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Another Victory for the Standard Model? HFLAV
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This is Not the End of the Game!

I There is more room for New Physics than
you think!

I Naive average is spot on Standard Model
. . . but misleading

I Each decay channel is affected by
“penguin polution”

I A more careful analysis is necessary
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Introducing “Penguin Pollution”

I Time-dependent CP asymmetry

aCP(t) ≡ |A(B0
s (t)→ f )|2 − |A(B̄0

s (t)→ f )|2

|A(B0
s (t)→ f )|2 + |A(B̄0

s (t)→ f )|2
=
Adir

CP cos(∆mst) +Amix
CP sin(∆mst)

cosh(∆Γst/2) +A∆Γ sinh(∆Γst/2)

I At leading order

|A(B0
s → f )|2 =

∣∣∣∣∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣∣∣∣∣

2

I Introducing the dependence on the Bs–B̄s mixing phase

Adir
CP = 0 and ηfAmix

CP = sinφs
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Introducing “Penguin Pollution”

I Time-dependent CP asymmetry

aCP(t) ≡ |A(B0
s (t)→ f )|2 − |A(B̄0

s (t)→ f )|2

|A(B0
s (t)→ f )|2 + |A(B̄0

s (t)→ f )|2
=
Adir

CP cos(∆mst) +Amix
CP sin(∆mst)

cosh(∆Γst/2) +A∆Γ sinh(∆Γst/2)

I At next-to-leading order

|A(B0
s → f )|2 =

∣∣∣∣∣∣∣∣∣∣∣∣∣
+ ε

∣∣∣∣∣∣∣∣∣∣∣∣∣

2

I So you measure an effective mixing phase

Adir
CP 6= 0 and

ηfAmix
CP (Bs → f )√

1−
(
Adir

CP(Bs → f )
)2

= sin
(
φeff
s

)
= sin (φs + ∆φs)
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The Penguin Shift ∆φs

ηfAmix
CP (Bs → f )√

1−
(
Adir

CP(Bs → f )
)2

= sin
(
φeff
s

)
= sin

(
φSM
s + φNP

s + ∆φs

)

I Penguin shift ∆φs is affected by non-perturbative, long-distance QCD contributions

⇒ ∆φs is decay mode specific

I Spoiler: ∆φ
J/ψφ
s =

(
0.14+0.54

−0.70

)◦
I Controlling ∆φs is mandatory to constrain φNP

s

I If no action is taken, could easily become the leading systematic uncertainty for the Hi-Lumi LHC.
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Estimating ∆φs

I Non-perturbative, long-distance QCD contributions make it difficult to determine ∆φs from first principles.

I Direct calculations have been attempted, for example in arXiv:1309.0313 or arXiv:1503.00859

I Preferred strategy: Data-driven techniques relying on SU(3) flavour symmetry arguments.

I SU(3) flavour symmetry: In the limit of massless quarks, QCD does not differentiate between u, d and s

SU(3) Flavour Symmetry Strategy:

1 Find a control channel where contributions from penguin topologies are not suppressed

2 Estimate the size of the penguin effects using the CP asymmtries of the control mode

3 Use SU(3) flavour symmetry to relate the result to the mode measuring φeff
s

4 Estimate ∆φs based on the size of the penguin effects in the control mode

5 Main systematic uncertainty: SU(3) symmetry breaking
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Current Status on Controlling Penguin Effects to φs

Decay Channel Control Mode Latest Penguin Analysis

B0
s → J/ψφ B0

d → J/ψρ0 arXiv:2010.14423
B0

s → D−s D+
s B0

d → D−d D+
d arXiv:1505.01361

B0
s → J/ψf0(980) B0

d → J/ψf0(980) arXiv:1109.1112; Control mode not yet measured
B0

s → ψ(2S)φ B0
d → ψ(2S)ρ0 None Yet; Control mode not yet measured

B0
s → J/ψK−K+|m(K−K+)>1.05 None Yet

I Many groups involved, see references in the listed papers

I B0
s → J/ψK̄∗0 as an alternative for B0

d → J/ψρ0

But measures only direct CP asymmetry, making it more difficult to determine the penguin effects cleanly

I I will focus on B0
s → J/ψφ for the remainder
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Decay Topologies for B0
s → J/ψφ
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Figure 5.1: Illustration of the colour-suppressed tree [Left] and penguin [Right]
topologies contributing to the Bq ! J/ X channels, where q 2 {u,d, s}, q0 2 {d,s}
and X represents any of the ⇡0, ⇡+, K+, K0

S , ⇢0, �0 or K ⇤0 mesons.

able [145]. But an updated analysis of B0
s ! J/ K ⇤0, including first measurements

of the CP asymmetries, is expected soon. From the theoretical side, the B0! J/ ⇢0

mode is favoured over the B0
s ! J/ K ⇤0 decay, as it leads to smaller theoretical un-

certainties associated with the penguin analysis and relies on fewer assumptions.

This Chapter closely follows the work published in Ref. [42], but the numerical
results have been updated to include the latest theory calculations, experimental
measurements, averages and compilations that were available on April 1st, 2015.
This in particular refers to the updated input on the UT angle � from the CKMfit-
ter group [25], the updated measurements of the B0

s ! J/ K0
S branching ratio [46]

and B0! J/ K0
S CP asymmetries [74] from LHCb, and the new calculation of the

B! Vector form factors from Ref. [146]. The first results on the B0
s ! J/ K0

S CP
asymmetries [46] are not included in the analysis. Because of the large statistical
uncertainties on these observables, their impact on the fit results is negligible.

5.2 General Formalism

5.2.1 Formal Definitions

Following the diagrammatic approach introduced in Ref. [106], any decay am-
plitude can be decomposed into contributions from at most six di↵erent decay
topologies. These are: the colour-allowed tree (T ), colour-suppressed tree (C), pen-
guin (P), annihilation (A), exchange (E) and penguin-annihilation (PA) diagrams.
With exception of the colour-allowed tree, which does not contribute to the decay
channel analysed in this Chapter, these topologies are illustrated in Figs. 5.1 and
5.2.
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Figure 5.2: Illustration of the exchange [Left], penguin-annihilation [Right] and
annihilation [Bottom] topologies contributing to some of the Bq! J/ X channels.

In terms of the decay topologies only, i.e. the CKM factors are omitted to shorten
the notation, the di↵erent Bq! J/ P [a] modes are decomposed as:

B0! J/ K0
S = C 0 +

X

u,c,t

P 0 , B0
s ! J/ K0

S = C +
X

u,c,t

P , (5.1)

B+! J/ K+ = C 0 +
X

u,c,t

P 0 +A0 , B+! J/ ⇡+ = C +
X

u,c,t

P +A , (5.2)

B0! J/ ⇡0 = C +
X

u,c,t

P +E +
X

u,c,t

PA , (5.3)

where the primes are introduced to distinguish between the b̄ ! c̄cs̄ quark-level
processes (primed) and the b̄ ! c̄cd̄ quark-level processes (unprimed). For the

[a]Here P stands for pseudo-scalar and represents the ⇡+, ⇡0, K+ and K0
S mesons, while V stands for

vector and represents the ⇢0, �0 and K⇤0 mesons.
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I Fill in q′ = s and q = s to get X = φ

I Expect the hierarchy: Tree > Penguin > Exchange/Penguin-Annihilation

I Will ignore contributions from Exchange/Penguin-Annihilation

I They could be probed using B0
d → J/ψφ

B(B0
d → J/ψφ) < 1.1× 10−7 at 90% CL

arXiv:2011.06847
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SU(3) Partners B0
s → J/ψφ and B0

d → J/ψρ0
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Figure 5.1: Illustration of the colour-suppressed tree [Left] and penguin [Right]
topologies contributing to the Bq ! J/ X channels, where q 2 {u,d, s}, q0 2 {d,s}
and X represents any of the ⇡0, ⇡+, K+, K0

S , ⇢0, �0 or K ⇤0 mesons.

able [145]. But an updated analysis of B0
s ! J/ K ⇤0, including first measurements

of the CP asymmetries, is expected soon. From the theoretical side, the B0! J/ ⇢0

mode is favoured over the B0
s ! J/ K ⇤0 decay, as it leads to smaller theoretical un-

certainties associated with the penguin analysis and relies on fewer assumptions.

This Chapter closely follows the work published in Ref. [42], but the numerical
results have been updated to include the latest theory calculations, experimental
measurements, averages and compilations that were available on April 1st, 2015.
This in particular refers to the updated input on the UT angle � from the CKMfit-
ter group [25], the updated measurements of the B0

s ! J/ K0
S branching ratio [46]

and B0! J/ K0
S CP asymmetries [74] from LHCb, and the new calculation of the

B! Vector form factors from Ref. [146]. The first results on the B0
s ! J/ K0

S CP
asymmetries [46] are not included in the analysis. Because of the large statistical
uncertainties on these observables, their impact on the fit results is negligible.

5.2 General Formalism

5.2.1 Formal Definitions

Following the diagrammatic approach introduced in Ref. [106], any decay am-
plitude can be decomposed into contributions from at most six di↵erent decay
topologies. These are: the colour-allowed tree (T ), colour-suppressed tree (C), pen-
guin (P), annihilation (A), exchange (E) and penguin-annihilation (PA) diagrams.
With exception of the colour-allowed tree, which does not contribute to the decay
channel analysed in this Chapter, these topologies are illustrated in Figs. 5.1 and
5.2.
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processes (primed) and the b̄ ! c̄cd̄ quark-level processes (unprimed). For the

[a]Here P stands for pseudo-scalar and represents the ⇡+, ⇡0, K+ and K0
S mesons, while V stands for

vector and represents the ⇢0, �0 and K⇤0 mesons.
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I For B0
s → J/ψφ: q′ = s and q = s to get X = φ

I For B0
d → J/ψρ: q′ = d and q = d to get X = ρ0

I Decays are related via U-spin symmetry: interchange all s ↔ d quarks

I 1-to-1 correspondence between all decay topologies
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Penguin Parameters

The Penguin Suppressed Mode:

A(B0
s → J/ψφ) =

(
1− 1

2
λ2

)
A′
[
1 + εa′e iθ

′
e iγ
]
, ε ≡ λ2

1− λ2
≈ 0.052

I A′: overall normalisation, represents the tree topology,

I a′: the relative contribution from the penguin topologies,

I θ′: the associated strong phase difference,

I γ: UT angle and the associated relative weak phase difference.

The Penguin Enhanced Mode:

A(B0
d → J/ψρ0) = −λA

[
1− ae iθe iγ

]
, λ ≈ 0.225
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SU(3) Flavour Symmetry Strategy

1 Use CP asymmetries in B0
d → J/ψρ0 to determine a and θ

Adir
CP = function(a, θ, γ)

Amix
CP = function(a, θ, γ, φd)

2 γ and φd are external inputs

3 Use SU(3) symmetry relation

a′ = a & θ′ = θ

4 Determine the penguin shift ∆φs

∆φs = function(a′, θ′, γ)

5 Correct φeff
s

φs = φeff
s −∆φs
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Fit to Current Data arXiv:2010.14423

Interplay between φd and φs :

B0
d → J/ψK0

S

B0
d → J/ψρ0B0

d → J/ψπ0B0
s → J/ψK0

S

B0
s → J/ψφ

∆φd φd

∆φsφs

Assumptions:

1 Ignore contributions from Exchange and Penguin-Annihilation topologies

2 Ignore polarisation-dependent effects (due to lack of data)

3 Ignore SU(3)-breaking effects
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Fit to Current Data arXiv:2010.14423

aV = 0.043+0.082
−0.037 , θV =

(
306+ 48
−112

)◦
, φs = −0.088+0.028

−0.027 =
(
−5.0+1.6

−1.5

)◦
,
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Searching for New Physics arXiv:2010.14423

I Experimentally measure

φeff
s,J/ψφ = −0.085± 0.025 = (−4.9± 1.4)◦

I Correct penguin pollution

∆φs = 0.003+0.010
−0.012 =

(
0.14+0.54

−0.70

)◦
φs = −0.088+0.028

−0.027 =
(
−5.0+1.6

−1.5

)◦
I Compare with a SM prediction

φSM
s = −0.0376± 0.0020 = (−2.15± 0.11)◦

I Space left for New Physics

φNP
s = −0.050± 0.028 = (−2.9± 1.6)◦
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Future Prospects arXiv:2010.14423

I Requires equal (relative) improvements to both B0
s → J/ψφ and B0

d → J/ψρ0

I Excellent prospects to control penguin effects to B0
s → J/ψφ
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Future Prospects arXiv:2010.14423

I Hadronic effects are polarisation-dependent
→ thus also the penguin pollution

I With a ×5 improvement in precision we could see
differences between the polarisation states

I Need polarisation-dependent measurements

I Illustration based on polarisation-dependent
results in B0

d → J/ψρ0 arXiv:1411.1634
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Future Prospects arXiv:2010.14423

I Based on

φSM
d = (45.7± 2.0)◦

φSM
s = −0.0376± 0.0020 = (−2.15± 0.11)◦

I Could still uncover NP in φs with 5σ significance

I Situation less favourable for φd :
Dominated by uncertainty in SM prediction
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Conclusion

φeff
s,J/ψφ = −0.085± 0.025 = (−4.9± 1.4)◦

∆φs = 0.003+0.010
−0.012 =

(
0.14+0.54

−0.70

)◦
φs = −0.088+0.028

−0.027 =
(
−5.0+1.6

−1.5

)◦
I Effects due to penguin pollution in B0

s → J/ψφ are small . . .
. . . but we are fast approaching the experimental precision where that still matters

I Effects due to penguin pollution are decay channel specific and polarisation-dependent
→ Requires careful analysis when combining experimental results
→ Strong case to publish polarisation-dependent results

I It is easier for the theoretical interpretation if also Adir
CP and Amix

CP are given
(or C and S in the alternative convention)
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