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簡単な歴史
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1956: T.D. Lee, C.N.  Yang (ノーベル賞1957)

弱い相互作用におけるパリティーの破れ
1957: C.S. Wu et al.

パリティーの破れの発見
60Co β崩壊実験

1957: L. D. Landau
KS � ��, KL � ���

中性K中間子崩壊におけるCP保存
⌧KS ⌧ ⌧KL
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1950’s
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1967: S. Weinberg (ノーベル賞1979)

1968: A. Salam (ノーベル賞1979)

1964: J. W. Cronin, V. L. Fitch, ... (ノーベル賞1980)
中性K中間子崩壊におけるCPの破れ
KL � �+�� BR ' 2⇥ 10�3
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1961: S. L. Glashow (ノーベル賞1979)

1960’s
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1970: S.L.Glashow, J. Iliopoulos, L. Maiani
FCNCに基づくチャームクォークの予言

1971: G. ’t Hooft (ノーベル賞1999)
ゲージ理論の繰り込み

1973: M. Kobayashi, T. Maskawa (ノーベル賞2008)
CPを破る6クォーク模型

1970’s

1974: S.Ting, B. Richter (ノーベル賞1976)
J/Ψ (チャーム)の発見

1975: M. L. Perl (ノーベル賞1995)
タウの発見

1977: L. M. Lederman ボトムの発見
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1983: UA1, UA2
W, Zの発見

(C. Rubia, S. van der Meer,
ノーベル賞1984)

1980’s - present

1994: CDF, D0 トップの発見
2002: Belle, BABAR

B中間子崩壊におけるCPの破れ
2012: ATLAS, CMS

ヒッグスボソンの発見
標準模型の確立

(P. Higgs, F. Englert,
ノーベル賞2013)

1987: ARGUS 混合の発見B0–B̄0
<latexit sha1_base64="/Lne+bIP9DYXlEYGiugw2T6rcxs="></latexit>

1989: CLEO 遷移の発見b ! u
<latexit sha1_base64="bPiw2a+QN+syueVfWQHPdq/SbAw=">AAAB+HicdVDLSgMxFM3UV62vqks3wSJ0NWQqpZ2VBRFcVrAP6JSSSTNtbCYzTBJhLP0G3erKnbj1E/wLF36FuDdtdVHRA4HLOSfcc64fcyYVQm9WZml5ZXUtu57b2Nza3snv7jVlpBNCGyTiUdL2saScCdpQTHHajhOKQ5/Tlj86neqta5pIFolLlca0G+KBYAEjWBmq6XsqgrqXLyDbrZbLx1WIbITcklsxg+u6TsWBjmGmKJx8eMXP11uv3su/e/2I6JAKRTiWsuOgWHXHOFGMcDrJeVrSGJMRHtDxLOMEHhmqD4MoMU8oOGMXfDiUMg194wyxGsrf2pT8S+toFVS7YyZiragg80WB5tAUmxaGfZZQongKMSEmr8bK5CBDnGCizGEW9gQ0FWE8Mff4KQ3/H5ol2zm2SxeoUDsDc2TBATgEReCACqiBc1AHDUDAFbgD9+DBurEerSfreW7NWN9/9sECrJcvp6OYpg==</latexit>
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1. Introduction (4)
2. (Super) B factory and LHCb (25)
3. Some observed anomalies (16)
4. Summary and outlook (1)
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(Super) B factory
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Symmetric B factory: ARGUS, CLEO
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electron-positron colliders: e+e� ! ⌥(4S) ! BB̄

https://www.classe.cornell.edu/public/lab-info/upsilon.html

mB± = 5.27931(15) , mB0 = 5.27962(15) GeV
<latexit sha1_base64="FMRkGlA8TT3PfonbAR/0f3Iurag="></latexit><latexit sha1_base64="FMRkGlA8TT3PfonbAR/0f3Iurag="></latexit><latexit sha1_base64="FMRkGlA8TT3PfonbAR/0f3Iurag="></latexit><latexit sha1_base64="FMRkGlA8TT3PfonbAR/0f3Iurag="></latexit>

p
s ' m⌥(4S) = 10.5794(12) GeV

<latexit sha1_base64="3+LO/NpK9xzFiNQTSocseIjkP0U="></latexit><latexit sha1_base64="3+LO/NpK9xzFiNQTSocseIjkP0U="></latexit><latexit sha1_base64="3+LO/NpK9xzFiNQTSocseIjkP0U="></latexit><latexit sha1_base64="3+LO/NpK9xzFiNQTSocseIjkP0U="></latexit>
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Total cross section on Upsilon 4S
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Table 18: Total production cross section from various physics processes from collisions atp
s = 10.58 GeV. W`` is the minimum invariant secondary fermion pair mass.

Physics process Cross section [nb] Selection Criteria Reference

⌥ (4S) 1.110 ± 0.008 - [2]

uū(�) 1.61 - KKMC

dd̄(�) 0.40 - KKMC

ss̄(�) 0.38 - KKMC

cc̄(�) 1.30 - KKMC

e+e�(�) 300 ± 3 (MC stat.) 10� < ✓⇤
e < 170�,

E⇤
e > 0.15 GeV

BABAYAGA.NLO

e+e�(�) 74.4 pe > 0.5 GeV/c and e in

ECL

-

��(�) 4.99 ± 0.05 (MC stat.) 10� < ✓⇤
� < 170�,

E⇤
� > 0.15 GeV

BABAYAGA.NLO

��(�) 3.30 E� > 0.5 GeV in ECL -

µ+µ�(�) 1.148 - KKMC

µ+µ�(�) 0.831 pµ > 0.5 GeV/c in CDC -

µ+µ��(�) 0.242 pµ > 0.5 GeV in CDC,

� 1 � (E� > 0.5 GeV) in ECL

-

⌧+⌧�(�) 0.919 - KKMC

⌫⌫̄(�) 0.25 ⇥ 10�3 - KKMC

e+e�e+e� 39.7 ± 0.1 (MC stat.) W`` > 0.5 GeV/c2 AAFH

e+e�µ+µ� 18.9 ± 0.1 (MC stat.) W`` > 0.5 GeV/c2 AAFH

EHER = 7.004 GeV and ELER = 4.002 GeV. The e↵ect of beam energy smearing is included

in EvtGen and BABAYAGA.NLO only. The smearing is modelled as single Gaussian for the HER

and LER beams individually, with a width of �HER = 5.13 MeV and �LER = 2.375 MeV,

respectively. The default vertex position is the detector centre (0, 0, 0). The vertex smear-

ing covariance matrix is calculated from the horizontal (x) and vertical (y) beam size at

the IP, with the bunch lengths (z) of the LER (�x=10.2 µm, �y=0.059 µm, �z=5mm) and

HER (�x=7.75 µm, �y=0.059 µm, �z=6mm). The beam angles with respect to the z-axis

are ✓HER = 0.0415 and ✓LER = �0.0415. Normally–distributed bunch densities are assumed

for the calculation, and the probability density functions for the two bunches are multiplied

to get a resulting beam spot. Vertex position smearing is included for all generators.

EvtGen is an event generator originally developed for BaBar and CLEO. EvtGen accounts

for cascade decays involving multiple vertices and spin configurations. Input data for each

decay process is passed to the code as a complex amplitude. In cases where a number of

complex amplitudes are invoked for the same process, these are added before the decay

probabilities are calculated and consequently the interference terms, which are of significant

importance in many B-physics studies, are included. EvtGen is controlled by means of a fairly

complete decay table (DECAY.DEC), which lists all possible decay processes, their branching

ratios, and the model (amplitude) which is to be used to decay them. Belle IIcurrently uses

48/689

E. Kou et al., “The Belle II Physics book”, 1808.10567.
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Figure 1: A summary of cross-section measurements in pp collisions at
p
s = 7, 8, 13TeV for

a variety of SM processes by the ATLAS collaboration [19]. The measurements are compared
to the respective SM theory predictions. A similar summary is available for results by the
CMS collaboration [20].

3 A broad overview of SM processes studied at the LHC

The diversity of processes and energy scales accessible at the LHC is exceptionally wide. A
very much simplified summary of cross-section measurements is given in Fig. 1, where each
measured point often stands for a complex, multi-di↵erential analysis and typically 10–1000
di↵erential measurements. The range of cross sections studied ranges from 100mb for the
total pp cross section to 1 fb for the rarest processes, thus spanning 14 orders of magnitude. 1

The theoretical predictions for the vast majority of the processes displayed in Fig. 1 use
the techniques of perturbative QCD. The necessary PDF information is largely derived from
deep-inelastic lepton–nucleon scattering (DIS), although more recently the information from
LHC measurements have started to become useful to constrain PDFs further. Fig. 2(left)
illustrates the relevant range of the Björken-x momentum fraction for LHC physics, which is
roughly from 10�4 to 1. Indeed DIS fixed-target experiments and the HERA ep collider cover
this range, however a significant evolution in energy scale is required to reach the LHC region.

1
In addition, this overview does not even attempt to capture many other important SM measurements per-

formed with LHC data, as for example the study of rare or CP-violating B-hadron decays with the LHCb [17],

CMS and ATLAS experiments or the study of Heavy Ion collisions and the quark–gluon plasma, where the

major contributions of the ALICE experiments lie [18].

3

cf. Cross sections at LHC

1 nb

J. Kretzschmar, 1803.10800
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Soon the final result was worked out. H. Schröder had found his golden
event, shown in Fig.25. Instead of the usual BB-meson pair it contains two
B0-mesons each decaying via B0 ! D§°µ+∫ and demonstrates explicitely that
B0B0 mixing occurs.

Figure 25: The golden event found by H. Schröder. It shows the reaction ®(4S)!
B0B0 ! B0B0

, which is evidence for BB mixing.

In addition, H. Schröder analysed events containing a B-meson and a lep-
ton. Taking all reconstructed B0-mesons available, which decay like B0 !
D§`∫ or B0 ! D§nº, and asking for an additional lepton with a momentum
above 1.4 GeV/c, he found 5±0.9 candidates for mixing together with 23±2.5
normal events. The advantage of this method is its low background rate. The
mixing parameter r obtained was

r =
N(B0`+) + N(B0`°)

N(B0`°) + N(B0`+)
= 0.20± 0.12.

Yu. Zaitsev presented his results on lepton pairs using leptons with mo-
menta above 1.4GeV/c. He studied both electrons and muons and obtained

https://argus-fest.desy.de/e301/e305/wsp_arg_new.pdf

           mixing discovery by ARGUS (1987)
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B0–B̄0
<latexit sha1_base64="6pjBkExyOIeVa5hfGqtVRtnscQ0="></latexit><latexit sha1_base64="6pjBkExyOIeVa5hfGqtVRtnscQ0="></latexit><latexit sha1_base64="6pjBkExyOIeVa5hfGqtVRtnscQ0="></latexit><latexit sha1_base64="6pjBkExyOIeVa5hfGqtVRtnscQ0="></latexit>

flavor tagging

W�

b

µ�
⌫̄
c

<latexit sha1_base64="nUssJWHJ4bEDWo+gSIE8uEJMZ+Q="></latexit>

b ! cµ�⌫̄
<latexit sha1_base64="oaYoP5ppi0NyIkzEsDgdp8GO2Og=">AAACG3icbVDLSsNAFL2p7/qqunQTLKIbS1IF3SmI4LKCbQVTy2Q6sYOTSZi5I5aQT/AT/Aq3unInbl248B/8BKepm6oXBi7nnLnn3hOmgmv0vA+nNDE5NT0zO1eeX1hcWq6srLZ0YhRlTZqIRF2ERDPBJWsiR8EuUsVIHArWDm+Oh3z7linNE3mOg5R1YnItecQpQQt1K1thgIlLA2R3WEzLrIBJJHkWxOZqJw9CogJpupWqV/OKcv82/k9TPfyCohrdymfQS6iJ7SwqiNaXvpdiJyMKORUsLwdGs5TQG+uWFca5u2mhnhslyj6JboGO6Uis9SAOrTIm2Ne/uSH4H3dpMDroZFymBpmkI6PICNdePszE7XHFKIqBSyi1+xqCdg/aJ4pQtNmN+URsIOM0t3n4v6//27TqNX+3Vj/bqx6djIKBWViHDdgGH/bhCE6hAU2gcA+P8ATPzoPz4rw6byNpyfn5swZj5bx/A0XHpCs=</latexit>

b̄ ! c̄µ+⌫
<latexit sha1_base64="BV/Exb1rua8zmvdwKVoprwCfXS0=">AAACIXicbVDLSgMxFL3j+23VpZtgEQSxzFRBdwoiuKxgq+DUkkkzGsxkhuRGLMN8hZ/gV7jVlTtxJ+I/+AmmUzdVLwQO557cc++JMikM+v67NzI6Nj4xOTU9Mzs3v7BYWVpumdRqxpsslak+j6jhUijeRIGSn2ea0ySS/Cy6Oez3z265NiJVp9jLeDuhV0rEglF0VKeyFUZUkyjElJSIhcjvsJybOylXSIs8TOzlZhEq26lU/ZpfFvkLgh9Q3f+CshqdymfYTZlN3BwmqTEXgZ9hO6caBZO8mAmt4RllN84pL00Lsu6oLolT7Z5CUrJDOpoY00sip0woXpvfvT75X+/CYrzXzoXKLHLFBkaxlcSd3k+GdIXmDGWPUMbcvpai24NdU00ZugSHfGLeU0lWuDyC39f/Ba16Ldiu1U92qgdHg2BgClZhDTYggF04gGNoQBMY3MMjPMGz9+C9eK/e20A64v38WYGh8j6+AUPBpjY=</latexit>

B0(b̄d), B̄0(bd̄)
<latexit sha1_base64="46G5Puvi9wjSWFlul/PLJmMiwD4=">AAACFHicbVC7SgNBFL0bXzG+Vi1tBoOQgITdKGhniI1lBPOAJIaZ2dlkyOyDmVlhCWn9BL/CVis7sbW38B/8BHc3Nkm8MHA45wz33ENCwZW2rC8jt7K6tr6R3yxsbe/s7pn7By0VRJKyJg1EIDsEKya4z5qaa8E6oWTYI4K1yfg61dsPTCoe+Hc6Dlnfw0Ofu5xinVADE9XvrVKPYImIUz7toQymHMmQUx6YRatiZYOWgf0Hilc/kE1jYH73nIBGHvM1FViprm2Fuj/BUnMq2LTQixQLMR3jIZtk+afoJKEc5AYyeb5GGTvnw55SsUcSp4f1SC1qKfmf1o20e9mfcD+MNPPpbJEbCaQDlJaBHC4Z1SJGmNIkb4R1koOOsMRUJ6XN7XFZ7HvhNOnDXrx+GbSqFfusUr09L9bqs2IgD0dwDCWw4QJqcAMNaAKFR3iGF3g1now34934mFlzxt+fQ5gb4/MX6MGdoQ==</latexit>

heavy top suggested
i = u, c, t

W W
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<latexit sha1_base64="GmqxkNiR6Fi0GsjGLw2hidAWjqY="></latexit>



Minoru TANAKA

b → u discovery by CLEO (1989)
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VOLUME 64, NUMBER 1 PHYSICAL REVIEW LETTERS 1 JANUARY 1990
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FIG. 1. Sum of the e and p momentum spectra for ON data
(filled squares), scaled OFF data (open circles), the fit to the
OFF data (dashed line), and the fit to the OFF data plus the
b clv yield (solid line). Note the diff'erent vertical scales in

(a) and (b).
responding numbers for e's are 64% and 0.5%, respec-
tively. To ensure the best possible momentum resolution,
we impose strict track-quality cuts on lepton candidates.
Most of the observed leptons with momenta above 2.4

GeV/c are from continuum events. We use the Fox-
Wolfram event-shape parameter R2 (R2=H2/Ho) to
suppress continuum events with leptons. Nearly spheri-
cal 88 events have R2 values near zero, while two-jet
continuum events have larger values of R2. We calculate
R2 using charged tracks and neutrals and require
R2~0.4. We also analyze our data with limits of 0.3
and 0.5; within this range the results are insensitive to
the limit. Monte Carlo simulations of continuum and
8-decay events with high-momentum leptons predict that
this requirement eliminates approximately 70% of the
continuum yield, while retaining 90% of b ulv events.
We eliminate 93% of the background from 8 yX de-
cays by rejecting leptons that combine with any other

track to give a mass within 60 MeV of the y mass.
Figure 1 shows the lepton momentum spectra for ON

and OFF data after the R2 cut. In the interval 2.4-2.6
GeV/c, where the contribution from b clv decays is
minute, there is a substantial excess of ON data. To ob-
tain the most accurate estimate of the continuum contri-
bution, we fit the OFF lepton spectra by smooth func-
tions as well as a Monte Carlo calculation of continuum
charm production and decay. All approaches result in
consistent good fits. This procedure significantly reduces
the statistical uncertainty, but it introduces a modest sys-
tematic error, which we estimate from the spread in the
fits. nQN and nQFF the yields of lepton candidates from
the ON and the fitted OFF data, are given in Table I.
The number of leptons from BBevents is obtained by

subtracting the estimated number of fake leptons (see
Table I) from y, =noN fnoFF—We o.btain u„ the yield
of leptons from b ulv decays, by subtracting the esti-
mates of background leptons from b clv, 8 y'X,
and residual 8 yX events, given in Table I. Except
for a large b clv contribution for 2.2-2.4 GeV/c, all
these backgrounds are small and their errors are inconse-
quential. Other potential backgrounds, such as leptons
from D's, vector mesons, x Dalitz decay, and mismea-
sured p tracks from n or E decay, total less than one
event. We find an excess of u, 70~20~10 leptons in
the interval 2.4-2.6 GeV/c, which we attribute to
b ul v decays.
We have estimated the contribution of b clv decays

using the predicted lepton spectra of several theoretical
models, ACCMM, ' WSB," and ISGW. ' These pre-
dictions are smeared by our detector momentum resolu-
tion and corrected for QED eff'ects. ' They are normal-
ized to the data in the momentum region 1.5-2.2 GeV/c,
ignoring the small contribution from b ujv suggested
by our data, and extrapolated to the 2.4-2.6 GeV/c in-
terval. All of the models give acceptable fits to our data.
Mismeasured tracks from the large number of b clv

decays below 2.4 GeV/c are a possible background. The
Gaussian tail of the momentum resolution (o~ -23

TABLE I. Lepton event yields, backgrounds, and the subtracted yields y, and u, .

Momentum 2.2-2.4 GeV/c 2.4-2.6 GeV/c
nod
noFv

Subtracted yield (y, )

Fakes

Leptons from BB

404.2 ~ 29.5 ~ 19.9
43.8 + 2.9 + 5.6

360.4 ~ 29.6 ~ 20.7

813.1 ~ 28.7 ~ 2.0
196.6~ 3.4~ 9.5

349.5+ 18.8 ~ 1 ~ 2
129.8 ~ 3.5 ~ 4.9

79.5 ~ 20.2 ~ 10.3
5.2 ~ 2.0 ~ 1.0

74.3 ~ 20.3 ~ 10.3
b clv
B yX
B y'X

291.0 +
4.4 ~
34&

3.1 ~ 20.4
1.0~ 0 9
08~ 1 ~ 1

1.0 + 0. 1 ~ 0.6
1.3 ~ 0.5 + 0.7
1.6 + 0.6 ~ 0.8

b—u/V (u, ) 61.6 ~ 29.8 ~ 29. 1 70.4 ~ 20.3 ~ 10.4

https://doi.org/10.1103/PhysRevLett.64.16

lepton endpoint spectrum 
in b ! c`⌫ , u`⌫

<latexit sha1_base64="Xp3/jwyp3Zl43CrzFppipom3atc="></latexit>

Eb!c
`  m2

B �m2
D +m2

`

2mB
<latexit sha1_base64="FkgtbGV0SQ/3/asXLA2KadhpSUg="></latexit>

' 2.3 GeV
<latexit sha1_base64="+q99qWCq61WlSsgSSAv1yn3WsAg=">AAACCnicbVDLSgNBEOyNrxhfUcGLl8EgeAq7iaA3gx70GME8IBvC7KQ3GTL7cKdXDDF/4Fd41ZM38epPePAf/AQ3j0sSGwaKqhq6upxQSU2m+W2klpZXVtfS65mNza3tnezuXlUHcSSwIgIVRHWHa1TSxwpJUlgPI+Seo7Dm9K5Geu0BIy0D/476ITY93vGlKwWnhGplD2wtPbxnhXzRZjbhIw2usTpsZXNm3hwPWwTWFOQufmE85Vb2x24HIvbQJ6G41g3LDKk54BFJoXCYsWONIRc93sHBOPWQHSdUm7lBlDyf2Jid8XFP677nJE6PU1fPayPyP60Rk3veHEg/jAl9MVnkxopRwEYVsLaMUJDqMy5EkjfmlOQQXR5xQUlVM3tc7PteOOrDmr9+EVQLeauYL9ye5kqXk2IgDYdwBCdgwRmU4AbKUAEBT/ACr/BmPBvvxofxObGmjOmffZgZ4+sPb2abeQ==</latexit>

KM CPV possible
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Asymmetric B factories: BaBar and Belle
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EPJC74(2014)3026

Asymmetric electron-positron colliders

e+e� ! ⌥(4S) ! BB̄ boosted B pairs

mixing-induced CP violation

time-dependent CP asymmetry

decay time
⌧ ' 1.5 ps
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decay position
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Figure 1.3.1. Schematic view of the PEP-II (left) and KEKB (right) rings. At PEP-II, the two beams are stacked one on top
of the other; the BABAR experiment is located in an experimental hall at the single interaction region, within region 2 of the
PEP-II complex. At KEKB, the two beams are side-by-side, and intersect in the Tsukuba area experimental hall where the
Belle detector was placed.

1.3 PEP-II and KEKB

PEP-II was located in the tunnel that had housed the
32 GeV center-of-mass energy PEP e+e− storage ring,2
while the KEKB ring was in the 64 GeV center-of-mass
energy e+e− TRISTAN storage accelerator tunnel. Fig-
ure 1.3.1 shows a schematic overview of the PEP-II and
KEKB rings.

Both projects included conversions to meet the B Fac-
tory requirements, namely an instantaneous luminosity in
excess of 1033 cm−2s−1 and a boost factor (of the CM
frame relative to the laboratory) sufficient for observing
the time evolution of B decays. To achieve these require-
ments, however, some considerable challenges had to be
addressed.

Asymmetric energies mean a dedicated ring for each
beam. In order to reach a high integrated luminosity one
requires an intense positron source and on-energy injec-
tion for both rings. For KEKB, this meant that the in-
jection linear accelerator (Linac) energy had to be raised
from 2.5GeV to 8 GeV in order to provide for on-energy
injection of 8 GeV electrons and sufficient production of
3.5 GeV positrons. PEP-II had the advantage of the ex-
isting powerful SLAC Linac, which could provide the re-
quired electron and positron beams with minimal modi-
fications. Both facilities used high-energy electron beams

2 A maximum center-of-mass energy of 29 GeV was achieved
during the lifetime of PEP.

and low-energy positron beams in order to avoid beam-
instability problems due to ion trapping, which are most
serious at lower energies. Both facilities had only one in-
teraction region (IR) for the detector in order to optimize
the luminosity. The luminosity of an e+e− storage ring is
given by

L =
Nbne−ne+f

Aeff
(1.3.1)

where the numbers of electrons and positrons in each bunch
are given by ne− and ne+ , Nb is the number of bunches,
f is the circulation frequency, and Aeff is the effective
cross-sectional overlapping transverse area of the beams at
the interaction point (IP). While the five parameters are
independent at lower beam currents, at high beam cur-
rents Aeff becomes strongly beam-current dependent. As
the product Nbne−ne+ is increased, Aeff increases, thereby
limiting the luminosity.

Particles inside a beam bunch are deflected when they
pass through the collective electromagnetic fields of the
oncoming beam bunch at the IP; as a result, the on-
coming bunch collectively acts as a focusing lens. How-
ever, these beam-beam effects are highly non-linear and
produce spreads in the operating point in the betatron-
oscillation tune plane, causing considerable complications
in the machine operation. These beam-beam interactions,
which become larger as the bunch charges are increased,
also limit the luminosity by enlarging Aeff .

Attempts to raise the luminosity by raising Nb, the
number of bunches in each ring, face a different prob-
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Table 2.1.1. Beam energies, corresponding Lorentz factor, and beam crossing angle of the B Factories for the nominal Υ (4S)
running.

B Factory e− beam energy e+ beam energy Lorentz factor crossing angle

E− (GeV) E+ (GeV) βγ ϕ (mrad)

PEP-II 9.0 3.1 0.56 0

KEKB 8.0 3.5 0.425 22

– Precise measurements of photon energy and position,
from 20 MeV to 8 GeV in order to reconstruct π0

mesons or radiative decays.
– Highly efficient particle identification for electrons and

muons, as well as a π/K separation over a wide range
of momenta – from ∼0.6 GeV/c to ∼4 GeV/c.

– A fast and reliable trigger, and online data acquisition
system able to acquire good quality data, to process
the data live, and finally to store it pending offline
reconstruction

– A high radiation tolerance and the capability to oper-
ate efficiently in the presence of high-background lev-
els.

Both detectors have the same structure with a cylindri-
cal symmetry around the beam axis. They are of compact
design with their size being a trade-off between the need
for a large tracking system and the need to minimize the
volume of the calorimeter, by far the most expensive sin-
gle component of the detector. The forward and backward
acceptances are constrained by the beamline geometry. Al-
though the BABAR and Belle collaborations made different
technological choices for their detector components, they
have similar subdetectors, each with well-defined func-
tions. Going from the inside to the outside of the BABAR
and Belle detectors, one finds successively:

– A charged particle tracking system, made of two com-
ponents.
– A silicon detector, known as the SVT (‘Silicon Ver-

tex Tracker’) in BABAR, and the SVD (‘Silicon Ver-
tex Detector’) in Belle, made of double-sided strip
layers to measure charged particle tracks just out-
side the beam pipe. This detector is used to recon-
struct vertices (both primary and secondary), mea-
sures the momentum of low-energy charged parti-
cles which do not reach the outer detectors due to
the strong longitudinal magnetic field and provide
inputs (angles and positions) to the second tracking
detector, a drift chamber, which lies just beyond its
outer radius – see below for details.

– A drift chamber, known in BABAR as DCH (‘Drift
CHamber’) and in Belle as the CDC (‘Central Drift
Chamber’), which measures the momentum and
the energy loss (dE/dx) of the charged particles
which cross its sensitive volume. The latter infor-
mation is useful for particle identification (PID).

– A solenoid cryostat located between the electromag-
netic calorimeter and the instrumented flux return –
these two detectors are described below. The cryostat

is needed by the superconducting solenoid that pro-
vides a 1.5 T longitudinal magnetic field in which both
tracking devices are embedded.

– PID detectors designed to distinguish the numerous
pions from the rarer kaons from a momentum of about
500 MeV/c to the kinematic limit of 4.5 GeV/c.
– BABAR is using a novel device called DIRC (Adam,

2005) – ‘Detector of Internally Reflected Cherenkov
light’ – which covers the barrel region.

– Belle has two types of PID detectors: Aerogel Che-
renkov Counters (‘ACC’) covering both the bar-
rel and the forward regions; additional Time-Of-
Flight (‘TOF’) counters in the barrel region with
a ∼100 ps resolution which makes them efficient in
separating charged particles up to 1.2 GeV/c, as
the particle flight path from the IP to the TOF
counters is about 1.2 m.

– The BABAR (EMC) and Belle (ECL) calorimeters;
these are highly-segmented arrays of thallium-doped
cesium iodide – in short CsI(Tl) – crystals assembled
in a projective geometry. The BABAR EMC consists of
a barrel and a forward end cap while the Belle ECL in-
cludes a barrel, a forward end cap and a backward end
cap. Both calorimeters cover about 90% of the total
solid angle. In addition to the ECL, Belle developed a
special extreme forward calorimeter (the EFC), made
of radiation-hard BGO (Bismuth Germanate Oxide or
Bi4Ge3O12) crystals. Mounted on the final quadrupoles
close to the beam pipe, it provided information on the
instantaneous luminosity and the machine background
which helped optimize KEKB operation.

– An instrumented flux return, designed to identify
muons and to detect neutral hadrons (primarily K0

L

and neutrons), and divided into three regions: central
barrel, forward and backward end caps. The BABAR
IFR (‘Instrumented Flux Return’) consists of alterna-
tive layers of glass-electrode-resistive plate chambers
(RPC’s) and steel of the magnet flux return. Origi-
nally, there were 19 RPC layers in the barrel and 18 in
the end caps. Second-generation RPCs were installed
in the forward end cap in 2002 while RPCs were re-
placed by Limited Streamer Tubes (LSTs) in the barrel
in the period 2004-2006. Belle K0

L and Muon detec-
tion system (KLM) was designed designed similarly
and employed alternating layers of RPC’s (15 in the
barrel and 14 in the end caps) and 4.7 cm-thick iron
plates.

– A two-level trigger with a hardware Level-1 (L1) fol-
lowed by a software Level-3 (L3). The L1 trigger com-
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CHAPTER 1. MOTIVATION AND OVERVIEW

1.3 The Belle II overview

Figure 1.9: Upgraded Belle II spectrometer (top half) as compared to the present Belle detector
(bottom half).

The design of the Belle II detector follows to a large extent the scheme discussed in the Letter
of Intent [5] and its 2008 supplement, Design Study Report [6], with one notable exception: a
pixel detector now appears in the innermost part of the vertex detector. Other modifications are
due to the change in the accelerator design from the high current version to the “nano-beam”
collider, and are associated with the larger crossing angle, the need to have the final quadrupoles
as close as possible to the interaction point, and the smaller beam energy asymmetry (7 GeV/c
on 4 GeV/c instead of 8 GeV/c on 3.5 GeV/c).
For the Belle II detector, our main concern is to maintain the current performance of Belle
in an environment with considerably higher background levels. As discussed in detail in the
2008 Design Report [6], we evaluate the possible degradation of the performance in a high-
background environment by extrapolating from the present operating conditions of KEKB and
Belle by accounting for the scaling of each component of background with the higher currents,
smaller beam sizes and modified interaction region. From these studies, we assume a conservative
factor of twenty increase in the background hit rate. The physics event rate will be about 50
times higher.
The following changes to Belle will maintain a comparable or better performance in Belle II:

• just outside the beam pipe, the silicon strip detector is replaced by a two-layer silicon pixel
detector based on the DEPFET technology;

• the silicon strip detector extends from just outside the pixel detector to a larger radius

14

CHAPTER 2. SUPERKEKB

Figure 2.1: Schematic view of beam collision in the Nano-Beam scheme.

KEKB Achieved SuperKEKB
Energy (GeV) (LER/HER) 3.5/8.0 4.0/7.0
ξy 0.129/0.090 0.090/0.088
β∗y (mm) 5.9/5.9 0.27/0.41
I (A) 1.64/1.19 3.60/2.62
Luminosity (1034cm−2s−1) 2.11 80

Table 2.1: Fundamental parameters of SuperKEKB and present KEKB.

RL andRξy represent reduction factors for the luminosity and the vertical beam-beam parameter,
which arise from the crossing angle and the hourglass effect. The ratio of these parameters
is usually not far from unity. Therefore, the luminosity is mainly determined by the three
fundamental parameters; i.e. the total beam current (I), the vertical beam-beam parameter
(ξy) and the vertical beta function at the IP (β∗y). The choice of these three parameters, the
beam energy and the luminosity is shown in Table 2.1 together with those of present KEKB.
For the vertical beam-beam parameter ξy, we assume the same value of 0.09 as has been achieved
at KEKB. The vertical beta functions at the IP for SuperKEKB are smaller by almost by a
factor of 20 than those of the present KEKB owing to the adoption of the Nano-Beam scheme.
Assuming these parameters, we need to double the total beam currents compared with those
of the present KEKB to achieve the luminosity goal of SuperKEKB, 8 × 1035cm−2s−1. The
machine parameters of SuperKEKB including the three fundamental parameters are shown in
Table 2.2. In the following, it is shown how these parameters are determined.

2.1.2 Machine parameters of SuperKEKB

2.1.2.1 Emittance, crossing angle, beta functions at the IP

To realize the Nano-Beam scheme, the effective bunch length d(= σ∗x/φ) should be small. Of
the two parameters of σ∗x and φ, having a smaller σ∗x is more important than having a larger
φ, since it becomes difficult to obtain the design beam-beam parameter if we decrease d only
by enlarging φ. In the Nano-Beam scheme, each particle in a bunch interacts with only a small
portion of the other colliding bunch. To obtain the design value of ξy, extremely small horizontal
and vertical beam sizes are needed.
In the optics design of SuperKEKB, we have made efforts to decrease the horizontal emittance
while preserving as much as possible of the present lattice . The design values of the horizontal
emittance shown in Table 2.2, which are smaller by a factor 5 or 10 than those of the present
KEKB, include some enlargement due to intra-beam scattering. We are continuing the process

20
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Accelerator Upgrade – SuperKEKB 

3 

40x increase in luminosity 
“Nano-beam” interaction point 
Increase in current  
 
 
 
 
 
 

 
 

 

First turns achieved Feb 2016! 

KEKB 

SuperKEKB 

Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

See: Y. Onishi, ICHEP Highlights 08 Aug 12:10 
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Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

Current Status and Schedule 

5 

Belle II Collaboration: ~700 members, ~100 institutions, 23 countries 
 
Phase 1 (complete) 

Accelerator commissioning 
 
Phase 2 (2017) 

First collisions 
Partial detector  
Background study 
Physics possible 

Phase 3 (“Run 1”) 
Nominal Belle II start 

Ultimate goal: 50 ab-1 

See: P. Lewis, Detector 05 Aug 09:20 

Total BaBar+Belle Luminosity 

KEKB Performance 

Belle II Goal 

SuperKEKB Goal 
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SuperKEKB Luminosity 
Projection 

Feb. 14, 2019 6th KEKFF 5 

Accumulate 50ab-1, x50 of Belle/KEKB 

K. Hara

~ 50 /ab



Minoru TANAKA  21

Early Phase3 Physics 
• Luminosity will depend on machine and detector performance 
• Plausible assumption of about 10fb-1 by summer 2019 

 
 

Feb. 14, 2019 6th KEKFF 25 

Semileptonic 
- B→ π l ν and ρ l ν untagged (CLEO saw a signal with 2.66 fb-1) 
 
Time Dependent B and D measurements  
- D lifetimes (2 fb-1 ) 
- Doubly Cabibbo suppressed D0 → K+ π-, D0 → K+ π- π0 (10 fb-1) 
- B lifetimes (2-10 fb-1) 
- Time dependent B-anti B mixing (10 fb-1) 
 
Radiative/Electroweak Penguins   
- B→K* γ (b→s) (2 fb-1) rediscover penguins 
 - B→Xs γ (b→s) (~10 fb-1 but needs off-resonance data taking) 
 
Hadronic B decays (not time dependent) 
- B→K π (b→u) (10 fb-1) 
- B→ Φ K (b→s) (10 fb-1) 
- B→J/ψ K (with more significance 2-10 fb-1) 
 
++ Dark Sector Physics 

Verification of full Belle II 
physics performance 

K. Hara
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SuperKEKB Snapshot History
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http://www-linac.kek.jp/skekb/snapshot/ring/dailysnap-2019/

3/14/2019

Luminosity

L / current

e�
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Unitarity triangle

 25

V �
ubVud + V �

cbVcd + V �
tbVtd = 0

⇥̄ = ⇥(1� �2/2 + · · · )
�̄ = �(1� ⇥2/2 + · · · )

ρ̄

η̄

0 1
V ∗

cbVcd

V ∗

tbVtdV ∗

ubVud

φ3 φ1

φ2

1
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1

�mdB � Xul�
B � (⇤,⇥)l�

B � Xcl�

B � ��

B � DK

B � J/�KS

B ! D(⇤)l⌫
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Belle II: UT global fit
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18 Global analyses
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Fig. 223: UT fit today as determined with CKMFitter.

18. Global analyses

Editors: F. Bernlochner, R. Itoh, J. Kamenik, V. Lubicz, U. Nierste, Y. Sato, L.

Silvestrini

Additional section writers: W. Altmannshofer, F. Beaujean, M. Bona, R. Itoh, S. Jahn, F.

Mahmoudi, A. Paul P. Urquijo, D. Van Dyk, R. Watanabe

This chapter describes model-independent searches for new physics, parameter analyses of

specific extensions of the Standard Model (SM), and code packages serving these purposes.

18.1. CKM Unitarity Triangle global fits

18.1.1. CKMfitter. (Contributing author: Phillip Urquijo)

In the SM, the weak charged-current transitions mix di↵erent quark generations, which is

encoded in the unitary CKM matrix. In the case of three generations of quarks, the physical

content of this matrix reduces to four real parameters, among which one phase, the only

source of CP violation in the quark sector (see Sec. 7). These four real parameters are defined

in an phase-convention independent way,

�2 =
|Vus|2

|Vud|2 + |Vus|2
, A2�4 =

|Vcb|2
|Vud|2 + |Vus|2

, ⇢̄ + i⌘̄ = �
VudV

⇤

ub

VcdV
⇤

cb

. (609)

The current constraints on these parameters are depicted in Fig. 223.

At Belle II the attention on the combined analysis of CKM UT constraints will shift

from the pure metrology of the SM to the investigation of deviations in flavour physics and

manifestations of New Physics (NP).

The CKMfitter group uses a frequentist approach, based on the Rfit model to describe

systematic uncertainties. A table of key inputs used in the SM global fit is presented in

Table 153. Low-energy strong interactions constitute a central issue in flavour physics, which

explains the need for accurate inputs for hadronic quantities such as decay constants, form

factors, and bag parameters. CKMfitter mostly relies on Lattice QCD simulations, with a

specific averaging procedure (Educated Rfit) to combine the results from di↵erent collab-

orations. A similar approach is followed in order to combine the inclusive and exclusive

determinations of |Vub| and |Vcb|, which are not in excellent agreement.

Global CKM Fit. We consider two key scenarios in the Belle II era, defined as follows.

615/689

present

50/ab (2027)
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Fig. 225: sin 2�1 versus Br(B ! ⌧⌫) derived from the global fit (contour) and direct mea-

surements (data points) for current world average values (left) and Belle II projections

(right).
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Fig. 226: UT fit today is extrapolated to the 50 ab�1 scenario for an SM-like scenario (left)

and world average values (right).
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Fig. 226: UT fit today is extrapolated to the 50 ab�1 scenario for an SM-like scenario (left)

and world average values (right).

617/689

SM present world av.



Minoru TANAKA

1
η

-8 -6 -4 -2 0 2 4 6 8

2η

-8

-6

-4

-2

0

2

4

6

8
LHCb acceptance

GPD acceptance

 = 7 TeVs
LHCb MC

acceptance
2 < ⌘ < 5

<latexit sha1_base64="EgHGpBXyAJ6vwqZgSMiHmWA2L7Q=">AAACDnicbVDLTgIxFO3gC/GFunQzkZi4ghnU6IIF0Y1LTOSRMIR0OnegofNIe8dICP9g3Op3uDNu/QU/wz+wM7ABPEmb23POzb09biy4Qsv6MXJr6xubW/ntws7u3v5B8fCopaJEMmiySESy41IFgofQRI4COrEEGrgC2u7oLtXbTyAVj8JHHMfQC+gg5D5nFDXVqdYcQFq76hdLVtnKYK4W9rwokTka/eKv40UsCSBEJqhSXduKsTehEjkTMC04iYKYshEdwCTbcmqeacoz/UjqE6KZsQs+Gig1DlztDCgO1bKWkv9p3QT9m96Eh3GCELLZID8RJkZm+mXT4xIYirFJGdP7JhT1HmxIJWWooyk4Weuk0lT6VQl4GMmkgvAc+Old8cDPRuuM7OVEVotWtWxflKsPl6X67TytPDkhp+Sc2OSa1Mk9aZAmYUSQV/JG3o0X48P4NL5m1pwx7zkmCzC+/wAHOpwi</latexit>

(0.8� < ✓ < 16�)
<latexit sha1_base64="LxgUahmgb65b+2H3tGXx8Vl+kZY=">AAACI3icbVC7TgJBFJ31ifhCLWk2EhNsYBeNUlAQbSwxkUfCIpkd7sqE2Udm7hoJofBjjK1+h52xsfAj/ANnFxrFk8zk3nPOzb05biS4Qsv6NJaWV1bX1jMb2c2t7Z3d3N5+S4WxZNBkoQhlx6UKBA+giRwFdCIJ1HcFtN3RZaK370EqHgY3OI6g59O7gHucUdRUP5cvWqXqrcO4ZDUHh4C0Zp/N+uN+rmCVrBTmYmHPiwKZo9HPfTuDkMU+BMgEVaprWxH2JlQiZwKmWSdWEFE2oncwSU+fmkeaGpheKPUL0EzZXz7qKzX2Xe30KQ7VXy0h/9O6MXrV3oQHUYwQsNkiLxYmhmaSgzngEhiKsUkZ0/fGFPUdbEglZajzyjrp6KTcVLor+zwIZVxGePC95C8PwEtX64zsv4ksFq1KyT4pVa5PC/WLeVoZkieHpEhsck7q5Io0SJMw8kieyQt5NZ6MN+Pd+JhZl4z5zAH5BePrB0Vio4o=</latexit>

⌘ := � ln(tan(✓/2))
<latexit sha1_base64="gnhbnrf+6fVKHiXZF69ipwn6sto=">AAACInicbVBNS8NAEN34WetX1ZtegkWoB5ukCoogFL14rGBtwZSy2U7s4mYTdidiKYI/Rrzq7/AmngT/hP/ATdqL1oEdZt97wzxekAiu0XU/ranpmdm5+cJCcXFpeWW1tLZ+peNUMWiyWMSqHVANgktoIkcB7UQBjQIBreD2LONbd6A0j+UlDhLoRPRG8pAzigbqljZ9QHp8sucLWfGRZq1vEKe2u9stld2qm5c9OXjjoUzG1eiWvv1ezNIIJDJBtb723AQ7Q6qQMwEPRT/VkFB2S29gmDt/sHcM1LPDWJkn0c7RXzoaaT2IAqOMKPb1Xy4D/+OuUwyPOkMukxRBstGhMBU2xnYWg93jChiKgU0ZM35TisYH61NFGZq4in6+OnSa2vyciMtYpQ7CfRRm3elBmJ82GXl/E5kcrmpVb79auzgo10/HaRXIFtkmFeKRQ1In56RBmoSRR/JMXsir9WS9We/Wx0g6ZY13Nsivsr5+AHLeoxY=</latexit>

https://lhcb.web.cern.ch/lhcb/speakersbureau/html/bb_ProductionAngles.html

LHCb

 29

One of LHC experiments, dedicated to b physics
peak in forward directionpp ! bb̄X
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large boost, good vertex resolution

2 CHAPTER 1. OVERVIEW

250mra
d
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Figure 1.1: Reoptimized LHCb detector layout, showing the Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking stations TT and T1–T3, the Scintillating Pad Detector (SPD),
Preshower (PS), Electromagnetic (ECAL) and Hadronic (HCAL) calorimeters, and the five muon stations
M1–M5. It also shows the direction of the y and z coordinate axes; the x axis completes the right-handed
framework.

introduced compared to the TDR [4]. The ma-
terial budget has been reduced by optimizing the
thickness of the silicon sensors and the number of
stations. The thickness of the sensors has been re-
duced from 300 to 220µm, and the number of sta-
tions from 25 to 21 without significantly affecting
its performance, as shown in this document.

The dipole magnet has not been modified from
the TDR design [5] and its construction is advanc-
ing. Compared to the TP spectrometer layout, no
shielding plate is placed upstream of the magnet.
This change has been made in order to introduce
magnetic field between the VELO and the magnet,
i.e. in the region of RICH1, for the Level-1 trigger
improvement.

Compared to the TP, the number of tracking
stations is reduced to four in order to reduce the
material budget, without introducing performance
losses, as demonstrated in this document2. The
first station after the VELO, referred to as the
Trigger Tracker (TT), is in front of the magnet
and just behind RICH 1. It consists of four planes
of silicon strip detectors. They are split into two
pairs of planes separated by 30 cm. Together with

2In the track reconstruction the VELO is now used as an
integral part of the the tracking system.

the VELO, the TT is used in the Level-1 trigger.
Large impact parameter tracks found in the VELO
are extrapolated to the TT and the magnetic field
in the RICH1 region allows their momenta to be
measured. The three remaining stations are placed
behind the magnet with equal spacing. Each sta-
tion consists of an Inner Tracker (IT) close to the
beam pipe and an Outer Tracker (OT) surrounding
the IT. The OT is made of straw tubes and the IT
of silicon strip detectors. Their designs remain un-
changed from those described in the corresponding
TDR’s [6, 2].

The RICH1 material has been reduced, largely
by changing the mirror material and redesigning
the mirror support. The mirror will be made from
either carbon-composite or beryllium. The mirror
support has been moved outside of the acceptance.
Further reduction of the material has been achieved
by removing the entrance window, by connecting
the front face of RICH1 to the flange of the VELO
exit window. Iron shielding boxes for the photon
detectors have been introduced for two reasons.
Firstly, they protect the photon detectors from the
magnetic field. Secondly, they help to focus the
magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.

CERN-LHCC-2003-030

Bs,⇤b
<latexit sha1_base64="ME3Ns/1vALuSpr8sF2JSlU+AXJ4="></latexit>
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http://lhcb-public.web.cern.ch/lhcb-public/Images2018/IntRecLumiR12.png

�(pp ! bb̄X, 2 < ⌘ < 5,
p
s = 7 TeV) = 72± 0.3± 6.8 µb

<latexit sha1_base64="8XzhyZrCpC4IoozxhntDFimg+0U="></latexit>

7⇥ 1010 events/fb�1
<latexit sha1_base64="CCTia2Wm7KeYEMoo+MFZoLP6Q+8="></latexit>
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http://lhcb-public.web.cern.ch/lhcb-public/Welcome_270811.html
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  upgrade installation started this January 2019 to be ready at the end of  Long 
Shutdown 2 (LS2)
  restart data taking in 2021 at Run3   
  higher instantaneous luminosity ! from 2×1032 cm-2s-1  to 2×1033 cm-2s-1 

  more visible interactions per bunch crossing ! from 1 to about 5
  upgrade detector qualified to accumulate 50 fb-1 at the end of  Run4,                         

LHCb-TDR{13,14,15,66}	
  LS3: consolidation of  the detector
  LS4: to take full advantage of  the High Lumi-LHC, L up to 1-2 ×1034 cm-2s-1, the 

collaboration is proposing a major upgrade of  the detector with the intent to collect 
300 fb-1 at the end of  Run5,  CERN/LHCC	2017-003,	CERN/LHCC	2018-027

LHCb	upgrades	
High	Lumi	-	LHC	

4

the next years @ LHCb 

14/02/19 P. de Simone, KEK-FF2019
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B̄ ! D(⇤)⌧ ⌫̄
<latexit sha1_base64="SfKIBULp55O1KvfpIBKPYwfmB3Q="></latexit><latexit sha1_base64="0MX0iXTnFrdP59V1HzvVSJTrjr8="></latexit><latexit sha1_base64="0MX0iXTnFrdP59V1HzvVSJTrjr8="></latexit><latexit sha1_base64="+kX/hmQrnK5m/vJI5/qq4ExlBUA="></latexit>
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Br ~ 0.7+1.3 % in the SM
Not rare, but two or more missing neutrinos

Data available since 2007 (Belle, BABAR, LHCb)

W�

b

�
�̄
c SM: gauge coupling

lepton universality

H�

b

⇥
�̄
c Type-II 2HDM  (SUSY)

/ mbm⌧ tan2 �
Yukawa coupling

Archetypal theoretical motivation B. Grzadkowski, W.S. Hou, 
PLB283, 427 (1992)

B̄ ! D(⇤)⌧ ⌫̄
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Predictable in the SM: Source of LFNU = mass

No Vcb in the ratio
Smaller theoretical errors in the SM (and beyond)

MT,  Z. Phys. C67, 321 (1995)

Form factor uncertainty tends to cancel. 
Controlled by
B̄ ! D(⇤)`⌫̄`

<latexit sha1_base64="B0aKTcyLDUC2gfJ4NrQNs5sJJIk="></latexit><latexit sha1_base64="f6BQDARjnHabBGKG7yXQ4JL5P94="></latexit><latexit sha1_base64="f6BQDARjnHabBGKG7yXQ4JL5P94="></latexit><latexit sha1_base64="HDD4JwrWaTewArtBgcoMYS9iB7M="></latexit>

experimental data, lattice QCD,
Heavy Quark Effective Theory, QCD sum rule

Ratio of branching fractions

R(D(⇤)) :=
B(B̄ ! D(⇤)⌧ ⌫̄⌧ )

B(B̄ ! D(⇤)`⌫̄`)
<latexit sha1_base64="+KYuA6GDSysM4Wxo/BuT3PslcrU="></latexit><latexit sha1_base64="JWipQE8bF9t9SVPUhGrW0s/hE54="></latexit><latexit sha1_base64="JWipQE8bF9t9SVPUhGrW0s/hE54="></latexit><latexit sha1_base64="y+Ld6ErxfyujYuCE4zXU1F/6zk0="></latexit>

` = e, µ
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~3.5 σ

R(D) = 0.421± 0.058
R(D⇤) = 0.337± 0.025

Y. Sakaki, MT, A. Tayduganov, R. Watanabe,
PRD88, 094012 (2013)
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0.50

combined
SM

Belle
BABAR

R(D⇤)

2013 R(D(⇤)) :=
B(B̄ ! D(⇤)⌧ ⌫̄⌧ )

B(B̄ ! D(⇤)`⌫̄`)
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R(D)

Experiments and status of the SM
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R(D)

R(D⇤)

~3.1 σ HFLAV
0.2 0.3 0.4 0.5

R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Winter 2019

) = 27%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

HFLAV
Spring 2019

R(D) = 0.340± 0.027± 0.013
<latexit sha1_base64="jenmJWOTeNNlWHKzu3FSDs/2xqc="></latexit>

R(D⇤) = 0.295± 0.011± 0.008
<latexit sha1_base64="xZQwJTro5CchMQLHJLxr6RipQes="></latexit>
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Effective Lagrangian for
all possible 4f operators with LH neutrinos

b� c⇥ �̄

SM

The e�ective Lagrangian that contains all conceivable four-Fermi operators is written as

�Le� = 2
⌥
2GFVcb

⇧

l=e,µ,⌅

�
(⇥l⌅ + C l

V1
)Ol

V1
+ C l

V2
Ol

V2
+ C l

S1
Ol

S1
+ C l

S2
Ol

S2
+ C l

TOl
T

⇥
, (4)

where the four-Fermi operators are defined by

Ol
V1

= c̄L�
µbL �̄L�µ⌃Ll , (5)

Ol
V2

= c̄R�
µbR �̄L�µ⌃Ll , (6)

Ol
S1

= c̄LbR �̄R⌃Ll , (7)

Ol
S2

= c̄RbL �̄R⌃Ll , (8)

Ol
T = c̄R⌥

µ⇤bL �̄R⌥µ⇤⌃Ll , (9)

and C l
X denotes the Wilson coe⌅cient of Ol

X . Here we assume that the neutrinos are left-

handed. The neutrino flavor is specified by l, and we take all cases of l = e, µ and �

into account in the contributions of new physics. Since the neutrino flavor is not observed

in the experiments of bottom decays, the neutrino mixing does not a�ect the following

argument provided that the Pontecorvo-Maki-Nakagawa-Sakata matrix is unitary. The SM

contribution is expressed by the term of ⇥l⌅ in Eq. (4). We note that the tensor operator

with the opposite set of quark chiralities identically vanishes; c̄L⌥µ⇤bR �̄R⌥µ⇤⌃Ll = 0.

B. Helicity Amplitudes

The helicity amplitudes of B̄ ⇤ D� ⌃̄ and B̄ ⇤ D�� ⌃̄ for all the cases are summarized as

⇧

l=e,µ,⌅

M�� ,�M
l =

⇧

l=e,µ,⌅

⇤
⇥l⌅ M�� ,�M

SM +M�� ,�M
V1,l

+M�� ,�M
V2,l

+M�� ,�M
S1,l

+M�� ,�M
S2,l

+M�� ,�M
T,l

⌅
,

(10)

where ⌅⌅ is the helicity of the tau lepton, ⌅M = s indicates the amplitude of B̄ ⇤ D� ⌃̄,

that of B̄ ⇤ D�� ⌃̄ is defined with its helicity ⌅M = ±1, 0. M�� ,�M
SM represents the SM

contribution, and other terms in the right-hand side stand for new physics contributions.

The SM amplitude is given by [41, 42]

M�� ,�M
SM =

GF⌥
2
Vcb

⇧

�

⇤�H
�M
� L��

�,⌅ , (11)
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handed. The neutrino flavor is specified by l, and we take all cases of l = e, µ and �

into account in the contributions of new physics. Since the neutrino flavor is not observed

in the experiments of bottom decays, the neutrino mixing does not a�ect the following

argument provided that the Pontecorvo-Maki-Nakagawa-Sakata matrix is unitary. The SM

contribution is expressed by the term of ⇥l⌅ in Eq. (4). We note that the tensor operator

with the opposite set of quark chiralities identically vanishes; c̄L⌥µ⇤bR �̄R⌥µ⇤⌃Ll = 0.

B. Helicity Amplitudes

The helicity amplitudes of B̄ ⇤ D� ⌃̄ and B̄ ⇤ D�� ⌃̄ for all the cases are summarized as

⇧

l=e,µ,⌅

M�� ,�M
l =

⇧

l=e,µ,⌅

⇤
⇥l⌅ M�� ,�M

SM +M�� ,�M
V1,l

+M�� ,�M
V2,l

+M�� ,�M
S1,l

+M�� ,�M
S2,l

+M�� ,�M
T,l

⌅
,

(10)

where ⌅⌅ is the helicity of the tau lepton, ⌅M = s indicates the amplitude of B̄ ⇤ D� ⌃̄,

that of B̄ ⇤ D�� ⌃̄ is defined with its helicity ⌅M = ±1, 0. M�� ,�M
SM represents the SM

contribution, and other terms in the right-hand side stand for new physics contributions.

The SM amplitude is given by [41, 42]

M�� ,�M
SM =

GF⌥
2
Vcb

⇧

�

⇤�H
�M
� L��

�,⌅ , (11)

4

SM-like, RPV, LQ,W’

RH current

charged Higgs II, RPV, LQ

charged Higgs III, LQ

LQ

MT, R.Watanabe, arXiv1212.1878, PRD87.034028(2013).
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8 R. Watanabe / Physics Letters B 776 (2018) 5–9

Fig. 2. Favored regions from the R D , R D∗ , and R J/ψ measurements at 95% CL (red) and disfavored regions by the limit from the Bc lifetime (gray with solid boundaries) 
and from the Bc → τ ν̄ branching ratio (dashed curves), in the complex plane of C X for the V 1, V 2, S1, S2, T , LQ+ , and LQ− scenarios. A minimal value of χ2 for each NP 
scenario is also shown in the legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Predictions on the τ longitudinal polarization for the best fitted values of C X which 
are obtained from the fit to the R D(∗) and R J/ψ measurements. The present Belle 
result is also shown.

Belle [5] V 1 V 2 T LQ+ LQ−

P τ
D∗ −0.44 ± 0.47 +0.20

−0.17 −0.50 −0.50 +0.14 −0.41 −0.50

and LQ− operators have better fit to the R J/ψ+D+D∗ anomaly, al-
though a consistent explanation within 1σ is not available.

On the other hand, the lifetime of Bc , considering the NP effect 
in Bc → τ ν̄ and Bc → J/ψτ ν̄ , gives the useful constraint so that 
the S2 solution to the R J/ψ+D+D∗ anomaly is disfavored. The LQ±
solutions are still consistent with, but close to, the limit of the Bc
lifetime. When we consider the limit on the branching fraction of 
Bc → τ ν̄ obtained from the LEP1 data, given as ! 10%, the LQ+
solution is severely constrained. The V 1, V 2, and T solutions are 
still free from the limits of the Bc lifetime and the B(Bc → τ ν̄).

We have also shown the predictions on the τ longitudinal po-
larization obtained by taking the best fit to the R J/ψ+D+D∗ mea-
surements for the NP scenarios. This is compared with the Belle 
result and then the predictions for V 1, V 2, LQ+ , and LQ− are still 
consistent due to the large experimental uncertainty, whereas that 
for T stands at " 1σ .

We expect that these studies will be improved at the Belle II 
experiment and by using run 2 data of LHCb. In particular, precise 
measurement of the three ratios (R J/ψ , R D , R D∗ ) would enable us 
to test the hypothesis of single operator dominance for NP. Further 
additional measurements regarding the b → cτν process, such as 
q2 distributions of B̄ → D(∗)τ ν̄ [9], definitely give us significant 
hint for the NP solutions.
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Appendix A. Form factors

Form factors for Bc → J/ψ , given in the literature [61], are 
written as

⟨ J/ψ |c̄γ µb|Bc⟩ = 2iV c(q2)

mBc + m J/ψ
εµνρσ ϵ∗

ν p(Bc)
ρ p( J/ψ)

σ , (A.1)

⟨ J/ψ |c̄γ µγ 5b|Bc⟩

= 2m J/ψ Ac
0(q

2)
ϵ∗ · q

q2 qµ

+ (mBc + m J/ψ )Ac
1(q

2)

[
ϵ∗µ −ϵ∗ · q

q2 qµ
]

−Ac
2(q

2)
ϵ∗ · q

mBc +m J/ψ

[

pµ(Bc) + pµ( J/ψ) −
m2

Bc
−m2

J/ψ

q2 qµ

]

,

(A.2)

⟨ J/ψ |c̄σµνqνb|Bc⟩ = 2T c
1(q

2)εµνρσ ϵ∗
ν p(Bc)

ρ p( J/ψ)
σ , (A.3)

CV1

CV2 CT

R. Watanabe, PLB776 (2018) 5 

CS2 CS2 = +7.8CT

CS2 = �7.8CT

LQ1

LQ2

Allowed at 95% CL(D,D⇤, J/ )
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Y. Sakaki, MT, A. Tayduganov, R. Watanabe
arXiv:1309.0301; PRD88, 094012 (2013)

lepton number conservation, introduced by Buchmüller
et al. [27]. The interaction Lagrangian that induces
contributions to the b! c‘ !! process is given as follows:

LLQ ¼ LLQ
F¼0 þLLQ

F¼#2;

LLQ
F¼0 ¼ ðhij1L !QiL"

#LjL þ hij1R
!diR"

#‘jRÞU1#

þ hij3L !QiL!"#LjLU3#

þ ðhij2L !u iRLjL þ hij2R !QiLi$2‘jRÞR2;

LLQ
F¼#2 ¼ ðgij1L !Qc

iLi$2LjL þ gij1R !u
c
iR‘jRÞS1

þ gij3L !Qc
iLi$2!LjLS3

þ ðgij2L !dciR"#LjL þ gij2R
!Qc
iL"

#‘jRÞV2#; (13)

where Qi and Lj are the left-handed quark and lepton
SUð2ÞL doublets, respectively, while u iR, diR, and ‘jR are
the right-handed up, down quark and charged lepton
SUð2ÞL singlets; indices i and j denote the generations of
quarks and leptons; and c c ¼ C !c T ¼ C"0c & is a charge-
conjugated fermion field. For simplicity, the color indices

are suppressed. The quantum numbers of the leptoquarks
are summarized in Table I.
We note that the fermion fields in Eq. (13) are given in

the gauge eigenstate basis in which Yukawa couplings of
the up-type quarks and the charged leptons are diagonal.
Rotating the down-type quark fields into the mass eigen-
state basis and performing the Fierz transformations, one
finds the general Wilson coefficients at the leptoquark
mass scale for all possible types of leptoquarks contribut-
ing to the b! c% !!l process:

Cl
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2
ffiffiffi
2

p
GFVcb
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Vk3

"
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23&
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1
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3

#
; (14a)

Cl
V2

¼ 0; (14b)

Cl
S1

¼ 1

2
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p
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"
# 2gkl2Lg
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M2
V1=3
2
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#
; (14c)
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2M2
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#
; (14d)

Cl
T ¼ 1

2
ffiffiffi
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p
GFVcb
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Vk3

"
gkl1Lg

23&
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8M2
S1=31

# h2l2Lh
k3&
2R

8M2
R2=3
2

#
; (14e)

where Vk3 denotes the Cabibbo-Kobayashi-Maskawa ma-
trix elements and the upper index of the leptoquark denotes
its electric charge. In the following we will neglect double
Cabibbo suppressedOð&2Þ terms and keep only the leading
terms proportional to V33 ' Vtb.

The vector and axial vector currents are not renormal-
ized and their anomalous dimensions vanish. The scale
dependence of the scalar and tensor currents at leading
logarithm approximation is given by

CSð#bÞ ¼
"
'sðmtÞ
'sð#bÞ

# "S

2(
ð5Þ
0

"
'sðmLQÞ
'sðmtÞ

# "S

2(
ð6Þ
0 CSðmLQÞ;

CTð#bÞ ¼
"
'sðmtÞ
'sð#bÞ

# "T

2(
ð5Þ
0

"
'sðmLQÞ
'sðmtÞ

# "T

2(
ð6Þ
0 CTðmLQÞ;

(15)

where the anomalous dimensions of the scalar and tensor
operators are"S ¼ #6CF ¼ #8,"T ¼ 2CF ¼ 8=3, respec-

tively, and (ðfÞ
0 ¼ 11# 2nf=3 [26]. Taking into account the

most recent constraints on the scalar and vector leptoquark
masses by theATLAS andCMScollaborations [30,31], in our
numerical analysis we assume that all scalar and vector lep-
toquarks are of the same mass mLQ ¼ 1 TeV. The b-quark
scale is chosen to be#b ¼ !mb ¼ 4:2 GeV.
One can easily notice from Eq. (14) that in the simplified

scenario with a presence of only one type of leptoquark,

namely, R2=3
2 or S1=31 , the scalar Cl

S2
and tensor Cl

T Wilson

coefficients are no longer independent: one finds that at the
scale of leptoquark mass Cl

S2
ðmLQÞ¼( 4Cl

TðmLQÞ. Then,
using Eq. (15), one obtains the relation at the bottom mass
scale,

Cl
S2
ð !mbÞ ’ ( 7:8Cl

Tð !mbÞ: (16)

B. Constraints from !B ! Xs" !"

Recent progress in experiment and theory has made
FCNCs in B decays good tests of the SM and powerful

TABLE I. Quantum numbers of scalar and vector leptoquarks
with SUð3Þc ) SUð2ÞL ) Uð1ÞY invariant couplings.

S1 S3 V2 R2 U1 U3

spin 0 0 1 0 1 1
F ¼ 3Bþ L #2 #2 #2 0 0 0
SUð3Þc 3& 3& 3& 3 3 3
SUð2ÞL 1 3 2 2 1 3
Uð1ÞY¼Q#T3

1=3 1=3 5=6 7=6 2=3 2=3
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disfavored

constrained by

probes of NP beyond the SM. Along with the b! s! and
b! s‘þ‘" processes, the b! s" !" decay is also sensitive
to extensions of the SM. From a theoretical point of view,
the inclusive decay !B ! Xs" !" is a very clean process since
both perturbative #s and nonperturbative 1=m

2
b corrections

are known to be small, what makes it to be well suited to
search for NP.

The b! s"j !"i process can be described by the follow-
ing effective Hamiltonian:

H eff ¼
4GFffiffiffi
2

p VtbV
$
ts½ð$ijC

ðSMÞ
L þ Cij

L ÞOij
L þ Cij

RO
ij
R (; (17)

where the left- and right-handed operators are defined as

Oij
L ¼ ð !sL!%bLÞð !"jL!%"iLÞ;

Oij
R ¼ ð !sR!%bRÞð !"jL!%"iLÞ:

(18)

In the SM, the Wilson coefficient is determined by box and
Z-penguin loop diagrams computation which gives

CðSMÞ
L ¼ #

2&sin2'W
Xðm2

t =M
2
WÞ; (19)

where the loop function XðxtÞ can be found e.g. in
Ref. [32].

As one can notice from Eq. (13), the scalar leptoquarks

S1=31;3 and vector leptoquarks V1=3
2 and U"1=3

3 give the

following contribution to b! s"j !"i:

Cij
R ¼ " 1

2
ffiffiffi
2

p
GFVtbV

$
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X3

m;n¼1

Vm3V
$
n2

gmi
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M2
V1=3
2

; (20a)

Cij
L ¼ " 1

2
ffiffiffi
2

p
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$
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X3

m;n¼1

Vm3V
$
n2

)
2
4gmi

1Lg
nj$
1L

2M2
S1=31

þ gmi
3Lg

nj$
3L

2M2
S1=33

" 2hni3Lh
mj$
3L

M2
U"1=3

3

3
5: (20b)

In the following, for simplicity we neglect the subleading
Oð(Þ terms in Eq. (20) and keep only the VtbV

$
cs ’ 1 term.

One has to note that theU"1=3
3 leptoquark does not affect

b! c‘ !". In this way, as can be seen from Eq. (14), only

the g3l1ð3ÞLg
23$
1ð3ÞL couplings of the S1=31ð3Þ leptoquarks can be

constrained using both b! c) !"l and b! s") !"l pro-
cesses. Nevertheless, assuming that the leptoquarks from

the same SUð2Þ triplet, namely, U"1=3
3 and U2=3

3 , have
masses of the same order, one can combine the constraints
on h2l3Lh

33$
3L .

Summing over all neutrino flavors and taking into ac-
count that the amplitudes with i ! j do not interfere with
the SM contribution, the branching ratio can be written as

dBð !B ! Xs" !"Þ
dx

¼ )B
G2

F

12&3 jVtbV
$
tsj2m5

bSðxÞ

)
"
3CðSMÞ2

L þ
X3

i;j¼1

ðjCij
L j2 þ jCij

R j2Þ

þ 2CðSMÞ
L

X3

i¼1

Re½Cii$
L (

#
; (21)

where x ¼ Emiss=mb and the SðxÞ function describes the
shape of the missing energy spectrum [33]. In our estima-
tion we set ms ¼ 0 (therefore 1=2 * x * 1) and neglect
the #s and 1=m2

b corrections.
Using the experimental limit on the inclusive branching

ratio, determined by the ALEPH Collaboration [34],

BexpðB ! Xs" !"Þ< 6:4 ) 10"4 at the 90%C:L:; (22)

and assuming for simplicity that only one specific ij
combination of one type of leptoquarks contributes, we
obtain constraints on the leptoquark couplings depicted
in Fig. 1. In the case that the couplings are real, the
obtained numbers are consistent with the result of
Grossman et al. [33].
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FIG. 1 (color online). Constraints on the leptoquark couplings contributing to the b! s"j !"i process using the experimental upper
limit on BðB ! Xs" !"Þ.
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CS2(mLQ) = ±4CT (mLQ)

CS2(mb) = ±7.8CT (mb)
RG

Six of ten types of LQ contribute. Buchmüller, Rückl, Wyler
PLB191 (1987) 442

lepton number conservation, introduced by Buchmüller
et al. [27]. The interaction Lagrangian that induces
contributions to the b! c‘ !! process is given as follows:

LLQ ¼ LLQ
F¼0 þLLQ

F¼#2;

LLQ
F¼0 ¼ ðhij1L !QiL"

#LjL þ hij1R
!diR"

#‘jRÞU1#

þ hij3L !QiL!"#LjLU3#

þ ðhij2L !u iRLjL þ hij2R !QiLi$2‘jRÞR2;

LLQ
F¼#2 ¼ ðgij1L !Qc

iLi$2LjL þ gij1R !u
c
iR‘jRÞS1

þ gij3L !Qc
iLi$2!LjLS3

þ ðgij2L !dciR"#LjL þ gij2R
!Qc
iL"

#‘jRÞV2#; (13)

where Qi and Lj are the left-handed quark and lepton
SUð2ÞL doublets, respectively, while u iR, diR, and ‘jR are
the right-handed up, down quark and charged lepton
SUð2ÞL singlets; indices i and j denote the generations of
quarks and leptons; and c c ¼ C !c T ¼ C"0c & is a charge-
conjugated fermion field. For simplicity, the color indices

are suppressed. The quantum numbers of the leptoquarks
are summarized in Table I.
We note that the fermion fields in Eq. (13) are given in

the gauge eigenstate basis in which Yukawa couplings of
the up-type quarks and the charged leptons are diagonal.
Rotating the down-type quark fields into the mass eigen-
state basis and performing the Fierz transformations, one
finds the general Wilson coefficients at the leptoquark
mass scale for all possible types of leptoquarks contribut-
ing to the b! c% !!l process:
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where Vk3 denotes the Cabibbo-Kobayashi-Maskawa ma-
trix elements and the upper index of the leptoquark denotes
its electric charge. In the following we will neglect double
Cabibbo suppressedOð&2Þ terms and keep only the leading
terms proportional to V33 ' Vtb.

The vector and axial vector currents are not renormal-
ized and their anomalous dimensions vanish. The scale
dependence of the scalar and tensor currents at leading
logarithm approximation is given by

CSð#bÞ ¼
"
'sðmtÞ
'sð#bÞ

# "S

2(
ð5Þ
0

"
'sðmLQÞ
'sðmtÞ
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2(
ð6Þ
0 CSðmLQÞ;
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(15)

where the anomalous dimensions of the scalar and tensor
operators are"S ¼ #6CF ¼ #8,"T ¼ 2CF ¼ 8=3, respec-

tively, and (ðfÞ
0 ¼ 11# 2nf=3 [26]. Taking into account the

most recent constraints on the scalar and vector leptoquark
masses by theATLAS andCMScollaborations [30,31], in our
numerical analysis we assume that all scalar and vector lep-
toquarks are of the same mass mLQ ¼ 1 TeV. The b-quark
scale is chosen to be#b ¼ !mb ¼ 4:2 GeV.
One can easily notice from Eq. (14) that in the simplified

scenario with a presence of only one type of leptoquark,

namely, R2=3
2 or S1=31 , the scalar Cl

S2
and tensor Cl

T Wilson

coefficients are no longer independent: one finds that at the
scale of leptoquark mass Cl

S2
ðmLQÞ¼( 4Cl

TðmLQÞ. Then,
using Eq. (15), one obtains the relation at the bottom mass
scale,

Cl
S2
ð !mbÞ ’ ( 7:8Cl

Tð !mbÞ: (16)

B. Constraints from !B ! Xs" !"

Recent progress in experiment and theory has made
FCNCs in B decays good tests of the SM and powerful

TABLE I. Quantum numbers of scalar and vector leptoquarks
with SUð3Þc ) SUð2ÞL ) Uð1ÞY invariant couplings.

S1 S3 V2 R2 U1 U3

spin 0 0 1 0 1 1
F ¼ 3Bþ L #2 #2 #2 0 0 0
SUð3Þc 3& 3& 3& 3 3 3
SUð2ÞL 1 3 2 2 1 3
Uð1ÞY¼Q#T3

1=3 1=3 5=6 7=6 2=3 2=3
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Fig. 91: Angular conventions used in the description of the B̄ ! K̄⇤ (! K̄⇡) `+`� decay.
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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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Table 64: The Belle II sensitivities for the inclusive B ! Xs`+`� observables corresponding

to an invariant mass cut of MXs
< 2.0 GeV. The given sensitivities are relative or absolute

uncertainties depending on the quantity under consideration.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

Br(B ! Xs`+`�) ([1.0, 3.5] GeV2) 29% 13% 6.6%

Br(B ! Xs`+`�) ([3.5, 6.0] GeV2) 24% 11% 6.4%

Br(B ! Xs`+`�) (> 14.4 GeV2) 23% 10% 4.7%

ACP(B ! Xs`+`�) ([1.0, 3.5] GeV2) 26% 9.7 % 3.1 %

ACP(B ! Xs`+`�) ([3.5, 6.0] GeV2) 21% 7.9 % 2.6 %

ACP(B ! Xs`+`�) (> 14.4 GeV2) 21% 8.1 % 2.6 %

AFB(B ! Xs`+`�) ([1.0, 3.5] GeV2) 26% 9.7% 3.1%

AFB(B ! Xs`+`�) ([3.5, 6.0] GeV2) 21% 7.9% 2.6%

AFB(B ! Xs`+`�) (> 14.4 GeV2) 19% 7.3% 2.4%

�CP(AFB) ([1.0, 3.5] GeV2) 52% 19% 6.1%

�CP(AFB) ([3.5, 6.0] GeV2) 42% 16% 5.2%

�CP(AFB) (> 14.4 GeV2) 38% 15% 4.8%

have been collected. Considering normalised observables might help to reduce the systematic

uncertainties.

Measurement of the CP asymmetries in B ! Xs`+`� can be used to search for new source

of CP violation. Not only the rate asymmetry, but also the CP asymmetry of angular

distributions, such as forward-backward CP asymmetry (ACP
FB) are useful [569]. Since the

denominator of the ACP
FB can be zero if AFB for B̄ and B are zero or have opposite sign,

we consider the di↵erence of the AFB between B̄ and B mesons defined as �CP(AFB) =

AB̄
FB � AB

FB. Since most of systematic uncertainties calcel out by taking the ratio, dominant

uncertainty is statistical.

Tests of lepton flavour universality can also be performed by measuring RXs
. The Belle II

detector has certainly a good resolution to the e+e� mode and the RXs
measurement is

promising. We can expect a performance similar to those of the exclusive channel (i.e. the

RK(⇤) measurement), which will be discussed in Section 9.4.4.

A summary of the Belle II sensitivities for the various B ! Xs`+`� observables is provided

in Table 64.

9.4.3. Exclusive B ! K(⇤)`+`� decays. (Contributing authors: W. Altmannshofer,

U. Haisch and D. Straub)

The B̄ ! K̄⇤ (! K̄⇡) `+`� transition

d4�

dq2 d cos ✓` d cos ✓K d�
=

9

32⇡
I(q2, ✓`, ✓K , �) , (256)
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is completely described in terms of twelve angular coe�cient functions Ij [570–572], namely

I(q2, ✓`, ✓K , �) = Is
1 sin2 ✓K + Ic

1 cos2 ✓K + (Is
2 sin2 ✓K + Ic

2 cos2 ✓K) cos 2✓`

+ I3 sin2 ✓K sin2 ✓` cos 2� + I4 sin 2✓K sin 2✓` cos �

+ I5 sin 2✓K sin ✓` cos � + (Is
6 sin2 ✓K + Ic

6 cos2 ✓K) cos ✓`

+ I7 sin 2✓K sin ✓` sin � + I8 sin 2✓K sin 2✓` sin �

+ I9 sin2 ✓K sin2 ✓` sin 2� .

(257)

The adopted angular conventions are illustrated in Figure 91 and follow [373] (see also [572]).

The angle ✓` is the angle between the direction of the `� in the dilepton rest frame and the

direction of the dilepton in the B̄ rest frame. The angle ✓K is the angle between the direction

of the kaon in the K̄⇤ rest frame and the direction of the K̄⇤ in the B̄ rest frame. The angle �

is the angle between the plane containing the dilepton pair and the plane containing the kaon

and pion from the K̄⇤.

The decay distribution for the CP -conjugate mode B ! K⇤(! K⇡)`+`� is given by a

formula analog to (256) with di↵erent angular functions, which we call Īj . Note that for this

decay, ✓` is the angle between the direction of the `+ in the dilepton rest frame and the

direction of the dilepton in the B rest frame, while ✓K is the angle between the direction of

the kaon in the K⇤ rest frame and the direction of the K⇤ in the B rest frame. As a result,

the functions Īj can be obtained by the replacements

I(a)
1,2,3,4,5,6 ! Ī(a)

1,2,3,4,5,6 , I(a)
7,8,9 ! �Ī(a)

7,8,9 . (258)

with a = s, c. These quantities which encode the angular distribution of the exclusive decay

can be expressed in terms of helicity (or transversity) amplitudes that depend on the di-

lepton invariant mass squared, the Wilson coe�cients C7, C9, C10, CS , CP and their chirality-

flipped counterparts as well as the B ! K⇤ form factors that arise from the matrix elements

hK⇤|Qi|Bi. The situation is much simpler for the B ! K`+`� decay which gives rise to only

three observables, namely the branching ratio, the forward-backward asymmetry AFB and

the flat term FH [573].

The self-tagging nature of the B̄ ! K̄⇤ (! K̄⇡) `+`� decay means that it is possi-

ble to determine both CP -averaged and CP -asymmetric quantities that depend on the

coe�cients [571]

Sj =
�
Ij + Īj

�. d�

dq2
, Aj =

�
Ij � Īj

�. d�

dq2
, (259)

respectively. The two most measured angular observables are the forward-backward asym-

metry and the K⇤ longitudinal polarisation fraction:

AFB =
3

4
S6s +

3

8
S6c , FL = �S2c . (260)

By exploiting symmetry relations it is also possible to construct CP -averaged observables

that are largely insensitive to form-factor uncertainties [574–576]. These are

P1 =
S3

2S2s
, P2 =

S6s

8S2s
, P3 = � S9

4S2s
, (261)
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7,8,9 . (258)

with a = s, c. These quantities which encode the angular distribution of the exclusive decay
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flipped counterparts as well as the B ! K⇤ form factors that arise from the matrix elements

hK⇤|Qi|Bi. The situation is much simpler for the B ! K`+`� decay which gives rise to only

three observables, namely the branching ratio, the forward-backward asymmetry AFB and

the flat term FH [573].

The self-tagging nature of the B̄ ! K̄⇤ (! K̄⇡) `+`� decay means that it is possi-

ble to determine both CP -averaged and CP -asymmetric quantities that depend on the

coe�cients [571]
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, Aj =
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Ij � Īj
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respectively. The two most measured angular observables are the forward-backward asym-

metry and the K⇤ longitudinal polarisation fraction:

AFB =
3

4
S6s +

3

8
S6c , FL = �S2c . (260)

By exploiting symmetry relations it is also possible to construct CP -averaged observables

that are largely insensitive to form-factor uncertainties [574–576]. These are

P1 =
S3

2S2s
, P2 =

S6s

8S2s
, P3 = � S9

4S2s
, (261)
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Fig. 91: Angular conventions used in the description of the B̄ ! K̄⇤ (! K̄⇡) `+`� decay.
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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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E. Kou et al., “The Belle II Physics book”, 1808.10567.
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Result P5’: for Combined Data

15-Feb-2019 KEK Flavor Factory 2019  |   S. Sandilya 13

• Measurements are compatible with the SM.
• Similar central values for the P5’ anomaly with 2.5V tension.

Belle [Phys. Rev. Lett. 118, 111801 (2017)]

S. Sandilya, KEK-FF2019

2.5𝝈 tension NP or QCD in charm loop?

Belle
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RK(⇤) =

R
dq2 d�(B!K(⇤)µ+µ�)

dq2R
dq2 d�(B!K(⇤)e+e�)

dq2
<latexit sha1_base64="7VHYzu8vP/CX0xSEeg2vV2ydhMI="></latexit>

in various q2 ranges

Status of R(K/K*)

15-Feb-2019 KEK Flavor Factory 2019  |   S. Sandilya 16

RH q02, q12 =
 q02
q12 dq2 dΓ(B → Hμ+μ−)

dq2

 q02
q12 dq2 dΓ(B → He+e−)

dq2

• The Lepton Flavor universality 

can be tested very precisely 

with the ratios:

; H = K, K*, Xs

• In these ratios, hadronic uncertainties in theoretical predictions cancel and SM 

prediction is (very) close to unity.

• Experimentally, many sources of systematic uncertainties are substantially  

reduced.

2
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 -
2

.3
 V

2
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2

.5
 V2
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[BIP, EPJC 76 440] [CDHMV, JHEP04(2017)016]
[EOS, PRD 95 035029] [flav.io, EPJC 77 377] [JC, PRD93 014028]BaBar, Phys. Rev. D 86 (2012) 032012

Belle, Phys. Rev. Lett. 103 (2009) 171801

LHCb, Phys. Rev. Lett. 113 (2014) 151601 LHCb, JHEP08(2017)055

S. Sandilya, KEK-FF2019
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8.5. ELECTRON IDENTIFICATION 77
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Figure 8.14: The ratio of uncorrected energy of the
charged cluster in ECAL to the momentum of re-
constructed tracks for electrons (open histogram)
and hadrons (shaded histogram).

10
-2

10
-1

0 20 40 60 80 100 120 140

EPS  (MeV)

0

0.02

0.04

0.06

0.08

0.1

0 100 200 300 400

χ2
e

0

0.01

0.02

0.03

0 100 200 300 400

electrons
hadrons

χ2
brem

0

0.01

0.02

0.03

0 2 4 6 8 10

EHCAL  (GeV)

(a)

(c)

(b)

(d)

Figure 8.15: Electron identification estimators:
(a) the value for the χ2

e estimator for track-
cluster energy/position matching procedure for re-
constructed tracks and charged clusters in ECAL,
(b) the value of the χ2

brem estimator, (c) the energy
deposited in the Preshower, and (d) the deposi-
tion of the energy along the extrapolated particle
trajectory in the hadron calorimeter. The track
sample for these plots was taken from a selection
of B-decay channels, and the shaded component la-
belled “hadrons” also includes the muons from that
sample; the electron and hadron distributions are
normalised (including overflows).

E1

E2

E0

p

Magnet ECAL

e

γ

γ

Figure 8.16: Schematic illustration of
Bremsstrahlung correction. An electron may
radiate photons when passing through material
before or after the magnet: in the first case, a well
defined cluster is seen in the ECAL, with energy
E1, whilst in the second case the Bremsstrahlung
energy forms part of the electron cluster with
energy E2; for electron identification E2 = p,
the momentum measured in the spectrometer,
while the energy of the electron at the origin,
E0= E1+ E2.

(ghosts are ignored). After normalisation the his-
tograms provide the likelihood distributions for
electrons and background. For a given track, the
difference of log-likelihood for the electron and non-
electron hypotheses are computed, and summed
for the different variables. Finally, the Calorime-
ter information is combined with the RICH and
Muon detectors, as described Sect. 8.3, significantly
improving the electron identification performance.
The log-likelihood difference ∆ lnLeπ is shown in
Fig. 8.17, for tracks that have information avail-
able from the Calorimeter system.

To illustrate the performance of electron iden-
tification, the J/ψ mass plot is shown as the open
points in Fig. 8.13 (b). The signal is fit with a func-
tion including a radiative tail, to account for the
imperfect correction of Bremsstrahlung. The back-
ground is larger than in the muon channel, and
is either due to real (secondary) electrons, or due
to one of the pair of tracks being a ghost track;
the contribution from misidentified hadrons is very
small. These background tracks are dominantly of
low pT, and can be efficiently rejected by apply-
ing the requirement pT > 0.5 GeV/c for the elec-
tron candidates, as shown by the solid points in
Fig. 8.13 (b).

The average efficiency to identify electrons in
the calorimeter acceptance from J/ψ → e+e−
decays in B0 → J/ψK0

S events is 95%, for a
pion misidentification rate of 0.7%, as shown in

electron reconstruction in LHCb

tested with J/𝛙, q2 = m2
J/ ⇠ 10 GeV2

<latexit sha1_base64="jBpSip2u76Nhk5MfFWFmjD+ZlCQ="></latexit>

anomalies observed in lower q2 bins

the lowest q2 bin of RK* dominated by B ! K⇤�
<latexit sha1_base64="ihw72oETFZKJXKjoMJBAtEz2Ymc="></latexit>
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O7 =
e

16⇡2
mb s̄�µ⌫PRb F

µ⌫

<latexit sha1_base64="/uu4Z/EZH7Vu9nK1JYP/fh7WzjY="></latexit>

O9` =
↵

4⇡
s̄�µPLb

¯̀�µ
`

<latexit sha1_base64="rkFXsLXZCMjzMI0qsJbsbH/VpA8="></latexit>

O10` =
↵

4⇡
s̄�µPLb

¯̀�µ
�5`

<latexit sha1_base64="KqTJQ8uznOtjF8vqLIoM4LUrCCA="></latexit>

SM+NP

He↵ = �2
p

2GFVtbV
⇤
ts

X

i

CiOi

<latexit sha1_base64="3WbRr/Ai+4q4Pw8mNnM0rDEZHTc="></latexit>

SM prediction
CSM

7,9`,10` = �0.29, 4.07, 4.31 at µ = 4.8 GeV
<latexit sha1_base64="Bgm22ULzek7k3pM3vT6QzMBlZkk="></latexit>

O90` = O9`(L ! R)
<latexit sha1_base64="cRaq1Rq6RmyQ8EsmQPuOY/MgDYE="></latexit>

O70 = O7(R ! L)
<latexit sha1_base64="fKO/LhgMdxF5HrWDH9vOTy0jD8w="></latexit>

NP only

O100` = O10`(PL ! PR)
<latexit sha1_base64="jGEWVl3cw7cX0n1HXS5VUWdIUuA="></latexit>
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Capdevila et al. JHEP01(2018)093.

175 observables p value of SM = 0.11

favoredCNP
9µ ⇠ �1.1

<latexit sha1_base64="CLKPXkRba3iK4/9IYxsoTp8qlI4="></latexit>

possible NP: Z’, leptoquark, …
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Figure 1. From left to right: allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C9′µ) and (CNP

9µ , CNP
9e ) planes

for the corresponding two-dimensional hypotheses, using all available data (fit “All”). We also show
the 3 σ regions for the data subsets corresponding to specific experiments. Constraints from b → sγ
observables, B(B → Xsµµ) and B(Bs → µµ) are included in each case (see text).

In figure 1 we show the corresponding constraints for the fit “All” under the three

hypotheses (CNP
9µ , CNP

10µ), (CNP
9µ , C9′µ) and (CNP

9µ , CNP
9e ), as well as the 3 σ regions according

to the results from individual experiments (for each region, we add the constraints from

b → sγ observables, B(B → Xsµµ) and the world average for B(Bs → µµ) [29]). As

expected, the LHCb results drive most of the effect, with a clear exclusion of the origin,

i.e., the SM point.

We can now move to the fit “LFUV” in figure 2, where we consider the same hypothe-

ses favoured by global analyses. It is interesting to notice that this restricted subset of

observables excludes the SM point with a high significance, and it favours regions similar

to the fit “All” dominated by different b → sµµ-related observables (B → K∗µµ opti-

mised angular observables as well as low- and large-recoil branching ratios for B → Kµµ,

B → K∗µµ and Bs → φµµ). This is also shown in tables 2 and 3, where the scenarios

with the highest pulls are confirmed with significances between 3 and 4 σ, but get harder

to distinguish on the basis of their significance. Scenarios like CNP
9µ = −C9′µ that would fail

to explain RK are not disfavoured due to their good compatibility with RK∗ data. Inter-

estingly, the inclusion of the RK∗ measurement now disfavours solutions with right-handed

currents only, as proposed in refs. [5, 6]. Such a scenario was valid considering only RK

(excluding the other b → sµ+µ− data), but is now disfavoured by the measurement of

RK∗ . This was solved later on in [39], by modifying the model via a scalar leptoquark with

hypercharge Y = 7/6.

Finally, we have performed a six-dimensional fit allowing for NP contributions in

C7(′),9(′)µ,10(′)µ. The SM pull has shifted from 3.6σ in the fit of ref. [2] to 5.0 σ if one

considers the fit “All” described above. The 1 and 2 σ CL intervals are given in table 4,

with the pattern:

CNP
7 ! 0, CNP

9µ < 0, CNP
10µ > 0, C7′ ! 0, C9′µ > 0, C10′µ ! 0 (4.1)

where C9µ is compatible with the SM beyond 3 σ, C10µ, C7′ at 2 σ and all the other

coefficients at 1 σ.

– 8 –

p=0.72 p=0.71 p=0.68
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 SuperKEKB/ Belle II in physics run
Integrated luminosity 50/ab by ~2027
5.5⇥ 1010 BB̄ pairs

<latexit sha1_base64="hyIE1ZiFWAeYO3rRve3nsHr/Ksg="></latexit>

 LHCb run 3,4: 2021~

50/fb by ~2029 3.5⇥ 1012 bb̄ events
<latexit sha1_base64="X9bzZoX36iPY0dvpsOtHwIcKsBY="></latexit>

 Precision test of CKM unitarity

 Anomalies in b ! c⌧ ⌫̄ , b ! s`+`�
<latexit sha1_base64="yiY90nLa/7RrMlQFiFljMSCoGAU="></latexit>

 Related modes to be studied
b ! s⌧+⌧�, b ! s⌫⌫̄

<latexit sha1_base64="eh5+ocPmYdJGk2RXoyl+AJY2+wE="></latexit>

 Hadronic uncertainties: role of lattice QCD


