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The global CKM fit

Exp = Vij (short-distance effects)⊗(long-distance QCD matrix element)
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B0–B̄0 mixing

• The Standard Model contribution:
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O1 = b̄αγµ(1 − γ5)dαb̄βγ
µ(1 − γ5)dβ.

• BSM

O2 = b̄α(1 − γ5)dαb̄β(1 − γ5)dβ, O3 = b̄α(1 − γ5)dβ b̄β(1 − γ5)dα.

O4 = b̄αγµ(1 − γ5)dαb̄βγ
µ(1 + γ5)dβ, O5 = b̄αγµ(1 − γ5)dβ b̄βγ

µ(1 + γ5)dα.



Lattice QCD on one slide

• Partial quenching (limited by algorithm):
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• Finite lattice spacing: 1/a ∼ 3 GeV < mb.

• Finite volume: L ∼ 3 fm.

• Extrapolate to physical quark masses and volume using EFT.
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Light-quark mass extrapolation

ΦfB = α0[1 + loop(L,mπ, µ)] + α2(µ)m2
π.



EFT for LQCD

• Partially quenched χPT, based on SU(6|3)L ⊗ SU(6|3)R → SU(6|3)V .

Σ = e2iφ/f , 〈Σ〉 = 1 , Σ
SU(6|3)L⊗SU(6|3)R−→ LΣR†,

where φ is a 9 × 9 matrix containing Goldstone meson fields.

– Same χ symmetry breaking pattern as “full QCD”.

• Combining HQ spin symmetry and χ symmetry → HMχPT (HL mesons).

– Heavy mesons are almost on-shell pµ = MBvµ + kµ.

– The velocity superselection rule.

– HQET-like procedure leading to 1/MB expansion.

• An important issue is how to couple HL mesons to Goldstone mesons.
⇒ Normally assume Mπ ≪ ΛQCD ∼ Λχ ≪MB and discard O(Mπ/MB).

•
∫
→

∑
for Goldstone loops to obtain FV effects.



HMχPT
Basic ingredients

• Heavy-quark spin (HQS) symmetry at MB → ∞
– Covariant field (bosonisation of interpolating operators q̄ΓµQ)

Ha =
1 + /v

2
[B∗µ

a γµ + iBaγ5] ,

Ha
HQS−→ SHa, Ha

SU(6|3)L⊗SU(6|3)R−→ HbU
†
ba.

• Coupled to Goldstone fields in:

ξ =
√

Σ, ξ
SU(6|3)L⊗SU(6|3)R−→ LξU † = UξR†.

– Combine H and ξ to cancel the effect of U .

– While L and R are global, U is local ⇒ need to be gauged.



HMχPT
The HM Lagrangian up to O(1/MB)

• Invariant under chiral and HQS transformation

LHM = −iTrH̄avµ
(
∂µδab + iV µ

ab

)
Hb + gTrH̄aHbγνγ5A

ν
ba +

λ2

MB
TrH̄aσµνHaσ

µν

︸ ︷︷ ︸

O(1/MB)

,

Vµ, Aµ =
i

2

(
ξ†∂µξ ± ξ∂µξ

†).

• Propagators :

– B : i
2(v·k+iǫ)

x−space, rest B−→ θ(t) δ(3)(~x) .

– B∗ :
−i(gµν−vµvν)
2(v·k−∆+iǫ)

.

• Unknown parameters (Low Energy Constants):

– g : B(∗)−B∗−(π,K, η) coupling.

– λ2 : ∆ = MB∗ −MB = −8 λ2

MB
∼ 50 MeV at physical MB.



HMχPT in finite spatial volume (T → ∞)
Physical picture: pions wrapping the world

0 L 2L 3L : : :�L: : :� 2L

e�M�LM�L e�2M�L2M�Le�M�LM�Le�2M�L2M�L

• B always stays as B ⇒ pion propagator ∼ Exp(−MπL)/MπL.

• B → B∗ → B ⇒ B∗ brought off-shell with virtuality ∆ ⇒ δt ∼ 1/∆ :

– FV effects decrease as ∆ increases.

– The alteration is controlled by Mπ/∆. ⇒ ∼ A(Mπ/∆)×Exp(−MπL).



HMχPT in finite spatial volume (T → ∞)
How to perform a one-loop calculation?

• T → ∞ means performing
∫
dk0 to pick up energy poles first.

• Periodic BC in L3 means
∫

d3k −→
(

2π

L

)3 ∑

~i

.
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.

• FV effect exp-like if no multi-particle on-shell state in loop.



HMχPT in finite spatial volume (T → ∞)
Typical one-loop diagrams

• B stays as B ⇒
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• B → B∗ → B ⇒
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A is the alteration of volume effects due to MB∗ −MB.



HMχPT in finite volume
Reproducing the physical picture

A = exp(z2) [1 − Erf(z)] +

∞∑

j=1

Aj(z)

(
1

nMπL

)j

, z =
∆

Mπ

√
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2
.

A = 1 when ∆ = 0 .
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Leading-order HMχPT ∆B = 2 operators

OLL = b̄ ΓLL dL b̄ ΓLL dL,

OLR = b̄ Γ
(1)
LR dL b̄ Γ

(2)
LR dR,

invariant under the spurion transformation

ΓLL −→ S ΓLL L
†, Γ

(1)
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(1)
LR L†, Γ

(2)
LR −→ S Γ

(2)
LR R† .

The operators are
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HQ symmetry breaking from the operators

• The ∆B = 2 operators:

OHQET
i = b̃Γ1d b†Γ2d+ b†Γ1qa b̃Γ2d.

• The HQ spin operator (flip HQ spin):

S3
b = ǫij3[b†σijb− b̃σijb̃†].

• Spin relations:
{
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1

}
|B〉 =

{
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1

}
|B̄〉 = 0,
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}
|B〉 6= 0,

{
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2,3,4,5

}
|B̄〉 6= 0,

[
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2,3,4,5

]
|B〉 6= 0,

[
S3
b ,OHQET

2,3,4,5

]
|B̄〉 6= 0.



Chiral extrapolation for B0−B̄0 matrix elements

• One-loop diagrams

• Extrapolation formulae

〈B̄0|O1|B0〉 = β1 [1 + Log(mπ, L, µ)] + γ1(µ)m
2
π ,

〈B̄0|O2(3)|B0〉 = β2(3) [1 + Log(mπ, L, µ)] + β′
2(3)Log′(mπ, L, µ) + γ2(3)(µ)m

2
π ,

〈B̄0|O4(5)|B0〉 = β4(5) [1 + Log(mπ, L, µ)] + β′
4(5)Log′(mπ, L, µ) + γ4(5)(µ)m

2
π ,

• Conventional wisdom is not applicable to the BSM operators.



Plots for FV effects

• FV effects in BB are around 5%.

D.Arndt and C.-J.D.L, PRD70:014503 (2004).

• BSM matrix elements:
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Conclusions and outlook

• Conventional wisdom in chiral extrapolation:

β(1 + Log) + γm2
π.

• Chiral extrapolation for BSM B0−B̄0 mixing matrix elements:

β(1 + Log) + β′Log′ + γm2
π.

• The origin of the complication:

⇒ HQ symmetry breaking effects.

⇒ LO B∗−B̄∗ matrix element is accompanied by a different LEC.

• On-going work:

⇒ ∆B = 0 operators for spectator effects in B and Λb lifetimes.


