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Introduction
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□ Tensions exist with the SM in B± → K±µ+µ−.

□ B± → π±µ+µ− is highly suppressed in the SM,
|Vts/Vtd|2≈ 22 times relative to B± → K±µ+µ−.

▷ New physics effects could be more pronounced.

□ B± → π±µ+µ− is a key piece in a complete picture

of the flavour structure of these tensions.

□ There is an existing binned (in q2) measurement of

B(B± → π±µ+µ−) and ACP (B
± → π±µ+µ−) (Run

1 of LHCb) [1].
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How do we maximise the experimental sensitivity to new physics effects?
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□ Recent developments in both theory and experiment now allow

for the possibility of unbinned measurements of channels such

as B± → K±µ+µ−.

□ An unbinned approach exploits the full q2 shape, modelling

non-local contributions and any interference.

□ The low event yields of this channel motivate incorporating

constraints from theory.

□ We extract C9 (+ phase) and C10 with an unbinned

maximum likelihood fit.
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Differences with respect to B± → K±µ+µ−

[1]
[2]

□ |Vts/Vtd|2≈ 22 - reduced decay rate across the board.

▷ Is this the case for any NP? Is NP minimal flavour violating?

□ The ρ and ω resonances are more pronounced (relative to EW penguin mode).

□ Relevant contributions from weak annihilation and light quark loops (the light quark continuum).

□ Fitting B+ and B− events separately is essential due to CP -asymmetries in B± → π±µ+µ− -

even in the SM.
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Describing the decay rate

Local contributions︷ ︸︸ ︷ Non-local contributions︷ ︸︸ ︷

C9, 10, S, P, . . .

B

C7, 7

B B

Lbdℓℓeff =
4GF√

2

(
λc L(c)

eff + λu L(u)
eff

)
+ h.c., where λq = VqbV

∗
qd and

L(p)
eff = C1Op1 + C2Op2 +

∑
i∈I

CiOi with I = {3− 10, 7′ − 10′, P, P ′, S, S′, T, T5} [3, 4].

□ The matrix elements arising from these effective operators can be classified as either local form

factors or non-local form factors.

□ Relevant non-local contributions include four-quark operators.

□ Relevant local contributions: C9, C10, C7

Alex Marshall B± → π±µ+µ− 5 / 24



Describing the decay rate

□ The kinematics of each B± → π±µ+µ− decay can be fully described with two variables, q2 and

cos(θℓ).

□ We integrate over cos(θℓ).

The differential decay rate (over q2) is then as follows1 [5]:

dΓ(B± → π±µ+µ−)

dq2
=

G2
Fα

2|VtbV
∗
td|

2

27π5
|k|

{
2

3
|k|2β2

+|C10f+(q2)|2

+
m2
ℓ (M

2
B −M2

π)
2

q2M2
B

|C10f0(q
2)|2

+ |k|2
[
1−

1

3
β2
+

]∣∣∣∣Ceff,B±
9 (q2)f+(q2) + 2C7

mb +md

MB +Mπ
fT (q

2)

∣∣∣∣2},

where the non-local contribution (∆CB
±

9 (q2)) is baked into Ceff,B
±

9 ,

Ceff,B±
9 (q2) =|C9|e±iδC9 +∆CB

±
9 (q2).
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1This requires an assumption of no (pseudo-)scalar and (pseudo-)tensor new physics.
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Non-local contributions in the q2 < 0 region

□ The non-local contributions to B± → π±µ+µ− have been computed in the q2 < 0 region by

Hambrock et al. as in Ref [6].

□ This computation employs operator-product expansion, QCD factorization and light-cone sum rule

techniques.

□ The full non-local contribution is the sum of the various components:

H(p)
(
q2

)
=H(p)

fact,LO

(
q2

)
+H(p)

WA

(
q2

)
+H(p)

fact, NLO

(
q2

)
+H(p)

soft

(
q2

)
+H(p)

soft,O8

(
q2

)
+H(p)

nonf,spect

(
q2

)
, (p = u, c).

□ These non-local contributions can then be

recast into a shift to the Wilson coefficient C9

via:

∆CB
±

9 (q2) =

− 16π2 (λuH(u),B±
(q2) + λcH(c),B±

(q2))

λtf+(q2)
.

[6]
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Non-local contributions in the q2 < 0 region

□ The non-local contributions to B± → π±µ+µ− have been computed in the q2 < 0 region by

Hambrock et al. as in Ref [6].

□ This computation employs operator-product expansion, QCD factorization and light-cone sum rule

techniques.

□ The full non-local contribution is the sum of the various components:

H(p)
(
q2

)
=H(p)

fact,LO

(
q2

)
+H(p)

WA

(
q2

)
+H(p)

fact, NLO

(
q2

)
+H(p)

soft

(
q2

)
+H(p)

soft,O8

(
q2

)
+H(p)

nonf,spect

(
q2

)
, (p = u, c).

□ From these calculations we have values for

∆CB
±

9 at various points in negative-q2.

□ We need to build a model for the non-local

contributions that we can use to fit the data in

the positive q2 region.

[6]
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Modelling the non-local contributions - Ylight quark continuum(q2)

To fit dΓ(B± → π±µ+µ−)/dq2 to data we build a model of ∆CB
±

9 (q2),

∆CB
±

9 (q2) = ∆CB
±

9 (q20)+ Y B
±

ρ,ω (q2) + Y B
±

LQC(q
2) + Y B

±
J/ψ,ψ(2S),...(q

2) + Y B
±

2P,cc̄(q
2),

where the subtraction term ∆CB
±

9 (q20) is matched to the results of the LCSR+QCD factorisation

calculations at the subtraction point q20 .

□ This contribution is significant in

B± → π±µ+µ−, but very small in

B± → K±µ+µ−.

□ In B± → π±µ+µ−, both the rare mode
(VtbV

∗
td) and these light quark diagrams

(VubV
∗
ud) go as ∼ λ3.

▷ In contrast, in B± → K±µ+µ− the rare mode

(VtbV
∗
ts) goes as ∼ λ2.

[6]

Ylight quark continuum(q2)
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Modelling the non-local contributions - Y 2P
cc̄ (q2)

To fit dΓ(B± → π±µ+µ−)/dq2 to data we build a model of ∆CB
±

9 (q2),

∆CB
±

9 (q2) = ∆CB
±

9 (q20)+ Y B
±

ρ,ω (q2) + Y B
±

LQC(q
2) + Y B

±
J/ψ,ψ(2S),...(q

2) + Y B
±

2P,cc̄(q
2),

where the subtraction term ∆CB
±

9 (q20) is matched to the results of the LCSR+QCD factorisation

calculations at the subtraction point q20 .

□ We include the combination of the

non-resonant continuum of open charm states

and the contributions due to further broad

vector charmonnia following the recipe of

Cornella et al. [7].

□ Includes the following rescatterings:

B± → π±MM ′ → π±µ+µ−,

where MM ′ = {DD,DD∗, D∗D∗}.

Y 2P
cc̄ (q2)
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Modelling the non-local contributions - Y 2P
cc̄ (q2)

To fit dΓ(B± → π±µ+µ−)/dq2 to data we build a model of ∆CB
±

9 (q2),

∆CB
±

9 (q2) = ∆CB
±

9 (q20)+ Y B
±

ρ,ω (q2) + Y B
±

LQC(q
2) + Y B

±
J/ψ,ψ(2S),...(q

2) + Y B
±

2P,cc̄(q
2),

where the subtraction term ∆CB
±

9 (q20) is matched to the results of the LCSR+QCD factorisation

calculations at the subtraction point q20 .

□ To reduce the number of fit parameters, we

approximate the sum of DD, D∗D∗ and DD∗

contributions as a single component with a

global magnitude and phase.

□ Exact effect from B → DD∗ → πµµ

amplitudes remains remains an open question

Ref [8].

Y 2P
cc̄ (q2)
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Modelling the non-local contributions - Resonances

To fit dΓ(B± → π±µ+µ−)/dq2 to data we build a model of ∆CB
±

9 (q2),

∆CB
±

9 (q2) = ∆CB
±

9 (q20)+ Y B
±

ρ,ω (q2) + Y B
±

LQC(q
2) + Y B

±
J/ψ,ψ(2S),...(q

2) + Y B
±

2P,cc̄(q
2),

where the subtraction term ∆CB
±

9 (q20) is matched to the results of the LCSR+QCD factorisation

calculations at the subtraction point q20 .

□ The resonances1 are described with relativistic

Breit–Wigner distributions.

□ Each resonance has a unique phase (δB
±

V ) and

a unique magnitude (ηB
±

V ) for both the B+

and the B− model.

□ We introduce constraints on resonance

branching fractions using existing

measurements (BF ∝ η2V ).

□ We fix both ηB
±

J/ψ
in the fit - uncertainty

included as a systematic.

|Yρ,ω(q2) + YJ/ψ,ψ(2S),...(q
2)|2
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B → π local form factors

□ In the case of B̄ → π transitions, there exist only three local B̄ → π form factors.

⟨π̄(k)|b̄γµd|B̄(p)⟩ =
[
(p+ k)µ −

M2
B −M2

π

q2
qµ

]
f+(q2) +

M2
B −M2

π

q2
qµf0(q

2),

⟨π̄(k)|b̄σµνqνd|B̄(p)⟩ =
i

MB +Mπ

[
q2(p+ k)µ − (M2

B −M2
π)q

µ
]
fT (q

2).

□ Taken from Leljak et al. [9].

□ Take the nominal K = 4 LCSR+LQCD
option.

▷ K is the maximal order of the

z-expansion.

□ In our fit the form factor parameters are

fixed.

□ We assess an uncertainty on the Wilson

coefficients as a systematic using the

covariance matrix provided in Ref [9]. 5 0 5 10 15 20 25
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B± → π±µ+µ− decay rate model

□ We take the q2 shape of the efficiency ε(q2) from Ref. [2].

□ We also take the experimental q2 resolution used in the LHCb analysis of decays in Ref. [2].

▷ Our choice is motivated by the expectation that this resolution is close to if not identical to the LHCb

resolution for decays.

□ The resolution is folded into the decay rate model using a fast Fourier transform-based convolution,

R(q2reco, q
2)⊗

(
dΓ

dq2
ε(q2)

)
.

Below is the signal PDF employed in our toy studies that includes these experimental effects.
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Constraining the non-local contribution

Re(∆CB
±

9 ) and Im(∆CB
±

9 ) have been computed at various q2

points in the q2 < 0 region and presented in Ref [6] along with

uncertainties.

□ We extend the likelihood used in the minimisation of our

fits to include a theory constraint term.

□ This term minimises the distance between the model of the

non-local contribution and the theory reference values.

□ This distance is computed at each q2 < 0 point presented in

red, and is computed for both the real and imaginary parts

of both B+ and B−.

□ We do not have access to the correlations between the

individual pieces of the q2 < 0 information, so in our fits

we make the assumption of no correlations (a

conservative choice).
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Sensitivity studies

Use toys to study fit stability and to estimate expected precision.

□ We run toys at the SM, using values for the non-local parameters as obtained from fits to negative
q2 points.
▷ Note that the model obtained is compatible with that of Ref. [6].

□ Fit B+ and B− simultaneously sharing C10, C9 and the phase of C9 (flipping sign under CP ).

□ Fix the light quark continuum contribution (Ylight quark continuum(q2)).

□ Float both the phase and magnitude the Y 2P
cc̄ (q2) component, sharing the component between B+

and B−.
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Choosing a q2 region to fit

□ With the expected candidate yields in LHCb Run1+2 it is no surprise that we cannot float the

parameters of the open charm resonances.

□ We fix these parameters to the B+ → K+µ+µ− measurements of Ref. [2] scaled by |Vcd/Vcs| and
limit the phase space to q2reco < 14.0625 GeV2.
▷ This is such that contributions from q2TRUE above the ψ(3770) are negligible even after accounting

resolution effects.
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□ We find this cut not to be necessary when we study fit stability with a future LHCb data set where

we can fit the full q2 phase space.
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Fit stability

□ With the LHCb Run 1+2 dataset, there is a significant
chance that the best-fit point lies in an unphysical region.
▷ Unrealistic without imposing some assumption on NP?

CNP
9 = −CNP

10 ?

□ A fraction of fits fail with C10 ≈ 0.

▷ There is a discontinuity at C10 = 0, due to the presence of

|C10|2 in the PDF.

□ Reparametrising the likelihood in terms of |C10|2 (rather

than C10), we find a fraction of fits to pseudo-datasets

converge with negative values of |C10|2.

□ We label these as failed fits.

□ Fraction of failed fits reduces when employing the

q2 < 0 constraint and when increasing event yields.
|C9|

|C
1
0
|2

Physical

Un-physical
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Impact of employing the q2 < 0 constraint
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□ Run fits to generated pseudo-datasets representative of 45 fb−1 of LHCb data (×5 Run 1+2).

□ Fit each dataset both with and without the q2 < 0 constraint.

□ Largest improvements are in the phases of the resonances, and the magnitude of the Y 2P
cc̄ (q2).

□ This increase in sensitivity to non-local parameters translates into better precision on the

Wilson coefficients describing the short-distance physics.
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Impact of employing the q2 < 0 constraint

□ Intervals from fit results to an ensemble of toys representing 45 fb−1 of LHCb data.
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How does the picture change with more data?

□ With 300 fb−1 the expected B± → π±µ+µ− event yields are similar to those expected of LHCb

Run1+2 B± → K±µ+µ− yields.

□ We can then float the open charm resonance parameters.

5 10 15 20 25
q2 (GeV2)

0

50

100

150

C
an

d
id

at
es

/
(0

.1
0

M
eV
/c

2 )

Toy - B+, 300 fb−1

5 10 15 20 25
q2 (GeV2)

0

50

100

150

C
an

d
id

at
es

/
(0

.1
0

M
eV
/c

2 )

Toy - B−, 300 fb−1

Alex Marshall B± → π±µ+µ− 21 / 24



Addressing systematic uncertainties

□ Compute the systematic

uncertainty accounting for

choice to fix the local form

factor parameters, ηB
+

J/ψ
and

ηB
−

J/ψ
.

□ This computation is done

separately for the 45 fb−1

and 300 fb−1 scenarios due

to inclusion of the open

charm region.

□ Fold the systematic into the

intervals.
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Local form factor uncertainties

□ Local form factors uncertainties dominate the systematic uncertainty for all the rare mode

parameters: Re(C10), Re(C9) and Im(C9).

□ We stress the importance of addressing form factor uncertainties alongside the coming increase in
event yields from future runs of the LHC.

▷ Even with Run 4 (45 fb−1) we are limited by FF uncertainties.

□ As an example we show the intervals obtained (300 fb−1) if we had improved uncertainties (assume
3 times smaller).

▷ This improvement would be in line with that achieved for B → K(∗) in Ref. [10].
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Conclusion - B± → π±µ+µ−

□ We present an unbinned approach that fully accounts for

CP -violation, the largest non-local contributions and all

interference effects.

□ Employing q2 < 0 information is essential to maximise

sensitivity.

□ Systematic uncertainties are dominated by knowledge of

the local form factors, we emphasise the importance of

improving local form factor uncertainties as LHCb takes

more data.

□ Fitting the current LHCb data set is impractical due to
issues of fit stability.

▷ We have begun an analysis that will assume CNP
9 = −CNP

10

□ This work has been submitted to JHEP (2310.06734).

Thanks for listening
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