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High-energy vs. high-precision

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 
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non-resonance search? 
→ our study

jet flavor-tagging is  
very important
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B physics

Rich phenomenology; CKM, FCNC, CP violation, tau lepton, Lepton-flavor universality (LFU), 

Hadron spectroscopy, dark sector, etc 

Three major B factories: 

BaBar experiment @ SLAC, physics run was finished at 2008

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

LHCb experiment @ CERN, Run 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

newcomer CMS experiment will become B factory at Run 3 (called B-parking),  
Run 2 data [  ] will be shown near future1010 (b → μX)b̄ [Takahashi, PPP2021]
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Test of Lepton Flavor Universality (LFU) 

Gauge symmetry predicts lepton flavor universal phenomena
e
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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 MC simulation) could violate the lepton 

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

�/Z/W
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New physics, e.g., Leptoquark

vs.

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

Vcb dropped 

SM

B(B ! D`⌫) = 2%, B(B ! D⇤`⌫) = 5%,
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LFU observables R(D) and R(D*) 
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RSM
D = 0.297 ± 0.003

RSM
D* = 0.250 ± 0.003

New SM

 3-4σ tension

QED corrections could be 
missed at a few % level 

[de Boer, TK, Nisandzic, PRL ’18]

Current plot: only included 
final-state radiations 
without the interference
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Latest SM predictions of R(D) and R(D*)

+ All  corrections in the heavy quark effective theory in all form factors𝒪(Λ2/m2
c )

[Iguro Watanabe ’20]

 combine:             3.1          → 3.9, 4.2 σ

 : 1.4 [HFLAV2019] → 1.4 [BJvD], 1.7 σ [IW] R(D)
 :                2.5          → 3.2, 3.4 σ R(D*)

+ Angular distributions from Belle data 

R(D)SM = 0.289 ± 0.004 R(D*)SM = 0.248 ± 0.001

R(D)SM = 0.297 ± 0.003 R(D*)SM = 0.250 ± 0.003 [BJvD]

[IW]

[Gubernari, Kokulu, van Dyk ’18] + All lattice data, QCD sum rule, and the latest LCSR result 
@q2 = q2max

<latexit sha1_base64="+PdRWuLWIyyMXsEEu3CFvw5fhxk=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq6EUoevFYwX5AG8Nmu22X7iZxdyMtIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC2LOlHacb2tldW19Y7OwVdze2d3btw9KTRUlktAGiXgk2wFWlLOQNjTTnLZjSbEIOG0Fo5up33qiUrEovNeTmHoCD0LWZwRrI/l2qfb4UL0y5addKZDA48y3y07FmQEtEzcnZchR9+2vbi8iiaChJhwr1XGdWHsplpoRTrNiN1E0xmSEB7RjaIgFVV46uz1DJ0bpoX4kTYUazdTfEykWSk1EYDoF1kO16E3F/7xOovuXXsrCONE0JPNF/YQjHaFpEKjHJCWaTwzBRDJzKyJDLDHRJq6iCcFdfHmZNKsV96xSvTsv167zOApwBMdwCi5cQA1uoQ4NIDCGZ3iFNyuzXqx362PeumLlM4fwB9bnDx5+k9o=</latexit>

@q2  0
<latexit sha1_base64="cNoBr0jQ0a+NMajyqUU7EM5oIrg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FLx4r2A/YriWbZtvQbLJNZoWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCoZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4ej25nffmLacCUfYJKwICYDySNOCVjJr48fa7gr2Bi7vXLFrbpz4FXi5aSCcjR65a9uX9E0ZhKoIMb4nptAkBENnAo2LXVTwxJCR2TAfEsliZkJsvnJU3xmlT6OlLYlAc/V3xMZiY2ZxKHtjAkMzbI3E//z/BSi6yDjMkmBSbpYFKUCg8Kz/3Gfa0ZBTCwhVHN7K6ZDogkFm1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEV0gk7ROfLQFaqjO9RATUSRQs/oFb054Lw4787HorXg5DPH6A+czx+4M5A7</latexit>

R(D)SM = 0.299 ± 0.003 R(D*)SM = 0.258 ± 0.005HFLAV theory average2019

N
ew

 analyses

+ Momentum distributions from Belle data 

[Available Belle data  
1510.03657;  
1702.01521;  
1809.03290]

[Jung, Straub ’18]

[Bordone, Jung, van Dyk ’19]
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Other 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

Same-direction tension as R(D) and R(D*) anomalies 

[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>

Based on first lattice result [HPQCD, 2007.06956]

1.8σ consistent using Nf=2+1+1, with “HISQ” c and heavy quark b 

R(J/ )SM = 0.2582± 0.0038
<latexit sha1_base64="eNhqY1j87fkiS2o26LgI6DG5wiA="></latexit>



Let us consider New Physics
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New physics interpretations

New physics (NP) for R(D(*)) anomaly can be model-independently described by

SM contribution is the first term 

 appears dimension-eight at the SMEFTCV2

Light right-handed neutrinos (  ) can also be included, but constrained from the collider bounds mνR
< mB
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Single new particle interpretations (1/2)
Single WC scenarios Two WCs scenarios

CV1

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

W′ 

S1

CS1

CS2

CS2
= 4CT

Charged Higgs, 
SU(2)L-singlet or doublet vector LQ ( )U1, V2

Charged Higgs with generic flavour 
structure 

scalar SU(2)L-doublet LQ ( ) 
(“4” comes from Fierz identity 
and is modified by RG evolution)

R2

(CV1
, CS2

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

(CV1
, CS1

)

(CS1
, CS2

)

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

Charged Higgs with generic flavour 
structure 

There are so many detailed studies for each single particle scenario  
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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

Model-independent sum rule

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

Similar ellipses!

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

b ! ⇤+
c ⌧

�⌫̄⌧ )

B(⇤0
b ! ⇤+

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

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

R (⇤c)SM = 0.324± 0.004
<latexit sha1_base64="+IW9hirRWYcRY34I5zvqzPvt5yE="></latexit>
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Single new particle interpretations (2/2)
W’ 

Severely constrained from ,   search [Faroughy, Greljo, Kamenik ’16], and  

search [Abdullah, Calle, Dutta, Flores. Restrepo ’18] 

Charged Higgs with generic flavour structure 

Severely constrained from ,   search [Iguro, Tobe ’17; Iguro, Omura, Takeuchi ‘18] 

Leptoquark 

Collider bound comes from direct search via QCD coupling , and broad parameter 

regions are still allowed when  TeV

ΔMs Z′ → ττ W′ → τν

Bc → τν H± → τν

gg → LQLQ*

MLQ ≳ 1

We focus on (heavy) LQ scenarios 
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Collider search for pp → τν
The direct bound comes from high-  tails in mono-τ searchespT

2σ upper bound from data (36fb-1)

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

��

�
⇠

Lcb̄+bc̄ ⇥ |Vcb|2 ⇥
⇣

m2
W
ŝ � CV1

⌘2

Lud̄+dū ⇥ |Vud|2 ⇥
⇣

m2
W
ŝ

⌘2

<latexit sha1_base64="3d87vnMVRbMJ3ecMB+X7Zd5Cr04="></latexit>

LQ signal/BG is amplified at large  :  hard  with large missing transverse energy ( )̂s τ ντ

��CV1/2

�� < 0.32,
��CS1/2

�� < 0.57, |CT | < 0.16
<latexit sha1_base64="Gd9HoLRwyDbg6qGZCo/Pia7EL6c="></latexit>

[Greljo, Camalich, Ruiz-Alvarez ’19]

Assuming EFT limit, 
namely MLQ → ∞

B anomaly LHC

∝ ̂s2 × C2
V1

NP signal

SM BG    
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What we did: LQ mass dependence

We investigate LQ mass effects, which relax the collider bound

B anomaly LHC

LQ

b

 c 

 τ 

 ν 

/ 1

t�M2
LQ

<latexit sha1_base64="pxM397gxWXeu+HxnqpXFM1zuxVY="></latexit>

hard 

large MET

Here, to amplify the LQ signal/BG ratio,  is expected. 
Now, the LQ mass receives additional effective mass via the large t

t ∼ − 𝒪(1)TeV2

Collider bound should be relaxed when lighter LQ mass range 

[Iguro, Takeuchi, Watanabe ‘20]
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What we did: Additional b-jet tagging

Requirement an additional b-jet would be powerful [Marzocca, Min, Son ’20]

BG LQ signal

b-jet
b-mistag jet

Additional b-tag suppresses the 
BG by several of powers, because 
the b-tag comes from only the b-
mistag from QCD jets

LQ signal suppresses only by a 
several factors

Signal/BG ratio can be amplified 
by the additional b-jet tagging

b

 c 

 τ 

 ν 

 c  ν 

 τ 

Note: stat. uncertainty becomes large
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Single operator scenarios 
[Endo, Iguro, TK, Takeuchi, Watanabe, PRELIMINARY] 

“ τ- only ” category 
with 3000fb-1
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R2 leptoquark scenario

[Endo, Iguro, TK, Takeuchi, 
Watanabe, PRELIMINARY] 

139fb-1 sensitivity

139fb-1 sensitivity

3000fb-1 sensitivity

3000fb-1 sensitivity

36fb-1 exclusion

R2 LQ scenario 
can be probed  
by b+tau+MET search 
with Run 2 data (139fb-1)

τ+MET search

τ+MET search

τ+MET search

τ+MET+b search

τ+MET+b search
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Pseudorapidity distribution
[Endo, Iguro, TK, Takeuchi, Watanabe, PRELIMINARY] 
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Conclusions

Lepton-flavor universality violation [R(D) and R(D*) anomalies] is observed at ~4σ levels 

Several leptoquark can easily explain the R(D) and R(D*) anomalies 

We simulate the LHC sensitivity of the leptoquark indirect search via  

   and    

We show that additional b-jet tagging significantly improves the LHC sensitivity, and light LQ mass 

can relax the collider bounds. 

We also study the angular distributions of  to distinguish the LQ scenarios

pp → τν pp → τν + b

pp → τν + b



Backup
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Measurements of |Vcb|

Inclusive decays:  

It corresponds to quark-level decay rate ( ) +  corrections 

Last data in 2010 → Belle II result coming soon [Moriond2021, preliminary] 

No lattice → the first lattice study [Gambino, Hashimoto, PRL ’20] 

Exclusive decays:  

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

B → Xcℓν

b → cℓν αs , ΛQCD/mb

B → Dℓν, B → D*ℓν

For determination of |Vcb|, one 

compares measured branching ratios 

and the theoretical formulae Hadron states   
= D**, D*, D, Dπ, Dππ… 

XcXc

` = e, µ
<latexit sha1_base64="c49lsLf+fGy8wvLCE5xsgYPKBh0=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8SNmtgl6EohePFewHdNeSTWfb0CS7JFmlLP0fXjwo4tX/4s1/Y9ruQVsfDDzem2FmXphwpo3rfjtLyyura+uFjeLm1vbObmlvv6njVFFo0JjHqh0SDZxJaBhmOLQTBUSEHFrh8Gbitx5BaRbLezNKIBCkL1nEKDFWevCBc3yFAZ9iX6TdUtmtuFPgReLlpIxy1LulL78X01SANJQTrTuem5ggI8owymFc9FMNCaFD0oeOpZII0EE2vXqMj63Sw1GsbEmDp+rviYwIrUcitJ2CmIGe9ybif14nNdFlkDGZpAYknS2KUo5NjCcR4B5TQA0fWUKoYvZWTAdEEWpsUEUbgjf/8iJpViveWaV6d16uXedxFNAhOkInyEMXqIZuUR01EEUKPaNX9OY8OS/Ou/Mxa11y8pkD9AfO5w91wpEv</latexit>
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Average of the inclusive determinations 

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

[Ricciardi, Rotondo, 1912.09562]

2ρ
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DELPHI(part. reco.)

DELPHI (excl.)

BELLE

BABAR (excl.)
BABAR (D*0)
BABAR (Global Fit)

AVERAGE

 = 12χ Δ

/dof = 42.3/232χ

B → D*ℓνB → Dℓν
[HFLAV 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            

Average of the exclusive determinations 

CKM unitarity 

Belle preliminary  
[ICHEP2020] 
Inclusive Vub 
= 4.06 (24) x 10-3
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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



/ 21Teppei Kitahara (Nagoya Univ.), Interna6onal Joint Workshop on the SM and Beyond, October 14, 2021, NTHU, online
LHC phenomenology in light of R(D) and R(D*) anomalies 

26

Predicted ranges of polarization observables

Polarization observables can discriminate these LQ scenarios

[Predicted ranges] 

(50 ab-1)

 can well 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]



[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
⇤)

<latexit sha1_base64="Qz5NO+/8rUxYkSwttFYWBUd8uFo=">AAACYXiclVFNTwIxEO2uqICCKx65NBITuJBdNNEjUQ8eMZGPhEXSLQUauh9pZwlks3/Smxcv/hHLxwHBi5M0fX1vZjp99SLBFdj2p2EeZY5PTrO5/Nl5oXhhXZY6KowlZW0ailD2PKKY4AFrAwfBepFkxPcE63qzp5XenTOpeBi8wTJiA59MAj7mlICmhtbC9UIxUktfb0krHSa7ZxdInKbVXeo5rWEX2AJwgueqjlP83wbvLlGQ1oZWxa7b68CHwNmCCtpGa2h9uKOQxj4LgAqiVN+xIxgkRAKngqV5N1YsInRGJqyvYUB8pgbJ2qEU32hmhMeh1CsAvGZ3KxLiq9WAOtMnMFX72or8S+vHMH4YJDyIYmAB3Vw0jgWGEK/sxiMuGQWx1IBQyfWsmE6JJBT0p+S1Cc7+kw9Bp1F3buuN17tK83FrRxaV0TWqIgfdoyZ6QS3URhR9GRmjYBSNbzNnWmZpk2oa25or9CvM8g/f8Lo+</latexit>
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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*)


