
LHCb measurements of rare electroweak decays of b-hadrons
FPCP 2024

Lakshan Ram Madhan Mohan1

on behalf of the LHCb Collaboration
28-05-2024
1University of Cambridge, UK

Bangkok
2024



Studying b→ sℓ+ℓ− transitions
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b→ sℓ+ℓ−

→ Flavour Changing
Neutral Current
(FCNC) process

→ small SM
contribution (10−9

to 10−6)
→ sensitive probe for

new physics

Effective Field Theory approach
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Integrate Out

Wilson Coefficients: Ci
→ Perturbative, short distance

physics

→ Integrates heavy physics,
sensitive to NP effects

Operators: Oi
→ Non-perturbative, long distance

physics

→ Strong interactions, difficult to
calculate

HSM Ð→ Heff = − GF√
2VtbV∗ts∑i(CSMi + CNPi )Oi

+ chiral flipped

Operator Oi Bs(d) → Vs(d)µ+µ− Bs(d) → µ+µ− Bs(d) → Vs(d)γ
O7 EM ✓ ✓
O9 Vector dilepton ✓
O10 Axial-vector dilepton ✓ ✓
OS,P (Pseudo-)Scalar dilepton (✓) ✓

*Courtesy Nicola Serra
q2 ≡m2

µµ



Local and Non-local Effects
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Local contributions (O9,10,7 )
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Local Hadronic effects
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B→ K
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B→ K∗

The form factors are difficult to calculate and
leading source of theoretical uncertainty.
Two complimentary approaches,

• Lattice QCD in high q2 region (low
hadronic recoil) [HPQCD], [FNAL/MILC]

• Light Cone Sum Rules in low or -ve q2
region [Gubernari et al.], [Khodjamirian and Rusov], [Bharucha,
Bharucha and Zwicky], [Khodjamirian et al.]

Interpolate to full q2
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q q
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https://doi.org/10.1007/JHEP09(2022)133
https://doi.org/10.1007/JHEP09(2022)133
https://doi.org/10.1007/JHEP09(2022)133
http://arxiv.org/abs/2207.12468
https://link.aps.org/doi/10.1103/PhysRevD.93.025026
https://doi.org/10.1007/JHEP09(2022)133
http://arxiv.org/abs/1703.04765
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1007/JHEP09(2010)089


LHCb Detector
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Forward arm spectrometer (2 < η < 5 ) to study b and c hadron decays.

Excellent vertex and
impact parameter
resolution
(σ(IP)=15 +29/pT[GeV])µm)

Excellent momentum
resolution
∆p
p = 0.5% at low p
to 1.0% at 200 GeV/c)

Excellent particle ID
µ ID: 97%, K ID: 95%,
(π → µ misID: 1-3%),
(π → K misID: ∼ 5%)

Very efficient triggers:
∼ 90% for dimuon chan-
nels



Current Experimental status
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LQCD + HQET

NEW

[arXiv: 2404.03375]

B (b→ sµ+µ− ):
Data consistently below
SM predictions

B (B0(s) → µ+µ−):
Consistent with SM
B0s → µ+µ−γ:
Latest direct limits
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χ2 = 1.6, p = 0.812, σ = 0.2

RK low-q2 = 0.994+0.094
−0.087

RK central-q2 = 0.949+0.048
−0.047

RK∗ low-q2 = 0.927+0.099
−0.093

RK∗ central-q2 = 1.027+0.077
−0.073

LHCb

9 fb-1

Data
SM [PRD 108, (2023) 032002]

[PRL 131 (2023) 051803]

RK(∗) ≡
B(B→ K(∗)µ+µ−)
B(B→ K(∗)e+e−)

SM
≅ 1,

Exp. consistent with SM
LFU NP?

(Note: Resonance regions
typically removed)

https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.48550/arXiv.2404.03375
https://doi.org/10.1103/PhysRevD.108.032002
https://doi.org/10.1103/PhysRevLett.131.051803


Angular analyses
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• Global fit to CP averaged observables show
deviation with SM change from 3.0σ to 3.3σ
between 3 fb−1 and 4.6 fb−1

• Large dependence on treatment of SM hadronic
effects

• Tensions also seen in B+ → K∗+µ+µ− and
B0s → Φµ+µ− decays

d4Γ(B0→K∗0µ+µ−)
dΩ̂dq2

= ∑i Ji(q2)fi(Ω̂)
Angular coefficients angular functions

Decay described by
q2 and three angles
Ω̂ = (θl, θk and ϕ)
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[PRL 125 (2020) 1 011802]
B0 → K∗0µ+µ−
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[JHEP 02 (2016) 104]
B0 → K∗0µ+µ−

Run1

• Ji(q2) ∝ (AλA∗λ), Ci and FF dependent amplitudes.
• Coefficients P1,..,8 constructed to cancel form factors to
leading order

• Additional nuisance terms introduced for non-resonant
S-wave configuration.

(Note: Resonance regions
typically removed)

https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1007/JHEP02%282016%29104


Global fit
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Fit to CU9 [NP] assuming no NP in other Wilson
Coefficients

Potential explanations:

• Could it be lepton universal new physics?

• Could it be new physics in third generation leptons
feeding down to lower generations?
(possibly linking anomalies in b→ cℓνℓ and b→ sℓ+ℓ−)

OR

• Could it be underestimated non-local ”charm-loop”
effects?

https://doi.org/10.1140/epjc/s10052-023-11824-0


Non-local charm-loop effects

Experimentally can mimic NP and difficult to estimate theoretically
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q q
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Z/γ
DD∗

B M

Can we measure these non-local effects from data?
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A closer look using B0 → K∗0µ+µ− decays

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk 9/21

Method 1
z Expansion

• Fit to q2 regions using a
polynomial to describe the
non-local effects.

• Use theoretical and experimental
inputs to constrain them.

Method 2
Dispersion

• Unbinned fit to the full q2
spectrum.

• Use dispersion relations to
explicitly model non-local states



z-Expansion Amplitude Form
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AL,Rλ =Nλ {[(C9 ± C
′

9) ∓ (C10 ± C
′

10)]Fλ(q2) +
2mbMB

q2
[(C7 ± C

′

7)FTλ(q2) − 16π2
MB

mb
Hλ(q2)]}

Wilson Coefficients, Ci
• Real part of C9 , C

′
9 , C10 and C

′
10 treated as free fit

parameters. Imag. fixed to zero

Local Form Factors, Fλ(q2)

• Constrained to LCSR + Lattice inputs
[Gubernari, Kokulu & van Dyk] + [Horgan, Liu, Meinel & Wingate]

Non-local hadronic matrix elements (charm-loop), Hλ(q2)

• Exploit analytic properties of hadronic matrix elements,

• Following [Gubernari, Reboud, van Dyk & Virto],

Hλ(z) =
1 − zzJ/ψ
z − zJ/ψ

1 − zzψ(2S)
z − zψ(2S)

ϕ−1λ (z)∑
k
aλ,kzk,

• Experimental inputs for magnitudes and phases of resonances [PRD 90 (2014) 112009], [PRD 76 (2007) 031102],
[PRD 88 (2013) 074026], [PRD 88 (2016) 052002], [EPJC 72 (2012) 2118]

q2 → z(q2) ≡

√
t+ − q2 −

√
t+ − t0√

t+ − q2 +
√
t+ − t0

[PRD 109 (2024) 052009]
[PRL 132 (2024) 131801]

Polarisation
λ ∈ (∣∣,⊥,0)

https://link.springer.com/article/10.1007/JHEP01(2019)150
https://pos.sissa.it/214/372
https://link.springer.com/article/10.1007/JHEP09(2022)133
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.074026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.052002
https://link.springer.com/article/10.1140/epjc/s10052-012-2118-7
https://doi.org/10.1103/PhysRevD.109.052009
https://doi.org/10.1103/PhysRevLett.132.131801


z-Expansion Fit Strategy
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Two versions of fit:
Without and with theory
input on non-local
component from q2 < 0

• Using 4.7 fb−1 of LHCb data (Run1+2016)
• Unbinned fit for FFs, WCs, and non-local polynomial
coefficients aλ,k

• 6D fit to 3 angles, q2 , m2(Kπ) and m(Kπµµ)
→ Amplitudes modified to incl. dependence on mKπ to

model P-Wave as relativistic Breit-Wigner and S-Wave
with LASS

→ m(Kπµµ) modelled with double Crystal Ball

• BF measured relative to B0→ K+π−J/ψ

[PRD 109 (2024) 052009]
[PRL 132 (2024) 131801]

https://doi.org/10.1007/JHEP09%282022%29133
https://doi.org/10.1103/PhysRevD.109.052009
https://doi.org/10.1103/PhysRevLett.132.131801


z-Expansion Fit Result
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Good agreement seen between both versions,
without and with q2 < 0 theory input

Deviation from SM ∆C9 ∆C10 ∆C
′
9 ∆C

′
10

q2 > 0 only 1.9σ 1.5σ 0.9σ 1.5σ
q2 < 0 prior 1.8σ 0.9σ 0.5σ 1.0σ

2 3 4 5
Re(C9)

−4.5

−4.0

−3.5

−3.0

−2.5

R
e(
C 1

0)

LHCb 4.7 fb−1 q2 > 0 only
q2 < 0 constr.
SM

−1 0 1
Re(C′9)

−0.5

0.0

0.5

1.0

1.5

R
e(
C′ 10

)

LHCb 4.7 fb−1

2 3 4 5
Re(C9)

−1.0

−0.5

0.0

0.5

1.0

1.5

R
e(
C′ 9)

LHCb 4.7 fb−1

−5 −4 −3
Re(C10)

−0.5

0.0

0.5

1.0

R
e(
C′ 10

)

LHCb 4.7 fb−1

[PRD 109 (2024) 052009]
[PRL 132 (2024) 131801]

https://doi.org/10.1103/PhysRevD.109.052009
https://doi.org/10.1103/PhysRevLett.132.131801


Dispersion Amplitude Form
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Non-local effects described as corrections to C9.

C9 → Ceff
9
,λ = C9 + Y(0),λcc +∆Y1P,λlight(q

2) +∆Y1P,λcc (q
2) +∆Y2P,λcc (q

2) + Yττ(q2)

Ceff
7
,λ = C7 + ϵλeiω

0

[Cornella,Isidori,König,Liechti,Owen,Serra]

NEW [arXiv:2405.17347]

https://doi.org/10.1140/epjc/s10052-020-08674-5
https://arxiv.org/abs/2405.17347


Dispersion Amplitude Form
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Non-local effects described as corrections to C9.

C9 → Ceff
9
,λ = C9 + Y(0),λcc +∆Y1P,λlight(q

2) +∆Y1P,λcc (q
2) +∆Y2P,λcc (q

2) + Yττ(q2)

Ceff
7
,λ = C7 + ϵλeiω

0

[Cornella,Isidori,König,Liechti,Owen,Serra]

Local Contributions

Wilson Coefficients
Real part of C9 , C

′
9 , C10 and C

′
10 treated as free

fit parameters.
Imaginary part set to 0, implicitly assumes
no CPV in B→ K∗µ+µ− decays

Polarisation dependent shift
Included as a fit parameter to allow for
helicity dependent complex phase

NEW [arXiv:2405.17347]

https://doi.org/10.1140/epjc/s10052-020-08674-5
https://arxiv.org/abs/2405.17347


Dispersion Amplitude Form
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NEW [arXiv:2405.17347]

Non-local effects described as corrections to C9.

C9 → Ceff
9
,λ = C9 + Y(0),λcc +∆Y1P,λlight(q

2) +∆Y1P,λcc (q
2) +∆Y2P,λcc (q

2) + Yττ(q2)

Ceff
7
,λ = C7 + ϵλeiω

0

[Cornella,Isidori,König,Liechti,Owen,Serra]

Non-Local Contributions

Subtraction term

Theoretically calculated at negative q2
[JHEP 04 (2020) 012]

Introduced to ensure convergence of
dispersion relation.
Negligible impact for light resonances

1-particle contributions

Includes vector resonances:
light → ρ(770), ω(782), ϕ(1020),
cc → J/ψ, ψ(2S), ψ(3770), ψ(4040),
ψ(4160)
Mag (except J/ψ) and phase are fit parameters

2-particle contributions

Includes non-resonant:
DD, DD∗ , D∗D∗
Real and Imag. parts are fit parameters

b s
d d

µ+

µ−

Z/γ
cc

B0 K∗ b s
d d

µ+

µ−

Z/γ
DD∗

B0 K∗

https://arxiv.org/abs/2405.17347
https://doi.org/10.1140/epjc/s10052-020-08674-5
https://doi.org/10.1007/JHEP04(2020)012


Dispersion Amplitude Form
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NEW [arXiv:2405.17347]

Non-local effects described as corrections to C9.

C9 → Ceff
9
,λ = C9 + Y(0),λcc +∆Y1P,λlight(q

2) +∆Y1P,λcc (q
2) +∆Y2P,λcc (q

2) + Yττ(q2)

Ceff
7
,λ = C7 + ϵλeiω

0

[Cornella,Isidori,König,Liechti,Owen,Serra]

Non-Local Contributions

Tau-scattering contribution

Wilson Cτ9 is fit paramter
gives indirect access to BF(B0→ K∗τ+τ− )

b s

µ+

µ−

γ

ττ

https://arxiv.org/abs/2405.17347
https://doi.org/10.1140/epjc/s10052-020-08674-5


Dispersion Fit Result
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NEW [arXiv:2405.17347]

Unbinned fit to full q2 using 8.4 fb−1 (2011+2012, 2016+2017+2018) LHCb data
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• Total 150 fit parameters
• From simulation:
→ Acceptance model

• From data:
→ Resolution
→ S-Wave Parameters
→ Background model
→ Non-local states

• From theory
→ Local B→ K∗ form factors gaussian

constrained [ Gubernari, Reboud, van Dyk & Virto]
→ Subtraction point for cc [Asatrian, Greub & Virto]

https://arxiv.org/abs/2405.17347
https://doi.org/10.1007/JHEP09(2022)133
https://doi.org/10.1007/JHEP04(2020)012
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NEW [arXiv:2405.17347]

Unbinned fit to full q2 using 8.4 fb−1 (2011+2012, 2016+2017+2018) LHCb data
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∆C9 ∆C10 ∆C
′
9 ∆C

′
10 Cτ9

Deviation from SM 2.1σ 0.6σ 0.7σ 0.4σ 0.4σ

∣Cτ9 ∣ < 500 at 90% C.L., Cτ,SM9 ∼ 4
Current best limits ∣Cτ9 ∣ < 680 (600) at 90% C.L. Cτ10 = SM (Cτ10 = −C

τ
9 )

[PRD 108, L011102 (2023)], flavio
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https://arxiv.org/abs/2405.17347
https://doi.org/10.1103/PhysRevD.108.L011102
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NEW [arXiv:2405.17347]
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• Modification of differential observable from
non-local state

• Cyan band on right calculated by fixing WC to
SM values and non-local from data.

• Data seem to prefer non-local values larger
than SM prediction

• Nevertheless, Wilson C9 still prefers a shifted
value w.r.t SM (indicated by the Total band)

https://arxiv.org/abs/2405.17347


Compatibility of B0 → K∗0µ+µ− Analyses
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[PRL 132 (2024) 131801]
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• Comparison of P
′
5 with

binned analysis (black
points)

• Good agreement between
the different analyses

Data consistently prefers a
deviation from SM

5 10 15
]4c/2 [GeV2q

6−

4−

2−

0

2

4

6)
to

ta
l

9,
C∆(

ℜ

-1LHCb 8.4fb
-exp. w. theo.z -1LHCb 4.7fb
-exp. no theo.z -1LHCb 4.7fb

5 10 15
]4c/2 [GeV2q

6−

4−

2−

0

2

4

6)
to

ta
l

9,
C∆(ℑ

-1LHCb 8.4fb
-exp. w. theo.z -1LHCb 4.7fb
-exp. no theo.z -1LHCb 4.7fb

dispersion dispersion

• Polarisation dependent
amplitude of non-local
states (eg. ∣∣)

• Good agreement seen
between the two analyses.

https://doi.org/10.1103/PhysRevLett.132.131801
https://doi.org/10.1103/PhysRevLett.125.011802
https://arxiv.org/abs/2405.17347


Conclusion

• Imperative to understand charm-loop effects to properly quantify NP in b→ sℓ+ℓ−

• Explored two analyses with varying level of model dependence

• Data prefers NP in C9 at 1.8-2.1σ level (to a lesser significance in other variables)

Coming up next in the near future,

• Updated binned measurement of B0 → K∗0µ+µ− using full Run1+Run2 LHCb data

• Updated unbinned measurement of B0 → K∗0µ+µ− with the z-expansion method using full Run1+Run2
LHCb data

• A minimally model dependent ansatz analysis to extract q2 amplitudes of B0 → K∗0µ+µ− using full
Run1+Run2 LHCb data [Egede, Patel & Petridis]

• Unbinned measurement of fit to full q2 of B+→ K+µ+µ− decay using full Run1+Run2 LHCb data

• Various analysis ongoing for direct measurement of b→ sτ+τ− (or set competitive limits)
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https://link.springer.com/article/10.1007/JHEP06(2015)084


Thanks for listening!
Questions?
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Backup



Wilson Coefficient values from B0 → (K∗0→ K+π−)µ+µ−

Analysis C9 C10 C′9 C′10 Cτ9
z-expansion q2 > 0 only 3.34+0.53−0.57 −3.69+0.29−0.31 0.48+0.49−0.55 0.38+0.28−0.25 −
z-expansion q2 < 0 constr. 3.59+0.33−0.46 -3.93+0.27−0.28 0.26+0.40−0.48 0.27+0.25−0.27 −

Dispersion 3.56±0.33 -4.02±0.24 0.28±0.43 -0.09±0.22 -100±279

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk



Angular analysis of B0 → (K∗0→ K+π−)µ+µ−

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk

• The angular coefficients FL , AFB and Si depend on Wilson coefficients
and form factors

• Combine angular coefficients such that form factors cancel to leading
order giving the P1,..,8 series coefficients. [Matias et al.]

• Need to account for the K+π− in the
non-resonant S-wave configuration.

• Introduce additional angular terms as
nuisance parameters.

1
d(Γ + Γ̄)/dq2

d4(Γ + Γ̄)
dq2 dΩ⃗

∣
S+P

= (1 − FS)
1

d(Γ + Γ̄)/dq2
d4(Γ + Γ̄)
dq2 dΩ⃗

∣
P

+
3
16π

FS sin2 θl

+
9
32π
(S11 + S13 cos 2θl) cos θK

+
9
32π
(S14 sin 2θl + S15 sin θl) sin θK cosϕ

+
9
32π
(S16 sin θl + S17 sin 2θl) sin θK sinϕ ,

Famous example:

P′5 =
S5√

FL(1 − FL)

https://arxiv.org/abs/1202.4266


Dispersion relation for non-local states

∆Ycc(q2) =
(q2 − q20)

π
∫
∞

q2min
ds s ⋅ Im [Ycc(s)]
(s − q20)(s − q2 − iϵ)

≡
(q2 − q20)

π
∫
∞

q2min
ds ρcc(s)
(s − q20)(s − q2 − iϵ)

,

∆Y1Pcc(q
2) = ∑

j=J/ψ...ψ(4415)
ηjeiδj

(q2 − q20)
(m2

j − q
2
0)
Aresj (q

2), Aresj (q
2) =

mjΓ0j

(m2
j − q

2) − imjΓj(q2)
,

∆Y2Pcc(q
2) = ∑

j=DD,D∗D∗,DD∗
ηjeiδjA2Pj (q

2), A2Pj (q
2) =

(q2 − q20)
π

∫
∞

q2min
ds

ρ̂j(s)
(s − q20)(s − q2 − iϵ)

,
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Dispersion relation for non-local states

ρ̂j1j2(s)∝

¿
ÁÁÀλ(s,m2

j1,m
2
j2)

s

2L+1

,

ρ̂DD(s) ≡ ρ̂D(s) = (1 −
4m2

D
s
)
3/2

, ρ̂D∗D∗(s) ≡ ρ̂D∗(s) =
⎛
⎝
1 −

4m2
D∗

s
⎞
⎠

3/2

ρ̂DD∗(s) ≡ ρ̂D(s) =
⎛
⎝
1 −

4m2
D
s
⎞
⎠

1/2

∆Y2Pcc(q
2) = ηDe

iδDhS (mD,q2) + ∑
j=D,D∗

ηjeiδjhP (mj,q2) ,

hS (m,q2) = 2 − G(1 − 4m
2

q2
) , hP (m,q2) = 2

3
+ (1 − 4m

2

q2
)hS (m,q2) ,

G(y) =
√
∣y∣ {Θ(y) [ln(

1 +√y
1 −√y

) − iπ] + 2 Θ(−y) arctan( 1
√−y

)} .
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Importance of measuring interference
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• Interference can mimic new physics
in C9.

• In order to determine precisely the
couplings involved,
the non-local contributions need to
be understood.



non-local state description

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk

• 1P states are narrow resonances described using relativistic Breit-Wigers.

• 2P state amplitudes calculated in [Cornella et al.] shown below

• Magnitude and phase of non-local states are fit parameters
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https://arxiv.org/abs/2001.04470


τ Enhancement

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk

Possible to link b→ cℓνℓ and b→ sℓ+ℓ− measurements within SMEFT
[Crivellin et al.], [Capdevila et al.].

For a generic flavour structure and in the absence of b→ sνν1

Cττ9 = −C
ττ
10 ≈

−2Vcb
VtbV

∗
ts

π

α
(
√
RD(∗)/R

SM
D(∗)
− 1) .

Here Cττi describes the presence of tau-loop contribution which
through radiative effects anturally produces a lepton universal

CU9 =
α

3π
log
⎛
⎝
Λ2

µ2b

⎞
⎠
Cττ9 ,

where Λ is the scale of new physics. [Algueró et al.]

1Limits of < 10−5 from [BaBar][BELLE] [BELLE II]

b s

µ+

µ−

γ

ττ

https://arxiv.org/abs/1807.02068
https://arxiv.org/abs/1712.01919
https://arxiv.org/abs/2205.15212
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.111103
https://arxiv.org/abs/2104.12624


Local hadronic effects z-expansion

Exploit analyticity and interpolate to full q2

Fλ(q2) =
1

q2 −m2
B∗s

N
∑
k=0
aλzk

z(q2) =
√
t+ − q2 −

√
t+ − t0√

t+ − q2 +
√
t+ − t0

,

with N=2, t+ = (m2
B +m

2
M) and t0 is a choice of the origin.
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Branching Fraction measurments
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Observed tensions can be explained by a NP shift in C9 or C9/10.

SM predictions limited by hadronic uncertainties
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Lepton Flavour Universality Tests in b→ sℓ+ℓ−
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Ratios of the form:

RK(∗) ≡
B(B→ K(∗)µ+µ−)
B(B→ K(∗)e+e−)

SM
≅ 1,

free from QCD uncertainties and O(1%) QED corrections.

Measurement at LHCb performed using a double ratio
with the resonant mode cancels exp. systematics

RK(∗) ≡
B(B→ K(∗)µ+µ−)

B(B→ K(∗)J/ψ(→ µ+µ−))
/

B(B→ K(∗)e+e−)
B(B→ K(∗)J/ψ(→ e+e−))

Latest and most precise simultaneous measurement of RK and RK∗ compatible with SM.
Does not exclude lepton flavour universal New Physics

https://arxiv.org/abs/2212.09153v1
https://doi.org/10.48550/arXiv.2212.09152


Angular plots
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• Angular definition same for B0
s and B0

s since no self tagging of decay.

• Therefore, can’t access P′5 or AFB
• The decay of B0s → Φµ+µ− also shows small tensions with SM in combined fits

https://doi.org/10.1007/JHEP11(2021)043


Compatibility of B0 → K∗0µ+µ− analyses

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk



Determination of a q2 dependent Cµ9
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• Data driven estimation of q2

dependent Cµ9 incl. non-local effects.
• No sizable q2 dependence observed
which would arise from unaccounted
for charm-loop effects

• Discrepancy with SM consistent with
short-distance effect of non-SM origin

[Marzia Bordone, Gino Isidori, Sandro Mächler, Arianna Tinari]

B+→ K+µ+µ− B0 → K∗0µ+µ−

B+→ K+µ+µ− B0 → K∗0µ+µ−

https://doi.org/10.48550/arXiv.2401.18007


O7 =
e
g2
mb(s̄σµνPRb)Fµν , O′7 =

e
g2
mb(s̄σµνPLb)Fµν ,

O8 =
1
g
mb(s̄σµνTaPRb)Gµν a, O′8 =

1
g
mb(s̄σµνTaPLb)Gµν a,

O9 =
e2

g2
(s̄γµPLb)(µ̄γµµ), O′9 =

e2

g2
(s̄γµPRb)(µ̄γµµ),

O10 =
e2

g2
(s̄γµPLb)(µ̄γµγ5µ), O′10 =

e2

g2
(s̄γµPRb)(µ̄γµγ5µ),
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e2

16π2
mb(s̄PRb)(µ̄µ), O′S =

e2

16π2
mb(s̄PLb)(µ̄µ),

OP =
e2

16π2
mb(s̄PRb)(µ̄γ5µ), O′P =

e2

16π2
mb(s̄PLb)(µ̄γ5µ),

*Altmannshofer et al.

Lakshan Madhan - lmadhanm@hep.phy.cam.ac.uk

https://doi.org/10.1088/1126-6708/2009/01/019
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mB +mK∗

+
2mb

q2
(Ceff7 + C

eff′
7 )T1(q

2)],

A∥L,R = −N
√
2(m2

B −m
2
K∗)[ [(C

eff
9 − C

eff′
9 ) ∓ (C

eff
10 − C

eff′
10 )]

A1(q2)
mB −mK∗

+
2mb

q2
(Ceff7 − C

eff′
7 )T2(q

2)],

A0L,R = −
N

2mK∗
√
q2
{[(Ceff9 − C

eff′
9 ) ∓ (C

eff
10 − C

eff′
10 )]

× [(m2
B −m

2
K∗ − q

2)(mB +mK∗)A1(q
2) − λ

A2(q2)
mB +mK∗

]

+ 2mb(C
eff
7 − C

eff′
7 )[(m

2
B + 3m

2
K∗ − q

2)T2(q2) −
λ

m2
B −m

2
K∗
T3(q2)]},

At =
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N = VtbV
∗
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3 ⋅ 210π5m3
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,
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*Altmannshofer et al.

https://doi.org/10.1088/1126-6708/2009/01/019
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⎡⎢⎢⎢⎢⎣
Im(AL0A

L
∥
∗) − (L→ R) +

mµ√
q2
Im(AL⊥A

∗
S + A

R
⊥A
∗
S )
⎤⎥⎥⎥⎥⎦
,

J8 =
1
√
2
β
2
µ [Im(A

L
0A

L
⊥
∗) + (L→ R)] ,

J9 = β2µ [Im(A
L
∥
∗AL⊥) + (L→ R)] .

*Altmannshofer et al.
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J(q2, θl, θK∗ , ϕ) = J
s
1 sin

2
θK∗ + J

c
1 cos

2
θK∗ + (J

s
2 sin

2
θK∗ + J

c
2 cos

2
θK∗) cos 2θl

+ J3 sin2 θK∗ sin
2
θl cos 2ϕ + J4 sin 2θK∗ sin 2θl cosϕ

+ J5 sin 2θK∗ sin θl cosϕ

+ (Js6 sin
2
θK∗ + J

c
6 cos

2
θK∗) cos θl + J7 sin 2θK∗ sin θl sinϕ

+ J8 sin 2θK∗ sin 2θl sinϕ + J9 sin
2
θK∗ sin

2
θl sin 2ϕ .
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