
(Re)interpretation of the LHC results for new physics
Durham University

Testing the Standard Model and beyond with B → PP decays
29th August 2023

Adam Szabelski



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

Nice to be back

2



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

Outline

1. Motivation and general idea

2. Diagrammatic approach

3. OPE and the NP phase φ in the SM

4. SU (3) group decomposition

5. fits

6. Summary

3



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

B → Kπ puzzle

Newest LHCb results:
B+ → K+π0 - Phys. Rev. Lett. 126(9), 091802 (2021)
B0 → K+π− - JHEP 03, 075 (2021)
World average:

∆ACP(Kπ) = ACP(B+ → K+π0)− ACP(B0 → K+π−) = 0.114± 0.014

∆ACP(Kπ) = 0 isospin symmetry

∆ACP(Kπ) = (0.018+0.041
−0.032) QCD factorisation

Over 8σ different from 0
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Operator product expansion
B → πK − b → s, ∆U = ∆C = 0 (p̄q)V±A ≡ p̄γµ(1± γ5)q

Qα
1 ≡ (b̄xαy)V−A(ᾱysx)V−A,

Qα
2 ≡ (b̄α)V−A(ᾱs)V−A;

}
Current-current operators(tree operators)

Q3 ≡ (b̄s)V−A
∑

q
(q̄q)V−A,

Q4 ≡ (b̄xsy)V−A
∑

q
(q̄yqx)V−A,

Q5 ≡ (b̄s)V−A
∑

q
(q̄q)V+A,

Q6 ≡ (b̄xsy)V−A
∑

q
(q̄yqx)V+A;


Gluonic-penguin operators

Q7 ≡
3

2
(b̄s)V−A

∑
q
(eq q̄q)V+A,

Q8 ≡
3

2
(b̄xsy)V−A

∑
q
(eq q̄yqx)V+A,

Q9 ≡
3

2
(b̄s)V−A

∑
q
(eq q̄q)V−A,

Q10 ≡
3

2
(b̄xsy)V−A

∑
q
(eq q̄yqx)V−A;



Electroweak-penguin operators
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Parameterisation

T̃ = λ3ARb(T − Ptu + E − PAtu),

C̃ = λ3ARb(C + Ptu − E + PAtu),

P = λ3A(Pt − Pc),

rX =
X
P

e.g. rT =
T̃
P

√
2A(B+ → π0π+) = −P

[
eiγ(rT + rC ) + e−iβ q̃(rT + rC )

]
,

A(B0 → π−π+) = P(1− rT eiγ)
√
2A(B0 → π0π0) = P(1 + rC eiγ + e−iβ q̃(rT + rC ))

q̃ ≡
∣∣∣∣PEW +PC

EW
T+C

∣∣∣∣
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B → Kπ

A(B+ → π
+K0

) = −P′
[
1 + rρc eiγ −

1

3
aC qeiωeiφ

(r′T + r′C )

]
√
2A(B+ → π

0K+
) = P′

[
1 + rρc eiγ −

{
eiγ −

(
1 −

1

3
aC

)
qeiωeiφ

}
(r′T + r′C )

]
A(B0

d → π
−K+

) = P′
[
1 + rρc eiγ

+
2

3
aC qeiωeiφ

(r′T + r′C ) − rT eiγ
]

√
2A(B0

d → π
0K0

) = −P′
[
1 + rρc eiγ −

(
1 −

2

3
aC

)
qeiωeiφ

(r′T + r′C ) + r′C eiγ
]

P′ ≡
λ3A
√

ε
(P′

t − P′
c)

rρc ≡
ρceiθc

P′
≡
(

λ2Rb

1 − λ2

)[
P′

t − P̃′
u − A′

P′
t − P′

c

]
B+ → K+K0

: ρc = 0.03 ± 0.01, θc = (2.6 ± 4.6)
◦

aC ≡
P̂′C

EW
P̂′

EW + P̂′C
EW

qeiφeiω ≡ −
(

P̂′
EW + P̂′C

EW
T̂′ + Ĉ′

)

In SM: qeiφeiω ≡
−3

2λ2Rb

[
C9(µ) + C10(µ)

C1(µ) + C2(µ)

]
Rq = (0.64 ± 0.05)Rq

Rq = 1 ± 0.05 - compensates for possible SU(3) violation

Isospin relation√
2A(B+ → K0π0) +A(B+ → K+π−) =

√
2A(B+ → K+π0) +A(B0 → K0π+)
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)

In SM: qeiφeiω ≡
−3

2λ2Rb

[
C9(µ) + C10(µ)

C1(µ) + C2(µ)

]
Rq = (0.64 ± 0.05)Rq

Rq = 1 ± 0.05 - compensates for possible SU(3) violation

Isospin relation√
2A(B+ → K0π0) +A(B+ → K+π−) =

√
2A(B+ → K+π0) +A(B0 → K0π+)

8



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

U -spin relation

Connection between amplitudes describing B → ππ and B → Kπ decays

B → ππ - b → d ⇐⇒ B → Kπ - b → s(′)

RT+C =

∣∣∣∣T ′ + C ′

T + C

∣∣∣∣ ≡ ∣∣∣∣ (r ′T + r ′C )P ′

ε(rT + rC )P

∣∣∣∣ = 1.21± 0.015 QCDF

RT+C = 1.2± 0.2 safe estimate
ε ≡ λ2

1−λ2 = 0.0535± 0.0002

arg(r ′T )− arg(rT ) = 0± 20◦ arg(r ′C )− arg(rC ) = 0± 20◦

same as arxiv:1806.08783 R. Fleischer et al.
9

https://arxiv.org/pdf/1806.08783.pdf
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Effective Hamiltonian - φSM = 0

[Matthias Neubert and Jonathan L. Rosner]

Heff =
GF√
2

 ∑
i=1,2

Ci(λuQu
i + λcQc

i ) + λt

10∑
i=3

CiQi

+ h.c.

λα = V∗
αbVαs λu + λc + λt = 0

C7,C8 � C9,C10 + Fierz identity =⇒ Q∆I=1
9 ∼ Qu

1 − Qd
1 , Q∆I=1

10 ∼ Qu
2 − Qd

2

When the operators are linearly dependent the weak phase between them φSM = 0
The weak interaction can break SU(3) but this reasoning there is a strong constrain on the weak phase of qei(φ+ω) in
the SM.
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http://arxiv.org/abs/hep-ph/9808493v2
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qeiω in SU(3) decomposition
[Michael Gronau, Dan Pirjol, Tung-Mow Yan]

Operators: q1q3q2 ' (bq1)(q2q3) form a SU(3) group that can be decomposed into:

3 ⊗ 3 ⊗ 3 = 3 ⊕ 3 ⊕ 6 ⊕ 15

Atree(B0 → π−K+) +
√
2Atree(B0 → π0K0) = T ′ + C ′ = −λ

(s)
u

√
10

3
(C1 + C2)〈27||15I=1||3〉

PEW (B+ → π+K0) +
√
2PEW (B+ → π0K+) = P ′

EW + P ′C
EW = −λ

(s)
t

√
5

2
(C9 + C10)〈27||15I=1||3〉

Combining the two:

P ′
EW + P ′C

EW =
3

2

λ
(s)
t

λ
(s)
u

C9 + C10

C1 + C2
(T ′ + C ′)

In SM: qeiφeiω ≡
−3

2λ2Rb

[
C9(µ) + C10(µ)

C1(µ) + C2(µ)

]
Rq = (0.64 ± 0.05)Rq

In SU(3) limit: ω = 0
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PEW and PC
EW

b3 = λ
(s)
t

3

2
(C9 − C10)〈8||6||3〉

b4 = λ
(s)
t

1

2
(C9 + C10)〈8||15||3〉

b5 = λ
(s)
t

1

2
(C9 + C10)〈27||15||3〉

New Physics

model-dependent

P′
EW + P′C

EW = −

√
5

2
b5 =

3

2

λ
(s)
t

λ
(s)
u

eiγ C9 + C10

C1 + C2

(T + C) = −qeiφ
(T′

+ C′
)

P′C
EW =

1

2

√
3

5
b3 +

3

2

√
3

5
b4 −

3

2

√
2

5
b5

=
3

4

λ
(s)
t

λ
(s)
u

eiγ
(
−

C9 − C10

C1 − C2

(T′ − C′
) +

C9 + C10

C1 + C2

(T′
+ C′

)

)
C9 − C10

C1 − C2

'
C9 + C10

C1 + C2

P′C
EW = −qeiφC′ P′

EW = −qeiφT′

PEW + PC
EW = −

√
5

2
b5 = λ

2Rb

∣∣∣∣∣Vtd

Vub

∣∣∣∣∣ qei(φ−β)
(T′

+ C′
)

fπ
fK

Exchange and annihilation diagrams neglected.
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Fitting procedure

Observables:
CP asymmetries direct ACP = Γ(i→f )−Γ(i→f )

Γ(i→f )+Γ(i→f ) =
|A|2−|A|2
|A|2+|A|2

and time-dependent SCP : A(t) = ACP cosφdt + SCP sinφdt
Branching fraction B = Γ(i→f )+Γ(i→f )

2 = |A|2+|A|2
2

χ2:

asymmetries χ2 =
∑

i
((Aexp

CP)i−(Atheory
CP )i)2

(σexp)2i

ratios of BF χ2 =
∑

ij(R
exp
i − Rtheory

i )Cov−1
ij (Rexp

j − Rtheory
j )

R = Bx
By

parameters
(including
q and φ)

13



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

Fitting procedure

Observables:
CP asymmetries direct ACP = Γ(i→f )−Γ(i→f )

Γ(i→f )+Γ(i→f ) =
|A|2−|A|2
|A|2+|A|2

and time-dependent SCP : A(t) = ACP cosφdt + SCP sinφdt
Branching fraction B = Γ(i→f )+Γ(i→f )

2 = |A|2+|A|2
2

χ2:

asymmetries χ2 =
∑

i
((Aexp

CP)i−(Atheory
CP )i)2

(σexp)2i

ratios of BF χ2 =
∑

ij(R
exp
i − Rtheory

i )Cov−1
ij (Rexp

j − Rtheory
j )

R = Bx
By

parameters
(including
q and φ)

13



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

Fitting procedure

Observables:
CP asymmetries direct ACP = Γ(i→f )−Γ(i→f )

Γ(i→f )+Γ(i→f ) =
|A|2−|A|2
|A|2+|A|2

and time-dependent SCP : A(t) = ACP cosφdt + SCP sinφdt
Branching fraction B = Γ(i→f )+Γ(i→f )

2 = |A|2+|A|2
2

χ2:

asymmetries χ2 =
∑

i
((Aexp

CP)i−(Atheory
CP )i)2

(σexp)2i

ratios of BF χ2 =
∑

ij(R
exp
i − Rtheory

i )Cov−1
ij (Rexp

j − Rtheory
j )

R = Bx
By

parameters
(including
q and φ)

13



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

Experimental data
PDG world averages. Mainly BaBar, BELLE(2) and LHCb.

Observable experimental value source
Aπ+π−

0.314± 0.030 PDG22
Aπ+π0

0.01± 0.04 PDG22, BELLE 2 CONF (2022)
Aπ0π0

0.33± 0.22 PDG22
Sπ+π− −0.670± 0.030 PDG22

B(π+π−) (5.16± 0.19)10−6 PDG22, BELLE 2 CONF (2021)
B(π+π0) (5.6± 0.4)10−6 PDG22, BELLE 2 CONF (2022)
B(π0π0) (1.48± 0.24)10−6 PDG22, BELLE 2 CONF (2021)

Rπ+π−
≡ 2

MB+

MB0
d

Φ(mπ/MB0
d
,mπ/MB0

d
)

Φ(mπ0/MB+ ,mπ/MB+ )

[
B(B+ → π+π0)

B(B0
d → π+π−)

]
τB0

d

τB+

Rπ0π0
≡ 2

Φ(mπ/MB0
d
,mπ/MB0

d
)

Φ(mπ0/MB0
d
,mπ0/MB0

d
)

[
B(B0

d → π0π0)

B(B0
d → π+π−)

]

Φ(X ,Y ) =
√

[1− (X + Y )2][1− (X − Y )2]

Observable experimental value source
Aπ+K− −0.0837± 0.0032 PDG22, BELLE 2 CONF (2021)
Aπ+K0 −0.017± 0.016 PDG22, BELLE 2 CONF (2021)
Aπ0K+

0.030± 0.013 PDG22, BELLE 2 CONF (2022)
Aπ0K0 −0.054± 0.121 PDG22, BELLE 2 CONF (2022)
Sπ0K0

0.58± 0.17 PDG22
B(π+K−) (1.94± 0.05)10−5 PDG22, BELLE 2 CONF (2021)
B(π+K0) (2.35± 0.08)10−5 PDG22, BELLE 2 CONF (2021)
B(π0K+) (1.32± 0.05)10−5 PDG22, BELLE 2 CONF (2022)
B(π0K0) (10.0± 0.5)10−6 PDG22, BELLE 2 CONF (2022)

R ≡
[

BFcorr(B0
d → π−K+)

BFcorr(B+ → π+K0)

]
Rc ≡

[
BFcorr(B+ → π0K+)

BFcorr(B+ → π+K0)

]
Rn ≡

[
BFcorr(B0

d → π−K+)

BFcorr(B0
d → π0K0)

]
Rππ−πK ≡

[
BFcorr(B+ → π+π0)

BFcorr(B+ → π0K+)

]
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BELLE 2 Update

Observable PDG2022+BELLE 2(2022) PDG 2022+BELLE 2(2023)
B(π0K0) 10.00 ± 0.48 9.96 ± 0.44
A(π0K0) −0.05 ± 0.12 −0.005 ± 0.092
S(π0K0) 0.58 ± 0.17 0.64 ± 0.14
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fits with/without BELLE2023 update on B0 → π0K 0

w/o B0 → π0K0 with B0 → π0K0
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Solving the 'old' B → Kπ puzzle

∆ACP(Kπ) = ACP(B+ → K+π0)− ACP(
0→ K+π−)

' −2(=(r ′
C)) sin γ + 2=(r ′

T + r ′
C)q sinφ

∆ACP(Kπ) = 0.114± 0.014

BELLE 2 2023 Update: ∆ACP(Kπ) = 0.110± 0.013

SM scenario NP scenario
φ 0 (68.1± 4.3)◦

q 0.614± 0.051 1.41± 0.16
γ (65.3± 1.3)◦ (65.6± 1.3)◦

=r ′
C −0.0569± 0.0075 0.0043± 0.0061

=r ′
T 0.036± 0.010 0.0443± 0.0021

∆ACP 0.108 ± 0.012 0.107 ± 0.012
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Summary

4 Diagrammatic approach is a helpful tool to study B → PP decays.
4 The ad-hoc parameters qeiφ are used to search for NP impact.
4 The operator product expansion together with the SU (3) decomposition brings

relations between the EW penguin and tree amplitudes reducing the number of
parameters in the problem.

4 The joint fit to the B → ππ and B → πK data does not exclude neither the SM
nor the NP scenario.

4 The fit is very sensitive to the measurement of Aπ0K0

CP and Sπ0K0

CP as well as
B(π0K0).

4 New results from BELLE 2 can shed more light to understand the situation
(update: it did!).
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Ideas for the future

4 Use this analysis to test NP models.
4 Check the possible impact of the SMEFT operators.
4 See if it is feasible to put constraints on the SMEFT Wilson coefficients.
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Thank you!
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CKM matrix elements

π0B+

K+

Vus

V*
ub

π0B+

Vud

V*
ub d

π+

V ∗
ubVus = Aλ4(ρ+ iη) V ∗

ubVud = Aλ3
(
1− λ2

2

)
(ρ+ iη)

ε = λ2

1−λ2 γ = arg
[
−V∗

ubVud
V∗

cbVcd

]
β = arg

[
−V∗

cbVcd
V∗

tbVtd

]
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Gluonic penguin

B+

K+

π0

V*
(tcu)b V(tcu)s

P ′
QCD = V ∗

tbVtsP ′
t + V ∗

cbVcsP ′
c + V ∗

ubVusP ′
u

UT: V ∗
tbVts + V ∗

cbVcs + V ∗
ubVus = 0

P ′
QCD = −V ∗

cbV ∗
csP ′

tc − V ∗
ubVusP ′

tu = Aλ3(P ′
tc − eiγRbP ′

tu)

Rb ≡
(
1− λ2

2

)
1
λ

∣∣∣Vub
Vcb

∣∣∣ = 0.390± 0.030
22



Motivation and general idea Diagrammatic approach OPE and the NP phase φ in the SM SU(3) group decomposition fits Summary Backup

SU (3)

√
2A(B → π+π0) = −eiγ(T ′ + C ′)

SU(3)
= −

Vud
Vus

fπ
fK

(C + T)

fπ
fK

= 1.22± 0.01 - leading (i.e., factorisable) SU(3) - breaking corrections
prime ′ - labels b → d transitions.
Bose-Einstein statics brings I(π0π+) = 2 ⇒ ∆I = 3

2

Q′
1 − Q′

2 contribute to∆I = 1
2

⇒ Only Q′
1 + Q′

2 contributes to B+ → π0π+

assuming SU(3) only Q1 + Q2 contributes to A3/2 in B → πK

〈
πK(I = 3

2
)
∣∣Q1 − Q2

∣∣B+
〉〈

πK(I = 3
2
)
∣∣Q1 + Q2 |B+〉

≡ −δSU(3)ei∆ϕ

general factorisation hypothesis - δSU(3) ≈ 1− 3% and∆ϕ
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Isospin decomposition

H∆I=0 =
GF√
2

 ∑
i=1,2

[
λu

2
Ci(Qu

i + Qd
i ) + λcQc

i

]
+ λt

10∑
i=3

CiQi − λt

10∑
i=7

CiQ∆I=1
i

+ h.c.

H∆I=1 =
GF√
2

 ∑
i=1,2

λu

2
Ci(Qu

i − Qd
i ) + λt

10∑
i=7

CiQ∆I=1
i

+ h.c.

A3/2 =

√
1

3

〈
3

2
,±

1

2

∣∣∣∣H∆I=1

∣∣∣∣12 ,±1

2

〉
A1/2 = ±

√
2

3

〈
1

2
,±

1

2

∣∣∣∣H∆I=1

∣∣∣∣12 ,±1

2

〉
B1/2 =

√
2

3

〈
1

2
,±

1

2

∣∣∣∣H∆I=0

∣∣∣∣12 ,±1

2

〉
A−+ = A(B0 → π−K+) = A3/2 + A1/2 − B1/2

A+0 = A(B+ → π+K0) = A3/2 + A1/2 + B1/2

A00 =
√
2A(B0 → π0K0) = 2A3/2 − A1/2 + B1/2

A0+ =
√
2A(B+ → π0K+) = 2A3/2 − A1/2 − B1/2
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A3/2

A−+ = A(B0 → π−K+) = A3/2 + A1/2 − B1/2

A00 =
√
2A(B0 → π0K0) = 2A3/2 − A1/2 + B1/2

A−+ = −Teiγ + Ptc − P ′
uceiγ − 2

3
PC

EW

A00 = −Ceiγ − Ptc + Puceiγ − PEW − 1

3
PC

EW

A−+ +A00 = 3A3/2 = −(C + T)eiγ − PEW − PC
EW = −(C + T)(eiγ − qeiωeiφ)

qei(φ+ω) ≡ −
PEW + PC

EW
C + T
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Hamiltonian decomposition
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A3/2 =

√
1

3

〈
3

2
,±

1

2

∣∣∣∣H∆I=1

∣∣∣∣12 ,±1

2

〉
=

√
1

3

〈
3

2
,±

1

2

∣∣∣∣ 12
(
1−

3

2

λt(C9 + C10)

λu(C1 + C2)

)
λu(C1 + C2)(Q1 + Q2)

∣∣∣∣12 ,±1

2

〉
A3/2 = −

1

3
(C + T)(eiγ − qeiωeiφ)

If
〈
3

2
,±

1

2

∣∣∣∣
√
3

2
λu(C1 + C2)(Q1 + Q2)

∣∣∣∣12 ,±1

2

〉
= (T + C)eiγ

q = −
3

2λ2Rb

C9 + C10

C1 + C2
= 0.64± 0.05

λu

λt
≈ −λ2Rbeiγ λ ≈ 0.22 and Rb =

1

λ

Vub
Vcb

≈ 0.41± 0.07
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SU (3) breaking

[Benjamin Grinstein and Richard F. Lebed]
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