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Why study b → sℓ+ℓ−?

Loop-level FCNC in the Standard Model

Forbidden at tree level ⇒ small SM rates,
B ∼ 10−7

Sensitive to heavy new particles entering the
loop

Recent tensions in b → sµµ angular and
branching observables

Lepton Flavour Universality (LFU)

SM: lepton couplings differ only by their masses

Above q2 ≳ 1GeV2, e and µ should be identical
up to corrections of O(m2

ℓ/q
2)

Any departure ⇒ clean BSM signal

Moments analysis for all the
spins

For LFUV, take the difference
of moments between electron
and muon channels.
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Why baryonic Λ0
b decays?

Mesonic vs baryonic b → sℓℓ

In B-mesons: spin information of b-quark lost in hadronisation

In Λ0
b = |bud⟩: the [ud ] diquark spectator is spin/isospin singlet, so Λ0

b “inherits”
the b-quark spin ⇒ baryonic modes provide complementary information

Why Λ0
b → pK−ℓℓ specifically?

Λ0
b → Λ(→ pπ)ℓℓ has reconstruction issues at LHCb (long Λ lifetime, low-q2

acceptance)

Λ0
b → pK−ℓℓ has prompt Λ∗ → pK− decays ⇒ stays inside VELO

Angular Observable very sensitive to NP [S. Descotes-Genon, J. Matias, and J.

Virto, Phys. Rev. D88, 074002 (2013)]

Λ0
b → Λ(∗) FFs, Λ(1520) by Lattice, [Phys. Rev. D 105, 054511 (2022)]

Quark Model for a lot of states [L. Mott and W. Roberts, Int. J. Mod. Phys. A 27,

1250016 (2012)]

Moments method for Spin ≤ 5/2 Anja Beck, Thomas Blake, Michal Kreps JHEP 02

(2023) 189

Our goal: set up the formalism for measuring angular observables upto any spin.
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The pK− spectrum: multiple Λ∗ resonances

State JP m0, Γ0 (MeV) Dominant modes

Λ(1405) 1/2− 1405, 51 Σπ,NK̄
Λ(1520) 3/2− 1519, 16 Σπ,NK̄ , Λππ
Λ(1600) 1/2+ 1600, 150 Σπ,NK̄ , Λσ
Λ(1670) 1/2− 1674, 30 Σπ,NK̄ , Λη
Λ(1690) 3/2− 1690, 60 Σπ,NK̄ , Λη
Λ(1800) 1/2− 1800, 200 Σπ,NK̄ , Λσ
Λ(1810) 1/2+ 1790, 110 Σπ,NK̄ , Σ(1385)π
Λ(1820) 5/2+ 1820, 80 Σπ,NK̄ , Σ(1385)π
Λ(1890) 3/2+ 1890, 120 Σπ,NK̄ , Σ(1385)π
Λ(2100) 7/2− 2100, 200 Σπ,NK̄ ,N∗K̄
Λ(2350) 9/2+ 2350, 150 Σπ,NK̄

⇒ The analysis mpK range [1.4, 2.6] GeV includes Λ∗ of various JP , all interfering coherently.
⇒ Resonances up to J = 9/2 in principle; full formalism needs all spins.
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The pK− spectrum from Λ0
b → pK−γ

Different resonances contributing to m(pK−) in JHEP 06 (2024) 098
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Angle definitions

θℓ – ℓ− angle in dilepton rest frame

θp – proton angle in pK− rest frame

χ ≡ ϕp – azimuthal angle between
dilepton and hadron frame

Polarisation angle (for polarised Λ0
b):

θ — angle of Λ∗ flight direction with
n̂pol

n̂pol: normal to production plane
formed by pp beam and Λ0

b flight
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Effective Hamiltonian for b → sℓ+ℓ− and b → sγ

At the µ ≈ 4.8 GeV scale, integrate out heavy fields:

Heff = −4GF√
2
VtbV

∗
ts

∑
i=7,9,10

Ci (µ)Oi (µ) + h.c.

The three dominant operators:

O7γ(′) ∼ mb (s̄σµνPR(L)b)F
µν (electromagnetic dipole/magnetic penguin)

O9A(′) ∼ (s̄γµPL(R)b)(ℓ̄γ
µℓ) (vector)

O10V (′) ∼ (s̄γµPL(R)b)(ℓ̄γ
µγ5ℓ) (axial)

What each piece controls:

C7: photon-pole behaviour at low q2; important for radiative and low-q2 dilepton
decays.

C9: vector lepton current; strongly affects rates and angular observables.

C10: axial lepton current; contributes to parity-odd observables such as AFB

through interference with C9 and C7.
Primed Wilson coefficients correspond to right-handed quark currents. In the SM
they are suppressed roughly by ms/mb, while new physics can enhance them.
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Quark-level amplitudes

For b → sℓℓ (EWP):

Mb→sℓ+ℓ− = NEWP

∑
L,R

[
C9(′) (s̄γ

µPL(R)b)(ℓ̄γµℓ)

+ C10(′) (s̄γ
µPL(R)b)(ℓ̄γµγ5ℓ)

− 2mb

q2
C7(′) (s̄ iσ

µνqνPR(L)b)(ℓ̄γµℓ)

]
For b → sγ (Rad):

Mb→sγ = −NRad

∑
L,R

C7(′) (mb s̄ iσ
µνqνPR(L)b) ε

∗
µ

Pre-factors:

NEWP =
GF√
2
VtbV

∗
ts

e2

4π2
, NRad =

GF√
2
VtbV

∗
ts

e

2π2

Key: The 1/q2 factor in O7 comes from the photon propagator and produces enhanced
sensitivity at low dilepton mass.
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Strategy: factorise into helicity amplitudes

Idea: Decompose the matrix element using the resolution

gµν =
∑
λV ,λ

′
V

gλVλ
′
V
ε∗µ(λV ) εν(λ

′
V )

This gives:

M =
∑
λV ,λ

′
V

gλVλ
′
V
[Lµε∗µ(λV )] · [Hνεν(λ

′
V )]

Lorentz-invariant pieces:

Leptonic helicity amplitudes: Lµ(λ1, λ2)ε
µ(λV ) — computed in V ∗ rest frame

Hadronic helicity amplitudes: Hν(λΛ∗ , . . .)εν(λV ) — computed in Λ∗ rest frame

Angular dependence:

Comes from Wigner d-functions dJ
m,m′(θ)

And azimuthal phase factors e iλϕ
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Leptonic helicity amplitudes

Definition:
L(V ,A)
µ (λ1, λ2) ε

µ∗(λV ) ≡ h
(V ,A)
λV ,λ1,λ2

dJℓ
λV ,λ1−λ2

(θℓ) e
iλVϕℓ

For massless leptons: only η ≡ λ1 − λ2 = ±1 contribute,

L
L(R)
λV

(θℓ, ϕℓ) = ±
√

2q2 dJ
λV ,∓(θℓ) e

iλVϕℓ

Three available λV states:

λV = +1: right-circular (e+iϕℓ)

λV = 0: longitudinal

λV = −1: left-circular (e−iϕℓ)
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Helicity amplitudes — six per J

For spin J in the pK− system, six independent helicity amplitudes of the decay
Λ0
b → Λ∗(→ ph)V (→ ℓ+ℓ−):

Amplitude (Hλ,λV
) λΛ∗/2 λV λ/2 (Λ0

b) λp (proton)

C J
+ +3/2 +1 +1/2 +1/2

AJ
+ +1/2 0 +1/2 +1/2

BJ
+ −1/2 −1 +1/2 +1/2

C J
− −3/2 −1 −1/2 −1/2

AJ
− −1/2 0 −1/2 −1/2

BJ
− +1/2 +1 −1/2 −1/2

Conservation rules along Λ∗ flight direction:

λΛ∗/2 = λ/2 + λV (Λ0
b helicity sum)

For J = 1/2: only A± and B± survive (λΛ∗ = ±3/2 forbidden)
For J ≥ 3/2: all six contribute
For J > 1/2: hadronic side adds sin θp cos θp structures
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The master amplitude formula

For unpolarised Λ0
b and massless leptons:

Mλp,η
λ =

∑
J

√
2J + 1

4π
hη h

J
λp/2

×[
d1
λ,η(θℓ)C

J
λ dJ

3λ/2,λp/2
(θp) e

+iλχ︸ ︷︷ ︸
λV=+λ

+ d1
0,η(θℓ)A

J
λ d

J
λ/2,λp/2

(θp)︸ ︷︷ ︸
λV=0 (longitudinal)

+ d1
−λ,η(θℓ)B

J
λ d

J
−λ/2,λp/2

(θp) e
−iλχ︸ ︷︷ ︸

λV=−λ

]

What this is:

Three terms per J, one per dilepton helicity λV

Leptonic Wigner d1; hadronic Wigner dJ
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Squared amplitude and observables

Spin-averaged squared amplitude:

|M|2EWP =
1

2

∑
λp ,η,λ∈±1

∣∣Mλp ,η
λ

∣∣2
Differential rate (4-body phase space, polarised Λ0

b):

dΓ

dq2 dΩ
= (4π

√
2)

∑
λp,η,λ,λ′

H
λpη
λ H

∗λpη
λ′ ρλλ′ ≡ (4π

√
2)

∑
i

Γi (q
2) fi (Ω)

Spin density matrix (polarised Λ0
b):

ρ =
1

2
(I + Pb n̂pol · σ⃗) =

1

2

(
1 + Pb cos θ Pb sin θ
Pb sin θ 1− Pb cos θ

)
Phase space element:

dΩ ≡ d cos θ d cos θp d cos θℓ dϕp dϕℓ

Goal: extract the moments Γi from data ⇒ probe BSM physics through Wilson
coefficients.
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Event Generation

Events are generated according to Model in Anja Beck et al JHEP 02 (2023) 189.

EWP

RAD
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Why moments are the right tool

Maximum likelihood fits vs method of moments:

ML fit Moments
Fit convergence at low N unreliable Always converges (analytic)

Parameter ambiguities can be present Ambiguity-free

Errors via Hessian Errors via direct propagation

Hard to combine multiple resonances Trivial: just compute more moments

At LHCb rare-mode statistics (∼ 250 ee events in Run 1+2):

ML fits suffer from low-statistics pathologies

Method of moments is provably robust

Bonus: the same moments machinery generalises to higher-J resonances seamlessly.
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Angular basis used for the moments

dΓ

dΩ
=

∑
i

Γi fi (Ω), Ω = (θℓ, θp, χ).

fi (Ω) = Pm
L (cos θp)Y

m,real
ℓ (θℓ, χ).

Pm
L (cos θp) are associated Legendre polynomials for the hadronic angle.

Ym
ℓ (θℓ, χ) are spherical harmonics for the leptonic angle and azimuth.

We use the real basis {Y 0
ℓ ,

√
2ReYm

ℓ ,
√
2 ImYm

ℓ }.

m = 0 : P0
L(cos θp){Y 0

0 ,Y
0
1 ,Y

0
2 }, L = 0, . . . , 2Jmax,

m = 1 : P1
L(cos θp){

√
2ReY 1

1 ,
√
2 ImY 1

1 ,
√
2ReY 1

2 ,
√
2 ImY 1

2 }, L = 1, . . . , 2Jmax,

m = 2 : P2
L(cos θp){

√
2ReY 2

2 ,
√
2 ImY 2

2 }, L = 2, . . . , 2Jmax.

Number of Moments:

Nmom = 3(2Jmax + 1) + 4(2Jmax) + 2(2Jmax − 1) = 9(2Jmax) + 1.
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Moment extraction and response matrix

Raw moments from the generated model

mraw
i =

N∑
k=1

wk fi (Ωk), C raw
ij =

N∑
k=1

(wk fi (Ωk))(wk fj(Ωk)).

Ωk = (θℓ,k , θp,k , χk) are generated uniformly.

The event weight is taken from the full amplitude model:

wk = |MEWP(q
2
k ,mpK ,k , Ωk)|2 Φ(q2k ,mpK ,k),

where Φ is the four-body phase-space factor.

Thus the angular moments are computed from the same physics model used for the direct
closure test.

Response matrix and unfolding

Eij = ⟨ϵ(Ω)fi (Ω)fj(Ω)⟩MC , Γunfoldedi =
∑
j

(E−1)ijm
raw
j .

Eij corrects for the non-orthogonality of the finite basis and for detector acceptance.

ϵ(Ω) is set to one for the ideal closure test; for the e+e− toy study an efficiency-weighted
response matrix is used.

Γ̂i =
Γi
Γ0

, pulli =
Γ̂toyi − Γ̂truthi

σtoy
i

.

Validation target: pull means close to zero and widths close to one.
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Angular closure: direct model vs moment expansion

Procedure:

1 Pick Jmax ∈ {1/2, 3/2, 5/2, 7/2, 9/2}

2 Sample random angles Ω(k)

3 Compute |M|2direct
4 Compute Γmeas

i and Eij via MC integration

5 Invert: Γtruei = E−1Γmeas

6 Reconstruct |M|2moments =
∑

i Γ
true
i fi (Ω)

7 Compare |M|2direct vs |M|2moments

Importance: validates the formalism numerically before applying to real data.
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Validation result

2Jmax = 5

2Jmax = 7
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Electron-like response used in toys

Efficiency model used for the shown tests:

ϵ1(Ω) = 0.82(1− 0.10 cos2 θℓ)(1− 0.08 cos2 θp)(1 + 0.04 cos θℓ − 0.03 cos θp)(1 + 0.03 cosχ).

θℓ resolution fudge factor:

θrecoℓ = θtrueℓ [1 +N (0, α)] , α = 0.0431.

E ee
ij = ⟨ϵ1(Ωreco)fi (Ωreco)fj(Ωreco)⟩MC .

Shown tests: 500 toys, 250 events/toy.
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Pulls with real stats- 2Jmax =5

Pulls for 46 Moments
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Pulls with real stats-2Jmax =7

Pulls for 64 Moments
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Summary

Built a moment-based angular analysis framework including multiple interfering Λ∗

resonances.

The angular expansion uses product functions

fi (Ω) = Pm
L (cos θp)Y

m,real
ℓ (θℓ, χ),

with the same angular order m in the hadronic and leptonic parts.

The basis overlap is handled through the MC response matrix

Eij = ⟨ϵ(Ω)fi (Ω)fj(Ω)⟩MC,

Closure tests show that the moment expansion reproduces the direct model angular
projections for

2Jmax = 5 and 2Jmax = 7.

Electron-like toy studies with low statistics, θℓ smearing, and an efficiency-weighted
response matrix give stable pull widths close to one.

Conclusion: The moment framework is numerically stable for the tested rare-decay statistics
and can be extended to higher Λ∗ spin hypotheses.
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Thank You!
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