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Anomalies from RK 
and RK* at Belle/Belle Ⅱ
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• Flavor Changing Neutral Current process

• Penguin/Box diagrams are dominant

• suppressed in the SM (Br ~ Ο(10-6))

➡ sensitive to NP


• loop or tree level NP contributions 

• SUSY, Leptoquark, flavorful Z’, etc..


• various observables :

• Branching fraction

• Angular distribution (P’5 , AFB, etc..)

• Lepton Flavor Universality test (RK(*))

※ represented as a function of q2 (=m2(ℓ+ℓ-))
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b→sℓ+ℓ-  : Wilson Coefficients
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• effective Hamiltonian :

CSM
7 ∼ − 0.3, CSM

9 ∼ 4.1, CSM
10 ∼ − 4.2, CSM

7′�,9′�,10′� = 0
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3 General framework

In order to combine all measurements and evaluate their impact, importance and consis-

tency, one has to perform a global fit to all available data. We perform such a fit along the

lines of ref. [2]. Our starting point is an effective Hamiltonian [27, 28] in which heavy de-

grees of freedom (the top quark, the W and Z bosons, the Higgs and any potential heavy

new particles) have been integrated out in short-distance Wilson coefficients Ci, leaving
only a set of operators Oi describing the physics at long distances:

Heff = −4GF√
2
VtbV

∗
ts

∑

i

CiOi (3.1)

(up to small corrections proportional to VubV ∗
us in the SM). In the SM, the Hamiltonian

contains 10 main operators with specific chiralities due to the V −A structure of the weak

interactions. In presence of NP, additional operators may become of importance. For the

processes considered here, we focus our attention on the operators:

O7 =
e

16π2
mb(s̄σµνPRb)F

µν , (3.2)

O7′ =
e

16π2
mb(s̄σµνPLb)F

µν , (3.3)

O9ℓ =
e2

16π2
(s̄γµPLb)(ℓ̄γ

µℓ), (3.4)

O9′ℓ =
e2

16π2
(s̄γµPRb)(ℓ̄γ

µℓ), (3.5)

O10ℓ =
e2

16π2
(s̄γµPLb)(ℓ̄γ

µγ5ℓ), (3.6)

O10′ℓ =
e2

16π2
(s̄γµPRb)(ℓ̄γ

µγ5ℓ), (3.7)

where PL,R = (1 ∓ γ5)/2 and mb ≡ mb(µb) denotes the running b quark mass in the MS

scheme. Their associated Wilson coefficients are C7, C9ℓ, C10ℓ and C7′ , C9′ℓ, C10′ℓ with ℓ = e

or µ. C7(′) describe the interaction strength of bottom (b) and strange (s) quarks with

the photon while C9ℓ,10ℓ and C9′ℓ,10′ℓ encode the interaction strength of b and s quarks

with charged leptons. C9ℓ,10ℓ and C9′ℓ,10′ℓ are equal for muons and electrons in the SM

but NP can add very different contributions in muons compared to electrons. For C7 and

C9ℓ,10ℓ we split SM and NP contributions like Ciℓ = CSM
iℓ + CNP

iℓ (the SM contributions to

chirally-flipped operators are negligible).

We include all the observables considered in the reference fit of ref. [2] (see sections 2

and 3, and appendix A of this reference). More specifically, for the angular observables

in B → K⋆µ+µ−, B → K⋆e+e− and Bs → φµ+µ−, we use the optimised observables

P (′)
i obtained from LHCb’s likelihood fit [15]. Concerning the q2 binning we use the finest

bins at large recoil (below the J/ψ) but the widest bins in the low-recoil region to ensure

quark-hadron duality. For the b → sγ radiative observables, we add to our previous set

of observables the branching ratios of the radiative decays B0 → K∗0γ, B+ → K∗+γ,

Bs → φγ [29].
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• in the SM, b→sℓ+ℓ- is dominated by

O7, O9, O10 operators

photon penguin
vector,    axial-vector  (EW penguin/box)

deviation from CSM = NP contribution
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[GeV2/c4]

theoretically favored region 
1 < q2 < 6 GeV2/c4

4m2
l

Green : only O7,9,10 contributions

Red     : + lepton mass effects and

                 charm resonances

O9, O10

O7

https://arxiv.org/abs/1606.00999


RK(*)
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• Lepton Flavor Universality test with b→sℓ+ℓ-

• take a ratio of branching fractions

→cancel out many of theoretical/experimental uncertainties

→very clean observable


• if LFU holds (SM), RK(*) ~ 1

• small deviation from unity in low q2 region due to me/mμ difference

• other deviation from unity implies NP

RK =
B(B ! Kµ+µ�)

B(B ! Ke+e�)
, RK⇤ =

B(B ! K⇤µ+µ�)

B(B ! K⇤e+e�)



RK and RK* anomalies
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PRL 113 (2014) 151601

with LHC Run-1 data (3 fb-1)
Belle   : PRL 103 (2009) 171801

BaBar : PRD 86 (2012) 032012

2.6σ deviation from SM 2.1-2.5σ deviation from SM

Belle & BaBar results are consistent with both SM and LHCb results

need more precise measurements ➡ ・latest results from Belle(RK, RK*) 

                                                               and LHCb(RK) (← not mentioned  today)

                                                            ・prospect in Belle Ⅱ

recent LHCb results (RK in 2014, RK* in 2017) show deviations from SM

https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.103.171801
https://doi.org/10.1103/PhysRevD.86.032012


other b→sℓ+ℓ- anomalies
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LHCb : JHEP06(2014)133
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plot from arXiv:1606.00999 

Belle    : PRL 118 (2017) 111801 (av. of μ,e)

LHCb   : JHEP02(2016)104 (μ)

ATLAS : JHEP10(2018)047 (μ)

CMS    : Phys. Lett. B 781 (2018) 517 (μ)

Belle :PRL 118 (2017) 111801

https://doi.org/10.1007/JHEP06(2014)133
https://arxiv.org/abs/1606.00999
https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1007/JHEP02(2016)104
https://doi.org/10.1007/JHEP10(2018)047
https://doi.org/10.1016/j.physletb.2018.04.030
https://doi.org/10.1103/PhysRevLett.118.111801
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JHEP01(2018)093

Cil = CSM
il + CNP

il , i = 7,9,10 , l = e, μ

best fit : C9μNP ~ -1 

• ~25% level of SM ( C9μSM ~ 4.1 )

• favor C9μNP = -C10μNP  (V-A) scenario


LHCb results are dominant in the fit

➡ independent measurements from 

    Belle / Belle Ⅱ are important

model-independent fit to Wilson coefficients using

RK(*), b→sℓℓ differential branching fractions, angular observables, 

b→sγ, Br(B→Xsμμ), Br(Bs→μμ)

CNP
9μ = − CNP

10μ

https://doi.org/10.1007/JHEP01(2018)093


Belle / Belle Ⅱ
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Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2
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Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2

e+e- → Υ(4S) → BB

Lumi. :     2.11×1034 cm-2s-1                              8×1035 cm-2s-1 

Stat.  :     1 ab-1                                                 50 ab-1    

KEKB → SuperKEKB accelerator

Detector upgrades

• better and larger vertex detectors (PXD+SVD)

• improved PID with TOP and ARICH



Belle / Belle Ⅱ

 10

Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2

Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2

Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2

Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2

Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν

20190830 akimasa.ishikawa @ kek.jp 2

Belle II

• Two significant detector improvements for Radiative and EWP B decays

– Better PID Î Kaon ID for BÆργ and BÆXdγ (B+Æρ+ll?), low momentum lepton ID for bÆsll

– Better and Larger VXD Î TCPV in BÆKsπ0γ, B meson tagging for bÆsνν
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e+e- → Υ(4S) → BB

Belle Ⅱ started data taking 

• achieved luminosity of 1.2×1034 cm-2s-1 

• accumulated 6.5 fb-1 data by this summer 
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Recent RK* Result at Belle
 arXiv:1904.02440

https://arxiv.org/abs/1904.02440
https://arxiv.org/abs/1904.02440


RK* measurement at Belle
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• with full data set of 711 fb-1 

• mode : B0→K*0ℓ+ℓ-, B+→K*+ℓ+ℓ- +C.C. (ℓ+ℓ-=e+e-, μ+μ-)


• main background sources: 

• Combinatorial BG : 


• require Mbc = sqrt( Ebeam2 - pB2 ) ~ mB, ΔE = EB - Ebeam ~ 0 

• Charmonium BG : B→J/ψK*, B→ψ(2S)K* 


• veto m(ℓℓ) ~ mJ/ψ, mψ(2S) 

• Peaking BG : Kπππ → Kπμμ mis-PID

• Continuum BG : e+e-→qq contribution


• Event shape, MVA

K*0 : K*0→K+π-

K*+ : K*+→K+π0、K*+→KSπ＋

• Fit Mbc distribution with Signal + Combinatorial / Charmonium / 

Peaking BG components in each q2 region

※ first measurement for RK*+



Fit to Mbc
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➕ ➡

RK*0RK*+ RK*

SM consistent.

Measurements vs. SM

Comparison with other measurements

8

TABLE II. Result for RK⇤ , RK⇤0 and RK⇤+ . The first un-
certainty is statistical and the second is systematic.

q2 in GeV2/c4 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

(2001), arXiv:hep-ex/0011057.
[20] A. Ali, P. Ball, L. T. Handoko, and G. Hiller, Phys. Rev.

D61, 074024 (2000), arXiv:hep-ph/9910221.
[21] B. Capdevila, S. Descotes-Genon, J. Matias, and

J. Virto, JHEP 10, 075 (2016), arXiv:1605.03156 [hep-
ph].

[22] B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias,
and J. Virto, JHEP 01, 093 (2018), arXiv:1704.05340
[hep-ph].

[23] T. Abe et al. (Belle II Collaboration), arXiv:1011.0352
[physics.ins-det].

[24] E. Kou et al. (Belle II Collaboration), arXiv:1808.10567
[hep-ex].

RK*
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Recent RK Result at Belle
 arXiv:1908.01848

https://arxiv.org/abs/1908.01848
https://arxiv.org/abs/1908.01848
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• with full data set of 711 fb-1 

• mode : B+→K+ℓ+ℓ-, B0→Ksℓ+ℓ- +C.C. (ℓ+ℓ-=e+e-, μ+μ-)


• main background sources: 

• Charmonium BG : B→J/ψK, B→ψ(2S)K

• veto m(ℓℓ) ~ mJ/ψ, mψ(2S) 


• Peaking BG : 

• B+→D0(→K+π-)π+, ππ miss-ID as μμ → veto m(K+μ-) ~ mD

• B+→K+J/Ψ(→μμ),  Kμ miss-ID as μK → veto m(K+μ-) ~ mJ/Ψ


• Continuum BG : e+e-→qq

• Generic B decay BG 
• semileptonic decays of B-B pair, B→D(*)(→Xℓν)ℓν, hadron miss-ID as lepton 


• Neural Net for continuum and generic B backgrounds

• use event shapes, vertex quality, kinematic variables

• 1/4 background suppression with 4-5% signal acceptance loss


• 3D fit to Mbc, ΔE, NN output in each q2 region



7

5.2 5.215.225.235.245.255.265.275.285.29
)2 (GeV/cbcM

0

10

20

30

40

50

60

)2
En

tri
es

 / 
(0

.0
03

6 
G

eV
/c

0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25
E (GeV)Δ

0
5
10
15
20
25
30
35
40
45

En
tri

es
 / 

(0
.0

14
 G

eV
)

8− 6− 4− 2− 0 2 4 6 8
O’

0

5

10

15

20

25

30

35

En
tri

es
 / 

(0
.5

)

5.2 5.215.225.235.245.255.265.275.285.29
)2 (GeV/cbcM

0

10

20

30

40

50

60

70

80)2
En

tri
es

 / 
(0

.0
03

6 
G

eV
/c

0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25
E (GeV)Δ

0
5
10
15
20
25
30
35
40
45

En
tri

es
 / 

(0
.0

14
 G

eV
)

8− 6− 4− 2− 0 2 4 6 8
O’

0

5

10

15

20

25

30

35

40

En
tri

es
 / 

(0
.5

)

FIG. 1: Signal enhancedMbc (left), ∆E (middle), and O
′ (right) projections of three-dimensional unbinned extended maximum-

likelihood fits to the data events that pass the selection criteria for B+
→ K+µ+µ− (top), and B+

→ K+e+e− (bottom).
Points with error bars are the data; blue solid curves are the fitted results for the signal-plus-background hypothesis; red dashed
curves denote the signal component; cyan big dashed, green dashed-dotted, and black dashed curves represent continuum, BB̄
background, and B → charmless decays, respectively.
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FIG. 2: Signal enhancedMbc (left), ∆E (middle), and O
′ (right) projections of three-dimensional unbinned extended maximum-

likelihood fits to the data events that pass the selection criteria for B0
→ K0

Sµ
+µ− (top), and B0

→ K0
Se

+e− (bottom). The
legends are the same as in Fig. 1.

Fit Results
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B+→K+e+e-

B+→K+μ+μ-

signal

generic B BG
continuum BG

fit sum

fit example: q2>0.1 (GeV/c2)2 (whole q2 region)


signal yield  : μ-mode: 137.0           , e-mode: 138.0+14.2

-13.5

+15.5

-14.7

※ B0→Ksℓ+ℓ- modes :  μ-mode: 27.3           , e-mode: 21.8+6.6

-5.9

+7.0

-6.1
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q2 in GeV2/c4 RK
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�0.24 ± 0.06

[4.0, 8.12] 0.81+0.28
�0.23 ± 0.05

[1.0, 6.0] 0.98+0.27
�0.23 ± 0.06

> 14.18 1.11+0.29
�0.26 ± 0.07

[0.1, ] 1.06+0.15
�0.14 ± 0.07
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from Phys. Rev. Lett. 122, 191801

previous results and latest LHCb result

https://doi.org/10.1103/PhysRevLett.122.191801
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Muonic C9 vs. C10

�1.5 �1.0 �0.5 0.0 0.5

Cbsµµ
9

�0.5

0.0

0.5

1.0

1.5

C
bs

µ
µ

10

flavio
RK & RK⇤

b ! sµµ

global

Cbsμμ
9 (s̄LγμbL)(μγμμ)

Cbsμμ
10 (s̄LγμbL)(μγμγ5μ)

Pre-Moriond
! Perfect agreement

between RK(∗) &
b → sμμ

! Pull towards C10 > 0
mostly from
Bs → μ+μ−

! Excellent for models
with LH leptons
(C9 = −C10)

Now
! Agreement between

RK(∗) & b → sμμ no
longer perfect

! Fit closer to SM,
C9 = −C10 still
preferred

David Straub 12

←dashed

←solid

• tension is mitigated


• not so agree with other

b→sμμ anomaries


• C9μNP = -C10μNP senario is

preferred

CNP
9μ = − CNP

10μ

SM

D. Straub, Moriond EW 2019

( latest Belle RK result is not included)

http://moriond.in2p3.fr/2019/EW/slides/6_Friday/2_afternoon/4_straub-moriond-2019.pdf


RK(*) Prospects in Belle Ⅱ
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J. Phys. G: Nucl. Part. Phys. 46 (2019) 023001

Belle Ⅱ 5 ab-1

LHCb 23 fb-1 (full Run-3 full)

LHCb 300 fb-1

Belle Ⅱ 50 ab-1

• Ο(3%) precision measurements with 50 ab-1 data

• comparable sensitivity to LHCb for low-q2 region

• advantage in high-q2 region, RXs

for 1 < q2 < 6 GeV2/c4

https://doi.org/10.1088/1361-6471/aaf5de


Summary
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•b→sℓ+ℓ- is a rich field of NP search


•Latest Belle results of RK(*) are consistent with SM


•Belle Ⅱ will measure RK(*) with O(3%) precision

Stay tuned !!
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one of the angular obserbables in B→K*(→Kπ)μμ  (JHEP01(2013)048)

reducing form factor uncertaiinty

9 Radiative and Electroweak Penguin B Decays

`+K̄

K̄⇤

✓`

�

B̄

⇡

`�

✓K
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Fig. 91: Angular conventions used in the description of the B̄ ! K̄⇤ (! K̄⇡) `+`� decay.
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(262)

The above definitions of the coe�cients Sj and the observables Pi and P 0

i correspond to

those used by LHCb [374]. Analog CP -violating observables PCP
i and P 0CP

i can be defined by

simply replacing the coe�cient Sj in the numerator of Pi and P 0

i by the corresponding coef-

ficient Aj . Notice that the observables P1 and P2 are commonly also called A(2)
T = P1 [577],

A(re)
T = 2P2 and A(im)

T = �2P3 [578].

In order to illustrate the importance of Belle II measurements of the observables defined

in (260) to (262), we consider the two cases P1 and P 0
5. At small di-lepton masses the

angular variable P1 is sensitive to the photon polarisation. In fact, in the heavy-quark and

large-energy limit and ignoring ↵s and ms/mb suppressed e↵ects, one finds

A(2)
T ' 2Re (C7C 0

7)

|C7|2 + |C 0
7|2

, A(im)
T ' 2Im (C7C 0

7)

|C7|2 + |C 0
7|2

. (263)

To maximise the sensitivity to the virtual photon, it is necessary to go to very small q2 which

is only possible in the case of the decay B ! K⇤e+e�. Precision measurement of P1 as well

as of P3 in the di-electron channel are thus essential for probing possible BSM e↵ects related

to the right-handed magnetic penguin operator Q0
7 [475, 491, 579]. Consequently, decays like

B ! K⇤e+e� emerge as highly relevant for the Belle II programme.

The angular observable P 0
5 is instead a sensitive probe of the semi-leptonic operators Q9

and Q10 and their interference with Q7. In the same approximation that led to (263), one

obtains the expression

P 0

5 '
Re

⇣
C⇤

10C9,? + C⇤

9,||C10

⌘

q
(|C9,?|2 + |C10|2)

�
|C9,|||2 + |C10|2

� , (264)
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Measurement of Form-Factor-Independent Observables in the Decay B0 ! K!0!þ!"

R. Aaij et al.*

(LHCb Collaboration)
(Received 9 August 2013; published 4 November 2013)

We present a measurement of form-factor-independent angular observables in the decay

B0 ! K!ð892Þ0!þ !% . The analysis is based on a data sample corresponding to an integrated luminosity

of 1:0 fb% 1, collected by the LHCb experiment in pp collisions at a center-of-mass energy of 7 TeV.

Four observables are measured in six bins of the dimuon invariant mass squared q 2 in the range

0:1< q 2 < 19:0 GeV2=c4. Agreement with recent theoretical predictions of the standard model is found

for 23 of the 24 measurements. A local discrepancy, corresponding to 3.7 Gaussian standard deviations is

observed in one q 2 bin for one of the observables. Considering the 24 measurements as independent, the

probability to observe such a discrepancy, or larger, in one is 0.5%.

DOI: 10.1103/PhysRevLett.111.191801 PACS numbers: 13.20.He, 11.30.Rd, 12.60.% i

The rare decay B0 ! K!0!þ !% , where K!0 indicates
the K!ð892Þ0 ! Kþ "% decay, is a flavor-changing neu-
tral current process that proceeds via loop and box ampli-
tudes in the standard model (SM). In extensions of the
SM, contributions from new particles can enter in com-
peting amplitudes and modify the angular distributions of
the decay products. This decay has been widely studied
from both theoretical [1– 4] and experimental [5– 8] per-
spectives. Its angular distribution is described by three
angles (#‘, #K, and $) and the dimuon invariant mass

squared q 2, #‘ is the angle between the flight direction of
the !þ (!% ) and the B0 ( !B0) meson in the dimuon rest
frame, #K is the angle between the flight direction of the
charged kaon and the B0 ( !B0) meson in the K!0 ( !K!0)
rest frame, and $ is the angle between the decay planes of
the K!0 ( !K!0) and the dimuon system in the B0 ( !B0)
meson rest frame. A formal definition of the angles can
be found in Ref. [8]. Using the definitions of Ref. [2] and
summing over B0 and !B0 mesons, the differential angular
distribution can be written as

1

d"=dq 2
d4"

d cos#‘d cos#Kd$dq 2
¼ 9

32"

!
3

4
ð1 % FLÞsin2#K þ FLcos
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2#K cos#‘ þ S7 sin2#K sin#‘ sin$

þ S8 sin2#K sin2#‘ sin$ þ S9sin
2#Ksin

2#‘ sin2$
"
; (1)

where the q 2 dependent observables FL and Si are bilinear
combinations of the K!0 decay amplitudes. These in turn
are functions of the Wilson coefficients, which contain
information about short distance effects and are sensitive
to physics beyond the SM, and form factors, which depend
on long distance effects. Combinations of FL and Si with
reduced form-factor uncertainties have been proposed
independently by several authors [3,4,9– 11]. In particular,
in the large recoil limit (low-q 2) the observables denoted as
P0
4, P

0
5, P

0
6, and P0

8 [12] are largely free from form-factor
uncertainties. These observables are defined as

P0
i¼ 4;5;6;8 ¼

Sj¼ 4;5;7;8ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FLð1 % FLÞ

p : (2)

This Letter presents the measurement of the observables
Sj¼ 4;5;7;8 and the respective observables P0

i¼ 4;5;6;8. This is

the first measurement of these quantities by any experi-
ment. Moreover, these observables provide complemen-
tary information about physics beyond the SMwith respect
to the angular observables previously measured in this
decay [5– 8]. The data sample analyzed corresponds to an
integrated luminosity of 1:0 fb% 1 of pp collisions at a
center-of-mass energy of 7 TeV collected by the LHCb
experiment in 2011. Charge conjugation is implied
throughout this Letter, unless otherwise stated.
The LHCb detector [13] is a single-arm forward spec-

trometer covering the pseudorapidity range 2< %< 5,
designed for the study of particles containing bor c quarks.

*Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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angular distribution can be represented as a function of three angles and q2:

※ Si, FL are functions of q2

https://doi.org/10.1007/JHEP01(2013)048
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Belle, LHCb, ATLAS measurements show deviations from SM prediction

plot from arXiv:1606.00999 (original ?)

Belle    : PRL 118 (2017) 111801 (μ,eの平均)

LHCb   : JHEP02(2016)104 (μ)

ATLAS : JHEP10(2018)047 (μ)

CMS    : Phys. Lett. B 781 (2018) 517 (μ)


SM (DHMV) : JHEP12(2014)125 (?)

SM (ASZB)  : JHEP08(2016)098 (?)

　　　　　　Eur.Phys,J,C 75 (2015) 382 (?)

hadronic partの

取扱いが違う

https://arxiv.org/abs/1606.00999
https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1007/JHEP02(2016)104
https://doi.org/10.1007/JHEP10(2018)047
https://doi.org/10.1016/j.physletb.2018.04.030
https://doi.org/10.1007/JHEP12(2014)125
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1140/epjc/s10052-015-3602-7
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Belle : PRL 118 (2017) 111801

• larger deviation from SM in μ-mode

• Q5 is a LFU observable 


• hadronic uncertainties cancel to a large extent

• more reliable SM prediction 

Qi = P′�μ
i − P′�e

i

: LFU observable

https://doi.org/10.1103/PhysRevLett.118.111801


RK*, Belle(2019) :  arXiv:1904.02440

 29

PID:  

Likelihood using CDC, TOF, ACC, ECL, KLM information:

Pe = Le / (Le + Lπ) ＞0.9 

Pμ = Lμ / (Lμ + Lπ) > 0.9 


kinematic selection : 

e : p > 0.4 GeV/c  → >86% efficiency w/ >99% π rejection

μ : p > 0.7 GeV/c  → >92% efficiency w/ >99% π rejection


Brems. recovery for electrons

add energy within 0.05 rad of the initial direction of electron track 


charged-K

PK = LK / (LK + Lπ) ＞0.1 → >99% eff. w/ 94% π rejection

https://arxiv.org/abs/1904.02440
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Reconstruction: 

Ks : vertex fit with π+π-  → 74% efficiency


π0 : Eγ>30 MeV  &  115 < M(γγ) < 153 MeV/c2 (±4σ) 


K* : K*0 : K*0→K+π-

       K*+ : K*+→K+π0, K*+→KSπ＋ 


require  0.6 < M(Kπ) < 1.4 GeV/c2  & vertex fit quality


➡ 

  B reconstruction with K* candidate and two oppositely charged leptons


https://arxiv.org/abs/1904.02440
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Background: 
• Combinatorial background  ← dominant background 

incorrect combinations of tracks

➡Mbc, ΔE cut


5.22 < Mbc < 5.30 GeV/c2

-0.10 (-0.05) < ΔE < 0.05 GeV    for electron (muon)


• Charmonium background 
B→J/ψ (→l+l-)K*, B→ψ(2S) (→l+l-)K* contribution (irreducible background)

➡veto for M(l+l-) 


-0.25 (-0.15) < M(l+l-) - MJ/ψ   <  0.08 GeV/c2   for electron (muon)

-0.20 (-0.10) < M(l+l-) - Mψ(2S) <  0.08 GeV/c2   for electron (muon)

in electron mode, both w/ and w/o Brems. recovery


• Peaking background 
double flavor misidentification (Kπππ → Kπμμ) →peak in Mbc


only for muon mode. 

better PID for electron (E/p~1 with ECL) makes this BG negligible small for e-mode.


• Continuum background 
ee→qq contribution. suppress using MVA.

https://arxiv.org/abs/1904.02440
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MVA Classifier:

Continuum BG 含め、さらにBGを減らすためのMVA : hierarchal neural net


Decay chainの中で出てくる全粒子(e±, μ±, K+,π+, K*, KS, π0)それぞれに対して、

particle dedicated NN identifier 

BのDecay mode毎(B0->K*0μ+μ-, B+→K*+e-e+ など)にtop-level classifier を用意して

Signal - BGを判別

インプットは、particle dedicated NN identifier, Event shape variables

(modified FW moments), vertex fit 結果, reconstructed mass や

momentum angleなどのkinematics


top-level classifier のoutputでカット。

cut pointは FoM = ns / sqrt( ns + nb )を定義し、これが最大となるように決めた。


FoMはMbc>5.27 GeV/c2 のMC sampleを用いて評価

https://arxiv.org/abs/1904.02440
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Fit: 
Fit to Mbc with four components (in each q2 region): 

• Signal : Crystal Ball function


• B→J/ψK* → calibrate shape parameters

• Combinatorial BG : ARGUS function

• Charmonium BG : Kernel Density Estimation (KDE) w/ x100 stat. MC

• Peaking BG : KDE w/ MC


yields of Charmonium BG and Peaking BG are evaluated by MC and 

fixed in the fit.

( systematic uncertainty of the yields are evaluated by varying the fixed yields by 

  ± 50%(peaking) / ±25%(charmonium). Resulting signal yield deviations are included

  as part of the systematics. )


https://arxiv.org/abs/1904.02440
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Systematic Uncertainty: 
• Crystal-Ball functionのshape parameterをそのuncertainty範囲で振って、

その最大変化幅を計上


• Charmonium BG とPeaking BGのnormalizationによるsignal yield のsystematicsは、

BG yieldを50%(peaking) / 25%(charmonium) 振って評価


• Lepton ID eff. のData-MC differenceによるsystematicsはee→eeee(μμ)から補正

• Signal eff. は Br(B→J/ψK*)を求めること(world average consistent)でvalidate

• この補正を使って


Br(B→J/ψ(→μμ)K*) / Br(B→J/ψ(→ee)K*) = 1.015 ± 0.025stat. ±0.038corr.

を求めて validate →OK


• MVA Classifier response についてはclassifier output bin毎にBr(B→J/ψK*)を求めて

nominal resultと評価→違いをweightとしてDataに当てたうえでMbc Fit 

→ signal yieldの変化をsystematicsに計上

https://arxiv.org/abs/1904.02440
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Systematic Uncertainty:
7

TABLE I. Systematic uncertainties on RK⇤ for di↵erent q2 regions.

q2 in GeV2/c4 e, µ e↵. MC size Classifier Sig. shape Tracking Peaking bkg. Charmonia bkg. Total
All modes
[0.045, None] 0.061 0.004 0.013 0.008 0.016 0.031 0.023 0.075
[0.1, 8] 0.058 0.005 0.029 0.002 0.016 0.054 0.051 0.100
[15, 19] 0.090 0.012 0.012 0.014 0.020 0.003 0.003 0.095
[0.045, 1.1] 0.027 0.006 0.008 0.025 0.009 0.026 0.001 0.047
[1.1, 6] 0.065 0.008 0.048 0.033 0.017 0.070 0.013 0.114
B0 modes
[0.045, None] 0.073 0.006 0.030 0.018 0.022 0.031 0.021 0.092
[0.1, 8] 0.058 0.006 0.040 0.019 0.017 0.033 0.018 0.084
[15, 19] 0.091 0.013 0.007 0.012 0.022 0.007 0.001 0.096
[0.045, 1.1] 0.024 0.007 0.044 0.005 0.009 0.049 0.001 0.071
[1.1, 6] 0.082 0.010 0.040 0.062 0.021 0.070 0.012 0.133
B+ modes
[0.045, None] 0.044 0.005 0.032 0.018 0.010 0.025 0.023 0.068
[0.1, 8] 0.060 0.010 0.039 0.040 0.014 0.048 0.107 0.144
[15, 19] 0.089 0.028 0.016 0.041 0.021 0.008 0.002 0.106
[0.045, 1.1] 0.033 0.013 0.067 0.060 0.009 0.006 0.000 0.097
[1.1, 6] 0.045 0.010 0.137 0.060 0.011 0.086 0.009 0.179

(a) (b)

(c)

FIG. 2. Results for RK⇤ compared to SM predictions from Refs. [21, 22]. The separate vertical error bars indicate the statistical
and total uncertainty.

https://arxiv.org/abs/1904.02440
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Fit Results: 
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q2>0.045 (GeV/c2)2 の全領域。

赤がシグナルで、yieldは、e: 103.0 +13.4-12.7,  μ: 139.9 +16.0-15.4

青がCombinatorial BG、緑がcharmonium BG, 紫がpeaking BG.

https://arxiv.org/abs/1904.02440
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Results:

➕ ➡

RK*0RK*+ RK*

Consistent with both SM and

other measurements

https://arxiv.org/abs/1904.02440
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Results:

https://arxiv.org/abs/1904.02440
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Pre-selection: 
• impact parameter : |d| < 1 cm, |z| < 4 cm except for Ks daughters

• pt > 100 MeV/c for all tracks


Particle selection:  
• K±   : Likelihood ratio using CDC, TOF, ACC


PK = LK / (LK + Lπ) ＞0.6 → >92% eff. w/ 93% π rejection

• Ks : 


487 < m(π+π-) < 508 MeV/c2 (3σ window)

Neural Net based selector 


• μ: KLM based PID

  p > 0.8 GeV/c, 

  Rμ > 0.9 : 89% eff. w/ 1.5% π miss-PID


• e: CDC/ECL based PID

  p > 0.4 GeV 

  Re > 0.9 : 92% eff. w/ <1% π miss-PID


Brems. recovery for electrons

https://arxiv.org/abs/1908.01848
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Reconstruction: 

B reconstruction with K±/Ks candidate and two oppositely charged leptons

• require ΔE and Abc cut : 

• -0.1 < ΔE < 0.25 GeV

• Mbc > 5.25 GeV/c2


RK, Belle(2019) :  arXiv:1908.01848

https://arxiv.org/abs/1908.01848
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Background: 
• Charmonium background 

B→J/ψ (→l+l-)K, B→ψ(2S) (→l+l-)K contribution (irreducible background)

➡veto for M(l+l-) 


8.5   (8.75) < M2(l+l-) <  10.2 GeV2/c4   for electron (muon)

12.8 (13.0) < M2(l+l-) <  14.0 GeV2/c4   for electron (muon)

##? in electron mode, both w/ and w/o Brems. recovery


• γ*→e+e- / π0→γe+e- contamination 
veto low q2 region : < 0.05 GeV2/c4


• Continuum background : ee→qq contribution 
two back-to-back jets of π/K

suppress based on event topology


• Generic B decay background: three categories 
(a) bath B B-bar decay semileptonically

(b) B→D(*) (→Xlν) Xlν

(c) hadronic B decays where one or more daughters are misidentified as leptons


➡ NN to suppress continuum and generic B decay backgrounds

    using event shapes, vertex quality, kinematic variables

➡1/4 background suppression with 4-5% signal acceptance loss

RK, Belle(2019) :  arXiv:1908.01848

https://arxiv.org/abs/1908.01848
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Background: 
•

RK, Belle(2019) :  arXiv:1908.01848

https://arxiv.org/abs/1908.01848
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Fit: 
3D fit to Mbc, ΔE, NN output with four components (in each q2 region): 

• Signal : 

• Mbc : sum of a Gaussian and a Crystal Ball function

• ΔE : single Gaussian

• O’ : sum of asymmetric Gaus. and a regular Gaus. with common mean

• all shape parameters from MC, with calibration using B→JpsiK 


• B decay BG, Continuum BG

• Mbc : ARGUS

• ΔE : exponential

• O’ : Gaussian


yield of continuum BG is estimated with off-resonance data 

RK, Belle(2019) :  arXiv:1908.01848

https://arxiv.org/abs/1908.01848
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Systematic Uncertainty:
RK, Belle(2019) :  arXiv:1908.01848

9

TABLE I: Results from the fits. The columns correspond to the q2 bin size, decay modes, reconstruction efficiency, signal yield, branching fraction, lepton-flavor-
separated and combined AI and RK .

q2
Mode ε Nsig B AI AI RK RK

(GeV2/c4) (%) (10−7) (individual) (combined) (individual) (combined)

(0.1,4.0)

B+
→ K+µ+µ− 20.8 28.4+6.6

−5.9 1.72+0.4
−0.4 ± 0.08 AI(µµ) =

−0.22+0.14
−0.12 ± 0.01

RK+ =

0.95+0.27
−0.24 ± 0.06

B0
→ K0

Sµ
+µ− 14.7 6.8+3.3

−2.6 0.62+0.30
−0.23 ± 0.03 −0.10+0.20

−0.17 ± 0.01 0.92+0.27
−0.24 ± 0.05

B+
→ K+e+e− 27.8 41.5+7.7

−7.0 1.88+0.35
−0.31 ± 0.08 AI(ee) = RK0

S
=

B0
→ K0

Se
+e− 18.4 5.5+3.6

−2.7 0.40+0.26
−0.21 ± 0.02 −0.35+0.21

−0.17 ± 0.01 1.5+1.2
−1.0 ± 0.1

(4.0,8.12)

B+
→ K+µ+µ− 29.2 28.4+6.4

−5.7 1.2+0.3
−0.2 ± 0.06 AI(µµ) =

−0.08+0.15
−0.12 ± 0.01

RK+ =

0.81+0.28
−0.23 ± 0.05

B0
→ K0

Sµ
+µ− 20.8 4.2+4.2

−3.5 0.27+0.18
−0.13 ± 0.02 −0.33+0.23

−0.19 ± 0.01 1.22+0.42
−0.37 ± 0.07

B+
→ K+e+e− 33.9 26.9+6.9

−6.1 1.00+0.26
−0.23 ± 0.04 AI(ee) = RK0

S
=

B0
→ K0

Se
+e− 22.8 9.3+3.7

−3.0 0.54+0.22
−0.18 ± 0.03 0.11+0.19

−0.16 ± 0.01 0.50+0.39
−0.30 ± 0.03

(1.0,6.0)

B+
→ K+µ+µ− 23.5 42.3+7.6

−6.9 2.3+0.4
−0.4 ± 0.1 AI(µµ) =

−0.30+0.13
−0.11 ± 0.01

RK+ =

0.98+0.27
−0.23 ± 0.06

B0
→ K0

Sµ
+µ− 16.7 3.9+2.7

−2.0 0.31+0.22
−0.16 ± 0.02 −0.52+0.20

−0.17 ± 0.02 1.31+0.34
−0.31 ± 0.07

B+
→ K+e+e− 30.4 41.7+8.0

−7.2 1.74+0.33
−0.30 ± 0.08 AI(ee) = RK0

S
=

B0
→ K0

Se
+e− 20.1 8.9+4.0

−3.2 0.59+0.27
−0.21 ± 0.03 −0.12+0.18

−0.15 ± 0.01 0.53+0.44
−0.33 ± 0.03

> 14.18

B+
→ K+µ+µ− 45.3 47.9+8.6

−7.8 1.34+0.24
−0.22 ± 0.06 AI(µµ) =

−0.13+0.14
−0.12 ± 0.01

RK+ =

1.11+0.29
−0.26 ± 0.07

B0
→ K0

Sµ
+µ− 25.3 9.6+4.2

−3.5 0.51+0.22
−0.18 ± 0.03 −0.07+0.17

−0.15 ± 0.01 1.08+0.30
−0.27 ± 0.06

B+
→ K+e+e− 44.2 43.2+9.1

−8.3 1.24+0.26
−0.24 ± 0.05 AI(ee) = RK0

S
=

B0
→ K0

Se
+e− 23.6 5.9+4.0

−3.1 0.33+0.23
−0.18 ± 0.02 −0.24+0.23

−0.19 ± 0.01 1.52+1.23
−0.97 ± 0.10

whole q2

B+
→ K+µ+µ− 27.8 137.0+14.2

−13.5 6.24+0.65
−0.61 ± 0.31 AI(µµ) =

−0.19+0.07
−0.06 ± 0.01

RK+ =

1.06+0.15
−0.14 ± 0.07

B0
→ K0

Sµ
+µ− 18.2 27.3+6.6

−5.9 2.0+0.5
−0.4 ± 0.1 −0.15+0.09

−0.08 ± 0.01 1.04+0.16
−0.15 ± 0.06

B+
→ K+e+e− 29.1 138.0+15.5

−14.7 6.00+0.7
−0.6 ± 0.3 AI(ee) = RK0

S
=

B0
→ K0

Se
+e− 18.2 21.8+7.0

−6.1 1.60+0.52
−0.45 ± 0.08 −0.24± 0.11 ± 0.01 1.25+0.50

−0.44 ± 0.08

• lepton ID systematics : 2% for muon, 1.6 % for electron

• hadron ID systematics : 0.8% for K± and 1.6% for Ks

• O’ systematics : 1.5%

https://arxiv.org/abs/1908.01848

