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Status of Bs → µ+µ−

“Instantaneous”, “non-radiative” branching fraction
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• SM only C10 ⇒ helicity suppression. Sensitive to scalar couplings.

• SM C10 calculations includes NNLO QCD, NLO EW matching corrections at EW scale,
NNLL renormalization-group evolution to the b-quark mass scale including QED logarithms

• LHCb [1703.05747] (3.0+0.7
−0.6)× 10−9 vs. Theory [Bobeth et al., 1311.0903] (3.65± 0.23)× 10−9

Theory uncertainties [Bobeth et al., 1311.0903]

• Parametric: fB (4.0%), CKM (4.3%), mt (1.6%), τBH
s

(1.3%), αs(0.1%)

• Non-parametric: Higher-order corrections at mW (0.4%), QED scale variation (0.3%), mt

pole-MS conversion (0.3%), other (0.5%) [e.g. dim-8 operators] – total of 1.5%
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Some facts about Bq → `+`−

• Long-distance QCD effects are very simple. Local annihilation. Only

〈0|q̄γµγ5b|B̄q(p)〉 = i fBq pµ

Task for lattice QCD (1.5% [Aoki et al. 1607.00299]).

• Only the operator Q10 from the weak effective Lagrangian enters.

• No scalar lepton current ¯̀̀ , only ¯̀γ5` =⇒

Aλ∆Γ = 1 Cλ = Sλ = 0

Γ(Bs(t)→ µ+
λ
µ−
λ

)− Γ(B̄s(t)→ µ+
λ
µ−
λ

)

Γ(Bs(t)→ µ+
λ
µ−
λ

) + Γ(B̄s(t)→ µ+
λ
µ−
λ

)
=

Cλ cos(∆MBs t) + Sλ sin(∆MBs t)

cosh(yst/τBs ) +Aλ∆Γ sinh(yst/τBs )

None of these are exactly true in the presence of
electromagnetic corrections
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Electromagnetic corrections: Motivations

• Electromagnetic corrections violate isospin symmetry.
Can fake small electroweak penguin amplitudes in charmless B decays

• Large logarithmic enhancements ln m2
b/Λ

2, ln m2
b/m2

` possible
Can fake lepton-flavour universality

• Existing treatment of electromagnetic effects uses traditional soft photon
approximation, but the logarithmic structure is more complicated

• Expected precision of measurements may require inclusion of electromagnetic
effects, even if small

Factorization theorems for electromagnetic correction don’t exist. Theory still needs to be
developed.

• Start with the simplest decay Bs → `+`−(+soft γ).

• Theory framework: SCET with electromagnetism, fermion masses and
power-suppressed interactions
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Electromagnetic corrections to Bs → µ+µ−, previous results

IR finite observable is

Bphys =
∞∑

n=0

B(Bs → µ+µ− + nγ,
∑

n

Eγ,n < Eγ,max) ≡ ω(Eγ,max)Bnon−rad.

Signal window |mBs − mµ+µ− | < ∆ =⇒ Eγ,max = ∆, ∆ ≈ 60 MeV

• Bloch-Nordsieck factor [Buras et al. 1208.0934] due to soft photon radiation

ω(Eγ,max) ≈ exp

(
−

2α
π

ln
mBs

Eγ,max

[
ln

m2
Bs

m2
µ

− 1

])
≈ 0.89 (for Eγ,max = 60 MeV)

Treats real emission correctly, but assumes B-meson point-like for virtual photons up to
energy mBs .

• “Structure-dependent real emission” [Aditya, Healey, Petrov, 1212.4166]

BSD ≈ B(Bs → B∗s γ → µ+µ− + γ,Eγ < Eγ,max) ≈ 1.6× 10−12

No helicity suppression, but kinematic suppression,
no large logs.
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Scales and EFTs

Multiple scales:

• Electroweak scale, mW

• Hard scale, mb

• Hard-collinear scale,
√

mbΛ

• Collinear scale, mµ

• Soft scale, Λ

• “Ultrasoft” scale, Eγ,max
(B-meson point-like)

Take mµ ∼ Λ for counting purposes.

• Virtual QED corrections below the mb scale not
included, estimated to be 0.3%.
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Enhanced electromagnetic correction

Surprise: mB/Λ power-enhanced and logarithmically enhanced, purely virtual correction
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The virtual photon probes the B meson structure. B-meson LCDA and 1/λB enters.

mB

λB
≡ mB

∫ ∞
0

dω
ω
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Interpretation of the enhanced correction

〈0|q̄γµγ5b|B̄q(p)〉

Local annihilation and helicity
flip.

〈0|
∫

d4x T{jQED(x),L∆B=1(0)}|B̄q〉

Helicity-flip and annihilation delocalized
by a hard-collinear distance

The virtual photon probes the B meson structure. Annihilation/helicity-suppression is “smeared
out” over light-like distance 1/

√
mBΛ. Still short-distance.

Logarithms are not the standard soft logarithms, but due to hard-collinear, collinear and soft
regions.
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SCET interpretation

• Typical SCETII problem

I hard-collinear p2
hc ∼ mbΛ

I collinear p2
c ∼ Λ2,m2

µ

I soft p2
s ∼ p2

c

• Matching to SCETII non-zero only
at sub-leading power (helicity-flip
required)

• After tree-level matching to SCETI
need matrix element of

SCETI→
∫ 1

0
du

(
Ceff

9 (u) +
Ceff

7

u

)
χ̄hc(ūp`)Γhv ¯̀(up`)Γ′`(p¯̀)

• Sum of hard-collinear and collinear loop in SCETII gives a collinear logarithm
ln(mbΛ/m2

µ)

• Endpoint divergence for u→ 0 in Ceff
7 term
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SCET interpretation (II)

Endpoint divergence is cancelled by the one-loop matrix element of the SCETI operator

χ̄hc(p`)γ
µ
⊥hvAγhc,⊥µ(p¯̀) (third diagram below)

• Involves power-suppressed SCET interactions and soft fermion (lepton) exchange

• Endpoint divergence results in another power of ln(mbΛ/m2
µ). Fully calculable in

perturbation theory, since the spectator quark is highly virtual (hard-collinear).

• Rather different from the standard double loagrithms.
Expect modification of the simple radiation factor ω(Eγ,max), since virtual effects see the
internal structure.
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Numerical size of the correction

Include through the substitution

B(Bs → `+`−) =
τBq m3

Bq
f 2
Bq

8π
|N |2

m2
`

m2
Bq

√√√√1−
4m2
`

m2
Bq

|C10|2, C10 → C10+
αem

4π
Q`Qq∆QED

where
∆QED = (33 . . . 119) + i (9 . . . 23)

• Reduction of the branching fraction by

0.3− 1.1%

Uncertainty entirely due to B-meson LCDA.

• Cancellation of a factor of three between the Ceff
9 (um2

b) and double-log enhanced Ceff
7

term:
−0.6% = 1.1% (Ceff

9 )− 1.7% (Ceff
7 )

• Significantly larger than previously estimated QED correction.
QED uncertainty almost as large as other non-parametric uncertainties (1.2%)
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Numerical size of the correction (II)

New SM value for the un-tagged, time-integrated branching fraction (including parameter up-
date)

B(Bs → µ+µ−)SM = (3.57± 0.17) · 10−9

(α(5)
s (mZ) = 0.1181(11), 1/Γs

H = 1.609(10) ps fBs = 228.4(3.7) MeV [Nf = 2 + 1], |V∗
tb Vts/Vcb| = 0.982(1)

|Vcb| = 0.04200(64))

Theory uncertainties

• Parametric: ±0.167

• Non-parametric/non-QED: ±0.043

• QED: +0.022
−0.030 (from B-meson LCDA)

Observables related to the time-dependent helicity rate asymmetry

Aλ∆Γ = 1− r2|∆QED|2 ≈ 1− 1.0 · 10−5

Cλ = −ηλ 2r Re(∆QED) ≈ ηλ 0.6% (r ≡ αem
4π

Q`Qq
C10

and ηL/R = ±1)

Sλ = 2r Im(∆QED) ≈ −0.1% ,
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Summary & Outlook

I Power-enhanced electromagnetic corrections, complex pattern of logarithms, because
photon acts as a weak probe of the QCD structure of the B-meson.

• More long-distance QCD than fB
• Effect of the same order as the non-parametric uncertainty, larger than previously

estimated QED uncertainty
• B(Bs → µ+µ−)SM = (3.57± 0.17) · 10−9

II Interesting effect from the SCET point of view: power-enhancement from
power-suppressed interactions)

III Effect vanishes in B+ → `+ν` due to V-A structure of the charged current

IV Outlook:

• Non-power enhanced QED corrections (including the standard soft logs and
next-to-leading power virtual effects)

• Electron and τ lepton final state

• Electromagnetic effects in B→ K(∗)`` (non-power enhanced)
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