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Why non-leptonic B-hadron decays
p direct access to the CKM parameters, 

especially to the three angles of UT

p further insight into the strong-interaction 

effects involved in these weak decays

Neubert, hep-ph/0006265

p deepen our understanding 

of the quark mixing & CP-
violation mechanism  

non-leptonic B-hadron decays always play a key role in precisely testing SM!

factorization?  strong phase origin? ... 
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Why non-leptonic B-hadron decays
p SM incomplete and BSM needed: possible new sources of flavor & CP violations? 

non-leptonic B-hadron decays always play a key role in probing BSM!

efficiently probed indirectly by high-precision flavor frontier

Tree Penguin

H. Murayama

b-quark massive enough to have many decay modes and many 

observables like branching ratios, CP asymmetries, polarizations, . . . 
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B physics experiments
p B-factories (𝒆!𝒆"):  Belle & BaBar p Hadron colliders (𝒑#𝒑):  CDF & D0 @ Tevatron

p Super B-factories (𝒆!𝒆"): Belle-II @ KEK p Hadron colliders (𝒑𝒑): LHCb @ LHC

complementary 

to each other!

2025-04-17 Xin-Qiang Li            B physics in the precision era 5



𝓗𝐞𝐟𝐟 for non-leptonic B-hadron decays
p For non-leptonic B-hadron decays: typical multi-scale problem            

multi-scale problem with highly hierarchical scales!

p Starting point 𝓗𝐞𝐟𝐟 = −𝓛𝐞𝐟𝐟: obtained after integrating out heavy 

d.o.f. (𝒎𝑾,𝒁,𝒕 ≫ 𝒎𝒃)   [Buras, Buchalla, Lautenbacher '96; Chetyrkin, Misiak, Munz '98] 

p Wilson coefficients 𝑪𝒊: all physics above 𝒎𝒃; perturbatively calculable & NNLL program 
now complete!  [Gorbahn, Haisch '04; Misiak, Steinhauser '04]

OPE, RG-improved PT, & EFT formalism more suitable! 

tree

penguin
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Hadronic matrix elements
p For a two-body non-leptonic decay #𝑩 → 𝑴𝟏𝑴𝟐:

physics below 𝑚-; process–dependent; FSI introduces strong phases, and hence direct CPV!

p Different methods proposed for 𝑴𝟏𝑴𝟐|𝓞𝒊|#𝑩 :   naïve fact., generalized fact., ……

p QCDF/SCET: systematic framework from QCD, valid to all orders in 𝛼., limited by /!"#
0$

 corrections

𝓐 #𝑩 → 𝑴𝟏𝑴𝟐 =3
𝒊

𝝀𝐂𝐊𝐌×𝑪𝒊× 𝑴𝟏𝑴𝟐 𝓞𝒊 #𝑩
𝓞𝒊

𝓞𝒊

in heavy-quark limit
decoupled
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Hadronic matrix elements

form-factor term spectator-scattering term

𝓞𝒊(𝝁) 𝓞𝒋𝐟𝐚𝐜𝐭.(𝝁)

𝓞𝒋𝐟𝐚𝐜𝐭.(𝝁)

𝑴𝟏𝑴𝟐 𝓞𝒊 #𝑩

p QCDF formula for two-body charmless B decays:  [BBNS '99-'03]

𝑀%𝑀&|𝑄'| $𝐵  factorized into 𝑀|𝑗(| $𝐵  (transition form factors), 𝑀|𝑗(|0 , 0|𝑗(| $𝐵  (decay constants & LCDAs)

p Status @ NNLO:  [Beneke, Huber and Xin-Qiang Li '10; Bell, Beneke, Huber and Xin-Qiang Li '15, '20; Huber, Susanne and Xin-Qiang Li '16]
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Final results for 𝜶𝟏,𝟐 
p Numerical results including the NNLO corrections:

LO

NLO

NNLO

p Scale-dependence much reduced

Beneke, Jager '05
Kivel '06, Pilipp '07 

LO 𝐍𝐍𝐋𝐎|𝑸𝟑"𝟔,𝟖𝒈

𝐍𝐍𝐋𝐎|𝑸𝟏,𝟐

𝐍𝐍𝐋𝐎|𝐟𝐮𝐥𝐥
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𝝅𝝅	and 𝝅𝑲 puzzles
p Long-standing puzzles in 𝐁𝐫(#𝑩𝟎 → 𝝅𝟎𝝅𝟎) and 𝜟𝑨𝑪𝑷(𝝅𝑲) = 𝑨𝑪𝑷 𝝅𝟎𝑲" − 𝑨𝑪𝑷(𝝅!𝑲"): [HFLAV '24]

𝐁𝐫(𝑩𝟎 → 𝝅𝟎𝝅𝟎) = 𝟎. 𝟑 − 𝟎. 𝟗 ×𝟏𝟎"𝟔 𝜟𝑨𝑪𝑷(𝝅𝑲) = 𝟏𝟏. 𝟎 ± 𝟏. 𝟐 % differs from 0 by ~9.2𝝈

p Decay amplitudes in QCDF:

1.55 ± 0.17 ×1001

2.70 ± 1.20 ×100& −8.31 ± 0.31 ×100&

some mechanism or sub-leading power corrections

or even NP to enhance 𝑪 = 𝜶𝟐 or 𝑷89 = 𝜶𝟑,89
𝒑 ?
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= 𝛼&

= 𝛼2,45
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Other interesting puzzles
p Ratios among 𝑩(𝒔) → 𝑲𝑲 decays: [Grossman, Neubert, Nir, Shpilman, Viernik 2407.13506]

p Decay amplitudes in QCDF:

related by iso-spin (𝑢 ↔ 𝑑) 

related by U-spin (𝑑 ↔ 𝑠) 

differ only in tree, EWP, & annihilation
11

Marcos , Reboud, 
Vos, 2504.05209



Pure annihilation B decays
p Two typical pure annihilation decay modes: M𝐵.? → 𝜋!𝜋" vs  M𝐵@? → 𝐾!𝐾" related by U-spin
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p QCDF vs data for branching ratios:  large SU(3)-flavor symmetry breaking?

p State-of-the-art 𝐒𝐔 𝟑 𝐅	fit: [D. London et al., 2311.18011; 2505.11492; 2510.13969] 

ü for ∆S = 0 decays: excellent fit; for ∆S = 1 decays: good fit

ü for combined ∆S = 0 & ∆S = 1 decays: very poor fit

ü 1000% SU 3 B-breaking effect required (𝑓C/𝑓D − 1 ∼ 20%)
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Decay amplitudes of 𝑩 → 𝑷𝑷 based on 𝐒𝐔 𝟑 𝐅
p Decay amplitudes in TDA: [Zeppenfeld '81; He and Wang '18; Jia, Wang and Yu '21]

𝓐𝐓𝐃𝐀 =
𝒊𝑮𝑭
𝟐
[𝓣𝐓𝐃𝐀 +𝓟𝐓𝐃𝐀]

p Also equivalent with IRA: [He and Wang '18]
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p Key point: no any theoretical assumptions on 

RMEs ⇒ completely rigorous on group-theoretical 
side, but need enough data to fit them!



Decay amplitudes of 𝑩 → 𝑷𝑷 based on 𝐒𝐔 𝟑 𝐅
p Decay amplitudes in QCDF: [BBNS '03; Huber and Tetlalmatzi '21]
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Tree sector

Penguin sector

Ø All 17 (Δ𝑆 = 0)+17 (Δ𝑆 = 1) two-body charmless 𝐵 →

𝑃𝑃 decays described by 20 TDA or QCDF parameters



Dynamical information from QCDF
p Direct calculation in QCDF @ NLO and NNLO: [BBNS '03; Bell, Beneke, Huber, Xin-Qiang Li '00; '20]

𝛼IJ = 𝛼IK = 𝛼I, 	 𝛼I,LMJ = 𝛼I,LMK = 𝛼I,LM ,

	 𝛽NJ = 𝛽NK = 𝛽N , 𝑏NJ = 𝑏NK = 𝑏N

𝛼O,LMK − 𝛼O,LMJ < 𝒪 10"I ,    

𝑎OK − 𝑎OJ = 0.013"?.??Q!?.??R

reduce the independent TDA amplitudes from 20 to 17 or 16:
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𝒜 𝐵 → 𝑀S𝑀T = 𝑖
𝐺U
2
𝜆J(𝛼NJ+𝛽NJ) + 𝜆K(𝛼NJ+𝛽NJ)



Factorizable SU(3) breaking effects
p Independent TDA amplitudes: 17 or 16

p SU(3)-breaking effects from transition form 

factors, decay constants & phase space:
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[B.-Y. Cui, Y.-K. Huang, Y.-L. Shen, C. Wang, and Y.-M. Wang, arXiv:2212.11624]

𝒪(20 − 30%) SU(3)-breaking 

effects predicted between 𝐵 →

𝜋 & 𝐵 → 𝐾	FFs in large recoil 

region

all sub-amplitudes symmetric,  and the dominant 

SU(3)-breakings from 𝐴7!7" & 𝐵7!7" included



Global fit to data
p Enough exp. data to extract the TDA & QCDF amplitudes:

Ø central values resemble many dynamical features obtained in QCDF/SCET framework

17

23 branching ratios + 16 direct CP + 6 mixing-induced CP

p Two indep. fitting methodologies: Frequentist (CKMfitter) + Bayesian inference (Stan) framework

Ø no strong indications of numerically enhancements for annihilations beyond ΛVWX/𝑚- scaling

𝛼S 𝜋𝜋 = 1.000"?.?YZ!?.?TZ + 0.011"?.?[?!?.?TI𝑖, 	 𝛼T 𝜋𝜋 = 0.240"?.ST[!?.TSQ − 0.077"?.?QR!?.SS[𝑖



Two-dimensional confidence regions
p 68% confidence regions of TDA amplitudes:

Ø Factorizable SU(3) breaking 
describes data perfectly, with a 
p-value of 0.072

Ø Electroweak penguin topologies 
larger than generally expected
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Phenomenological implications
p 𝑩 → 𝝅𝝅,𝝅𝑲 and 𝑲𝑲 puzzles:
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𝛥𝐴W\ 𝜋𝐾 = 𝐴W\ 𝜋?𝐾" − 𝐴W\ 𝜋!𝐾"

   = 11.0 ± 1.2 % vs 11.1 ± 2.9 % 𝑅 =
Br M𝐵? → 𝜋!𝐾"

Br 𝐵" → 𝜋" #𝐾?
⋅
𝜏]*
𝜏]+

= 0.89 ± 0.03	 vs	0.90"?.TT!?.TO

𝑅K =
2Br 𝐵" → 𝜋?𝐾"

Br 𝐵" → 𝜋" #𝐾?
= 1.10 ± 0.04	vs	1.11"?.T[!?.TR

𝑅^ =
1
2
Br M𝐵? → 𝜋!𝐾"

Br M𝐵? → 𝜋? #𝐾?
= 0.97 ± 0.04	vs	0.98"?.T[!?.IS

𝑅!"DD =
2Br 𝐵" → 𝜋"𝜋?

Br M𝐵? → 𝜋!𝜋"
⋅
𝜏]+
𝜏]*

= 1.83 ± 0.11	vs	1.86"?.[O!?.QY

𝑅??DD =
2Br M𝐵? → 𝜋?𝜋?

Br M𝐵? → 𝜋!𝜋"
= 0.58 ± 0.07	vs	0.56"?.SQ!?.TO

p Sum rule for 𝑩 → 𝝅𝑲 decays: [Gronau, hep-ph/0508047]

Δ_` = 𝐴W\ 𝐵" → 𝜋?𝐾"
2Br 𝐵" → 𝜋?𝐾"

Br M𝐵? → 𝜋!𝐾"
𝜏]+
𝜏]*

+ 𝐴W\ M𝐵? → 𝜋? #𝐾?
2Br M𝐵? → 𝜋? #𝐾?

Br M𝐵? → 𝜋!𝐾"

−𝐴W\ M𝐵? → 𝜋!𝐾" − 𝐴W\ 𝐵" → 𝜋" #𝐾?
Br 𝐵" → 𝜋" #𝐾?

Br M𝐵? → 𝜋!𝐾"
𝜏]+
𝜏]*

= 0.03 ± 0.14	 vs	 − 0.09 ± 0.03

p Badly Broken of EWP to tree ratios: 
[Gronau and Rosner, hep-ph/9809384]

𝑃LM = 𝑃a = −
3
2
𝐶Z + 𝐶S?
𝐶S + 𝐶T

𝐶,	

𝑃LMW = 𝑃W = −
3
2
𝐶Z + 𝐶S?
𝐶S + 𝐶T

𝑇.

orders of 

magnitude 
larger than 

predicted by 
EWP-tree 
ratios



Phenomenological implications
p small tensions in 𝑩 → 𝝅𝑲,𝑲𝑲, 𝜼b𝑲 direct & 

mixing-induced CPV, but not exceed 𝟏. 𝟓𝝈
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Ø More data on 𝑩 → 𝝅𝑲,𝑲𝑲, 𝜼b𝑲 welcome

p Our predictions for some unmeasured 

observables can be tested by future data



Summary
p Hadronic B decays important for testing precisely the SM and probing NP beyond it

p Within QCDF/SCET, NNLO QCD corrections to color-allowed, color-suppressed tree & 
leading-power penguin amplitudes complete, factorization established up to 2-loop

p Due to delicate cancellation, NNLO corrections found small; some puzzles still remain:

Ø long-standing Br( M𝐵? → 𝜋?𝜋?) and 𝛥𝐴W\(𝜋𝐾) = 𝐴W\ 𝐵" → 𝜋?𝐾" − 𝐴W\( M𝐵? → 𝜋!𝐾")

Ø sub-leading power corrections in QCDF/SCET need be considered, and progress already achieved 

p Enough data allow to perform global fit based on flavor SU(3) symmetry

Ø dominant SU(3)-breaking effects from transition form factors, decay constants, and phase space 

Ø information from QCDF dynamics helps to reduce TDA parameters from 20 to 17 or 16

Ø very good fit to all data achieved and resemble many dynamical features obtained in QCDF

Ø many dynamical features in QCDF/SCET reproduced, but large EWP amplitudes needed

Thank You for your attention! 21


