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Introduction
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Why hadronic B decays
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p direct access to the CKM parameters, 

especially to the three angles of UT.

p further insight into strong-interaction 

effects involved in these decays.

p From the theory side, we need also keep up 

with the same precision from data.          

very difficult but necessary!

Neubert, hep-ph/0006265

LHCb Phase II, arXiv:1808.08865

p Thanks to exp. & theo.,  entering a precision flavor era!



Effective Hamiltonian for B decays
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p For hadronic decays: simplicity of weak interactions overshadowed by complex QCD effects!

multi-scale problem with highly hierarchical scales!
M. Neubert, 

hep-ph/0006265

p Starting point 𝓗𝐞𝐟𝐟 = −𝓛𝐞𝐟𝐟: obtained after 

integrating out the heavy d.o.f. (𝑚(,*,+ ≫ 𝑚,);            
[Buras, Buchalla, Lautenbacher '96; Chetyrkin, Misiak, Munz '98] 

p Wilson coefficients 𝑪𝒊: all physics above 𝑚,; perturbatively 

calculable, and NNLL program now complete;   [Gorbahn,Haisch '04]

𝑊±



Hadronic matrix elements
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p Decay amplitude for a given decay mode: 

p 𝑴𝟏𝑴𝟐|𝓞𝒊|(𝑩 : depend on spin and parity of 𝑀0,1; final-state re-scattering introduces strong phases, 

and hence non-zero direct CPV; A quite difficult, multi-scale, strong-interaction problem!

p Different methods for dealing with 𝑴𝟏𝑴𝟐|𝓞𝒊|(𝑩 :

form-factor term spectator-scattering term

p QCDF: systematic framework to all orders in α2, but limited by 1/𝑚, corrections. [BBNS '99-'03]

hard

hard-collinear

soft



Soft-collinear factorization from SCET
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p QCDF formula: based on diagrammatic factorization (method of regions,     [Beneke, Smirnov '97]) 

combining 1/mb expansion with light-cone expansion for hard processes;      [Lepage, Brodsky '80]

p SCET: a suitable framework for studying factorization and re-summation for processes involving 

light but energetic particles; [Bauer etal. '00; Beneke etal. '02; Becher, Broggio, Ferroglia '14]

p For a two-body decay:  simple kinematics, but complicated dynamics with several typical scales;  

p SCET point of view: introduce different fields for different momentum regions;

achieve soft-collinear factorization via QFT machinery! [Beneke, 1501.07374]



Soft-collinear factorization from SCET
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p SCET diagrams reproduce precisely QCD diagrams in collinear & soft momentum regions

QCD - SCET = short-distance coefficients 𝑻𝑰 & 𝑻𝑰𝑰

p For hard kernel 𝑻𝑰: one-step matching, QCD → SCET4 hc, c, s !

p For hard kernel 𝑻𝑰𝑰: two-step matching, QCD → SCET4 hc, c, s → SCET44 c, s !

𝑻𝑰𝑰

p SCET result exactly the same as QCDF, but more apparent & efficient;  [Beneke, 1501.07374]



Status of the NNLO calculation of  𝑻𝑰 & 𝑻𝑰𝑰
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p For each 𝑸𝒊 insertion, both tree & penguin topologies, and contribute to both 𝑻𝑰 & 𝑻𝑰𝑰.

Bell, Beneke, Huber, Li '20Huber, Krankl, Li '16 



Status of the NNLO calculation of  𝑻𝑰 & 𝑻𝑰𝑰
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p Complete NNLO calculation for 𝑻𝑰 & 𝑻𝑰𝑰 at leading power in QCDF/SCET now complete;

p Soft-collinear factorization at 2-loop established via explicit calculations;

p For tree amplitudes, cancellation between 𝑻𝑰 & 𝑻𝑰𝑰;

p For leading-power QCD penguin amplitudes, cancellation between 𝑸𝟏,𝟐
𝒑 & 𝑸𝟑#𝟔,𝟖𝒈



Class-I "𝑩𝒒𝟎 → 𝑫𝒒
∗ %𝑳& decays 

at NNLO in QCDF/SCET
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𝑩 → 𝑫(∗)𝑳 decays
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p At quark-level:  mediated by 𝒃 → 𝒄(𝒖𝒅(𝒔)

p For class-I decays: QCDF formula much simpler; 
[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01]

all four flavors different from each other, no 

penguin operators & no penguin topologies!

i) only color-allowed tree topology 𝑎0;

ii) spectator & annihilation are power-suppressed;

iii) annihilation absent in 𝐵: 2
; → 𝐷:(2)# 𝐾(𝜋)" etal;

iv) they are theoretically simpler and cleaner!

p Hard kernel 𝑻:  both NLO and NNLO results known;  
[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Kränkl, Li '16] 

class-I

class-II

class-III
annihilation



Calculation of 𝑻:
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p Matching QCD onto SCETI：[Huber, Kränkl, Li '16] 

𝑚> is also heavy, keep 𝑚>/𝑚, fixed as 𝑚, → ∞, 

thus needing two sets of SCET operator basis.

p Renormalized on-shell QCD amplitudes:

on QCD side

p Renormalized on-shell SCET amplitudes:

p Master formulas for hard kernels:

on SCET side

physical operators and factorizes into FF*LCDA.

evanescent operators and must be renormalized to zero.



Calculation of 𝑻:
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p 𝑨𝒊𝟏
(𝟎)： p 𝑨𝒊𝟏

𝟏 𝒏𝒇： [Beneke, Buchalla, Neubert, Sachrajda '01]

p 𝑨𝒊𝟏
𝟐 𝒏𝒇：[Huber, Kränkl, Li '16] 

𝓞(70) two-loop two-scale non-factorizable QCD diagrams; their 

calculations need advanced analytical techniques!  [Huber, Kränkl '15] 



Calculation of 𝑻:

2021/05/01 李新强 Class-I B decays into heavy-light final states and possible New Physics 15

p Complete operator basis under renormalization:

p Factorizable QCD and SCET diagrams:

p Master formulas for hard kernels:

evanescent operators

physical operators

fact. 1-loop

fact. 2-loop

p Renormalization 

constants of SCET 
operators:



Decay amplitudes for 𝑩𝒒𝟎 → 𝑫𝒒&𝑳%
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p Numerical result:

u both NLO and NNLO add always constructively to LO result!

u NNLO corrections quite small in real (2%), but rather large in imaginary part (60%). 

within QCDF/SCET, imaginary part appears firstly at NLO term and the NLO result is 

color-suppressed and ∝ 𝒔𝒎𝒂𝒍𝒍 𝑪𝟏 = −𝟎. 𝟐𝟗, while the NNLO term ∝ 𝑪𝟐= 𝟏. 𝟎𝟏.

p Color-allowed tree amplitude:
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Scale dependence of 𝒂𝟏
p Due to perturbative truncation, 𝒂𝟏 depends on the renormalization scale. 

- blue: pole 
scheme for 
𝒎𝒄 and 𝒎𝒃

- red:  MS
scheme for 
𝒎𝒄 and 𝒎𝒃

Ø scale dependence @ NNLO reduced for the real 
part, but not so obvious for the imaginary part. 

Ø dependence on the b- and c-quark mass scheme 
is quite small, especially for the real part.

p For different decay modes:  quasi-universal, with small process-dep. from non-fact. correction.

LO
NLO

NNLO

NLO

NNLO
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Absolute branching ratios for 𝑩𝒒𝟎 → 𝑫𝒒&𝑳%
p 𝑩 → 𝑫(∗) transition form factors: 

Precision results available based on LQCD & LCSR

calculations, together with data on 𝐵C; → 𝐷C#𝑙"𝜈;  
[Bernlochner, Ligeti, Papucci, Robinson '17; Bordone, Gubernari, Jung, van Dyk '19]

p Updated predictions vs data: 
[Huber, Kränkl, Li '16; Cai, Deng, Li, Yang '21]

Bernlochner, Ligeti, Papucci, Robinson '17

|𝑉>,| and 𝐵:,2 → 𝐷:,2
(∗) form factors
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Non-leptonic/semi-leptonic ratios
p Non-leptonic/semi-leptonic ratios :  [Bjorken '89; Neubert, Stech '97; Beneke, Buchalla, Neubert, Sachrajda '01]

p Updated predictions vs data:  [Huber, Kränkl, Li '16; Cai, Deng, Li, Yang '21]

free from uncertainties from 

|𝑉>,| & 𝐵:,2 → 𝐷:,2
(∗) form factors.

p For a rough estimate:

𝐵𝑟DEF.

𝐵𝑟HI ≃
𝑎0JHI

1

𝑎0HI
1 = 0.6

⟹
𝑎0JHI

𝑎0HI
≃ 0.77 = 1 − 0.23

=
𝑎0HI + 𝛿𝑎0JHI

𝑎0HI
≃ 1 +

𝛿𝑎0JHI

𝑎0HI

⟹ 𝛿𝑎0JHI ≃ −0.2
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Power corrections

p Scaling of the leading-power contribution: [BBNS '01]

p Sources of sub-leading power corrections: [Beneke, 
Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20]

Ø Non-factorizable spectator interactions;

Ø Annihilation topologies;

Ø Non-leading Fock-state contributions;

Ø ∝ !!
"!
≃ − #

$
, all are ESTIMATED to be 

power-suppressed; not chirality-
enhanced due to (V-A)(V-A) structure

Ø Current exp. data could not be easily 
explained within the SM, at least within 
the QCDF/SCET framework. 

ΛKLM
𝑚,

1
included into FFs.

ΛKLM
𝑚,

estimated 
with LCSR



Possible New Physics effects 
from four-quark operators
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Possible NP in 𝑩𝒒𝟎 → 𝑫𝒒&𝑳%?

totally 20 linearly-independent operators, and can be further split into 8 separate sectors!

p Possible NP four-quark operators with different Dirac structures:  [Buras, Misiak, Urban '00]

SM current-current operators

NP four-quark operators
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Possible sources of these NP operators

p For VLL, VRR, VLR, VRL sectors: 

generated by a colorless charged 
gauge boson A+ (spin-1);

p For SLL, SRR, SLR, SRL sectors: 

generated by a colorless charged 
scalar H+ (spin-0);

p Possible tree-level mediators:

Ø For neutral mediators, necessarily 

couple to FCNC at tree level;        

excluded by FCNC processes!

Ø For charged mediators: colorless or colored (limited by di-jet resonance searches)
[Bordone, Greljo, Marzocca, 2103.10332]
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Possible sources of these NP operators
p Both 1-loop matching conditions & 2-loop QCD ADMs known; [Buras, Misiak, Urban '00; Buras, Girrbach '12] 

a colorless charged 
gauge boson A+.

a colorless charged 
scalar H+.

p RG evolution from down 𝑴𝑨,𝑯 to 𝒎𝒃 at NLL; 
[Buras, Misiak, Urban '00; Buras, Girrbach '12] 

w/o 𝜶𝒔 corr.

w/ 𝜶𝒔 corr. ∝ 𝑲𝒂
±

w/ 𝜶𝒔 corr. ∝ 𝑲𝒂
±+ 𝒓𝒂±
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Matrix elements of NP operators
p 𝑫"𝑳#|𝓞𝒊|(𝑩𝟎 : calculated in QCDF at leading-power in 

𝟏/𝒎𝒃, but including 𝓞(𝜶𝒔) vertex correction.

Ø With NLL Wilson coefficients and NLO matrix elements, 

un-physical scale- & scheme-dependences cancelled in 
the final decay amplitude. 

LO

NLO non-factorizable vertex corrections
LO

LO

NLO

NLO
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Model-independent analysis
p NP 𝑪𝒊𝑵𝑷 : real and take a CKM-like flavor structure for 𝒃 → 𝒄(𝒖𝒅 and 𝒃 → 𝒄(𝒖𝒔 transitions.

p Use 8 ratios to constrain allowed 𝑪𝒊𝑵𝑷; p Note: different modes show different   

dependences on NP WCs!
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Analysis at 𝒎𝒃 scale
p With only one NP 𝑪𝒊𝑵𝑷 in each time, NP four-quark operators with three Dirac structures;

Ø Constraints on 𝐶%&' much 

stronger than on 𝐶(&': 

Ø 𝐶(&' suppressed by 1/𝑁𝐶

at LO and further by 

𝐶𝐹/4𝜋 at NLO in QCDF;
Ø (Pseudo-)scalar operators associated with a chirally-enhanced factor "##

$

(#%±#&)(#'&#(,*)
;

Ø NP operators with other Dirac structures already ruled out by combined constraints from 8 ratios;

(𝑽 − 𝑨)⊗ (𝑽 − 𝑨)

(𝑺 + 𝑷)⊗ (𝑺 − 𝑷)

(𝑺 + 𝑷)⊗ (𝑺 + 𝑷)
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Analysis at 𝒎𝒃 scale
p Keep only 𝑪𝟐𝑽𝑳𝑳 nonzero; p SM:
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Analysis at 𝒎𝒃 scale
p Keep only 𝑪𝟐𝑺𝑹𝑳 nonzero; p SM:
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Analysis at 𝒎𝒃 scale
p Keep only 𝑪𝟐𝑺𝑹𝑹 nonzero; p SM:
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Analysis at 𝒎𝒃 scale
p Two NP operators with the same Dirac but different color structures;

Ø Due to partial cancellation between 𝑪𝟐𝑵𝑷 & 𝑪𝟏𝑵𝑷, allowed 

regions potentially larger than in previous case.

Ø For NP operators with other Dirac structures, no allowed 
regions even at the 2𝜎 level.

(𝑽 − 𝑨)⊗ (𝑽 − 𝑨)

(𝑺 + 𝑷)⊗ (𝑺 − 𝑷)

(𝑺 + 𝑷)⊗ (𝑺 + 𝑷)

𝑪𝟐𝑵𝑷 + 𝑪𝟏𝑵𝑷/𝑁𝐶
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Analysis at 𝒎𝑾 scale
p Variable solutions: NP four-quark operators with the following three Dirac structures;

p With RG evolutions for 𝑪𝒊𝑵𝑷 taken into account, the following regions obtained:

What implications for the NP Wilson coefficients at the higher scale 𝒎𝑾 ?

large RG evolution effect!

small RG evolution effect!

(𝑽 − 𝑨)⊗ (𝑽 − 𝑨) (𝑺 + 𝑷)⊗ (𝑺 − 𝑷) (𝑺 + 𝑷)⊗ (𝑺 + 𝑷)

vs

vs

vs
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Case with a colorless gauge boson 

p With 𝒎𝑨 = 𝟏 𝐓𝐞𝐕, 1- & 2-loop ADMs and 1-loop matching conditions: [Buras, Misiak, Urban '00; Buras, 

Girrbach '12]

p 4 NP parameters: λ𝑳𝑳 𝑨 , λ𝑳𝑹 𝑨 , λ𝑹𝑹 𝑨 , λ𝑹𝑳 𝑨 ;

p Heff mediated by a colorless charged gauge boson A+ ;

Ø Scenario I: only one effective coefficient nonzero;

Ø Scenario II:  ∆𝒄𝒃𝑳 𝑨 = ∆𝒄𝒃𝑹 𝑨 , ∆𝒖𝒒𝑳 𝑨 = ∆𝒖𝒒𝑹 𝑨 ;

Ø Scenario III: ∆𝒄𝒃𝑳 𝑨 = −∆𝒄𝒃𝑹 𝑨 , ∆𝒖𝒒𝑳 𝑨 = −∆𝒖𝒒𝑹 𝑨 ;

λ𝑳𝑳 𝑨 = λ𝑹𝑹 𝑨 = λ𝑳𝑹 𝑨 = λ𝑹𝑳 𝑨

λ𝑳𝑳 𝑨 = λ𝑹𝑹 𝑨 = −λ𝑳𝑹 𝑨 = −λ𝑹𝑳 𝑨

A+ couplings to quarks either 
vectorial or axial-vectorial!
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Case with a colorless gauge boson 
p Scenario I: only 𝝀𝑳𝑳 𝑨 nonzero; need A+ couplings to quarks being of 𝑽 − 𝑨 structure!
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Case with a colorless scalar

p With 𝒎𝑯 = 𝟏 𝐓𝐞𝐕, 1- & 2-loop ADMs and 1-loop matching conditions: [Buras, Misiak, Urban '00; Buras, 

Girrbach '12]

p 4 NP parameters: λ𝑳𝑳 𝑯 , λ𝑳𝑹 𝑯 , λ𝑹𝑹 𝑯 , λ𝑹𝑳 𝑯 ;

p Heff mediated by a colorless charged scalar H+ ;

Ø Scenario I: only one effective coefficient nonzero;

Ø Scenario II:  ∆𝒄𝒃𝑳 𝑯 = ∆𝒄𝒃𝑹 𝑯 , ∆𝒖𝒒𝑳 𝑯 = ∆𝒖𝒒𝑹 𝑯 ;

Ø Scenario III: ∆𝒄𝒃𝑳 𝑯 = −∆𝒄𝒃𝑹 𝑯 , ∆𝒖𝒒𝑳 𝑯 = −∆𝒖𝒒𝑹 𝑯 ;

λ𝑳𝑳 𝑯 = λ𝑹𝑹 𝑯 = λ𝑳𝑹 𝑯 = λ𝑹𝑳 𝑯

λ𝑳𝑳 𝑯 = λ𝑹𝑹 𝑯 = −λ𝑳𝑹 𝑯 = −λ𝑹𝑳 𝑯

H+ coupling to quarks either 
scalar or pseudo-scalar!
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Case with a colorless scalar
p Scenario I: only λ𝑹𝑳 𝑯 nonzero; need H+ couplings to quarks being of 𝑺 ± 𝑷 structure!
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Case with a colorless scalar
p Scenario I: only λ𝑹𝑹 𝑯 nonzero; need H+ couplings to quarks being of 𝑺 ± 𝑷 structure!



Summary
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p 𝓞(4−5𝝈) discrepancies observed between updated SM predictions and current exp. data;               

sub-leading power corrections in QCDF/SCET or possible NP beyond the SM?

p Model-indep. analysis shows that only NP operators with 3 Dirac structures possible:

generated by a colorless charged gauge boson or by a colorless charged scalar.

p NNLO predictions for class-I 𝑩𝒒𝟎 → 𝑫𝒒
(∗)#𝑳" decays at LP in QCDF/SCET complete.

(𝑽 − 𝑨)⊗ (𝑽 − 𝑨) (𝑺 + 𝑷)⊗ (𝑺 − 𝑷) (𝑺 + 𝑷)⊗ (𝑺 + 𝑷)

Thank You for your attention!


