 > 0.045 GeV2

• 103.0+13.4
�12.7 (139.0+16.0

�15.4) events in the e (µ) modes
<latexit sha1_base64="CFBQUnqqAzc9X5V+O4BJxDbSQ34="></latexit>

RK* from Belle
arXiv:1904.02440

Use	both	B0	and	B+	modes	
• K* modes: K+⇡�, K+⇡0, K0

S⇡
+

<latexit sha1_base64="PSL9VYKQRhPTgGD5rSA4QvbiMlw=">AAACIXicbZDLSgMxFIYz9VbrrerSTWgRCtWS0UVdFt0IbiraC3SmJZOmbWjmQpIRytAH8Blc+gBu9RG6E3dS976GmWkFrR4IfPnPLfmdgDOpEHo3UkvLK6tr6fXMxubW9k52d68u/VAQWiM+90XTwZJy5tGaYorTZiAodh1OG87wIs437qiQzPdu1Sigtov7HusxgpWWOtn8VbsIrYC1j48s+M0o5s5NGyW3oq5CJZQE/AvmHPKVXOFjWp48VDvZT6vrk9ClniIcS9kyUaDsCAvFCKfjjBVKGmAyxH3a0uhhl0o7Sj4zhoda6cKeL/TxFEzUnx0RdqUcuY6udLEayMVcLP6bIwP9ACoW1qvemR0xLwgV9chsey/kUPkwtgt2maBE8ZEGTATTH4DxHEz0JJnRzpiLPvyF+knJPC2ha23ROZhFGhyAHCgAE5RBBVyCKqgBAu7BE3gGL8ajMTFejbdZacqY9+yDX2FMvwDbBKTl</latexit>
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R(K ⇤): (Preliminary) Result

q2
in GeV

2
/c

4
All modes B0

modes B+
modes

[0.045, 1.1] 0.52
+0.36

�0.26
± 0.05 0.46

+0.55

�0.27
± 0.07 0.62

+0.60

�0.36
± 0.10

[1.1, 6] 0.96
+0.45

�0.29
± 0.11 1.06

+0.63

�0.38
± 0.13 0.72

+0.99

�0.44
± 0.18

[0.1, 8] 0.90
+0.27

�0.21
± 0.10 0.86

+0.33

�0.24
± 0.08 0.96

+0.56

�0.35
± 0.14

[15, 19] 1.18
+0.52

�0.32
± 0.10 1.12

+0.61

�0.36
± 0.10 1.40

+1.99

�0.68
± 0.11

[0.045, ] 0.94
+0.17

�0.14
± 0.08 1.12

+0.27

�0.21
± 0.09 0.70

+0.24

�0.19
± 0.07

All measured values are in

accordance with the SM and

other recent measurements.

First measurement of R(K⇤+).

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 22/23

RK⇤ (Belle)
<latexit sha1_base64="osfgweYu3LaL6xyIzs46MPpOptY=">AAACEXicdVBJTgJBFK12RJxaWbqpCCbognRjnHYENyZu0MiQAJLq4gMVqodUVZt0OpzCA7jVI7gzbj2BJ/AaFtAmSPQlP3l5789OwJlUlvVpLCwuLa+sptbS6xubW9vmzm5N+qGgUKU+90XDIRI486CqmOLQCAQQ1+FQd4aXY7/+AEIy37tTUQBtl/Q91mOUKC11zEzuthNf38dHo1EO58vAORx2zKxVsCbAM+TEsi9ObWwnShYlqHTMr1bXp6ELnqKcSNm0rUC1YyIUoxxG6VYoISB0SPrQ1NQjLsh2PFl+hA+00sU9X+jwFJ6osxUxcaWMXEdnukQN5Lw3Fv/06EAvAGJuvOqdt2PmBaECj06n90KOlY/H78FdJoAqHmlCqGD6ADzuQ6juJNP6Mz/n4/9JrViwjwvWTTFbKic/SqE9tI/yyEZnqISuUAVVEUURekLP6MV4NF6NN+N9mrpgJDUZ9AvGxzcyDZxu</latexit>

RK⇤ (all)
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B ! Xs� inclusive
<latexit sha1_base64="KsTEfDrJpsBMwYzg2Z8DsQE0OUw="></latexit>

motivations
• B ! Xs� has played a powerful probe to search for NP in a loop

B(B ! Xs�) ) strong constraint on NP, e.g. lower limit on m(H+)

• Theory error on B(B ! Xs�) (currently ⇡ 7%)

crucial to reduce it for Belle II test of NP in B ! Xs�

• Resolved photon contribution is a significant portion of theory error via
non-perturbative effects

and depends on the spectator quark, hence related to isospin asymmetry
<latexit sha1_base64="TdumantNGcf8vpwQ56+AiLL2C1g="></latexit>

I. INTRODUCTION

The radiative b → sγ decay proceeds predominantly via one-loop electromagnetic penguin
diagrams at the lowest order in the standard model (SM). This decay is sensitive to new
physics (NP), which can alter the branching fraction, or direct CP asymmetry defined as

ACP =
Γ(B̄ → X̄sγ)− Γ(B → Xsγ)

Γ(B̄ → X̄sγ) + Γ(B → Xsγ)
, (1)

where Γ denotes the partial width.
Precision measurements of B → Xsγ branching fraction B(B → Xsγ) [1–6] are in good

agreement with the SM prediction [7] and set a strong constraint on NP models [8]. The
theoretical uncertainty in the prediction of B(B → Xsγ) is about 7% which is comparable
with the experimental uncertainty of the current world average [9]. The Belle II experiment
is expected to measure the branching fraction with a precision of about 3% [10]. Thus,
the reduction of the theoretical uncertainty is crucial to further constrain NP models. The
largest uncertainty in the theoretical prediction is due to non-perturbative effects, one of
which is the resolved photon contributions [11]. Since the resolved photon contribution
from a hard gluon and a light quark scattering to the B → Xsγ branching fraction (B78

RP)
depends on the charge of the light quark and can be hence related to the isospin asymmetry
in B → Xsγ (∆0−) as [11–13]

B78
RP

B
≃ −

(1 ± 0.3)

3
∆0−, (2)

where the uncertainty of ±0.3 in the right-hand side is associated with SU(3) flavor-
symmetry breaking. The isospin asymmetry is defined as

∆0− =
Γ(B̄0 → X0

sγ)− Γ(B− → X−
s γ)

Γ(B̄0 → X0
sγ) + Γ(B− → X−

s γ)

=

τ
B−

τ
B̄0

f+−

f00
N(B̄0 → X0

sγ)−N(B− → X−
s γ)

τ
B−

τ
B̄0

f+−

f00
N(B̄0 → X0

sγ) +N(B− → X−
s γ)

, (3)

where N is the number of produced signal events including charge-conjugate decays,
τB−/τB̄0 = τB+/τB0 is the lifetime ratio of B+ to B0 mesons, f+− and f00 are the pro-
duction ratio of B+B− to B0B̄0 in Υ(4S) decays, respectively. If the measured value
of ∆0− is consistent with zero, the resolved photon contribution is small and reducing
in the theoretical uncertainty on B(B → Xsγ). Recently, evidence for isospin violation
in exclusive B → K∗(892)γ (∆0+) has been reported [14] where the measured value,
∆0+ = (+6.2 ± 1.5 ± 0.5 ± 1.2)%, is consistent with SM predictions [15–20]. If the isospin
asymmetry for the inclusive decays is consistent with this value, the resolved photon con-
tribution to B → Xsγ decays could be sizable.

The direct CP asymmetry in B → Xsγ is also a sensitive probe for NP [18, 21–30].
Belle [31] and BaBar [32] measured this quantity, and the current world average (+1.5 ±
2.0)% [9] is in agreement and of comparable precision, with the SM prediction, −0.6% <
ASM

CP < +2.8% [33]. The dominant theoretical uncertainty is due to the limited knowledge of
the resolved photon contributions. A newly proposed observable is the difference of the direct
CP asymmetries between the charged and neutral B mesons, ∆ACP = ACP (B+ → X+

s γ)−
ACP (B0 → X0

sγ), where terms with large weak phase in the SM cancel out, and only the

5

spectator-quark-flavor dependent term representing interference between electromagnetic
and chromomagnetic dipole operators survives [33]:

∆ACP = 4π2αs
Λ̃78

mb
Im

(

C8

C7

)

≈ 0.12

(

Λ̃78

100 MeV

)

Im

(

C8

C7

)

, (4)

where αs is the strong coupling constant, Λ̃78 is the hadronic parameter denoting the interfer-
ence between electromagnetic and chromomagnetic dipole diagrams, mb is the bottom quark
mass, and C7 and C8 are the Wilson coefficients for electromagnetic and chromomagnetic
dipole operators, respectively [34]. In the SM, C7 and C8 are both real, therefore ∆ACP is
zero, but in several NP models ∆ACP can reach the level of 10% in magnitude [33, 35, 36].

BaBar measured ∆0− and ∆ACP using data samples of 81.9 fb−1 and 429 fb−1, respec-
tively, as ∆0− = (−0.6 ± 5.8 ± 0.9 ± 2.4)% [37] and ∆ACP = (+5.0 ± 3.9 ± 1.5)% [32],
where the first uncertainty is statistical, the second is systematic, and the last one for ∆0−

is due to the uncertainty on the fraction of B+B− to B0B̄0 production in Υ(4S) decays. The
precisions are limited by statistical uncertainties. Improving these measurements is highly
desirable to reduce the theoretical uncertainty of B(B → Xsγ) in the SM as well as to search
for NP.

In this article, we report first measurements of ∆0− and ∆ACP in inclusive B → Xsγ
at Belle assuming that the two observables have no dependence on decay modes nor on the
invariant mass of the Xs system (MXs

). In addition, we present measurements of individual
ACP for the charged and neutral decay and their average with ĀCP = (ACP (B− → Xsγ) +
ACP (B̄0 → Xsγ))/2. All measurements are based on the full data sample of 711 fb−1,
containing 772× 106BB̄ pairs, recorded at the Υ(4S) resonance (on-resonance data) with
the Belle detector [38] at the KEKB e+e− collider [39]. In addition, the data sample of
89 fb−1 accumulated 60 MeV below the Υ(4S) peak (off-resonance data), which is below
the BB̄ production threshold, is used to provide a background description. The result for
ACP (B → Xsγ) supersedes our previous measurement [31].

II. BELLE DETECTOR

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL). All the sub-
detectors are located inside a superconducting solenoid coil that provides a 1.5 T magnetic
field. An iron flux-return placed outside of the coil is instrumented to detect K0

L mesons
and muons. The z axis is aligned with the direction opposite the e+ beam. The detector is
described in detail elsewhere [38].

III. MC SIMULATION

The selection is optimized with Monte Carlo (MC) simulation samples. The MC sim-
ulation events are generated with EvtGen [40] and the detector simulation is done with
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ACP (B̄0 → Xsγ))/2. All measurements are based on the full data sample of 711 fb−1,
containing 772× 106BB̄ pairs, recorded at the Υ(4S) resonance (on-resonance data) with
the Belle detector [38] at the KEKB e+e− collider [39]. In addition, the data sample of
89 fb−1 accumulated 60 MeV below the Υ(4S) peak (off-resonance data), which is below
the BB̄ production threshold, is used to provide a background description. The result for
ACP (B → Xsγ) supersedes our previous measurement [31].

II. BELLE DETECTOR

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL). All the sub-
detectors are located inside a superconducting solenoid coil that provides a 1.5 T magnetic
field. An iron flux-return placed outside of the coil is instrumented to detect K0

L mesons
and muons. The z axis is aligned with the direction opposite the e+ beam. The detector is
described in detail elsewhere [38].

III. MC SIMULATION

The selection is optimized with Monte Carlo (MC) simulation samples. The MC sim-
ulation events are generated with EvtGen [40] and the detector simulation is done with

6

• To measure �0�, ACP , and �ACP of inclusive B ! Xs�,

) “sum of the exclusive modes”
<latexit sha1_base64="1YRsRmitHJojM4RqTmmOTBHFoos="></latexit>

null expected in SM;  
sensitive to NP (e.g. SUSY)
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ACC [46].
Neutral kaon (K0

S) candidates are reconstructed from pairs of oppositely-charged tracks,
treated as pions, and identified by a multivariate analysis [47] based on two sets of input
variables [48]. The first set that separates K0

S candidates from the combinatorial background
are: (1) theK0

S momentum in the laboratory frame, (2) the distance along the z axis between
the two track helices at their closest approach, (3) the flight length in the x-y plane, (4) the
angle between the K0

S momentum and the vector joining its decay vertex to the nominal IP,
(5) the angle between the π momentum and the laboratory-frame direction of the K0

S in its
rest frame, (6) the distances of closest approach in the x-y plane between the IP and the
pion helices, (7) the numbers of hits for axial and stereo wires in the CDC for each pion, and
(8) the presence or absence of associated hits in the SVD for each pion. The second set of
variables, which identifies Λ → pπ− background that has a similar long-lived topology, are:
(1) particle identification information, momentum, and polar angles of the two daughter
tracks in the laboratory frame, and (2) the invariant mass calculated with the proton- and
pion-mass hypotheses for the two tracks. In total, the first and second sets comprise 13 and
7 input variables, respectively. The selected K0

S candidates are required to have an invariant
mass within ±10 MeV/c2 of the nominal value [9], corresponding to a ±3σ interval in mass
resolution, where σ represents the standard deviation.
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Final states for “sum of exclusives”
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FIG. 2. Mbc distributions for (a) B−, (b) B+, (c) B̄0, (d) B0, and (e) Bfns in on-resonance

data, and (f) charged B, (g) neutral B and (h) Bfns in off-resonance data. The points with error
bars show the data and the lines show different contributions as obtained from the fit. The long
dashed (brown) curves represent signal, the dotted (blue) curves show continuum, the dotted-

dashed (green) curves are BB̄ background, the dashed (orange) curves show cross-feeed, and solid
(red) curves are the sum of all contributions.

15

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0

100

200

300

400

500

600

700

800
 

-(a) B

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0

100

200

300

400

500

600

700

800
 

+(b) B

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0

100

200

300

400

500

600

700
 

0B(c) 

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0

100

200

300

400

500

600

700
 

0(d) B

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0
20
40
60
80

100
120
140
160
180
200

 

fns
0(e) B

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0
20
40
60
80

100
120
140
160
180
200
220

 

(f) Charged B(off-resonance data)

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0

20

40

60

80

100

120

140

160
 

(g) Neutral B(off-resonance data)

 

)2(GeV/cbcM
5.2 5.22 5.24 5.26 5.28

) 2
Ev

en
ts

 / 
0.

9(
M

eV
/c

0

5

10

15

20

25

30

 

(off-resonance data)
fns

(h) B

 

FIG. 2. Mbc distributions for (a) B−, (b) B+, (c) B̄0, (d) B0, and (e) Bfns in on-resonance

data, and (f) charged B, (g) neutral B and (h) Bfns in off-resonance data. The points with error
bars show the data and the lines show different contributions as obtained from the fit. The long
dashed (brown) curves represent signal, the dotted (blue) curves show continuum, the dotted-
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(red) curves are the sum of all contributions.
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TABLE IV. Signal yields (NS) and efficiencies (ϵ). The uncertainties for NS are statistical. The

uncertainties for ϵ include systematic uncertainties.

Mode NS ϵ [%]

B− 3243 ± 85 2.21 ± 0.12

B+ 3074 ± 86 2.23 ± 0.12

B̄0 3038 ± 78 2.42 ± 0.14

B0 3102 ± 79 2.46 ± 0.14

Bfns 902± 42 0.375 ± 0.023

TABLE V. The correlation matrix for the six observables.

∆0− ∆ACP AC
CP AN

CP Atot
CP ĀCP

∆0− 1.00 0.07 0.06 −0.05 −0.01 0.01

∆ACP 0.07 1.00 0.70 −0.68 0.29 0.03

AC
CP 0.06 0.70 1.00 −0.12 0.91 0.74

AN
CP −0.05 −0.68 −0.12 1.00 0.47 0.72

Atot
CP −0.01 0.29 0.91 0.47 1.00 0.94

ĀCP 0.01 0.03 0.74 0.72 0.94 1.00

of Λ̃78 is hard to estimate, we set the 1σ and 2σ confidence level invervals for Im(C8/C7) as a
function of Λ̃78 within the range described above as shown in Figure 3. Our result constrains
Im(C8/C7) in the positive region better than the only previously available measurement from
BaBar [32], and gives a strong constraint on NP models [36]. If we take the average value of
Λ̃78 = 89MeV as a benchmark [35], the 2σ confidence intervals is−0.17 < Im(C8/C7) < 0.86.

XII. CONCLUSION

In summary, we have measured the isospin asymmetry and the difference of the direct
CP asymmetries between charged and neutral B → Xsγ decays with a sum-of-exclusive
technique based on a sample of 772× 106 BB̄ pairs with an assumption that the observables
have no dependence on the specific decay modes nor on MXs

. The measurement of ∆0− is
consistent with zero and can constrain the resolved photon contribution in B → Xsγ, which
will improve the prediction of the branching fraction. The result of ∆ACP is consistent
with zero as predicted in the SM, enabling constraints on NP models. Our measurements
of the CP asymmetries are consistent with zero, and also with the SM predictions. All the
results are the most precise to date and will be useful for constraining the parameter space
in NP models. Current ACP and ∆ACP measurements are dominated by the statistical
uncertainty; thus, the upcoming Belle II experiment will further reduce the uncertainty. To
improve the isospin asymmetry at Belle II, reduction of the dominant uncertainty due to
f+−/f00 is essential, and can be performed at both Belle and Belle II.
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Results

We evaludate the uncertainties due to ACP and∆0− in the background decays by changing
the ACP and ∆0− values by ±1σ from the nominal PDG values [9]; if neither ACP nor ∆0−

are measured, we assign ±100% uncertainties.
We evaluate the uncertainties due to tail parameters, α and n, in the signal PDF by

floating in turn each of the fixed shape parameters in the fit while fixing the other shape
parameters to their nominal values. Then the two uncertainties are added in quadrature.
Since the α and n are anti-correlated, this procedure conservatively estimates the uncertain-
ties. The uncertainties due to the other fixed parameters in the signal PDF are evaluated
by varying them by ±1σ from the nominal values. The uncertainty due to cross-feed is
caused by two sources; one is multiplicity of hadrons in the other B meson decays, the other
is fragmentation model for signal. Both changes the shape and yield of cross-feed. The
former is evaluated with MC simulation by changing the multiplicities of π±, π0, K±, K0

and η in the other B meson decays MC simulation from the nominal values to PDG values
taking into account their uncertainties [9]. The latter is determined with MC simulation by
varying the decay channel proportions by their respective uncertainties. We estimate the
uncertainty due to the p parameter in qq̄ background PDF by changing the parameter by
±1σ as obtained from the fit to the off-resonance data. To evaluate the uncertainty due to
the peaking background from π0 decays, we vary the parameter values by ±1σ as determined
from the sideband data. The systematic uncertainties of other peaking backgrounds, which
are subleading to the π0 backgrounds, we evaluate by changing the normalizations by ±20%
which is about twice larger than the uncertainties of the corresponding branching fractions.

We check for possible bias in the fit by performing a large number of pseudo-experiments.
In the study, we observe small biases which we add to the systematic uncertainty.

We also take into account the statistical uncertainty of the efficiency estimated with MC
simulation samples as systematic uncertainty.

The systematic uncertainties due to efficiencies and background ∆0− are only relevant for
∆0− and Atot

CP since these cancel out by taking the CP asymmetry in the other observables.
The systematic uncertainties due to physics parameters to convert the signal yields to decay
widths are only relevant for ∆0−. The systematic uncertainties due to charged particle
detection asymmetry and background ACP are only relevant for ACP as they cancel out for
the CP -averaged observable ∆0−. The largest and dominant systematic uncertainty for ∆0−

is due to f+−/f00. The dominant systematic sources for ∆ACP and ACP are due to peaking
background from π0 decays and charge asymmetries in particle detection.

X. RESULTS

We perform a simultaneous fit to eight Mbc distributions shown in Figure 2, with the
PDFs as described above, to extract the following results

∆0− = (−0.48± 1.49± 0.97± 1.15)%,

∆ACP = (+3.69± 2.65± 0.76)%,

AC
CP = (+2.75± 1.84± 0.32)%,

AN
CP = (−0.94± 1.74± 0.47)%,

Atot
CP = (+1.44± 1.28± 0.11)%,

ĀCP = (+0.91± 1.21± 0.13)%,

14
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FIG. 3. The solid (black), dashed (red) and dotted (blue) curves show the most probable value,
1σ and 2σ confidence intervals for Im(C8/C7) as a function of Λ̃78, respectively. The range of Λ̃78

is chosen to be 17MeV < Λ̃78 < 190MeV.
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I. INTRODUCTION

The radiative b → sγ decay proceeds predominantly via one-loop electromagnetic penguin
diagrams at the lowest order in the standard model (SM). This decay is sensitive to new
physics (NP), which can alter the branching fraction, or direct CP asymmetry defined as

ACP =
Γ(B̄ → X̄sγ)− Γ(B → Xsγ)

Γ(B̄ → X̄sγ) + Γ(B → Xsγ)
, (1)

where Γ denotes the partial width.
Precision measurements of B → Xsγ branching fraction B(B → Xsγ) [1–6] are in good

agreement with the SM prediction [7] and set a strong constraint on NP models [8]. The
theoretical uncertainty in the prediction of B(B → Xsγ) is about 7% which is comparable
with the experimental uncertainty of the current world average [9]. The Belle II experiment
is expected to measure the branching fraction with a precision of about 3% [10]. Thus,
the reduction of the theoretical uncertainty is crucial to further constrain NP models. The
largest uncertainty in the theoretical prediction is due to non-perturbative effects, one of
which is the resolved photon contributions [11]. Since the resolved photon contribution
from a hard gluon and a light quark scattering to the B → Xsγ branching fraction (B78

RP)
depends on the charge of the light quark and can be hence related to the isospin asymmetry
in B → Xsγ (∆0−) as [11–13]

B78
RP

B
≃ −

(1 ± 0.3)

3
∆0−, (2)

where the uncertainty of ±0.3 in the right-hand side is associated with SU(3) flavor-
symmetry breaking. The isospin asymmetry is defined as

∆0− =
Γ(B̄0 → X0

sγ)− Γ(B− → X−
s γ)

Γ(B̄0 → X0
sγ) + Γ(B− → X−

s γ)

=

τ
B−

τ
B̄0

f+−

f00
N(B̄0 → X0

sγ)−N(B− → X−
s γ)

τ
B−

τ
B̄0

f+−

f00
N(B̄0 → X0

sγ) +N(B− → X−
s γ)

, (3)

where N is the number of produced signal events including charge-conjugate decays,
τB−/τB̄0 = τB+/τB0 is the lifetime ratio of B+ to B0 mesons, f+− and f00 are the pro-
duction ratio of B+B− to B0B̄0 in Υ(4S) decays, respectively. If the measured value
of ∆0− is consistent with zero, the resolved photon contribution is small and reducing
in the theoretical uncertainty on B(B → Xsγ). Recently, evidence for isospin violation
in exclusive B → K∗(892)γ (∆0+) has been reported [14] where the measured value,
∆0+ = (+6.2 ± 1.5 ± 0.5 ± 1.2)%, is consistent with SM predictions [15–20]. If the isospin
asymmetry for the inclusive decays is consistent with this value, the resolved photon con-
tribution to B → Xsγ decays could be sizable.

The direct CP asymmetry in B → Xsγ is also a sensitive probe for NP [18, 21–30].
Belle [31] and BaBar [32] measured this quantity, and the current world average (+1.5 ±
2.0)% [9] is in agreement and of comparable precision, with the SM prediction, −0.6% <
ASM

CP < +2.8% [33]. The dominant theoretical uncertainty is due to the limited knowledge of
the resolved photon contributions. A newly proposed observable is the difference of the direct
CP asymmetries between the charged and neutral B mesons, ∆ACP = ACP (B+ → X+

s γ)−
ACP (B0 → X0

sγ), where terms with large weak phase in the SM cancel out, and only the

5

spectator-quark-flavor dependent term representing interference between electromagnetic
and chromomagnetic dipole operators survives [33]:

∆ACP = 4π2αs
Λ̃78

mb
Im

(

C8

C7

)

≈ 0.12

(

Λ̃78

100 MeV

)

Im

(

C8

C7

)

, (4)

where αs is the strong coupling constant, Λ̃78 is the hadronic parameter denoting the interfer-
ence between electromagnetic and chromomagnetic dipole diagrams, mb is the bottom quark
mass, and C7 and C8 are the Wilson coefficients for electromagnetic and chromomagnetic
dipole operators, respectively [34]. In the SM, C7 and C8 are both real, therefore ∆ACP is
zero, but in several NP models ∆ACP can reach the level of 10% in magnitude [33, 35, 36].

BaBar measured ∆0− and ∆ACP using data samples of 81.9 fb−1 and 429 fb−1, respec-
tively, as ∆0− = (−0.6 ± 5.8 ± 0.9 ± 2.4)% [37] and ∆ACP = (+5.0 ± 3.9 ± 1.5)% [32],
where the first uncertainty is statistical, the second is systematic, and the last one for ∆0−

is due to the uncertainty on the fraction of B+B− to B0B̄0 production in Υ(4S) decays. The
precisions are limited by statistical uncertainties. Improving these measurements is highly
desirable to reduce the theoretical uncertainty of B(B → Xsγ) in the SM as well as to search
for NP.

In this article, we report first measurements of ∆0− and ∆ACP in inclusive B → Xsγ
at Belle assuming that the two observables have no dependence on decay modes nor on the
invariant mass of the Xs system (MXs

). In addition, we present measurements of individual
ACP for the charged and neutral decay and their average with ĀCP = (ACP (B− → Xsγ) +
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the Future  
for Excitement



Belle	—>	Belle	II	
still	not	solved	

• CP	violation	from	KM	hypothesis	is	not	large	enough	to	explain	the	
matter-antimatter	asymmetry	in	our	Universe	

-->	We	need	New	Physics!	

• The	origin	of	the	Flavor	structure	of	Standard	Model	is	totally	unknown	

upgrade	Belle	—>	Belle	II	

• KEKB	is	upgraded	to	SuperKEKB	(x40	peak	luminosity)	

• aiming	at	x50	total	data	size	

• Belle	detector	is	also	upgraded	to	Belle	II

�41

BELLE

Z goal

L dt = 50 ab�1
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SuperKEKB Luminosity Target

History of Peak Luminosity (e+ / e- colliders )

�9

The next Luminosity Frontier

!42
Year



from	KEKB	to	SuperKEKB

�4329 April 2014 M. Barrett - Oxford Seminar 12

SuperKEKB

 Beam currents are increased by ~2, but the main increase in luminosity 
comes from the change in beamspot size from using nanobeams, and a 
crab waist scheme is also being examined.

• beam current: ×2  
• beam size: 1/20 
➔ ×40 in the luminosity
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SuperKEKB																									Belle	II

injector		
to	Linac

Z goal

L dt = 50 ab�1
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The	Belle	II	Collaboration

26	countries/regions,			112	insYtuYons,			~971	collaborators



Challenges	&	responses	for	Belle	II
Severe	beam	background		

• due to ×40 increase in Lpeak   

• fine segmentation and fast readout ➔ reduce 
occupancy 

• replace detector components 

Some	big	changes	

• vertex: SVD (4 layers) ➔ PXD (2) + SVD (4) 

• hadron identification: binary Cherenkov ➔ 
iTOP (“imaging Time-of-Propagation”) 

�46



Vertex Detector: PXD and SVD 

32 cmarinas@uni-bonn.de 

• Pixel Detector (PXD) 
2 layers of DEPFET pixels 
r = 1.4 cm, 2.2 cm 
L = 12 cm 
~ 0.027 m2 

• Silicon Vertex Detector (SVD) 
4 layers of DSSD 
r = 3.8 cm, 8.0 cm, 11.5 cm, 14 cm 
L = 60 cm 
~ 1 m2 

SVD 

PXD 

Vertexing	for	Belle	II

�47

SVD
• 4 layers of DSSD
• r = 3.8, 8.0, 11.5, 14.0 (cm)
• L = 60 cm

PXD (pixel detector)
• 2 layers of DEPFET
• r = 1.4, 2.2 (cm)
• L = 12 cm



hadron	ID	for	Belle	II
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Beam	test	(2013)	

•1.2 GeV/c e+ beam at Spring-8 

•normal incidence  

•N(γ) ~ 30 for a single event  

•image pattern matches w/ MC 
very well

Figure 3. Distributions of time (ns) vs. MCPPMT channels, in data from the beam test at
SPring-8 (left) and simulations (right) for the case of beam hitting the TOP prototype at a
normal incidence.

of the single photon resolution because of an increase in emission point uncertainty. The single
photon resolution (σθ ∼ 14 mrad) for the dual radiator is significantly better than for the case
of single radiator (σθ ∼ 21 mrad) without affecting the number of photons detected (Figure 4).

Figure 4. Schematic of the focusing scheme with two aerogel layers of different refractive indices
(left). Number of Cherenkov photons vs. θc for the focusing configuration (center) and for a
40 mm single homogeneous aerogel layer (right) [14].

The photo-detector for the ARICH should be sensitive to single photon detection, able to
provide position information, be immune to the 1.5 T magnetic field perpendicular to the photon
detection plane, and be tolerant of the high radiation environment. A Hybrid Avalance Photo-

4

•high-quality quartz (O(100) reflections) 
•flatness < 6.3 μm 
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SVD: 4 DSSD layers ➔ 2 DEPFET layers + 4 DSSD layers 
CDC: small cell, long lever arm 
ACC+TOF ➔ TOP+A-RICH 
ECL: waveform sampling 
KLM: RPC ➔ Scintillator +MPPC (endcaps, barrel inner 2 lyrs)

In colours for new 
components 

�49



SuperKEKB/Belle	II		schedule

!50

• Phase 1: single-beam background commissioning (w/o final focus, w/o Belle II) 
• Phase 2: collision with final focus and Belle II (no VXD) 
• Phase 3: collision with full Belle II (since March 2019)
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Belle	II	
sub-detector	installation
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Belle	II	Phase	1

Touschek

beam-gas

(Jan.	-	June,	2016)

• single-beam background commissioning 

• BEAST II, instead of Belle II 
- Beam	Exorcism	for	A	STable	Experiment	II	(diodes,	TPC’s,	crystals)	

• validation of Belle II beam background simulations



Final	focus	magnets
• Superconducting	quadrupole	magnets	
with	30+25	coils	

• The	final	one	delivered	on	Feb.	13,	
2017	

Photo: M. Friedl

Photo: M. Friedl
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Belle	II	Roll-in (April,	2017)
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Belle	II	Phase	2 (Apr.	-	July,	2018)

Celebrating the first Belle II collision (Apr. 26, 2018)
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First collision event of SuperKEKB with Belle II
Apr. 26, 2018
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another event in that evening
Apr. 26, 2018

Another event from Belle II’s first evening

A potential e+ e- àB anti-B candidate

		e
+e− →γ *→BB

Jan 23, 2019 F.Forti, Belle II 44
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(Phase	2)	beam	profile

= 83 mrad

z	vertex	distribution

σ = 4.5 mm (KEKB)

nano-beam (SuperKEKB)

• Nano-beam scheme is working! 
• achieved 

• Final goal: 

�⇤
y = 3 mm, �y = 400 nm

<latexit sha1_base64="erAvkTadZ33jVVFo9+r019+Sa2A="></latexit>

�⇤
y = 0.3 mm

<latexit sha1_base64="D3CgGAR74Wly92xXg7LVdzYauzo=">AAACFnicbVDLSgMxFM3UV62vqhvBTbAIojDM2IVuhKIblxXsA9paMumdNjSZGZKMUIb2B/wBP6Bb/QR34tatX+AXuDfTdqHVA4HDOfeRe7yIM6Ud58PKLCwuLa9kV3Nr6xubW/ntnaoKY0mhQkMeyrpHFHAWQEUzzaEeSSDC41Dz+lepX7sHqVgY3OpBBC1BugHzGSXaSO38XtMDTdqDu2N8gR27OEqaUmAhhu18wbGdCfBf4s5IoXTyNX6AQlRu5z+bnZDGAgJNOVGq4TqRbiVEakY5DHPNWEFEaJ90oWFoQASoVjK5YIgPjdLBfijNCzSeqD87EiKUGgjPVAqie2reS8V/PdozHwA5t177562EBVGsIaDT7X7MsQ5xmhHuMAlU84EhhEpmDsDpHELNJJUzybjzOfwl1VPbLdrOjYnoEk2RRfvoAB0hF52hErpGZVRBFI3QGD2hZ+vRerFerbdpacaa9eyiX7DevwErE6IP</latexit>



TOP for Particle Identification: K±, p and ⇡±

The charged correlation with the slow pion determines which track is the kaon (or pion)
Kinematically identified kaon from a D

⇤+ in the TOP.
Cherenkov x vs. t pattern (mapping of the Cherenkov ring):

K
0
S ! ⇡

+
⇡
�

X.L. Wang (Fudan) Belle II Experiment 14 / 44

(Phase	2)	iTop	performance

�59

mapping of Cherenkov ring for D*-tagged Kaon track

Phase	2	(2018)	data

D⇤+ ! D0⇡+
s (D0 ! K�⇡+)

<latexit sha1_base64="rKRdrQttOwuO3eMW84GIenbR9gU="></latexit>
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(Phase	2)	Particle	ID

� ! K+K�
<latexit sha1_base64="/tSi2Fx/SZ9Cw14ruU1CLWMLMes=">AAACDnicbVC7SgNBFJ2Nrxhfq5aKDAZBEMOuFloGbQSbBMwDsmuYndwkQ2YfzMwGwpLS3g+w1U+QNGLrL/gFFv6Es0kKTbxw4XDOfR4v4kwqy/o0MguLS8sr2dXc2vrG5pa5vVOVYSwoVGjIQ1H3iATOAqgopjjUIwHE9zjUvN51qtf6ICQLgzs1iMD1SSdgbUaJ0lTTNJ2oy7CjQnx7f6LztGnmrYI1DjwP7CnIF/dH5e+Hg1GpaX45rZDGPgSKciJlw7Yi5SZEKEY5DHNOLCEitEc60NAwID5INxlfPsRHmmnhdih0BgqP2d8dCfGlHPiervSJ6spZLSX/1WhXHwBiZr1qX7oJC6JYQUAn29sxx/r71BvcYgKo4gMNCBVMP4DTOYTqSTKnnbFnfZgH1bOCfV6wytqiKzSJLNpDh+gY2egCFdENKqEKoqiPntAzejEejVfjzXiflGaMac8u+hPGxw/v3J64</latexit>
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Phase 2: Particle Identification

Cherenkov photons observed by TOP detector
D*+→D0π+ [D0 →(K- π±)] x vs t pattern (mapping of Cherenkov ring)

π hypothesis X K hypothesis ✓

Central Drift Chamber dE/dx

�24

Rediscovery of �
No PID requirement

Both kaons are identified
TOP + dE/dx from CDC

Λ→pπ−

Belle II CDC dE/dx
2018 Preliminary
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(Phase	2)	photon	reconstruction
⇡0 ! ��

<latexit sha1_base64="mlqhV2zmfjakmwDk+V8QPL0blwY=">AAACFXicbVC7TsMwFL0pr1JeAQYGELKokJiqBAYYK1gYW4k+pCZUjuu2Vu0ksh2kKurIN/ABrLB3YUOszHwBAz+B03aAwpUsH51znyeIOVPacT6s3MLi0vJKfrWwtr6xuWVv79RVlEhCayTikWwGWFHOQlrTTHPajCXFIuC0EQyuMr1xR6ViUXijhzH1Be6FrMsI1oZq23tezG4d5OkIeT0sBJ59bbvolJxJoL/AnYFi+WBc/bo/HFfa9qfXiUgiaKgJx0q1XCfWfoqlZoTTUcFLFI0xGeAebRkYYkGVn04OGKFjw3RQN5LmhRpN2J8VKRZKDUVgMgXWfTWvZeS/GumbBaicG6+7F37KwjjRNCTT6d2EI+NBZhHqMEmJ5kMDMJHMHICyPpiYTqpgnHHnffgL6qcl96zkVI1FlzCNPOzDEZyAC+dQhmuoQA0IjOARnuDZerBerFfrbZqas2Y1u/ArrPdvSuCiOA==</latexit>

⌘ ! ��
<latexit sha1_base64="ujFQBo6lMEeurCdmuccGDUWDrFY=">AAACFHicbVC7TsMwFHXKq5RXAIkFhCwqJKYqgQHGChbGVqIPqYkqx71trdpJZDtIVejIL/ABrPABHdgQKztfwMBP4LQdoHCkKx+d+/QJYs6UdpwPK7ewuLS8kl8trK1vbG7Z2zt1FSWSQo1GPJLNgCjgLISaZppDM5ZARMChEQyusnzjFqRiUXijhzH4gvRC1mWUaCO17T0PNMGejrDXI0KQ2dO2i07JmQD/Je6MFMsH4+rX/eG40rY/vU5EEwGhppwo1XKdWPspkZpRDqOClyiICR2QHrQMDYkA5aeT+0f42Cgd3I2kiVDjifqzIyVCqaEITKUguq/mc5n4b472zQEg59br7oWfsjBONIR0ur2bcGw8yBzCHSaBaj40hFDJzAdwNodQM0kVjDPuvA9/Sf205J6VnKqx6BJNkUf76AidIBedozK6RhVUQxTdoUf0hJ6tB+vFerXepqU5a9azi37Bev8G2OKiAQ==</latexit>
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(Phase	2)	photon	reconstruction

) Ready for dark matter searches (single or triple � triggers)
<latexit sha1_base64="xu5DM4btXKZW3OWdneyHsCaCPBI="></latexit>

e+e� ! �X ! �(��)
<latexit sha1_base64="fHLMQZT8D4gp9vQudAev33MCsSw=">AAACLXicdVDLTgIxFO3gC/GFunTTQEwwRJzR+NoR3bjERB4JA6RTLtDQzkzajgkh/IV+hx/gVj/BBYlxy29YHiZI9CbNPffcV+/xQs6Utu2hFVtaXlldi68nNja3tneSu3slFUSSQpEGPJAVjyjgzIeiZppDJZRAhMeh7HVvx/nyI0jFAv9B90KoCdL2WYtRog3VSJ5APYuhfoxdHWC3TYQguDIfZGZ+6o4aybSdsyeG58C57VxfONiZMel8ys0+DfO9QiM5cpsBjQT4mnKiVNWxQ13rE6kZ5TBIuJGCkNAuaUPVQJ8IULX+5LABPjRME7cCaZ6v8YSd7+gToVRPeKZSEN1Ri7kx+WeOdswHQC6s162rWp/5YaTBp9PtrYhjI8ZYOtxkEqjmPQMIlcwcgMdzCDWTVMIo83M+/h+UTnPOWc6+NxLdoKnF0QFKoQxy0CXKoztUQEVE0TN6RW/o3XqxPqxP62taGrNmPfvol1mjb9tJqgM=</latexit>
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(Phase	2)	Re-discovery	of	B	mesons

• Clearly	observed	the	excess	of	BB	events	in	early	
phase	2	Data	

• “Rediscovered”	reconstructed	B	mesons.		
				Full	reconstruction	analysis	chain	is	working	well.

Event	Shape	Distributionn	(Fox-Wolfram	R2) Mbc =
q

(ECM/2)2 � p2B
<latexit sha1_base64="97il8OtUc/ciFttkTJd8mCatf0o="></latexit>
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(Phase	2)	Exclusive	B-tagging

• O(200) decay chains with BDT trained for each 
• O(10k) decay chains in 6 stages 
• ×3 high MC efficiency than existing Belle algorithm

Full Event Interpretation (FEI)
T. Keck et al., Comp. Softw. Big Sci. 3:6 (2019)
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(Phase	2)	Semileptonic	B	decay	results
B

0 ! D⇤+e�⌫e (untagged)
<latexit sha1_base64="H5dd5RAJREqAFAEPrm8ShQaxBWk="></latexit>

Semileptonic B ! D⇤e⌫ Decays: Results
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After final selection, we observe 22 events.

15 of these events are in the signal region
�1 < cos⇥BY < 1.

13 events are expected to be signal.

Successful Search!

Semileptonic and Leptonic B Decay Results from early Belle II Data - Markus Prim 8th May 2019 17/21

cos ✓BY =
2E⇤

BE
⇤
Y �M2

B �M2
Y

2p⇤Bp
⇤
Y

<latexit sha1_base64="bgSp0ns42oD42Anl2lkf+GzViEY="></latexit>

B ! Xe±⌫ (inclusive)
<latexit sha1_base64="fOAfleFUYpwPdancUZmFpCTAbBc=">AAACHXicbVDLTgIxFO3gC/GFunRhI5jghszgQpcENy4xkUfCjKRTLtDQ6UzaDgmZsPQ7/AC3+gnujFvjF/gbFpiFgidpcnLOffQeP+JMadv+sjJr6xubW9nt3M7u3v5B/vCoqcJYUmjQkIey7RMFnAloaKY5tCMJJPA5tPzRzcxvjUEqFop7PYnAC8hAsD6jRBupmz8t1rCrQ9zG8OBGAXZFXMQlJiiPFRvDRTdfsMv2HHiVOCkpoBT1bv7b7YU0DkBoyolSHceOtJcQqRnlMM25sYKI0BEZQMdQQQJQXjI/ZIrPjdLD/VCaJzSeq787EhIoNQl8UxkQPVTL3kz816ND8wGQS+t1/9pLmIhiDYIutvdjjk0cs6hwj0mgmk8MIVQycwCezSHUTFI5k4yznMMqaVbKzmXZvqsUqrU0oyw6QWeohBx0haroFtVRA1H0iJ7RC3q1nqw36936WJRmrLTnGP2B9fkDoeug3g==</latexit>

Observed	(expected)	
42191	±	304	(40209	±	200)	

signal	events
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Belle	II	Phase	3
Celebrating Belle II Phase 3 first collision (Mar. 25, 2019)

Lpeak ⇠ 4⇥ 1033 cm�2s�1
<latexit sha1_base64="8+fw7jEyn+UqL5T38pTNu1bfEYg="></latexit>Z
L dt ⇠ 3 fb�1

<latexit sha1_base64="OuoNTGII+VFikXMholoUUn71keo="></latexit>

w/	Belle	II	running
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PXD	mounted	on	beam	pipe PXD	combined	with	1/2	of	SVD

full	PXD	operation	(with	2	layers)	scheduled	for	2020

Belle	II	Phase	3
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First BB-like event in the Belle II Phase 3 run
2019.3.25



Summary
• Belle	II	physics	run	(Phase	3)	has	started	on	Mar.25,	2019.		

• Belle	II	is	ready	to	open	a	new	era	of	flavor	physics.
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Thank you!



Back-up

 71



�72

• all measured values are 
consistent with SM and other 
recent measurements 

• First R(K*) from B+

RK* from Belle
arXiv:1904.02440



Belle II prospects for

!73

B ! D⇤⌧⌫
<latexit sha1_base64="oburp0bZOOBXxYKR2T7f0OxbYmo="></latexit>

Plots	are	from	“The	Belle	II	Physics	Book”,	arXiv:1808.10567.
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New in 2019

Signal extraction 

✓ by	binned	max.	likelihood	fit	to								in	kinema3c/BDT	categories		pBµ
<latexit sha1_base64="PmX2AKXmshc7KUW+YtmrwtMMQgI=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSAIQtjVQssQG8sI5gHJGmYnd5MhM7vDzKwQlrQ2drZaWtqJrf/hF/gF9s4mKTTxwMDhnPuaE0jOtHHdTye3tLyyupZfL2xsbm3vFHf3GjpOFIU6jXmsWgHRwFkEdcMMh5ZUQETAoRkMLzO/eQdKszi6MSMJviD9iIWMEmOllux2RHJbxd1iyS27E+BF4s1IqXLy/fIAJVnrFr86vZgmAiJDOdG67bnS+ClRhlEO40In0SAJHZI+tC2NiADtp5N7x/jIKj0cxsq+yOCJ+rsjJULrkQhspSBmoOe9TPzXowN7AKi59Sa88FMWycRARKfbw4RjE+MsEdxjCqjhI0sIVcx+AGdzCLWTdMEm483nsEgap2XvrOxe24iqaIo8OkCH6Bh56BxV0BWqoTqiiKNH9ISenXvn1Xlz3qelOWfWs4/+wPn4AaPYm/o=</latexit>

B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

Preliminary
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New in 2019

Signal extraction 

✓ The	procedure	is	validated	by	measuring	

✓ Clean	sample	is	reconstructed	and	selected	by	Mbc,	|ΔE|		

✓ Prompt	π+	is	treated	as	the	signal	μ+	

✓ Check	Data	vs.	MC	for	

B+ ! D
0
⇡+

<latexit sha1_base64="5vcTLUWmui2+b83YbZBT4ha/BuU="></latexit>

pBµ , �pBµ , Cout
<latexit sha1_base64="RMjpZTa+ssEYZ1s6wyugEjBPgBM="></latexit>

�pBµ = 0.11 GeV
<latexit sha1_base64="W2uDT3Wef0Py9IsIVN+iHK+x3Yo="></latexit>

B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

Preliminary
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New in 2019
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FIG. 9. The observed Bayesian (yellow dash-dotted) and Frequentist (blue) upper limits at 90% CL are shown, along with
the SM expectation of the B+ ! µ+ ⌫µ branching fraction and the Bayesian and Frequentist PDFs.

FIG. 10. The observed local p0 values for the sterile neu-
trino search B+ ! µ+ N are shown with the SM process
B+ ! µ+ ⌫µ included. If the SM process is accounted for, no
significant excess is observed. The largest deviation from the
background only hypothesis is at mN = 1 GeV. No correction
for the look elsewhere e↵ect is included.
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FIG. 1. Neural Network output in simulated data that ranges from −1 for the qq̄ background-like

events to +1 for the signal-like events. The solid (brown) curve shows signal, the dotted-dashed
(orange) curve represents cross-feed, the dashed (blue) curve is qq̄ background, and the long dashed

(green) curve shows BB̄ background.

VII. SIGNAL YIELD EXTRACTION

To extract the signal yield and physics observables, we perform a simultaneous fit with
an extended unbinned maximum likelihood method to eight Mbc distributions; five for B−,
B+, B̄0, B0, and Bfns in the on-resonance data, and three for charged B (B− and B+),
flavor-specific neutral B (B̄0 and B0), and Bfns in the off-resonance data. Since the off-
resonance data only contain continuum backround, this is useful to constrain the continuum
background shape.

To take into account the run by run difference of beam energy, the Mbc value is shifted
with Enom

beam −Erun
beam, where E

nom
beam is the nominal beam energy set to 5.289 GeV and Erun

beam is
the beam energy for a specific run. By this calibration, the endpoint of the Mbc distribution
for any run is 5.289 GeV.

The likelihood function consists of probability density functions (PDFs) for signal, cross-
feed, peaking and non-peaking background from BB̄ events, and qq̄ background. All signal
and background PDFs are considered for the on-resonance data, while only the qq̄ back-
ground PDF is used to fit to the off-resonance data. The signal is modeled with a Crystal
Ball function [52]:

fCB(x) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

exp

(

−1
2

(

x−m
σCB

)2
)

(x−m
σCB

≥ −α)

(n

α)
n
exp (− 1

2
α2)

(

n

α
−α−x−m

σCB

)n (x−m
σCB

< −α),

where m and σCB are the peak position and width, respectively, and the parameters α and n
characterize the non-Gaussian tail. The peak position is determined with a large-statistics
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• Two dominant sources

* e+e� ! qq̄ continuum

* B ! D(⇤)⇢+

• Suppression by

* artificial NN (signal vs. qq̄)

* D veto
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