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B physics and CP Violation

• ”Matter ̸= Antimatter” indicates the interaction with CPV
• Heavy flavour physics (HFP) provides many processes with CPV

although it is inadequate and new mechanism of CPV is imminent

Timeline of B physics
◦ 1973, CKM mechanism is proposed (4 parameters)
◦ 1977, CFS-E288 at FermiLab discovered Υ (bb̄), Lederman
◦ 1983, CLEO found B0 meson in Υ(4S) decay
◦ 1986, Bigi & Santa expectated large CPV in B0 → J/ΨK0

S
◦ 1987, ARGU measured the B0 − B̄0 oscillation ⇒ ACP(t)
◦ 1987, Oddone proposed the construction of B factories to study CPV

◦ 1999, BABAR, Belle started running 2001(04), ACP(t, f)(ACP) in B0 decays
◦ 2009, LHCb played in to the game with 3-5 order more events

2013(20), ACP(ACP(t, f)) in Bs decays, 2012, ACP in B+ decays
2019, δACP in D decays; 2024 ACP in Λb decays ?

◦ Anomalies: b → sl+l− see Qi-dong’s talk, 11/3 , Bs → µµ, |Vub|, |Vcb|

3 / 26



Experimental promotion

Successful running of B factories(1999-2008) and LHC(2009-2026)

CP 破坏测量 60 年
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• SuperKEKB(2018-2026) [E. Kou et al. [Belle-II], 2019]

◦ Belle II has collected 531 fb−1 data so far with
record peak luminosity 4.7×1034cm−2s−1

◦ Goal: 50 ab−1 data and peak luminosity at
6.5×1035cm−2s−1

◦ |Vub| to 1.2% in B → ϕ, ρlν, δACP in
B → K∗π, Kρ, K∗ρ, B → VV, α from
B → π0π0, · · ·

† B+ → ρ+ρ0, B0 → K0π0 [Belle-II, 2021]
† First measurement of CP asymmetry

parameters in B0 → K0
Sπ

0, ωω [Belle-(II),
2023,04].

• HL-LHC(2030-2033) [CERN Yellow Rep. Monogr, 2019]

◦ L = 23(300)fb−1 in phase 1(2), 2 order
larger than LHC, 2 × 1033(34)cm−2s−1

◦ |Vub| to 0.7%(0.4%) in B → ππ, πρ, ρρ,
C
π+π− , S

π+π− (one order improvement),
α from B → ρρ, ρπ, · · · .

† Adir
ππ = (2.32 ± 0.61) × 10−3 [LHCb, 2023]

Belle/Belle II result see Long-ke’s talk, 11/3
† δACP(Λ

0
b → ΛK+K−) = 0.083 ± 0.028

[LHCb-Paper-2024-043]
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Three-scale factorization

i low energy effective hamiltonian
ii three-scale factorization
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Low energy effective hamiltonian

New physics: LNP
↓

Electroweak scale (mW): LEW + LD>4

↓
Heavy quark scale (mb): Leff = − GF√

2
VCKM

∑
i Ci(µ)Oi(µ) + Leff,D>6

↓
Hadron scale (ΛQCD): LCDAs, PDF, PDA

• derive the effective Hamiltonian by integrating over mW [Buchalla 1996]

◦ product of two charged currents ∼ a series of local operators Oi with the weighted coefficients Ci

• dynamics at the scale O(mW) is absorbed into Wilson coefficients Ci(µ)

◦ Ci ∼ match the Leff with the full theory of weak decays [Ma 80, Inami&Lim 81, Clements 83]

• the rest go into the four fermion effective operators Oi(µ)

• the key is to calculate the hadron matrix element ⟨M1M2|Oi|B⟩
definitely a QCD problem
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Low energy effective hamiltonian

• integrating over the mW and mb

• weak phase difference between
charged and FCNC of b decays
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Low energy effective hamiltonian

• diagrams at scales O(ΛQCD)−O(mb), Hadron matrix element ⟨M1M2|Oi|B⟩

(f) (g) (h)(e)

b

b

(a)

M3

M2

(b) (c) (d)

different
strong
phases

emission

annihilation

• factorization: detach the hard kernel H Oi at scale O(mb)

from the hadron wave function Φs B,M1,M2 mesons at scale O(ΛQCD)

• H is calculated perturbatively order by order, Φs are universal
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Low energy effective hamiltonian

• high precision calculation of Hadronic matrix element ⟨M1M2|Oi|B⟩
◦ naive factorization: ∼ FB→M2

⊗ fM1
[Bauer&Stech&Wirbel 1985,87]

◦ generalized factorization: QCD corrections from Oi=1,··· ,10 [Ali&Kramer&Lü 1998,99]

◦ QCDF: VC to Mt,p + corrections to spectator scattering, full NNLO (O(α2
s ))

[Benele 2010, Bell 15, 20, Huber 16, Beneke 06,07, Jain 07]

◦ SCET: introduces different fields in different energy regions, simple kinematics
but complicated dynamics [Bauer 2001, Chay 04, Becher 15], QCDF/SCET [Beneke 2015]

◦ B → ππ decay is studied from LCSRs [Khodjamirian 2001,03,05]

◦ high order & power corrections to B → P,V form factors LQCD [HPQCD 2013]
[Bharucha 2016, Wang 15,16,20, Lü 19, Beneke 17, Gubernari 19, Cheng 17,19]

• the transversal momentum is picked up in the hard scattering amplitudes to regulate the
end-point singularity PQCD

◦ B → M FFs and the annihilation amp. are both calculable [Keum 2001, Lü 01]

◦ LO (O(αs)) B → PP,PV,VV decays [Xiao 2007; Lü 02; Li 05, Li 06, Zou 15], [Hua 2021]

◦ partially NLO (O(α2
s )): factorizable amplitudes [Cheng & Xiao 2021]

effective operators [Mishima 2003, Li 05]
hard scattering [Li 2012, Cheng 14], [Li 13, Cheng 15,15, Hua 18], [Li 14, Liu 15,16]
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Three scale factorization

• end-point singularities appear in exclusive QCD processes

† m2
1,2 ≪ Q2, light-cone coordinate p2 = ( Q√

2
, 0, 0T), p3 = (0, Q√

2
, 0T),

(anti-)valence quarks: k2 = x2p2, k̄2 = x̄2p2

ϕ ∝ u(1 − u), mπ
0 ϕP,σ ∝ mπ

0

∝
∑

t
∫

du1du2κt(ui)
αs(µ)ϕt

1(u1)ϕt
2(u2)

u1u2Q2u2Q2

• pick up kT in the internal propagators

M ∝
∑

t=2,3,4

∫
du1du2dk1Tdk2Tκt(ui)

αs(µ)ϕ
t
1(u1)ϕ

t
2(u2)

u1u2Q2 − (k1T − k2T)2

• end-point singularity at leading and subleading powers

H ∝ αs(µ)

u1u2Q2 − k2
T
∼ αs(µ)

u1u2Q2
− αs(µ)k2

T
(u1u2Q2)2

+ · · ·

• the power suppressed TMD terms becomes important at the end-points
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Three scale factorization

• introduce kT to regularize the end-point singularity [Huang 1991]

• scales of transversal momentum and the large logarithms

[stolen from H.N Li]

• multiple scales, hence large single logarithms in H/Φ by QCD correction
• double logs in the soft-collinear regions αs(µ) ln2(k2

T/m2
B)
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Three scale factorization

• in order to repair the perturbative expansion, do resummation
• kT resummation for H to obtain S(xi, bi,Q) [Botts 1989, Li 92]

† decreases the inverse power of the q2 in the divergence amplitude
† exhibits high suppression for large transversal distances (small kT) interactions

• integrating over kT, large log ln2(xi) when intermediate gluon is on shell
• threshold resummation for Φ to obtain St(xi,Q) [Li 1999]

† suppresses the small xi regions
† repairs the self-consistency between αs(t) and hard log ln(x1x3Q2/t2)

‡ dynamics with kT <
√

QΛ is
organized into S(x, b,Q)

‡ dynamics in small x is suppressed
by St(x,Q)
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M =
∑

t ϕ
t(u1, b1)⊗Hi(t, b)⊗ ϕt(u2, b2)Exp

[
−s(p+, b)−

∫ t
1/b

dµ̄
µ̄
γϕ(αs(µ̄))

]
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Three scale factorization

Sources of strong phase (differences) δ1,2 to generate CP/

B0 f

T

P

AB0→f

A(B0→f) = Tei(δ1+Φ1) + Pei(δ2+Φ2) A(B̄0→f̄) = T̄ ei(δ1−Φ1) + P̄ ei(δ2−Φ2)

B̄0

AB̄0→f̄

f̄

T̄

P̄

• different topologies: emission (real, δ1 = 0) and annihilation (plural, δ2 ̸= 0)

1

k2T − xm2
B − iϵ

= P
(

1

k2T − xm2
B

)
+ iδ(k2T − xm2

B)

• Sudakov expanent (NLO)
◦ center of mass scattering angle and angular distribution of scattering hadrons
◦ important in baryon decays but not in B meson decays
• NLO corrections to spectator emission amplitude from Glauber gluon
◦ only supplies a sizable phase to the pion final state
◦ modifies the interactions between different topological amplitudes
• on shell charm quark loop correction (NLO), leading source in QCDF
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State-of-the-art PQCD prediction
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B → PP,PV,VV decays: amplitudes

• general decomposition of Wilson coefficients for certain effective weak vertex

[q1, q2, q3]
↓

emission meson M2

↑
spectator meson M3

• ie. decay amplitude of B+ → π+K0 at NLO

[s, d, d]

△ the glauber gluon corrections and TMD wave functions are not taken into account in this work
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B → PP,PV,VV decays: amplitudes

• operator decomposition of B → PP decays

Tree/color-favoured tree emission

QCD Penguin

Color-suppressed tree emission

Pem: Electroweak penguin

E: tree annihilation amplitude
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B → PP,PV,VV decays: numerics

• main uncertainties of PQCD calculation: high order QCD corrections & LCDAs
↓

† characterized by the variation in the factorization scale
† minimized by setting µt as the largest virtuality in hard scattering
† two-loop expression for the strong coupling

• input parameters of meson LCDAs

default scale 1GeV
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B → PP,PV,VV decays: numerics

• anatomy of NLO corrections to B and ACP of ππ, πK modes

◦ B: QL cancels with MP corrections, not sensitive to VC and NLO ffs
◦ color-suppressed modes (π0π0, π0K0) are more sensitive to NLO corrections

◦ asymmetry parameters is more sensitive to the NLO corrections
◦ VC (QL) flips the sign of the direct CPV of π+π0 and π0π0 (π0K+) modes

ACP(B+ → K+π0) − ACP(B+ → K+π−) = 7.71+2.74
−2.92(PQCD) VS 12.0 ± 2.4(Data)

◦ LO PQCD predicted a large direct CPV in π−K+, π+π− (2000), which were
confirmed subsequently by the BABRA and Belle collaborations.
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B → PP,PV,VV decays: numerics

• updated PQCD results for B(B → PP) (in units of 10−6)

✓ Glauber gluon effect
[Liu 2014]

5.35

4.45

0.61

ηq-ηs mixing
✓ ηq-ηs-ηg mixing

[Fan 2012]

◦ NLO corrections are important in penguin dominated models πK, η′K and pure
annihilation mode K0K0

◦ LO PQCD B(Bs → π+π−) ∼ 6× 10−6 (2007), confirmed by CDF (2011)
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B → PP,PV,VV decays: numerics

• updated PQCD results for the CPV of B → PP decays (in units of 10−2)

Belle II, PRL.131.111803(2023)
−0.04 ± 0.15 ± 0.05
0.75 ± 0.20 ± 0.04

ηq-ηs mixing
✓ ηq-ηs-ηg mixing

[Fan 2012]

21 / 26



B → PP,PV,VV decays: numerics

• updated PQCD results for the CPV of B+ → PV decays (in units of 10−2)

ηq-ηs mixing
? ηq-ηs-ηg mixing

large CPV predictions

large CPV in rare decay

◦ measured direct CPV in B → PV is significantly larger than that in B → PP
◦ it is hard to measure B → PV decays precisely ⇐ vector meson is not stable
◦ cascade decay B → PV → PPP, hard to resolve see Wen-fei’s talk, 11/3

◦ dimeson light-cone distribution amplitudes provide a possible solution
[Cheng, Khodjomirian, Virto 2017, 2019, Cheng 2021]
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B → PP,PV,VV decays: numerics

• updated PQCD prediction of B(B+ → VV) (in units of 10−6)

0.89 Glauber gluon
inconsistence between two B factories

PQCD : B(ρ0ρ0) ∼ 2B(π0π0)
Data : B(ρ0ρ0) ∼ B(π0π0)/2

isospin symmetry
smallness of B(ρ0ρ0)

↓
B(ρ+ρ−) ∼ 2B(ρ+ρ0)

VS (no new physics violates QCD isospin symmetry )

PQCD: ∼ 1.6
Data: ∼ 1

Belle, PRL.133.1081801(2024)
1.53 ± 0.29 ± 0.17

◦ NLO corrections are important in rare modes ρ+ϕ, ρ0ρ0(ω, ρ), ωω(ϕ)
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B → PP,PV,VV decays: numerics

• updated PQCD results for the fL of B+ → VV decays (in units of 10−2)

Belle, PRL.133.1081801(2024)
0.87 ± 0.13 ± 0.13

† LO PQCD predicted fL ∼ 0.7 in penguin dominated B → VV by annihilation
mechanism (2002), before the observation of ”polarization puzzle”.
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Conclusion

• state-of-the-art PQCD calculations with including the current well-known
NLO and sub-leading power corrections

◦ Kπ,Kρ,Kω,Kϕ and K∗ρ,K∗ω,K∗ϕ channels ✓✓ K∗π,K∗K channels ✓

◦ fL in K∗ρ,K∗ω,K∗ϕ channels is still larger than the HFLAV result
LD effect in B → K∗ transition ? NLO corrections to B → V form factors ? width effect of the
intermediate vector resonant (four-body decays) ?

◦ η(′) involved channels do not consist well with data
the complicate mixing mechanism ηq-ηs-ηg ?

◦ CPV of charged (neutral) B decays is (not) sensitive to the new added
two power correction (heavy quark expansion), especially for the channels
with at least one η(′) in the final state
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Conclusion

• predictions in K0
Sπ

0, ωω modes are confirmed
• what’s the next ? CPV or ηη, ηη′, η′η′ ?

Belle, PRL.133.1081801(2024)

[23] Chai, SC, Ju, Yan, Lu, Xiao, CPC 46.12(2022)123103
[19] Zou, Ali, Lu, Liu, Li, PRD 91.054033(2015)

Thank you for your patience.
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