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MANY INTERESTING TALKS:

2

 Overview talks:

 Highlights from LHCb, BESIII, 

Belle, ATLAS & CMS:

 a series of detailed talks:

➢ Spectroscopy：excited states & exotic states;

➢ Rare b- and c-hadron decays & CPV: +26 very 

nice theory 

talks!
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MANY INTERESTING TALKS:
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 26 theory talks:

➢ spectroscopy, production, decay & decays of b- and c-hadrons;

➢ CPV in two-body & multibody decays of hadrons & tau-lepton;

➢ New physics explanations of flavor anomalies, including (g-2)mu;

➢ Correlations with neutrino physics, cosmology & astrophysics;

➢Many new observables, new methods & new physics models proposed;

 Exp. + LQCD + theory:  we are entering into a precision flavor physics era! 
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 Pure leptonic decay:

➢ No evidence for LFUV in 

leptonic charm decays with 

BESIII data until now!

𝑫𝒔
+ → 𝝉+𝝂𝝉 AND SEMILEPTONIC D DECAYS:



2021/11/13 Xin-Qiang Li                            HFCPV2021     SUMMARY  

VUB/VCB PUZZLE:
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 Exclusive decays:

 Inclusive decays:

[Fael, Mannel, Vos, 2019]

➢ in tension with Belle 2018 data & preliminary 
results from JLQCD!
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R(D) & R(D*) :
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 Semileptonic decays:   R(D) & R(D*)

Bordone et al., 1912.09335∼4σ

2101.08326

different assumptions for 
unknown correlation 𝝆𝑫∗∗!

3.6 σ

No final conclusion yet, new experimental 

and Lattice QCD data are needed!

3.4 σ
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R(D) & R(D*) :
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 Difficult to explain the 𝑹(𝑫(∗)) anomalies in SM;          possible NP?  

𝑅 𝐷 : 1.4𝜎

𝑅 𝐷∗ : 2.5𝜎

combined:  ~3.4𝜎

 Many explanations!
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R(D) & R(D*) :
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 Most general 𝑺𝑼 𝟑 𝑪 ⊗𝑼 𝟏 𝑸-invariant 𝓛𝒆𝒇𝒇 @ 𝝁𝒃 = 𝒎𝒃 scale:

 Observables considered:

𝑷𝐋
𝑫∗ = 𝟎. 𝟔𝟎 ± 𝟎. 𝟎𝟖 ± 𝟎. 𝟎𝟒 vs

𝑷𝐋
𝑫∗ = 𝟎. 𝟒𝟓𝟓 ± 𝟎. 𝟎𝟎𝟑

➢ Ratios 𝑅(𝐷) and 𝑅(𝐷∗);

➢ Differential distributions 𝑑𝛤 𝐵 → 𝐷 ∗ 𝜏𝜈 /𝑑𝑞2;

➢ Leptonic decay rate 𝐵𝑟 𝐵𝑐 → 𝜏 𝜈𝜏 ≤ 10 30 %;

➢ Longitudinal polarization fraction 𝑃L
𝐷∗;

➢ Polarization fraction of the 𝜏 lepton 𝑃𝜏
𝐷∗; 

~1.5σ

Belle, 1901.06380

Hu/LI/Yang, 1810.04939

Belle, 1612.00529

https://arxiv.org/abs/1612.00529
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R(D) & R(D*) :
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Hu/LI/Yang, 1810.04939

 Global fit:

dashed: 𝑩𝒓 𝑩𝒄 → 𝝉 𝝂𝝉 ≤ 𝟏𝟎%;         

𝜟𝑿 = 𝑿 − 𝑿𝑺𝑴

[see also Murgui 

etal, 1904.09311]

𝑪𝑳𝑳
𝑺 already excluded! 

𝑪𝑹𝑳
𝑺 can but only at 𝟑𝝈!     
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R(D) & R(D*) :
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Hu/LI/Yang, 1810.04939

 Global fit:

➢ 𝑷𝐋
𝑫∗ & 𝑷𝝉

𝑫∗ very potential to distinguish different contributions;

➢ difficult to accommodate 1σ 𝑷𝐋
𝑫∗ for any 𝑪𝒊; even excluded 𝑪𝑳𝑳

𝑻 !

𝜟𝑿 = 𝑿 − 𝑿𝑺𝑴

[see also Murgui 

etal, 1904.09311]
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 FCNC rare decays: beauty of the rarest! 

 Power-enhanced QED effects: [Beneke, Bobeth, R. Szafron, 1708.09152, 1908.07011]

➢ more long-distance QCD than fB;

➢ same order as the non-parametric 

uncertainty, larger than previously 

estimated QED uncertainty.

𝑩𝒔,𝒅 → ℓ+ℓ−:
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𝒃 → 𝒔ℓ+ℓ− 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:

12

 FCNC rare decays:  𝒃 → 𝒔ℓ+ℓ−

+ R(D) & R(D*) + angular observables 

Hints of LFUV NP in b sector?
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 𝒃 → 𝒔ℓ+ℓ− decays: loop-induced FCNC processes;       sensitive to NP;

 Caution: NP could be easily mimiced by non-local hadronic effects;

𝒃 → 𝒔ℓ+ℓ− 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:
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 𝒒𝟐 spectrum of 𝑩 → 𝑲(∗)ℓ+ℓ− decays:

➢ at low 𝒒𝟐 region, 

QCDF applies;
➢ at high 𝒒𝟐 region, 

OPE applies;

𝒃 → 𝒔ℓ+ℓ− 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:
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 Non-local hadronic matrix elements:

𝒃 → 𝒔ℓ+ℓ− 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:



2021/11/13 Xin-Qiang Li                            HFCPV2021     SUMMARY  16

 Global fit results:

𝒃 → 𝒔ℓ+ℓ− 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:
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 Global fit results:

Best fit solution:

𝐶9,𝜇
𝑁𝑃 = −𝐶10,𝜇

𝑁𝑃

Model buildings!

𝒃 → 𝒔ℓ+ℓ− 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:
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 Radiative decays:

𝐶7
SM= −0.2915

𝐵0 → 𝐾∗0𝑒+𝑒− @ 0.0008 ≤ 𝑞2 ≤ 0.257GeV2

LHCb: 2010.06011

𝒃 → 𝒔𝜸 𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧𝐬:

 𝑏 → 𝑠ℓ+ℓ− @very low 𝒒𝟐: complementary
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POINTS SHOULD BE KEPT IN MIND:
 How to reproduce the needed extra contributions to ∆𝐶9,𝜇 = −∆𝐶10,𝜇:

𝑏 → 𝑠𝜏+𝜏−, 𝑏 → 𝑠𝜈 ҧ𝜈, 𝑏 → 𝑠𝜇𝜏, charm physic, top physics, ….

SMEFT
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HADRONIC B DECAYS: TWO-BODY
 Hadronic b-hadron decays:

➢ direct access to the CKM parameters, 

especially to the three angles of UT.

➢ indirect probe of new sources of CPV beyond the SM.

R. Fleischer and E. Malami, 2110.04240

➢ further insight into strong-interaction 

effects involved in 

hadronic decays.
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 Hadronic b-hadron decays:

multi-scale problem with highly hierarchical scales! ➢ WC 𝑪𝒊: all physics above 𝑚𝑏; 

perturbatively calculable, and 

NNLL program now complete;   
[Gorbahn, Haisch '04; Bobeth, Gambino, Gorbahn, Haisch '03; …]

➢ General decay amplitude for a given decay:

HADRONIC B DECAYS: TWO-BODY
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 𝜟𝑨𝑪𝑷 puzzle : 𝜟𝑨𝑪𝑷 = 𝑨𝑪𝑷 𝝅𝟎𝑲− − 𝑨𝑪𝑷(𝝅
+𝑲−) = 𝟏𝟏. 𝟓 ± 𝟏. 𝟒 % differs from 0 by ~8𝝈!

• LHCb, 2012.12789

𝜆𝑢 = 𝑉𝑢𝑏𝑉𝑢𝑠
∗ ∼ 𝓞(𝜆4)

𝜆𝑐 = 𝑉𝑐𝑏𝑉𝑐𝑠
∗ ∼ 𝓞(𝜆2)

Penguin-dominated!

HADRONIC B DECAYS: TWO-BODY

https://arxiv.org/abs/2012.12789
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 Big challenges to theory:

Hadronic explanation needs large C and large phase.   a problem since 2003.  

𝜟𝑨𝑪𝑷 = 𝑨𝑪𝑷 𝝅𝟎𝑲− − 𝑨𝑪𝑷 𝝅+𝑲−

= −𝟐𝒔𝒊𝒏𝜸 𝑰𝒎 𝒓𝑪 − 𝑰𝒎 𝒓𝑻𝒓𝑬𝑾 +⋯

Beneke, Huber, Li ’20

HADRONIC B DECAYS: TWO-BODY
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➢ At quark-level:  mediated by 𝒃 → 𝒄ഥ𝒖𝒅(𝒔)

➢ For class-I decays: QCDF formula much simpler; 

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01]

all four quark flavors different from each other, 

no penguin operators & no penguin topologies!

i) only color-allowed tree topology 𝑎1;

ii) spectator & annihilation power-suppressed;

iii) annihilation absent in 𝐵𝑑 𝑠
0 → 𝐷𝑑(𝑠)

− 𝐾(𝜋)+ etal;

iv) they are theoretically simpler and cleaner!

➢ Hard kernel 𝑻:  both NLO and NNLO results known;  

[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Kränkl, Li '16] 

class-II

class-III annihilation

 Heavy-light final states:
class-I

𝑩 → 𝑫
(∗)
𝑳 DECAYS：
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 𝑩 → 𝑫(∗) transition form factors: 

Precision results available from LQCD & LCSR calculations, 

together with data on 𝐵𝑞
0 → 𝐷𝑞

−𝑙+𝜈;  [Bernlochner, Ligeti, Papucci, Robinson '17; Bordone, Gubernari, Jung, van Dyk '19]

 Updated predictions vs data: 

[Huber, Kränkl, Li '16; Cai, Deng, Li, Yang '21]

|𝑉𝑐𝑏| and 𝐵𝑑,𝑠 → 𝐷𝑑,𝑠
(∗)

form factors

𝑩 → 𝑫
(∗)
𝑳 DECAYS：

4-5σ
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 Non-leptonic/semi-leptonic ratios :  [Bjorken '89; Neubert, Stech '97; Beneke, Buchalla, Neubert, Sachrajda '01]

➢ Updated predictions vs data: [Cai, Deng, Li, Yang '21]

(almost) free from uncertainties from 

|𝑉𝑐𝑏| & 𝐵𝑑,𝑠 → 𝐷𝑑,𝑠
(∗)

form factors.

➢ For a rough estimate:

𝐵𝑟𝐸𝑥𝑝.

𝐵𝑟𝑆𝑀
=

𝑎1
𝐵𝑆𝑀 2

𝑎1
𝑆𝑀 2 = 0.6 ⟹

𝑎1
𝐵𝑆𝑀

𝑎1
𝑆𝑀 ≃ 0.77 = 1 − 0.23

=
𝑎1
𝑆𝑀 + 𝛿𝑎1

𝐵𝑆𝑀

𝑎1
𝑆𝑀 ≃ 1 +

𝛿𝑎1
𝐵𝑆𝑀

𝑎1
𝑆𝑀 ⟹ 𝛿𝑎1

𝐵𝑆𝑀 ≃ −20%

➢ quasi-universal, with small process-dep. 

from non-fact. corrections.

𝑩 → 𝑫
(∗)
𝑳 DECAYS：
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 Scaling of the leading-power contribution: [BBNS '01]

 Sources of sub-leading power corrections: [Beneke, 

Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20]

➢ Non-factorizable spectator interactions;

➢ Annihilation topologies;

➢ Non-leading Fock-state contributions;

𝒪
ΛQCD
𝑚𝑏

2

included into FFs.

𝒪
ΛQCD
𝑚𝑏

estimated 

with LCSR

➢ All ESTIMATED to be power-suppressed; 

not chirality-enhanced due to (V-A)(V-A) 

structure!

➢ The current exp. data can not be easily 

explained in the SM, at least within the 

QCDF/SCET framework. 

𝑩 → 𝑫
(∗)
𝑳 DECAYS
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New physics effects 

in tree-level decays?

several papers

𝑩 → 𝑫
(∗)
𝑳 DECAYS：

https://inspirehep.net/literature/1332527
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TAU-LEPTON PHYSICS:

陶轻子 (𝒎𝝉= 𝟏𝟕𝟕𝟔. 𝟖𝟔𝐌𝐞𝐕 )够重，可纯轻也可半轻衰变，是研究低能QCD、

强子共振态性质和寻找新物理的理想场所。

 B介子工厂同样也是

一个陶轻子工厂：

陶轻子物理也是Belle II、STCF和Tera-Z上的重要研究内容

𝝈 𝒆+𝒆− → 𝑏ത𝑏 = 𝟏. 𝟏 𝐧𝐛

𝝈 𝒆+𝒆− → 𝝉+𝝉− = 𝟎. 𝟗 𝐧𝐛

@ 𝒔 = 𝟏𝟎. 𝟓𝟖𝐆𝐞𝐕

 𝝉 → 𝑲𝑺𝝅𝝂𝝉半轻衰变，是CP

破坏和新物理的敏感探针
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TAU-LEPTON PHYSICS:

 SM下，CP破坏来源于𝑲𝟎 − ഥ𝑲𝟎混合，但与BABAR结果不符:

➢ 只能来自张量新物理算符：

➢ 由于𝑲𝟎 − ഥ𝑲𝟎混合，角分布中存在非零的CPV

Feng-Zhi Chen, Xin-Qiang Li, Ya-Dong Yang, JHEP 05 (2020) 151

Feng-Zhi Chen, Xin-Qiang Li, Ya-Dong Yang and 

Xin Zhang, Phys.Rev.D 100 (2019) 11, 113006

Belle Collaboration, PRL 107 (2011) 131801

PRD 85 (2012) 031102



2021/11/13 Xin-Qiang Li                            HFCPV2021     SUMMARY  31

OTHER INTERESTING TOPICS:

 QED effects in B decays:

 Higher-order power-corrections:
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VERY PROMISING FUTURE:

Flavour physics dedicated exps.
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VERY PROMISING FUTURE:
Complementary 

exp. data

Lattice QCD
+

theory progress

Answers to many 
key issues!
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感谢暨南大学和会务组的精心准备和辛勤付出

让我们明年相聚

南京师大！


