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Introduction (1/3)

The Standard Model (SM) is known to be an incomplete model that can not explain matter—

antimatter asymmetry, dark matter, gauge hierarchy, quark mass hierarchy, neutrino mass, etc. 

Beyond the standard model (New Physics/NP) is, therefore, required 

New parQcleSM parQcleWe want to hunt 
a new interaction

Collider physics

High-energy fronQer 

s > mNP

Precision measurements of 
the SM par?cle amplitude

High-intensity 
fronQer  

Integrated out

complementary 
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Precision measurements of flavor physics
Advantages:  
Precise SM prediction (thanks to small QCD uncertainty, lattice QCD simulation, NN…LO calculations)  
provides great sensitivity to new physics

Precision measurements of leptons

3-point 
amplitudes

Heavy quark Light quark/lepton

Light quark/lepton
4-point 
amplitudes
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Introduction (3/3)

small coupling

O(1) coupling

me mW

SM
Cosmology 
Astrophysics

TeV

Collider physics

Precision  
measurements

Kaon physics

  sensitivity
g
M

g

M



Precision measurements of leptons
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Muon g-2 詳細は高エネ将来計画委員会: 第10回 勉強会 

ミューオンで超える標準模型の壁 (三部さん） 

Theory 

QED EW Hadronic vacuum 
polarization (HVP)

Hadronic light-
by-light (HLbL)

Analytic Analytic
Phenomenological

Lattice

Pheno.

Lattice

Exp.

BNL ’97-‘01

FNAL ongoing

J-PARC  
near future
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Based on [FNAL Muon g-2, PRL2021]

Almost no correlation 
between BNL and FNAL 
syst errors

The latest lattice result for 
HLbL slightly reduces tension 
[Mainz group, 2104.02632]

Stat error dominated

4.0σ [Lattice, HLbL]

2.2σ [Lattice, HVP]

The latest lattice result for 
HVP significantly reduces 
tension [BMW, Nature '21]

1.6σ

(not include         ) 

Several analyses show that 
EW fit could be no problem, 
but there is additional tension 
in , see e.g., 
[Colangelo et al, 2010.07943]

e+e− → 2π data

MUonE exp. will probe HVP 
[MUonE, 2004.13663]

comments 
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New physics interpretations 

NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Scalar extensions
20～100 GeV, 

 150～250 GeV

Axion-like particle 40 MeV～6 GeV

Leptoquark 1.5～2 TeV

U(1) μ-τ 10～200 MeV

Vector-like lepton < 7 TeV

[Refs: Athron et al, 2104.03691; Buen-Abad et al, 2104.03267; 
Krnjaic et al, 1902.07715; Dermisek et al, 2103.05645]
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<latexit sha1_base64="ZFgYBS7zPlnhtKu4XHDqZhqqYnY="></latexit>

Z ! ⌧+⌧�
<latexit sha1_base64="EkAXHWv5zTyU76BLnh0m+zkz6/Q=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSIIYkmqoMuiG5cV7APbWCbTSTt0MgkzEyGE+ituXCji1g9x5984bbPQ1gOXOZxzL3Pv8WPOlHacb2tpeWV1bb2wUdzc2t7Ztff2mypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9cTv/VIpWKRuNNpTL0QDwQLGMHaSD27dI+6OjKFk4eT2XPas8tOxZkCLRI3J2XIUe/ZX91+RJKQCk04VqrjOrH2Miw1I5yOi91E0RiTER7QjqECh1R52XT5MToySh8FkTQlNJqqvycyHCqVhr7pDLEeqnlvIv7ndRIdXHoZE3GiqSCzj4KEI3PuJAnUZ5ISzVNDMJHM7IrIEEtMtMmraEJw509eJM1qxT2rVG/Py7WrPI4CHMAhHIMLF1CDG6hDAwik8Ayv8GY9WS/Wu/Uxa12y8pkS/IH1+QMbgpPG</latexit>

h ! AA
<latexit sha1_base64="wPaI6f2HT/hVxs1WOuMDjdFxPG0=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZetblxWsA9oh5JJ77ShmcyYZIRS+hNuXCji1t9x59+YtrPQ1gOBwzn3kntOkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHssHM07Qj+hA8pAzaqzUHpKuiUmt1iuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+75ScWaVPwljZJw2Zq783JjTSehwFdjKiZqiXvZn4n9dJTXjtT7hMUoOSLT4KU0Fsxll40ucKmRFjSyhT3N5K2JAqyoytqGBL8JYjr5JmpexdlCv3l6XqTVZHHk7gFM7Bgyuowh3UoQEMBDzDK7w5j86L8+58LEZzTrZzDH/gfP4A5G+PNw==</latexit>

pp ! LQLQ
<latexit sha1_base64="MOKgMRYgiVumwWytpdpq61uuwoM=">AAACC3icbVBLSwMxGMzWV62vVY9egkXwVHaroMeiFw8eWrAP6C4lm2bb0GQTkqxQlt69+Fe8eFDEq3/Am//GtF1BWwcCw3zzJZmJJKPaeN6XU1hZXVvfKG6WtrZ3dvfc/YOWFqnCpIkFE6oTIU0YTUjTUMNIRyqCeMRIOxpdT+fte6I0FcmdGUsScjRIaEwxMlbquccSShgYAbNAcXjbmATC2qe3/Qiw55a9ijcDXCZ+TsogR73nfgZ9gVNOEoMZ0rrre9KEGVKGYkYmpSDVRCI8QgPStTRBnOgwm2WZwBOr9GEslD2JgTP190aGuNZjHlknR2aoF2dT8b9ZNzXxZZjRRKaGJHj+UJwyaLNPi4F9qgg2bGwJworav0I8RAphY+sr2RL8xcjLpFWt+GeVauO8XLvK6yiCI3AMToEPLkAN3IA6aAIMHsATeAGvzqPz7Lw573Nrwcl3DsEfOB/fydyaQg==</latexit>

h, Z ! µ+µ�
<latexit sha1_base64="0kFHxpcqp6xvZzv3MmoswcglbsY=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCoJaZKuiy6MZlBfvAzlgyacaGJpkhyQh1KP6KGxeKuPU/3Pk3ptNZaOuBhMM593LvPUHMqNKO820V5uYXFpeKy6WV1bX1DXtzq6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLgc+60HIhWNxI0exsTn6F7QkGKkjdS1d/pH8BZ6OoIeT+4Os/+4a5edipMBzhI3J2WQo961v7xehBNOhMYMKdVxnVj7KZKaYkZGJS9RJEZ4gO5Jx1CBOFF+mm0/gvtG6cEwkuYJDTP1d0eKuFJDHphKjnRfTXtj8T+vk+jw3E+piBNNBJ4MChMGzbHjKGCPSoI1GxqCsKRmV4j7SCKsTWAlE4I7ffIsaVYr7kmlen1arl3kcRTBLtgDB8AFZ6AGrkAdNAAGj+AZvII368l6sd6tj0lpwcp7tsEfWJ8/FqiTtA==</latexit>

e+e� ! µ+µ�Z 0
<latexit sha1_base64="RnaxPByPqvNPjDFIaTqoAs2N9K8=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARhdIyUwVdFt24rGAf2JmWTHrbhiYzQ5IRSqkbf8WNC0Xc+hfu/BvTx0JbDyQczrmX5Jwg5kxpx/m2UkvLK6tr6fXMxubW9o69u1dVUSIpVGjEI1kPiALOQqhopjnUYwlEBBxqQf967NceQCoWhXd6EIMvSDdkHUaJNlLLPoBmDkMz7+kIeyJp5sZXHt+ftOysU3AmwIvEnZEsmqHcsr+8dkQTAaGmnCjVcJ1Y+0MiNaMcRhkvURAT2iddaBgaEgHKH04SjPCxUdq4E0lzQo0n6u+NIRFKDURgJgXRPTXvjcX/vEaiO5f+kIVxoiGk04c6Cccm7rgO3GYSqOYDQwiVzPwV0x6RhGpTWsaU4M5HXiTVYsE9KxRvz7Olq1kdaXSIjtApctEFKqEbVEYVRNEjekav6M16sl6sd+tjOpqyZjv76A+szx/JsZUt</latexit>

K� ! µ�⌫̄Z 0
<latexit sha1_base64="YEhpz92aA8xGW+m3L2QGywHkZxY=">AAACAnicdVDLSgMxFM34rPU16krcBIvopmVSxba7ohvBTQX7wE5bMmnahmYyQ5IRylDc+CtuXCji1q9w59+YaSuo6IHA4Zx7uTnHCzlT2nE+rLn5hcWl5dRKenVtfWPT3tquqSCShFZJwAPZ8LCinAla1Uxz2gglxb7Had0bnid+/ZZKxQJxrUchbfm4L1iPEayN1LF3L9tZ6OoAun7UzroelrErojG8OezYGSfnOA5CCCYEFU4dQ0qlYh4VIUosgwyYodKx391uQCKfCk04VqqJnFC3Yiw1I5yO026kaIjJEPdp01CBfapa8STCGB4YpQt7gTRPaDhRv2/E2Fdq5Htm0sd6oH57ifiX14x0r9iKmQgjTQWZHupFHJrISR+wyyQlmo8MwUQy81dIBlhiok1raVPCV1L4P6nlc+g4l786yZTPZnWkwB7YB0cAgQIogwtQAVVAwB14AE/g2bq3Hq0X63U6OmfNdnbAD1hvn8AZlmY=</latexit>

e+e� ! �a, a ! ��
<latexit sha1_base64="8vbgZtIXTsD4lLssjHbc1szyWYw=">AAACEHicbVDLSgMxFM3UV62vqks3wSIKapmpgi6LblxWsA/oizvpbRuazAxJRiiln+DGX3HjQhG3Lt35N6aPRW29EHJyzr3cnONHgmvjuj9OYml5ZXUtuZ7a2Nza3knv7pV0GCuGRRaKUFV80Ch4gEXDjcBKpBCkL7Ds925HevkRleZh8GD6EdYldALe5gyMpZrpY2ycYuOc1kxIax2QEiicUZh5Tq5mOuNm3XHRReBNQYZMq9BMf9daIYslBoYJ0LrquZGpD0AZzgQOU7VYYwSsBx2sWhiARF0fjA0N6ZFlWrQdKnsCQ8fs7MQApNZ96dtOCaar57UR+Z9WjU37uj7gQRQbDNhkUTsW1NodpUNbXCEzom8BMMXtXynrggJmbIYpG4I3b3kRlHJZ7yKbu7/M5G+mcSTJATkkJ8QjVyRP7kiBFAkjT+SFvJF359l5dT6cz0lrwpnO7JM/5Xz9Ag0ym1w=</latexit>



北原鉄平 (名古屋大学 高等研究院/KMI): 高エネルギー将来計画委員会:第9回勉強会, 2021.4.22, オンライン
Precision measurement で探る新物理

/ 49

SL
SL
-s
oft

SLSL-8TeV
SLS
L-1

3Te
V

100 150 200 250 300 350
50

100

150

200

250

300
chargino contribution pure-bino contribution with correct ΩDM

Ex
clu

de
d

10

SUSY example [Endo, Hamaguchi, Iwamoto, TK, 2104.03217]

e�0
2e�±

1 !
�
h�̃0

1

� �
W±�̃0

1

�
<latexit sha1_base64="D1ypF3t4ON5cXa9Ap/EalbKonrM="></latexit>

e�0
2e�±

1 !
⇣
l̃L
⌘⇣

⌫elL
⌘
!

�
lle�0

1

� �
⌫le�0

1

�
<latexit sha1_base64="cQyLeRazcqgcf25Qx8njhwt22oY="></latexit>

è
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will be able to probe 

strong bound from:

Low tanβ is 
preferred(!)

Photon collision 
will be able to probe 
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�
`e�0

1

� �
¯̀e�0

1

�
<latexit sha1_base64="kOclNpNTO65FM/Xd0bKU9h2eDno="></latexit>
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Precision measurements of flavor physics

Heavy quark Light quark/lepton

Light quark/lepton
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What is flavor physics?

Quarks can not become asymptotic field, but must be contained in hadron=meson or baryon 

b … B meson,  c … D meson, s … K meson, or heavy baryons.

b quark
PV

Hadronization

spectator quark  
= light quark = u, d, (s)

B meson

….

B0, B̄0, B±, B0
s , B*, . . .

Quark flavor physics means physics of meson/baryon transition;  

etc. B → K + X (b → s), D → π + X (c → u), K → π + X (s → d),

Gell-Mann named it 
“flavor” at an ice-cream 
store, just as ice-cream 
has both color and 
quark (cheese) flavor 



http://www.wallcoo.net/

http://www.wallcoo.net/
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B physics

Main stream of the flavor physics. There are three big experiments for B physics.  

Rich phenomenology; CKM, FCNC, CP violation, tau lepton, LFU, Hadron spectroscopy, dark sector

BaBar experiment @ SLAC, physics run was finished at 2008

Belle and Belle II experiments @ KEK, Belle II started at 2019

LHCb experiment @ CERN, Run 1 and 2 were done, Run 3 will start at 2022 

pp → bb̄ → BB̄

e+e− → Υ → BB̄  per year1010BB̄

e+e− → Υ → BB̄  per year108BB̄

 per year1012bb̄
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CKM matrix

CKM matrix arises the relative misalignment between the Yukawa matrices and gauge interactions: 

Wolfenstein parametrization 

Parameter  is determined by B physics A

L � � gp
2
ūi
L�

µdiLW
+
µ

mass�eigenbasis����������!� gp
2
ūi
L�

µ(U†
uUd)

ijdjLW
+
µ

=� gp
2
ūi
L�

µV ij
CKMdjLW

+
µ
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+𝒪(λ4)

B physics K physics 



北原鉄平 (名古屋大学 高等研究院/KMI): 高エネルギー将来計画委員会:第9回勉強会, 2021.4.22, オンライン
Precision measurement で探る新物理

/ 4916

Measurements of |Vcb|

Inclusive decays:  

It corresponds to quark level decay rate ( ) +  corrections 

Last data in 2010 → Belle II result coming soon;  No lattice → the first lattice study [Gambino, 

Hashimoto, PRL ’20] 

Exclusive decays:  

Many data with different schemes. One can use lattice simulations.

B → Xcℓν

b → cℓν αs, ΛQCD/mb

B → Dℓν, B → D*ℓν

Hadron states  (=D**, D*, D, Dπ, 
Dππ…) 

Xc

For determination of |Vcb|, one 

measures branching ratios of 

B-meson semileptonic decay 

modes, and compare TH

Semileptonic mode

Xc

` = e, µ
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Average of the inclusive determinations 

CKM unitarity 

~3σ tension between 
inclusive vs. exclusive 
determinations of Vcb and 
Vub 

[Ricciardi, Rotondo, 1912.09562]
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B → D*ℓνB → Dℓν
[HFLAV averages 2019, based on CLN]

Belle II 
preliminary result 
[Moriond2021] 

Inclusive Vcb 
= 41.7 (12) x 10-3

NP interpretation is 
difficult [Iguro, Watanabe, 
2004.10208] Kaon physics prefers 

inclusive Vcb              
(→ page 36) 

Average of the exclusive determinations 
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Lepton flavor universality (LFU) 

Gauge symmetry predicts lepton flavor universal phenomena

e
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<latexit sha1_base64="YHx5dBVtnc6vg3liwNVmERVSg+Q=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjworcK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wST29zvPHFjRaQfcRpzX9GRFqFgFHOpjzQZVKpuzZ2DrBKvIFUo0BxUvvrDiCWKa2SSWtvz3Bj9lBoUTPJZuZ9YHlM2oSPey6imils/nd86I+eZMiRhZLLSSObq74mUKmunKsg6FcWxXfZy8T+vl2B446dCxwlyzRaLwkQSjEj+OBkKwxnKaUYoMyK7lbAxNZRhFk85C8FbfnmVtOs177JWf7iqNu6LOEpwCmdwAR5cQwPuoAktYDCGZ3iFN0c5L86787FoXXOKmRP4A+fzBySWjlM=</latexit>

=<latexit sha1_base64="k5RwRTpDUuczUHOeIMvRgrp09YA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIveEjAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9X7LI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCQNozM</latexit> =<latexit sha1_base64="k5RwRTpDUuczUHOeIMvRgrp09YA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIveEjAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9X7LI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCQNozM</latexit>

⌫e, e
<latexit sha1_base64="xSVZmRPPd7AD9qaGcCe3qAWPxFI=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgoZTdKuix4EVvFeyHdJeSTWfb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXphwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqii0aMxj1Q2JBs4ktAwzHLqJAiJCDp1wfDPzO0+gNIvlg5kkEAgylCxilBgrPfoy7UPVr0K/XHFr7hx4lXg5qaAczX75yx/ENBUgDeVE657nJibIiDKMcpiW/FRDQuiYDKFnqSQCdJDND57iM6sMcBQrW9Lgufp7IiNC64kIbacgZqSXvZn4n9dLTXQdZEwmqQFJF4uilGMT49n3eMAUUMMnlhCqmL0V0xFRhBqbUcmG4C2/vEra9Zp3UavfX1Yad3kcRXSCTtE58tAVaqBb1EQtRJFAz+gVvTnKeXHenY9Fa8HJZ47RHzifPx9bj/s=</latexit>

⌫µ, µ
<latexit sha1_base64="+O4nb7vtf6G0fXccfL89mGxLQG4=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwUUpSBV0W3Oiugq2FJpTJdNIOnZnEeRRK6He4caGIWz/GnX/jtM1CWw/cy+Gce5k7J0oZVdrzvp3C2vrG5lZxu7Szu7d/UD48aqvESExaOGGJ7ERIEUYFaWmqGemkkiAeMfIYjW5m/uOYSEUT8aAnKQk5GggaU4y0lcJAmF7ATTWo2t4rV7yaN4e7SvycVCBHs1f+CvoJNpwIjRlSqut7qQ4zJDXFjExLgVEkRXiEBqRrqUCcqDCbHz11z6zSd+NE2hLanau/NzLElZrwyE5ypIdq2ZuJ/3ldo+PrMKMiNZoIvHgoNszViTtLwO1TSbBmE0sQltTe6uIhkghrm1PJhuAvf3mVtOs1/6JWv7+sNO7yOIpwAqdwDj5cQQNuoQktwPAEz/AKb87YeXHenY/FaMHJd47hD5zPH1U2kdU=</latexit>

⌫⌧ , ⌧
<latexit sha1_base64="+hsjPkNegX1tT6bALt0QJpqVmjo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCi1KSKuiy4EZ3FWwtNCFMppN26GQS5iHU0C9x40IRt36KO//GaZuFth643MM59zJ3TpQxKpXrflultfWNza3ydmVnd2+/ah8cdmWqBSYdnLJU9CIkCaOcdBRVjPQyQVASMfIQja9n/sMjEZKm/F5NMhIkaMhpTDFSRgrtqs916Cuk63591kK75jbcOZxV4hWkBgXaof3lD1KsE8IVZkjKvudmKsiRUBQzMq34WpIM4TEakr6hHCVEBvn88KlzapSBE6fCFFfOXP29kaNEykkSmckEqZFc9mbif15fq/gqyCnPtCIcLx6KNXNU6sxScAZUEKzYxBCEBTW3OniEBMLKZFUxIXjLX14l3WbDO2807y5qrdsijjIcwwmcgQeX0IIbaEMHMGh4hld4s56sF+vd+liMlqxi5wj+wPr8AVy5kuo=</latexit>

Charged lepton mass changes kinematics and modifies scalar form factors in the 

hadronization, which eventually violates the lepton flavor universality 

Long-distance QED correction (beyond PHOTOS) could violate the lepton flavor 

universality [de Boer, TK, Nisandzic, PRL ’18; Isidori, Nabeebaccus, Zwicky, ‘20]

�/Z/W
<latexit sha1_base64="bbTxOm3fiuikLC7Nuhh05jPhTWw=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4ms60M9juim5cVrC2tB1KJs20oUlmSDJCGfoXblwo4ta/ceffmD4EFT1w4XDOvdx7T5gwqrTjfFi5tfWNza38dmFnd2//oHh4dKfiVGLSwjGLZSdEijAqSEtTzUgnkQTxkJF2OLma++17IhWNxa2eJiTgaCRoRDHSRur2R4hzVO6W24NiybHdqu/WqtCxfd/zK44hnu9V63Xo2s4CJbBCc1B87w9jnHIiNGZIqZ7rJDrIkNQUMzIr9FNFEoQnaER6hgrEiQqyxcUzeGaUIYxiaUpouFC/T2SIKzXloenkSI/Vb28u/uX1Uh3VgoyKJNVE4OWiKGVQx3D+PhxSSbBmU0MQltTcCvEYSYS1CalgQvj6FP5P7iomKLty45Ual6s48uAEnIJz4IIL0ADXoAlaAAMBHsATeLaU9Wi9WK/L1py1mjkGP2C9fQIvT5Cc</latexit>



R(D(*)) =
BR(B → D(*)τ̄ντ)
BR(B → D(*)ℓ̄νℓ)

NP, e.g., Leptoquark

vs.

Vcb dependence 
is dropped 

SM

B(B ! D`⌫) = 2%, B(B ! D⇤`⌫) = 5%,
<latexit sha1_base64="Quk9r2JfkshPNpHqP76VBAkdjsY=">AAACM3icbVDLSgMxFM34rPU16tJNsBQqSJmpim6EUl2Iqwr2AZ2xZNK0Dc1khiQjlKF+kxt/xIUgLhRx6z+YaWdRWw8EDuecS+49XsioVJb1ZiwsLi2vrGbWsusbm1vb5s5uXQaRwKSGAxaIpockYZSTmqKKkWYoCPI9Rhre4DLxGw9ESBrwOzUMieujHqddipHSUtu8cXyk+hixuDIqVBwVwCvoEMagw6PDC1hy8keP85F7B0k1nTvVubaZs4rWGHCe2CnJgRTVtvnidAIc+YQrzJCULdsKlRsjoShmZJR1IklChAeoR1qacuQT6cbjm0cwr5UO7AZCP67gWJ2eiJEv5dD3dDJZX856ifif14pU99yNKQ8jRTiefNSNGNR3JwXCDhUEKzbUBGFB9a4Q95FAWOmas7oEe/bkeVIvFe3jYun2JFeupHVkwD44AAVggzNQBtegCmoAgyfwCj7Ap/FsvBtfxvckumCkM3vgD4yfX/+3qAo=</latexit>

LFU observable R(D) 



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

[HFLAV averages 2019]

RSM
D = 0.297 ± 0.003

RSM
D* = 0.250 ± 0.003

New SM prediction

3.8 σ →→→ 3.1 σ →→→ ~ 4 σ tension

Average of the experimental data

New Belle data ‘19 New SM ‘20

Soft-photon QED 
corrections could change 
these tensions

It was shown that the 
QED correction violates 
LFU at a few % level 
[de Boer, TK, Nisandzic, PRL ’18]

[Bordone, Jung, van Dyk, ’20; Iguro Watanabe, ‘20]
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EFT global fit

Relevant effective Hamiltonian 

Collider bound (→page 26) 

Bound from  < 60%BR(B+
c → τ+ν)

[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, ’19]

O
L
V = (c�µ

PLb) (⌧�µPL⌫⌧ )

O
R
S = (cPRb) (⌧PL⌫⌧ )

O
L
S = (cPLb) (⌧PL⌫⌧ )

OT = (c�µ⌫
PLb) (⌧�µ⌫PL⌫⌧ )

<latexit sha1_base64="/qzzB1H1Xn+CVbQRjrHM/kxhJPM="></latexit>

10% bound is too stringent 
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“Single particle” interpretations
One WC scenarios Two WCs scenarios

CL
V

,  
SU(2)L-singlet vector LQ,   
SU(2)L-triplet and/or -singlet scalar LQ

W′ 

CR
S

CL
S

CL
S = 4CT

Charged Higgs, 
SU(2)L-doublet vector LQ ( )V2

Charged Higgs with generic flavour 
structure 

scalar SU(2)L-doublet LQ ( ) 
(“4” is modified by RG evolution)

R2

(CL
V, CL

S = − 4CT) SU(2)L-singlet scalar LQ ( )   S1

(CL
V, CR

S )

(CR
S , CL

S )

 (Re[CL
S = 4CT],

Im[CL
S = 4CT])

SU(2)L-singlet vector LQ ( )U1

Charged Higgs with generic flavour 
structure 

scalar SU(2)L-doublet LQ ( )R2

There are so many detailed studies for each single particle scenarios  

There are also “two LQs” scenarios 
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Polarization observables in b → cτν
The following two polarization observables could be important to confirm/distinguish new physics 

Longitudinal  polarization ( ) 

 polarization asymmetry along the longitudinal directions of  ( )

D* D* → Dπ

τ τ τ → πν, ρν

FL (D⇤) =
� (B ! D⇤

L⌧⌫)

� (B ! D⇤⌧⌫)
<latexit sha1_base64="KGLveaQOLJDfpxCpuAZVCaLUGiQ="></latexit>

 θhel is the angle 
between D and B in the 
D∗ rest frame 1.4 σ consistent 

[Tanaka, ZPC ’95]

[Belle, 1903.03102]

P⌧ (D
(⇤)) =

�
�
B ! D(⇤)⌧�=+1/2⌫

�
� �

�
B ! D(⇤)⌧�=�1/2⌫

�

�
�
B ! D(⇤)⌧⌫

�
<latexit sha1_base64="qeUHIyPfIev5xepLxFXj7i847w4="></latexit>

Fit of angle dependence: 
between π, ρ and W*(τν) 
in τ rest frame
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Predicted ranges of polarization observables
Full parameter searches of each LQ model, including LHC mono-  bound and   

[Greljo, Martin Camalich, Ruiz-Alvarez, PRL ’19; Alonso, Grinstein, Martin Camalich, PRL ’17]

τ BR(B+
c → τ+ν) < 30 %

[Predicted ranges] 

(50 ab-1)

 can discriminate the new physics 

LHC mono-  search gives more severe bound than  

Pτ(D)

τ BR(B+
c → τ+ν) < 30 %

[Iguro, TK, Omura, Watanabe, Yamamoto, ’19, UPDATED]
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(also valid for RH neutrino scenarios)

25

Model-independent prediction: R(Λc)

Crosscheck of  anomaly 
is possible by 

R(D(*))
R(Λc)

R(⇤c)

R(⇤c)SM
' 0.26

R(D)

R(D)SM
+ 0.74

R(D⇤)

R(D⇤)SM

Baryonic counterpart:                                                                 @ LHCb 

[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, ’19]

SU(2)L-singlet scalar LQ ( )S1

Charged Higgs

SU(2)L-singlet vector LQ ( )U1

SU(2)L-doublet scalar LQ ( )R2

There is no data yet, but soon?

Model-independent sum rule

R (⇤c) = 0.38± 0.01R(D(⇤)) ± 0.01FF
<latexit sha1_base64="XtDyDyDatwUJSSpD0jMHH4Tz23I="></latexit>

Similar ellipses!

[Bernlochner, Liegt, Robinson, Sutcliffe, PRL ’18]R(⇤c) =
B(⇤0

b ! ⇤+
c ⌧

�⌫̄⌧ )

B(⇤0
b ! ⇤+

c `�⌫̄`)
<latexit sha1_base64="YQgsV3L88ULwyLmhFWGaxN0WX7I="></latexit>

Sum rule for R(Λc) prediction from the form factor analysis

R (⇤c)SM = 0.324± 0.004
<latexit sha1_base64="+IW9hirRWYcRY34I5zvqzPvt5yE="></latexit>
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LQ vs LHC

LQ can be probed by LHC directly and indirectly

Vector leptoquark scenario [Cornella et al, 2103.16558]
R(D) & R(K)

[Greljo, Camalich, Ruiz-Alvarez PRL ’19; Marzocca, Min, Son, ’20; 
Iguro, Takeuchi, Watanabe 2011.02486]

Current bounds:

The direct bound comes from high-  tails in mono-τ searchespT

|CL
V | < 0.32, |CL(R)

S | < 0.55, |CT | < 0.17
<latexit sha1_base64="QSbfwI3KfvPJru3dc8BNckIPeLY="></latexit>

|CL
V | < 0.42, |CL(R)

S | < 0.8, |CT | < 0.35
<latexit sha1_base64="9CBXsaOTdxoIVQ+8XBG90t3ejsE="></latexit>

EFT:

2TeV LQ:



R(K(*)) =
BR(B → K(*)μ+μ−)
BR(B → K(*)e+e−)

NP, e.g., Z’ boson

vs.

SM

B(B ! K`+`�) = O(10�7), B(B ! K⇤`+`�) = O(10�6)
<latexit sha1_base64="T01A/hqa2A16vXtuSD+25ewmbR4="></latexit>

LFU observable R(K) 
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 anomaliesb → sμ+μ−

In 2019 and 2020, LHCb and Belle presented new results

[LHCb, 2003.04831]
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In 2019 and 2020, LHCb and Belle presented new results

[LHCb, 2003.04831]

2.5 σ 2.5 σ
2.5 σ

2.5 σ, 2.9 σ

3.7 σ

Angular distribution of  [K6] is also deviated 

at 2.6 σ [LHCb, 1808.00264]

Λb → Λμ+μ−

 anomaliesb → sμ+μ−
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R(K) in Moriond2021

Last month, R(K) was confirmed by using full Run 2 data [LHCb Moriond2021, 2103.11769]

2.5 σ → 3.1σ
R(K) only

Including the look-elsewhere 
effect and conservative 
theoretical error from charm 
loops, the global significance 
of  is 3.9σ b → sℓ+ℓ−

[Lancierini, Isidori, Owen, Serra, 
2104.05631]
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SMEFT global fit
[Kriewald, Hat, Orloff, Teixeira, 2104.00015]Relevant effective Hamiltonian

He↵ = �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

CiOi

<latexit sha1_base64="sGwrbZUEHBLrD60czYrvSgJYPzw="></latexit>

O7 = (s̄�µ⌫PRb)F
µ⌫

O9 = (s̄�µPLb)
�
¯̀�µ`

�

O10 = (s̄�µPLb)
�
¯̀�µ�5`

�
<latexit sha1_base64="Oj7qGTjdbZ9nLBaZgGm/5/I6q8Q="></latexit>

CSM
9 = 4.1 CSM

10 = �4.3
<latexit sha1_base64="k4q11STlnAxJLdqOSyXPnwJZWBY=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwY0jaQnUhFLtxI1S0D2himUyn7dDJw5mJUEI+xY2/4saFIrrTr3HSZqGtBy4czrmXe+9xQ0aFNM0vLbe0vLK6ll8vbGxube/ou3stEUQckyYOWMA7LhKEUZ80JZWMdEJOkOcy0nbH9dRvPxAuaODfyklIHA8NfTqgGEkl9fRqvRefJXex7SE54l58c5Uk5xXDgvZ9hPpQuZY5b59UjHJPL5qGOQVcJFZGiiBDo6d/2v0ARx7xJWZIiK5lhtKJEZcUM5IU7EiQEOExGpKuoj7yiHDi6YMJPFJKHw4CrsqXcKr+noiRJ8TEc1VneqiY91LxP68bycGpE1M/jCTx8WzRIGJQBjBNC/YpJ1iyiSIIc6puhXiEOMJSZVpQIVjzLy+SVsmwykbpulKsXWRx5MEBOATHwAJVUAOXoAGaAINH8AxewZv2pL1o79rHrDWnZTP74A+07x9AuKJf</latexit>

Current best fit:

All deviations in  are the same directionb → sμ+μ−

C9 = �C10 = �0.34, Cuniv.
9 = �0.74

<latexit sha1_base64="85YwVseJRcGHZ/AraU5Mt8wtD0M="></latexit>

PullSM = −6.4σ

[Geng et al, 2103.12738;  
Altmannshofer et al, 2103.13370;  
Cornella et al, 2103.16558;  
Alguero et al, 2104.08921; 
Hurth et al, 2104.10058]

⇤NP = O(10)TeV
<latexit sha1_base64="cWadvxFL/mVR/JGOiEHa63KljmY=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmqoBuh6MaFaIW+oAlhMpm0QycPZiZCCfkHN/6KGxeKuHXjzr9xmmahrQcGDuecy9x73JhRIQ3jW1tYXFpeWS2tldc3Nre29Z3djogSjkkbRyziPRcJwmhI2pJKRnoxJyhwGem6o6uJ330gXNAobMlxTOwADULqU4ykkhz92LpRYQ85qcUDeNvM4IUVIDnEiKV3WdU0jnKjRTqZo1eMmpEDzhOzIBVQoOnoX5YX4SQgocQMCdE3jVjaKeKSYkayspUIEiM8QgPSVzREARF2mt+UwUOleNCPuHqhhLn6eyJFgRDjwFXJyb5i1puI/3n9RPrndkrDOJEkxNOP/IRBGcFJQdCjnGDJxoogzKnaFeIh4ghLVWNZlWDOnjxPOvWaeVKr359WGpdFHSWwDw5AFZjgDDTANWiCNsDgETyDV/CmPWkv2rv2MY0uaMXMHvgD7fMHVm+dLg==</latexit>
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“Kπ puzzle”: Direct CPV in  modesB → Kπ
Direct CP asymmetry is obtained by 

The difference between two direct CP asymmetries [note that                                            ]

ACP =
Γ(B̄ → f̄ ) − Γ(B → f )
Γ(B̄ → f̄ ) + Γ(B → f )

ΔACP(Kπ) = ACP(B+ → π0K+) − ACP(B0 → π−K+)

ΔACP |exp (Kπ) = (11.5 ± 1.4) %

ΔACP |SM (Kπ) = (1.8+4.1
−3.2) %

  = 0 @ SM leading order 

B(B ! K⇡) = O(10�5)
<latexit sha1_base64="T6PtsVafvUwsQeEyHK/RohUn9bg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoFy1JVXQjlLoRXFjBtkITy2Q6aYdOHsxMhBLyFW78FTcuFHEr7vwbJ20QbT0wcDjnXuae44SMCmkYX1puYXFpeSW/Wlhb39jc0rd32iKIOCYtHLCA3zpIEEZ90pJUMnIbcoI8h5GOMzpP/c494YIG/o0ch8T20MCnLsVIKqmnVywPySFGLG4kpYYlA3gJrZCWz+CPcZWUTOMurhwn5Z5eNKrGBHCemBkpggzNnv5p9QMcecSXmCEhuqYRSjtGXFLMSFKwIkFChEdoQLqK+sgjwo4nsRJ4oJQ+dAOuni/hRP29ESNPiLHnqMn0VjHrpeJ/XjeS7qkdUz+MJPHx9CM3YlClTzuCfcoJlmysCMKcqlshHiKOsFRNFlQJ5mzkedKuVc3Dau36qFhvZHXkwR7YByVgghNQBxegCVoAgwfwBF7Aq/aoPWtv2vt0NKdlO7vgD7SPb5EGnbc=</latexit>

ACP |BaBar (B
+ → π0K+) = (3.0 ± 3.9 ± 1.0) %

ACP |Belle (B+ → π0K+) = (4.3 ± 2.4 ± 0.2) %

ACP |BaBar (B
0 → π−K+) = (−10.7 ± 1.6+0.6

−0.4) %
ACP |Belle (B0 → π−K+) = (−6.9 ± 1.4 ± 0.7) %

ACP |LHCb (B0 → π−K+) = (−8.4 ± 0.4 ± 0.3) %
ACP |CDF (B0 → π−K+) = (−8.3 ± 1.3 ± 0.4) %

All data are in agreement with each other

[Moriond 2021 average]

[Hofer, Scherer, Vernazza, JHEP ’11;  
Crivellin, Gross, Pokorski, Vernazza, PRD '20]

2.2σ tension

SM explanation can be possible, if this HME is 
bigger than the NLO prediction by a factor of 2
[Li, Mishima, PRD '11; Beaudry, Datta, London, Rashed,  
Roux, JHEP '18]

ACP |LHCb (B+ → π0K+) = (2.4 ± 1.5 ± 0.7) %New!



http://www.wallcoo.net/

http://www.wallcoo.net/


KL → ππ

K0 → μ+μ− K → πνν̄

B physics 
RBC-UKQCD

FCNC and/or CPV

εK and ε′ 

 
 

 

KS → π0μ+μ−

KS → μ+μ−γ
KS → 4ℓ
KS → π+π−e+e−

Understanding 
 of ChPT

KL → π0ℓ+ℓ−

Reduce th error

K → πX

 vs unitarityVus

CORRELATIO
N

K → πνν̄

KL ! ⇡�`+⌫
<latexit sha1_base64="f30kxD48u+462C2/Zn4aGG38KeM=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIgjjMtLWju4IbRRcV7AM60yGTpm1oJjMkGaGUuvFX3LhQxK1/4c6/MX0IKnogcDjnXm7OCWJGpbKsDyM1N7+wuJRezqysrq1vZDe3ajJKBCZVHLFINAIkCaOcVBVVjDRiQVAYMFIP+mdjv35LhKQRv1GDmHgh6nLaoRgpLfnZnUv/Croqgm5MW0fQJYy1DqHLEz+bs0zLyZdKNrTMou0UTvOaOEWrdOxA27QmyIEZKn723W1HOAkJV5ghKZu2FStviISimJFRxk0kiRHuoy5paspRSKQ3nCQYwX2ttGEnEvpxBSfq940hCqUchIGeDJHqyd/eWPzLayaqc+INKY8TRTieHuokDOrE4zpgmwqCFRtogrCg+q8Q95BAWOnSMrqEr6Twf1LLm3bBzF8Xc+WLWR1psAv2wAGwgQPK4BxUQBVgcAcewBN4Nu6NR+PFeJ2OpozZzjb4AePtE6fHlck=</latexit>

K+ ! `+⌫
<latexit sha1_base64="Yj9l5yetzYSYs/QeqwT5dBK3bf8=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIsgCENmWju6K7hR3FSwD2hryaSZNjSTGZKMWEp/xY0LRdz6I+78G9OHoKIHLhzOuZd77wkSzpRG6MPKLC2vrK5l13Mbm1vbO/Zuvq7iVBJaIzGPZTPAinImaE0zzWkzkRRHAaeNYHg+9Rt3VCoWixs9Smgnwn3BQkawNlLXzl/dHsO2jmGbcj6lIu3aBeQg3yuXXYickusXzzxD/BIqn/jQddAMBbBAtWu/t3sxSSMqNOFYqZaLEt0ZY6kZ4XSSa6eKJpgMcZ+2DBU4oqoznt0+gYdG6cEwlqaEhjP1+8QYR0qNosB0RlgP1G9vKv7ltVIdnnbGTCSppoLMF4Uph+bXaRCwxyQlmo8MwUQycyskAywx0SaunAnh61P4P6l7jlt0vOtSoXK5iCML9sEBOAIu8EEFXIAqqAEC7sEDeALP1sR6tF6s13lrxlrM7IEfsN4+AZRak4s=</latexit>
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Direct CP violation in KL → ππ
Precise measurements of Kaon to two pions have discovered the two type of CP violations:       

indirect CPV  & direct CPV   εK ε′ 

Re


✏0K
✏K

�
' 1

6

|⌘+�|2 � |⌘00|2

|⌘+�|2
=

1

6

0

@1�
Br(KL!⇡0⇡0)
Br(KS!⇡0⇡0)

Br(KL!⇡+⇡�)
Br(KS!⇡+⇡�)

1

A

[NA48/CERN and KTeV/FNAL '99]

[Christenson, Cronin, Fitch, Turlay, PRL ‘64]A(KL → π+π−) ∝ εK + ε′ 

A(KL → π0π0) ∝ εK − 2ε′ 

with εK = 𝒪(10−3) ≠ 0
ε′ = 𝒪(10−6) ≠ 0

= (16.6± 2.3)⇥ 10�4
<latexit sha1_base64="WaNJrwYQU0g8i8t+LbHCG7jOppg="></latexit>

 has been measured very precisely using the double ratio of branching ratiosRe(ε′ /εK)

data

On the other hand, theoretical estimation is difficult due to non-perturbative QCD

PDG average

I=0 I=2Isospin decomposition
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 discrepancy?εK

SM prediction of the indirect CP violation εK is sensitive to |Vcb|

"K = "K(SD) + "K(LD) εK (LD) = -3.6(2.0)% × εK (SD)SM  

"K(SD) / Im�t [�Re�t⌘ttS0(xt) + (Re�t � Re�c) ⌘ctS0(xc, xt) + Re�c⌘ccS0(xc)]

' ⌘̄�2|Vcb|2
⇥
|Vcb|2(1� ⇢̄)⌘ttS0(xt) + ⌘ctS0(xc, xt)� ⌘ccS0(xc)

⇤

~4.2σ tension in exclusive |Vcb| case

errors are dominated by Vcb, 
η, ηct, ηcc
-

[Buras, Guadagnoli, Isidori, ’10]

[LANL-SWME, 1912.03024,  Wolfenstein parameters are 
determined by  the angle-only fit]

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

|ϵK |×103

data

inclusive |Vcb|

exclusive |Vcb|

[Brod, Gorbahn, PRL ’12]

Leading contribuQon is proporQonal to |Vcb|4

|"K |⇥ 103
<latexit sha1_base64="SxstL48wq2llysgPhTqNPFzbAp8=">AAACA3icbVC7SgNBFL0bXzG+Vu20GQyCVdhNBC2DNoJNBPOA7BpmJ7PJkNkHM7OBsAnY+Cs2ForY+hN2/o2TZAtNPDBw7jn3cuceL+ZMKsv6NnIrq2vrG/nNwtb2zu6euX/QkFEiCK2TiEei5WFJOQtpXTHFaSsWFAcep01vcD31m0MqJIvCezWKqRvgXsh8RrDSUsc8GjtDLGgsGdfl7dhRLKAS2dZDpWMWrZI1A1omdkaKkKHWMb+cbkSSgIaKcCxl27Zi5aZYKEY4nRScRNIYkwHu0bamIdab3HR2wwSdaqWL/EjoFyo0U39PpDiQchR4ujPAqi8Xvan4n9dOlH/ppiyME0VDMl/kJxypCE0DQV0mKFF8pAkmgum/ItLHAhOlYyvoEOzFk5dJo1yyK6Xy3XmxepXFkYdjOIEzsOECqnADNagDgUd4hld4M56MF+Pd+Ji35oxs5hD+wPj8Aa7El4Q=</latexit>

Kaon physics prefers the inclusive Vcb
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　　　The latest situation of  anomalyε′ /ε

(ϵ′ /ϵK)SM = (1.4 ± 5.2 ± 4.6) × 10−4

RBC-UKQCD (Lattice) ’15 RBC-UKQCD 2004.09440

(ϵ′ /ϵK)SM = (21.7 ± 2.6 ± 6.2 ± 5.0) × 10−4

stat. sys. IB-sys.stat. sys. 2.9σ shift

I=0 ππ phase shift 

δ0(mK) = (23.8 ± 4.9 ± 1.2)∘

ΔI =1/2 rule

Re(A0)/Re(A2) = 22.45 ± 0.06Re(A0)/Re(A2) = 19.9 ± 2.3 ± 4.4

Data

(ϵ′ /ϵK)exp = (16.6 ± 2.3) × 10−4

δ0(Elat
ππ = 479 MeV) = (32.3 ± 1.0 ± 1.8)∘ δ0,disp. = 35.9∘

Re(A0)/Re(A2) = 31.0 ± 11.1
1.0 σ shift

1.7σ shift

(ϵ′ /ϵK)SM = (13.9 ± 5.2) × 10−4

Buras, Gérard 2005.08976

+NNLO, η′ 

Now, all lattice results are consistent with data

Underestimated the sys. error
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 and KL → π0νν̄ K+ → π+νν̄
Both channels are theoretical clean and significantly sensitive to short-distance 

contributions, especially  is purely CPV decay 

Sensitive to CPV in NP sector  

SM predictions:

KL → π0νν̄

[Buras, Buttazzo, Girrbach-Noe, Knegjens, JHEP ’15]

s → dνν̄

On-going experiments:

@CERN@J-PARC
20 SM events are 
expected in 2016-18 runs

K+KL SM event is expected 
in ~2024

(almost) CP-odd →   CP-even in SM, see [Buchalla, Isidor, PLB ’98]

c.f.  
(1.06± 0.09)⇥ 10�10

<latexit sha1_base64="ue8CD/H+QRhXyup38rZvP0xG4Mw=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDFRxQTy2ChbGItGH1ITKcZ3WquNEtoNURR1Z+BUWBhBi5RPY+BvcNgO0HOlKR+fcq3vv8WPOlHacbyu3sLi0vJJfLaytb2xu2ds7DRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36g+ux33ygUrFI3OlhTL0Q9wQLGMHaSB17v4TKzhl04xA6ZefyCLqahVRB5Nynx8gZdeyi0SeA8wRlpAgy1Dr2l9uNSBJSoQnHSrWRE2svxVIzwumo4CaKxpgMcI+2DRXYbPPSySMjeGiULgwiaUpoOFF/T6Q4VGoY+qYzxLqvZr2x+J/XTnRw4aVMxImmgkwXBQmHOoLjVGCXSUo0HxqCiWTmVkj6WGKiTXYFEwKafXmeNCpldFKu3J4Wq1dZHHmwBw5ACSBwDqrgBtRAHRDwCJ7BK3iznqwX6936mLbmrGxmF/yB9fkDHJSWPg==</latexit>

loop, GIM, and small CKM
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KOTO@KAON2019
[KOTO, KAON2019; 2016-18 data]

# of events 4 (3) 
Single event sensitivity 6.9×10-10

Expected BG 0.05±0.02
Expected SM 0.05±0.01

B
�
KL ! ⇡0⌫⌫

�
< 3.0⇥ 10�9 at 90%CL

<latexit sha1_base64="eRHjG+8cYOcEeYkYxMLupHFqIgc="></latexit>

[KOTO, 1810.09655; 2015 data]

1 in 4 events is suspected that a peak selection 
was mistaken due to a wrong parameter 

KOTO was planning to re-evaluate other BG 
sources, especially  (special run for BG in 
May—Jun) [done]

K+

Signal regionP T
(π

0 )
(M

eV
)

Decay point (mm)

39
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KOTO@ICHEP2020 + JPS2020Fall + PRL ‘21

# of events 4 (3)
Single event sensitivity 6.9×10-10

Expected BG 0.05±0.02
Expected SM 0.05±0.01

3
7.1×10-10

0.39±0.10 1.05±0.28
0.05±0.01

[KOTO, KAON2019] [KOTO, ICHEP2020]

×8 [New  BG] 
Based on MC simulation of  
before the special run

K+

K+
×3 [calibrate  flux] 
Based on the special run 
for 

K+

K+
[KOTO, JPS2020Fall]

3
7.2×10-10

1.21±0.25
0.05±0.01

[New halo 
 BG] 

added
KL → 2γ

40

[KOTO, PRL ’21]

3
7.2×10-10

1.22±0.26
0.05±0.01

“observed events is 
statistically consistent 
with the background 
expectation”

CONGRATULATIONS! 
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Cabibbo angle anomaly

Kaon measurements can determine the Cabbie angle: |Vus | ≡ λ

CKM unitarity:    →    →  

Now, one can check this equality from precision data

V†V = 1 |Vud |2 + |Vus |2 + |Vub |2 = 1 |Vud |2 + |Vus |2 = 1
⇠ 1.4⇥ 10�5

<latexit sha1_base64="6Th5i3ThtoBf9+sF4ojygwDVxCQ=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRILERJKYKxgoWxSPQhNaFyXKe1ajuR7SBVURZ+hYUBhFj5DDb+BrfNAC1HutLROffq3nvChFGlXffbWlpeWV1bL22UN7e2d3btvf2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHoZuK3H4lUNBb3epyQgKOBoBHFSBupZx/6inLoOTXoa8qJgp77kJ1d5D274jruFHCReAWpgAKNnv3l92OcciI0ZkiprucmOsiQ1BQzkpf9VJEE4REakK6hApllQTZ9IIcnRunDKJamhIZT9fdEhrhSYx6aTo70UM17E/E/r5vq6CrIqEhSTQSeLYpSBnUMJ2nAPpUEazY2BGFJza0QD5FEWJvMyiYEb/7lRdKqOt65U72rVerXRRwlcASOwSnwwCWog1vQAE2AQQ6ewSt4s56sF+vd+pi1LlnFzAH4A+vzBwsalMQ=</latexit>

+𝒪(λ4)

B physics K physics 
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New physics interpretations: 

                                      [Coutinho, Crivellin, Manzari, 
PRL ‘20] 
Vector-like leptons (2TeV) [Endo, Mishima, ‘20] 
Heavy SU(2)L (10TeV) [Capdevila et al, ’20]

Cabibbo angle anomaly:  vs. CKM unitarity (1/2)Vud, Vus

2010

[Grossman, Passemar, Schacht, JHEP ’20] 
quantifies this situation: 
CKM unitarity is rejected at 3.0σ, and new 
physics is favored over the SM at 3.6σ level. 

β-decay

B (K+ ! µ+⌫(�))

B (⇡+ ! µ+⌫(�))
<latexit sha1_base64="6wSdvO6Z38xCTVbrFsGyaCks2pQ="></latexit>

B
�
K+ ! ⇡0`+⌫(�)

�
,B

�
KL ! ⇡�`+⌫(�)

�
<latexit sha1_base64="GImRwVo6Y2irNYmLN/mJvOF40Mk="></latexit>

[E. Passemar, KAON2019]

[Czarnecki, Marciano, Sirlin, ’19]

2019

⌧ trapn = 879.4(6)sec
<latexit sha1_base64="N6recrkOg8dUpFFs3AKvpy/pDP0="></latexit>

|Vud |2 + |Vus |2 = 1

|Vud |2 + |Vus |2 = 1

Cabbie angle anomaly

  anomalyb → sℓℓ

(L̄�µ
⌧
I
L)(H† $

D

I

µ H)
<latexit sha1_base64="IqsjbXmdhpno7KoEJdBJpzqfkpU="></latexit>
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Cabibbo angle anomaly:  vs. CKM unitarity (1/2)Vud, Vus

What’s happened in the last ten years? 

Lattice results [FLAG, 1902.08191]  

New data [NA48/2, 1808.09041; OKA, 1708.09587]  

Isospin breaking corrections are improved [Cirigliano, Neufeld, PLB ’11; Bijnens, Ecker, ARNPS ’14] 

QED corrections to β decay are improved [Czarnecki, Marciano, Sirlin, PRD ’19; Seng, Gorchtein, Ramsey-

Musolf, PRD ‘19] 

QCD+QED lattice [Sachrajda, et al, PRL ’18; PRD ’19]: the result is consistent with one which was 
obtained analytically and the error is reduced (chiral expansion error vs. lattice error)



https://github.com/dlang/dlang.org

https://github.com/dlang/dlang.org
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The first observation of CPV in D-meson

Difference of Difference of D0 → h- h+ and D0 → h- h+

Detection asymmetry and final-state independent uncertainty are completely dropped!

The Direct CPV is amplified in the difference! Vcd : Vus ' �1 : 1
<latexit sha1_base64="+bFwiafkKwQbEucvDqNBz5DkyN8=">AAACBHicdVDLSsNAFJ3UV62vqMtuBovgxpCkoa1dFbpxWcE+oC1lMpm2QycPZyZCCVm48VfcuFDErR/hzr9x0lZQ0QMXDufcy733uBGjQprmh5ZbW9/Y3MpvF3Z29/YP9MOjjghjjkkbhyzkPRcJwmhA2pJKRnoRJ8h3Gem6s2bmd28JFzQMruU8IkMfTQI6phhJJY30YmeUYC+FdahILFI4ENQnN/DcqlsjvWQaF7WK7VSgaZhm1bKtjNhVp+xASykZSmCF1kh/H3ghjn0SSMyQEH3LjOQwQVxSzEhaGMSCRAjP0IT0FQ2QT8QwWTyRwlOleHAcclWBhAv1+0SCfCHmvqs6fSSn4reXiX95/ViOa8OEBlEsSYCXi8YxgzKEWSLQo5xgyeaKIMypuhXiKeIIS5VbQYXw9Sn8n3Rswyob9pVTajRXceRBEZyAM2CBKmiAS9ACbYDBHXgAT+BZu9cetRftddma01Yzx+AHtLdP+U+XBw==</latexit>

ACP (D
0 ! K�K+) ⌘ #(D0(t = 0) ! K�K+)�#(D̄0(t = 0) ! K�K+)

#(D0(t = 0) ! K�K+) + #(D̄0(t = 0) ! K�K+)
Direct CPV

Observable

s̄, d̄ s̄, d̄

s, d s, d

K+, π+ K+, π+

K−, π− K−, π−

—

�ACP = ACP (D
0 ! K�K+)�ACP (D

0 ! ⇡�⇡+)
<latexit sha1_base64="JUOvD1xgCulZGw0ZDlMxoRSRKFo="></latexit>
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Direct CP violation in D

World average 5.3σ discovery of CPV!  

Latest result [LHCb, 1903.08726]

 but, need confirmation by Belle II

A reliable SM prediction [QCD sum rule]

[Khodjamirian, Petrov, '17]

Smaller than the data by a factor of 7;   4.7σ tension

(QCD sum rule works well in B physics)

New physics implications; 2HDM, MSSM, vector-like quark 
[Dery, Nir, ’19]

�adirCP = (�15.7± 2.9)⇥ 10�4
<latexit sha1_base64="Ay1LdMBPZMBj4WKmQxPHAIZb8fY="></latexit>

���adirCP

�� < (2.0± 0.3)⇥ 10�4
<latexit sha1_base64="FdZyfD6ms7bm8IiBmihz+gekMyQ="></latexit>

SM explanation could be possible by QCD re scattering 
 [Grossman, FPCP2020]D0 → "ππ" → K−K+



B anomaly + muon g-2 anomaly = ?
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Refs particles solve mass scale

Arcadi et al, 2104.03228 Vector-like fermion  
+ scalars muon g-2, R(K), DM 0.1～1 TeV VL

Nomura, Okada 2104.03248 Scalar LQs muon g-2, R(K),   . 　     ～5 TeV LQ

Bhattacharya et al, 2104.03947 ALP muon g-2, Kπ puzzle ～140 MeV ALP

Marzocca, Trifinopoulos, 
2104.05730 Scalar LQ + scalar muon g-2, R(K), R(D), CAA ～5 TeV LQ

Du et al, 2104.05685;      　　
Ban et al, 2104.06656 Vector LQ muon g-2, R(K), R(D) ～2 TeV LQ

(B + muon g-2) anomaly =?
I found 5 scenarios (6 papers)

mν
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Summary of anomalies —which is the truth?—
~3σ ~4σ

3.9σ2.2σ? 3-4σ

4.2σ?

4.7σ?

4.2σ?

SUSY? LQ? ALP? Z’? VL?

|"K |⇥ 103
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Latest SM predictions of R(D) and R(D*)

All  corrections in the heavy quark expansion are included and fit all form factors𝒪(1/m2
c )

[Bordone, Jung, van Dyk, EPJC ’20; Iguro Watanabe, 2004.10208]

(my personal analysis) combine: 3.1 → 3.9, 4.1 σ

R(D)SM = 0.298 ± 0.003 R(D*)SM = 0.247 ± 0.006

R(D)SM = 0.297 ± 0.003 R(D*)SM = 0.250 ± 0.003

 : 1.4 → 1.4, 1.4 σ R(D)
 : 2.5 → 3.2, 3.5 σ R(D*)

[Gubernari, Kokulu, van Dyk,  
JHEP '19]

2/1/0:  corrections are just constants 
3/2/1:  dependence in  is included

𝒪(1/m2
c )

ω 𝒪(1/m2
c )

 example:  FFA1

w = (m2
B +m(⇤)2

D � q2)/2mBm
(⇤)
D

<latexit sha1_base64="DN6G3Q1ZGpIFXNcvA1JJiZn9rd8=">AAACI3icbZDLSsNAFIYn9VbrLerSzWARWsSaREERhFJduKxgL9DWMplO26GTizMTpYS8ixtfxY0Lpbhx4bs4SbOw1gMDH/9/DmfOb/uMCmkYX1pmYXFpeSW7mltb39jc0rd36sILOCY17DGPN20kCKMuqUkqGWn6nCDHZqRhj65iv/FIuKCeeyfHPuk4aODSPsVIKqmrXzxdFpxuWInuQys6VHStqNBGQhat6OghVovHFkxa4IwddfW8UTKSgvNgppAHaVW7+qTd83DgEFdihoRomYYvOyHikmJGolw7EMRHeIQGpKXQRQ4RnTC5MYIHSunBvsfVcyVM1N8TIXKEGDu26nSQHIq/Xiz+57UC2T/vhNT1A0lcPF3UDxiUHowDgz3KCZZsrABhTtVfIR4ijrBUseZUCObfk+ehbpXMk5J1e5ovV9I4smAP7IMCMMEZKIMbUAU1gMEzeAXv4EN70d60ifY5bc1o6cwumCnt+wcgU6NW</latexit>

All lattice data, QCDSR, and the latest LCSR result 

+ Angular distributions from Belle data [Belle, 1510.03657; 1702.01521; 1809.03290]

R(D)SM = 0.297 ± 0.006 R(D*)SM = 0.245 ± 0.004
[BJD]

[IW]

@q2 = q2max
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@q2  0
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[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, PRD ’19]

SU(2)L-singlet vector LQ ( )U1

SU(2)L-doublet scalar LQ ( )R2

SU(2)L-singlet scalar LQ ( )S1

Charged Higgs

 can discriminate 
the new physics
Pτ(D)

 could discriminate 
the new physics
Pτ(D*)

 is difficult to  
discriminate them
FL(D*)

P ⌧ (D) vs. FL (D⇤)
<latexit sha1_base64="Pd3XdDaTf5zUkCSBYJGvVJiuCSw="></latexit>

P ⌧ (D) vs. P ⌧ (D
⇤)
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Tensor operator vs. FL(D*)
Tensor operator in new physics scenario is significantly constrained by FL(D*)

★★

0.25 0.30 0.35 0.40 0.45
0.22

0.24

0.26

0.28

0.30

0.32

0.34

RD
R D

*

0.45

0.35

0.25

0.15

0.3
0.2SM

π

0
0

π/2

|CT | �TCT (µb) = ei

[Iguro, TK, Omura, Watanabe, Yamamoto, ’19, UPDATED]

CT, SM = 0
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Excluded by  FL(D*)

  FL(D*) = 0.60 ± 0.08 ± 0.04
[Belle, 1903.03102]

He↵ = 2
p

2GFVcbCT (µ) (c�
µ⌫PLb) (⌧�µ⌫PL⌫⌧ )

<latexit sha1_base64="8GGvzK6IhiaQrxQ4TqIyivHok7Q="></latexit>

:  
blue line 
FL(D*)
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Another channel: R(J/ψ)

The LFU violation was measured in  transitions B−
c → J/ψ

Signal reconstructed with tau leptonic decays and LHCb Run 1 data (3fb-1)

R(J/ )exp = 0.71± 0.17stat ± 0.18syst

R(J/ )SM ⇠ 0.25-0.28

Same-direction as R(D) and R(D*) tensions. 

But, the form factors are poorly known 

because heavy quark expansion is broken 

by  (spectator quark here)mc

[LHCb, 1711.05623] c̄

J/ Bc
-

Early new physics study, e.g., [Watanabe, PLB ’18; 

Alok, Kumar, Kumar, Kumbhakar, Sankar, JHEP ’18]

R(J/ ) =
B(B�

c ! J/ ⌧�⌫̄⌧ )

B(B�
c ! J/ `�⌫̄`)

<latexit sha1_base64="UolFZdFf2faC1JHXDRmBstLWg8w="></latexit>

R(J/ )SM = 0.2601± 0.0036
<latexit sha1_base64="N57DzaPJiP1OvwY80OTvWNBff2s="></latexit>

First lattice result [HPQCD, 2007.06956]

→→→→
1.8σ consistent

using Nf=2+1+1, with “HISQ” c and 
heavy quark b 
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Grossman-Nir bound (theoretical relation)

Grossman-Nir bound for general NP models (including  ) νiν̄j

B
�
KL ! ⇡0⌫⌫

�
=

⇣ ⌧L
⌧+

+�IB,EM

⌘
sin2 ✓B

�
K+ ! ⇡+⌫⌫

�
 4.32B

�
K+ ! ⇡+⌫⌫

�
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[Grossman, Nir, PLB ’97]

s → dνν̄ s → dνν̄
ū
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ū
<latexit sha1_base64="ZnBVU8ewHTObkyLI/i3dgvP1Jzs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip0w+oytLZoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk3at6l1Vaw/1SuM2j6MIZ3AOl+DBNTTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCgt4/C</latexit>K0

L
<latexit sha1_base64="8nCqRQkf423YCJQvxD3h8UyT7Yc=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvgqSRVbHsrCCLooYLbFtq1ZNNsG5rNLklWKEt/gxcPinj1B3nz35htK6jog4HHezPMzPNjwbVB6MPJLS2vrK7l1wsbm1vbO8XdvZaOEkWZSyMRqY5PNBNcMtdwI1gnVoyEvmBtf3ye+e17pjSP5K2ZxMwLyVDygFNirORe9a/vUL9YQmWEEMYYZgRXz5Al9XqtgmsQZ5ZFCSzQ7Bffe4OIJiGThgqidRej2HgpUYZTwaaFXqJZTOiYDFnXUklCpr10duwUHlllAINI2ZIGztTvEykJtZ6Evu0MiRnp314m/uV1ExPUvJTLODFM0vmiIBHQRDD7HA64YtSIiSWEKm5vhXREFKHG5lOwIXx9Cv8nrUoZn5QrN6elxsUijjw4AIfgGGBQBQ1wCZrABRRw8ACewLMjnUfnxXmdt+acxcw++AHn7RNi6Y5u</latexit>

K�
<latexit sha1_base64="AN6XFLUvNAYWerDVYV36Jia26ug=">AAAB6nicdVBNS0JBFL3Pvsy+rJZthiRok8xYpO6EIII2RmmCvmTeOOrgvA9m5gXy8Ce0aVFE235Ru/5N89Sgog5cOJxzL/fe40VSaIPxh5NZWFxaXsmu5tbWNza38ts7TR3GivEGC2WoWh7VXIqAN4wwkrcixanvSX7rjc5S//aeKy3C4MaMI+76dBCIvmDUWOn68u6omy/gIsaYEIJSQsqn2JJqtVIiFURSy6IAc9S7+fdOL2SxzwPDJNW6TXBk3IQqI5jkk1wn1jyibEQHvG1pQH2u3WR66gQdWKWH+qGyFRg0Vb9PJNTXeux7ttOnZqh/e6n4l9eOTb/iJiKIYsMDNlvUjyUyIUr/Rj2hODNybAllSthbERtSRZmx6eRsCF+fov9Js1Qkx8XS1Umhdj6PIwt7sA+HQKAMNbiAOjSAwQAe4AmeHek8Oi/O66w148xnduEHnLdPDwWNrA==</latexit>

⇡�
<latexit sha1_base64="jpN8MSVcGZN1yotLy/oNj4i70Ew=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBiyVJQ1tvBUE8VjCt0May2W7bpZtN2N0IpfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvDDhTGnb/rByK6tr6xv5zcLW9s7uXnH/oKXiVBLqk5jH8jbEinImqK+Z5vQ2kRRHIaftcHyR+e17KhWLxY2eJDSI8FCwASNYG8nvJuzurFcs2eXzetX1qsgu23bNcZ2MuDWv4iHHKBlKsESzV3zv9mOSRlRowrFSHcdOdDDFUjPC6azQTRVNMBnjIe0YKnBEVTCdHztDJ0bpo0EsTQmN5ur3iSmOlJpEoemMsB6p314m/uV1Uj2oB1MmklRTQRaLBilHOkbZ56jPJCWaTwzBRDJzKyIjLDHRJp+CCeHrU/Q/abllp1J2r71S43IZRx6O4BhOwYEaNOAKmuADAQYP8ATPlrAerRfrddGas5Yzh/AD1tsn0aOOtg==</latexit>

⇡0
<latexit sha1_base64="w1SNhTGYSBehceNGr3xcic7yQ9M=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9ikoa23giAeK5i20May2W7apZtN2N0IpfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvDDlTGmEPqzC2vrG5lZxu7Szu7d/UD48aqskk4T6JOGJ7IZYUc4E9TXTnHZTSXEcctoJJ5e537mnUrFE3OppSoMYjwSLGMHaSH4/ZXdoUK4g+6JRc70aRDZCdcd1cuLWvaoHHaPkqIAVWoPye3+YkCymQhOOleo5KNXBDEvNCKfzUj9TNMVkgke0Z6jAMVXBbHHsHJ4ZZQijRJoSGi7U7xMzHCs1jUPTGWM9Vr+9XPzL62U6agQzJtJMU0GWi6KMQ53A/HM4ZJISzaeGYCKZuRWSMZaYaJNPyYTw9Sn8n7Rd26na7o1XaV6t4iiCE3AKzoED6qAJrkEL+IAABh7AE3i2hPVovVivy9aCtZo5Bj9gvX0C1i+OuQ==</latexit>

Same diagram  
in quark level
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