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(d̄)

(d̄)

• Flavour Changing Neutral Currents (FCNC): 
• Proceed at loop-level  suppressed in the SM
• Low BF’s due to CKM suppression

• Even lower for  transitions given 0.2

• Branching ratios (BR) ~ few  for  transitions,

~  for  ones

• Very sensitive to NP since SM contribution is small!

b → s(d)γ
→

b → dγ |Vtd /Vts | ∼

10−5 b → sγ
10−6 b → dγ
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ℋeff = −

GF

2
VtbV*ts ∑

i

(Ci𝒪i + C′ 
i𝒪′ 

i)

Effective hamiltonian described as operator product 
expansion,  being the Wilson coefficients, that encode the 
short-distance physics, and  the corresponding operators

Ci
𝒪i

Right handed 
part

C(′ )
i = CSM

i + CNP
i

Left handed 
part

Rare decays of b hadron in a nutshell

Radiative SemileptonicLeptonic

27/04/15 M. Borsato - LAL 4

non-hadronic b decays

leptonic

semileptonic

radiative

dipole (e.m. penguin) V-A (EW penguin) scalar, pseudo-scalar

27/04/15 M. Borsato - LAL 4

non-hadronic b decays

leptonic

semileptonic

radiative

dipole (e.m. penguin) V-A (EW penguin) scalar, pseudo-scalar

27/04/15 M. Borsato - LAL 4

non-hadronic b decays

leptonic

semileptonic

radiative

dipole (e.m. penguin) V-A (EW penguin) scalar, pseudo-scalar

‣ Test Left/Right 
handed components 
modifiers  
 

‣ Test lepton families 
dependent modifiers 

C/C′ 

C(′ )
ℓ /C(′ )

ℓ′ 

Goal(s):

63Workshop on HL-LHC and Hadron CollidersRenato Quagliani

Backup
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Radiative B-decays

• Flavour Changing Neutral Currents (FCNC): 
• Proceed at loop-level  suppressed in the SM
• Low BF’s due to CKM suppression

• Even lower for  transitions given 0.2

• Branching ratios (BR) ~ few  for  transitions,
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• Very sensitive to NP since SM contribution is small!
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→
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LHCb experiment
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JINST 3(2008) S08005

2008 JINST 3 S08005

Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.

– 2 –

Track particle identification 

EM energy/ particle 
identification 

Muon 
reconstruction

TrackingVertexing

• Designed for the study of b and c hadrons
• Forward arm spectrometer with unique coverage in 

pseudorapidity (2 <  < 5)
• Excellent vertex resolution

•
• Excellent momentum resolution

•
• Good photon energy resolution 

• Efficient particle identification
•  for 

•  for 

• for 

η

σIP = 20 μm

Δp/p = 0.5% − 1.0 % (5 − 200 GeV/c)

σ(E)/E = 1% + 10 % / E

ϵ(K → K) ∼ 95 % ϵ(π → K) ∼ 5 %
ϵ(e) ∼ 90 % ϵ(h → e) ∼ 5 %
ϵ(μ) ∼ 98 % ϵ(π → μ) ∼ 1 − 3 %

4

https://cds.cern.ch/record/1129809/files/jinst8_08_s08005.pdf


Selected results from radiative decays

Chandiprasad.kar@cern.ch

• Constraints on the photon polarisation in  transitions using  
decays [JHEP 03 (2025) 047]

b → sγ B0
s → ϕe+e−

b → sγ
• Amplitude analysis of the radiative decay  [JHEP 08 (2024) 093]B0

s → K+K−γ

b → dγ • Measurement of  branching fraction [LHCb-PAPER-2025-017 
in preparation]

B0 → ρ0γ

Other recent results not covered today
• Search for  decays [JHEP 07 (2024) 101]


• Amplitude analysis of  decay [JHEP 06 (2024) 098]
B0

s → μ+μ−γ
Λ0

b → pK−γ

Radiative Rare b-Hadron Decays at LHCb 5

Preliminary 

https://link.springer.com/article/10.1007/JHEP07(2024)101


• First observed by Belle and BaBar [PRL 101 (2008) 111801, PRD78 (2008)112001]
• Latest PDG average, combining BaBar and Belle measurements, is  [PDG]

• Recent result combining Belle and Belle II data [PhysRevD.111.L071103]

• Using Run 1+ 2 LHCb data (9 )
• First measurement associated to the  transitions in LHCb

• Measurement of the ratio of the branching fractions between  and 
• Provide an independent and direct constraint on the ratio of the CKM matrix elements 
• Current theoretical uncertainty dominated by the  and  form factors uncertainties [JHEP 04 (2006) 046 ]

(8.6 ± 1.5) × 10−7

 fb−1

b → dγ
B0 → ρ0γ B0 → K*0γ

|Vtd /Vts |
B0 → ρ0 B0 → K*0

 branching fractionB0 → ρ0γ
LHCb-PAPER-2025-017

In preparation
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FIG. 4: Distributions of Mbc, ∆E and M(Kπ) for B+ → ρ+γ candidates reconstructed in the signal-enriched region of the
other two variables. The signal-enriched region is defined as Mbc > 5.27 GeV/c2, |∆E| < 0.1 GeV and M(Kπ) > 0.92 GeV/c2.
The points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed magenta curves are K∗γ background, and
the dotted green curves are BB background other than K∗γ. The discrete nature of the solid red curves is due to the use of
histogram PDFs.
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PhysRevD.111.L071103
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Preliminary 

N= 58 ± 10 N=41 ± 7

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.030001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.L071103
https://iopscience.iop.org/article/10.1088/1126-6708/2006/04/046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.L071103


• Ratio of branching fraction 

• Mass window selections
•  MeV/c2,  MeV/c2

(related efficiencies are accounted for)
• Charm veto  MeV/c2

• Combinatorial background suppressed by a BDT 
which uses kinematic and isolation variables

mππ ∈ [630,920] mKπ ∈ [795.5,995.5]

mπγ→π0 > 2000

Chandiprasad.kar@cern.ch Radiative Rare b-Hadron Decays at LHCb

Efficiencies: simulation 
corrected for MC/data 
differences

Yields: simultaneous unbinned 
maximum-likelihood fit to B 
invariant mass

• PID criteria (charged and neutral) optimized with 
respect to the specific backgrounds

• MC/data differences corrected thanks to kinematic 
weighting and PID calibration samples
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B0 → K→0ω(%)
B0 → K+ε↑ε0 1.6
B0 → K→ϑ 1.6
B̄0

s → K→0ω 0.8
!0
b → pK↑ω 0.5

B0
s → ϖω 0.4

Table 1: Summary of estimated average contamination from di”erent backgrounds to

B0 → ϱ0ω(%)
B0 → K→ω 11
B0 → ϱ0(ε+ε↑)ε0 12
B0

s → ϖ(ε+ε↑ε0)ω 13
B0 → K+ε↑ε0 0.4
B0 → ϱ0ϑ 0.9

Table 2: Summary of estimated average contamination from di”erent backgrounds to

B(B0 → K→0ω) = (4.163± 0.092)↑ 10↑5

B(B0 → ϱ0ω) = (8.2± 1.3)↑ 10↑7

1
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LHCb-PAPER-2025-017
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B0 → ϱ0(ε+ε↑)ε0 12
B0

s → ϖ(ε+ε↑ε0)ω 13
B0 → K+ε↑ε0 0.4
B0 → ϱ0ϑ 0.9

Table 2: Summary of estimated average contamination from di”erent backgrounds to

B(B0 → K→0ω) = (4.163± 0.092)↑ 10↑5

B(B0 → ϱ0ω) = (8.2± 1.3)↑ 10↑7 B(K→0↓K+ω↑)
B(ε0↓ω+ω↑)
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 branching fractionB0 → ρ0γ

1 Introduction1

In the Standard Model of particle physics (SM), the b→ dω and b→ sω flavour-changing2

neutral transitions proceed at leading order through electroweak loop (penguin) diagrams3

involving virtual W bosons and up-type quarks. The virtual contribution of the top quark4

is dominant due to its large mass, implying these processes mostly depend on the Cabibbo-5

Kobayashi-Maskawa (CKM) matrix elements Vtd and Vts, respectively. Extensions of6

the SM predict additional contributions that can significantly a!ect the dynamics of7

flavour-changing neutral transitions [1–3].8

The suppressed b→ dω transition is an important but relatively unexplored probe9

of the SM. The transition was first observed in 2008 through the B0→ ε0ω decay1 by10

both Belle [4] and BaBar [5] experiments. A recent combination, including the Belle II11

measurement [6], gives a branching fraction of B(B0→ ε0ω) = (8.2± 1.3)↑ 10→7 [7].12

The isospin-companion decay, B+→ ε+ω,2 is measured with a similar decay rate,13

B(B+→ ε+ω) = (9.8± 2.5)↑ 10→7 [8]. Evidence for the B0→ ϑω decay was also re-14

ported by the Belle and BaBar experiments, with a combined branching fraction of15

B(B0→ ϑω) = (4.4+1.8
→1.6)↑ 10→7 [8].16

A precise measurement of the branching fractions ratio B(B0→ ε0ω)/B(B0→ K↑0ω)317

could in principle provide an independent and direct constraint on the ratio of the CKM18

matrix elements |Vtd/Vts|, whose precision is limited by the theoretical inputs in the19

interpretation of the oscillation frequencies of the neutral B0 and B0
s mesons. Currently,20

the constraint from the radiative decays su!ers from even larger theoretical uncertainties21

coming from the calculation of the hadronic B0→ ε0 and B0→ K↑0 form factors [9, 10].22

Further advancements in the form-factor calculations will be crucial to derive a competitive23

constraint on the ratio |Vtd/Vts| from the measured branching fractions of the radiative24

decays.25

In this paper, the branching fraction of the B0→ ε0ω decay is measured with respect26

to the normalisation channel, B0→ K↑0ω, using the resonance decays ε0→ ϖ+ϖ→ and27

K↑0→ K+ϖ→, respectively. This is the first measurement related to the b→ dω transition28

performed by LHCb. Both decay modes share a similar final-state topology allowing for29

the cancellation of most of the systematic uncertainties related to the recorded luminosity,30

the decay reconstruction and the selection e”ciencies. The ratio of branching fractions is31

measured as32

B(B0→ ε0ω)

B(B0→ K↑0ω)
=

N(B0→ ε0(ϖ+ϖ→)ω)

N(B0→ K↑0(K+ϖ→)ω)
↑ ϱ(B0→ K↑0(K+ϖ→)ω)

ϱ(B0→ ε0(ϖ+ϖ→)ω)
↑RB, (1)

where N and ϱ respectively stand for the measured yield and the overall selection33

e”ciency of the B0→ ε0(ϖ+ϖ→)ω and B0→ K↑0(K+ϖ→)ω samples. The last term,34

RB = B(K↑0→ K+ϖ→)/B(ε0→ ϖ+ϖ→), represents the ratio of the K↑0→ K+ϖ→ and35

ε0→ ϖ+ϖ→ decay rates.36

The analysis uses the Run 1 (2011–2012) and Run 2 (2015–2018) LHCb data samples37

of proton-proton (pp) collisions at centre-of-mass energies of 7 (2011), 8 (2012), and38

13TeV (Run 2), corresponding to an integrated luminosity of about 9 fb→1. To avoid39

experimenter’s bias, the candidates in the signal region, corresponding to an invariant mass40

1The symbol ω0 is used to refer to the ω0(770) meson throughout the paper.
2The inclusion of charge-conjugate processes is implied throughout.
3The symbol K→0 are used to refer to the K→0(892) meson throughout the paper.
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• Normalization and signal modes shared most of the signal shape parameters
• Misidentified background contributions to the  and  samples are fixed as fractions of the fitted 

 yield
• Shapes of those specific backgrounds are obtained from simulation

B0 → K*0γ B0 → ρ0γ
B0 → K*0γ
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Figure 1: Invariant-mass distribution for the (top) K+ω→ε and (bottom) ω+ω→ε selected candi-
dates in the dihadron mass range mK+ω→ → [795.5, 995.5]MeV/c2 and mω+ω→ → [630, 920]MeV/c2,
respectively, combining Run 1 and Run 2 data samples. The fit components are also shown.
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Figure 1: Invariant-mass distribution for the (top) K+ω→ε and (bottom) ω+ω→ε selected candi-
dates in the dihadron mass range mK+ω→ → [795.5, 995.5]MeV/c2 and mω+ω→ → [630, 920]MeV/c2,
respectively, combining Run 1 and Run 2 data samples. The fit components are also shown.
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NK*0γ = 148160 ± 900 Nρ0γ = 1917 ± 71
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• The ratio of branching fraction is measured as

• Combining with the known  branching fraction from HFLAV, this 
gives

The first uncertainty is statistical, the second systematic
and the last one is due to the uncertainty  branching fraction

• Assuming  decay saturates the dipion spectrum in the 
range used ( MeV/c2)

• Most precise measurement to date

B0 → K*0γ

B0 → K*0γ
ρ0 → π+π− mππ

mππ ∈ [630,920]

Chandiprasad.kar@cern.ch Radiative Rare b-Hadron Decays at LHCb

Table 1: Relative systematic uncertainties on the measured yield ratio for the di!erent sources
described in the text.

Source Uncertainty [%]
Signal mass model (+0.5, →0.6)
Background contributions (+2.0, →2.2)
Background mass models (+1.1, →0.8)
Total systematic uncertainty (+2.3, →2.4)

each individual contribution is varied within its uncertainty. The resulting uncertainty218

on the yield ratio is found to be
(
+2.0
→2.2

)
%, primarily due to the limited knowledge of the219

branching fraction of the B0↑ ω0(ε+ε→)ε0 decay mode. Regarding the description of the220

background mass models, the associated uncertainties are determined by varying the fixed221

parameters in the respective PDFs within their uncertainties, or by using alternative PDF222

models. Summing all the background-model sources in quadrature, an overall uncertainty223

of
(
+1.1
→0.8

)
% on the yield ratio is obtained.224

The invariant-mass fit is also repeated with the lower bound of the fitted mass225

range extended to 4700MeV/c2 both for the signal and normalisation channels. Partially226

reconstructed B decays with two or more missing pions, which populate this lower mass227

region are included as an additional component modelled with an ARGUS function228

convolved with the signal resolution. The missing-mass parameter of the ARGUS function229

is fixed to twice the mass of the neutral ε0 meson. For each of the two samples, the230

ARGUS power parameter and the associated yield are allowed to vary freely. The obtained231

yield ratio is found to be compatible with the nominal fit, and no additional uncertainty232

is assigned.233

5 E!ciency ratio234

The overall e!ciency to reconstruct and select the signal and normalisation decays is235

factorised as236

ϑ = ϑsel ↓ ϑh
±

PID ↓ ϑωPID. (3)

The term ϑsel, obtained from simulations, includes the geometrical acceptance of the237

spectrometer, the e!ciency of the trigger requirements, and the di”erent stages of the238

selection except PID criteria. In particular, the e!ciencies related to the K+ε→ and239

ε+ε→ mass-window selections are accounted for. A relative uncertainty of ±0.8% on240

the e!ciency ratio, ϑ(B0↑ K↑0(K+ε→)ϖ)/ϑ(B0↑ ω0(ε+ε→)ϖ), is assigned owing to the241

limited size of the simulated samples. Alternative weighting corrections are tested for the242

kinematic distributions of the simulated samples, resulting in a systematic uncertainty243

of
(
+1.1
→0.2

)
% on the e!ciency ratio. Di”erences between kaon and pion reconstruction244

e!ciencies lead to an additional ±0.3% uncertainty.245

The e!ciencies related to the identification of the charged hadrons ϑh
±

PID are measured246

using high-purity calibration samples of D↑+↑ D0(K→ε+)ε+ decays, and are evaluated as247

a function of the hadron momentum and pseudorapidity using a dedicated procedure [30].248

The overall uncertainty on the e!ciency ratio, which includes the e”ect of the limited249

7

Table 2: Relative systematic uncertainties on the e!ciency ratio for the di”erent sources described
in the text.

Source Uncertainty [%]
Simulated samples size (+0.8, →0.8)
Kinematics corrections (+1.1, →0.2)
Kaon/pion reconstruction (+0.3, →0.3)
Charged PID (+0.7, →1.3)
Neutral PID (+0.1, →0.1)
Total systematic uncertainty (+1.6, →1.6)

size of the calibration samples, the correlation between the two final-state hadrons and250

limitations of the procedure, is estimated to be
(
+0.7
→1.3

)
%. The photon identification251

e!ciency ωωPID is estimated from a reference data sample using a similar method [32]. The252

associated uncertainties mostly cancel in the e!ciency ratio between the two radiative253

modes resulting in a systematic e”ect estimated as ±0.1%.254

The ratio of e!ciencies, obtained from a year-weighted average, is determined to be255

ω(B0↑ K↑0(K+ε→)ϑ)

ω(B0↑ ϖ0(ε+ε→)ϑ)
= 2.20± 0.02± 0.03,

where the first uncertainty is statistical and the second systematic, resulting from the256

quadratic sum of the individual contributions summarised in Table 2.257

6 Results258

Using the known branching fraction of K↑0 decays into K+ε→ [8], and neglecting259

any suppressed decay of the ϖ0 meson, the ratio of decay rates Rb is taken as260

B(K↑0↑ K+ε→) = (66.507± 0.014)%, which gives a ratio of branching fractions261

B(B0↑ ϖ0ϑ)

B(B0↑ K↑0ϑ)
= 0.0189± 0.0007± 0.0005,

where the first uncertainty is statistical and the second systematic. The uncertainty on262

the K↑0↑ K+ε→ branching fraction is negligible.263

Combining this with the known branching fraction for the B0↑ K↑0ϑ decay [7], the264

branching fraction is determined to be265

B(B0↑ ϖ0ϑ) = (7.9± 0.3± 0.2± 0.2)↓ 10→7,

where the last uncertainty is due to the branching fraction of the normalisation mode.266

The measured branching fraction is in good agreement with the current world average267

and is by far the most precise to date [7].268

The analysis of the B0↑ ϖ0(ε+ε→)ϑ decay presented here uses candidates in the dipion269

invariant-mass range [630, 920]MeV/c2 assuming that the ϖ0↑ ε+ε→ decay saturates270

the dipion spectrum in this range. The small contribution from ϱ↑ ε+ε→ decay and271
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in the text.
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Kinematics corrections (+1.1, →0.2)
Kaon/pion reconstruction (+0.3, →0.3)
Charged PID (+0.7, →1.3)
Neutral PID (+0.1, →0.1)
Total systematic uncertainty (+1.6, →1.6)
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(
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→1.3

)
%. The photon identification251

e!ciency ωωPID is estimated from a reference data sample using a similar method [32]. The252

associated uncertainties mostly cancel in the e!ciency ratio between the two radiative253
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where the first uncertainty is statistical and the second systematic, resulting from the256

quadratic sum of the individual contributions summarised in Table 2.257

6 Results258

Using the known branching fraction of K↑0 decays into K+ε→ [8], and neglecting259

any suppressed decay of the ϖ0 meson, the ratio of decay rates Rb is taken as260

B(K↑0↑ K+ε→) = (66.507± 0.014)%, which gives a ratio of branching fractions261

B(B0↑ ϖ0ϑ)

B(B0↑ K↑0ϑ)
= 0.0189± 0.0007± 0.0005,

where the first uncertainty is statistical and the second systematic. The uncertainty on262

the K↑0↑ K+ε→ branching fraction is negligible.263

Combining this with the known branching fraction for the B0↑ K↑0ϑ decay [7], the264

branching fraction is determined to be265

B(B0↑ ϖ0ϑ) = (7.9± 0.3± 0.2± 0.2)↓ 10→7,

where the last uncertainty is due to the branching fraction of the normalisation mode.266

The measured branching fraction is in good agreement with the current world average267

and is by far the most precise to date [7].268

The analysis of the B0↑ ϖ0(ε+ε→)ϑ decay presented here uses candidates in the dipion269

invariant-mass range [630, 920]MeV/c2 assuming that the ϖ0↑ ε+ε→ decay saturates270

the dipion spectrum in this range. The small contribution from ϱ↑ ε+ε→ decay and271
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Dominated by the 25% relative uncertainty 
on the  branching fractionB0 → ρ0(π+π−)π0
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Table 2: Relative systematic uncertainties on the e!ciency ratio for the di”erent sources described
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the K↑0↑ K+ε→ branching fraction is negligible.263

Combining this with the known branching fraction for the B0↑ K↑0ϑ decay [7], the264

branching fraction is determined to be265

B(B0↑ ϖ0ϑ) = (7.9± 0.3± 0.2± 0.2)↓ 10→7,

where the last uncertainty is due to the branching fraction of the normalisation mode.266

The measured branching fraction is in good agreement with the current world average267

and is by far the most precise to date [7].268
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Rare b ℒ sσσ

Renato Quagliani Latest results and prospects on flavour physics and dark sector at LHCb 21/04/2024

Latest results
• Rare K*0σσ

‣ FCNC ( ) sensitive to NP 

‣ Coherent pattern in  in many modes

− → 10∈6

d−/dq2

‣ Interpretation hard due to QCD and large theory uncertainties

21

Angular analysis of  decaysB0
s → ϕe+e−

• Full Run 1+ 2 LHCb statistics (9 )
• First angular analysis of this decay mode at LHCb
• Cover a very low  range [0.0009, 0.2615] 

• Untagged, time-integrated, CP-averaged angular differential rate

 fb−1

q2 GeV2/c4

JHEP 03 (2025) 047

such that '̃ = ' + ⇡ if ' < 0. This transformation leads to a cancellation of the terms44

containing sin ' and cos ', consequently simplifying the angular expression without any45

loss of sensitivity to the remaining physical observables. Ignoring any K
+
K

� S-wave46

contribution which should be negligible at low-q2 values due to the photon pole dominance,47

and in the limit of massless leptons, the untagged, time-averaged, CP -averaged angular48

decay rate is [21]49

1

d(� + �̄)/dq2

d3(� + �̄)

d cos ✓Ld cos ✓Kd'̃
=

9

32⇡

⇢
3

4
(1 � FL) sin2

✓K + FL cos2 ✓K

+


1

4
(1 � FL) sin2

✓K � FL cos2 ✓K

�
cos 2✓L

+
1

2
(1 � FL) A

(2)
T sin2

✓K sin2
✓L cos 2'̃

+ (1 � FL) A
ReCP
T sin2

✓K cos ✓L

+
1

2
(1 � FL) A

ImCP
T sin2

✓K sin2
✓L sin 2'̃

�
.

(1)

The four angular observables FL, A
(2),
T A

ImCP
T and A

ReCP
T are combinations of the50

amplitudes A
L,R
0,?,k where the indices 0, ?, k refer to the di↵erent polarisation states of the51

� meson in the decay, and L and R to the left- and right-hand chirality of the dielectron52

system. The observable FL is the longitudinal polarisation fraction of the � meson. The53

observable A
ReCP
T is related to the lepton forward-backward asymmetry. The parameters54

A
(2)
T and A

ImCP
T are pivotal for this analysis as they are related to the photon polarisation55

and thus to the Wilson coe�cients C
(0)
7 in the very low q

2 region. Indeed, following Ref. [21]56

and in the absence of decay-time acceptance, in the q
2 ! 0 limit, these observables can57

be expressed as58

lim
q2!0

A
(2)
T (q2) =

2


Re[C7]Re[C

0
7] + Im[C7]Im[C

0
7] + y

2 [(Re[C7])2 � (Im[C7])2]

�

(Re[C7])2 + (Im[C7])2
, (2)

59

lim
q2!0

A
ImCP
T (q2) =

2


Re[C7]Im[C

0
7] � Im[C7]Re[C

0
7] � yRe[C7]Im[C7]

�

(Re[C7])2 + (Im[C7])2
, (3)

with y = ��s
2�s

, where ��s is the di↵erence in decay widths between the heavy and light60

B
0
s mass eigenstates and �s the inverse of the average lifetime time of the B

0
s meson.61

The FL and A
ReCP
T parameters vanish at low values of q

2 as expected from real photon62

interactions.63

In the SM, where C7 is purely real, the measurement of A
ImCP
T is identical to that64

obtained in the similar measurement using B
0! K

⇤0
e
+
e
� decays [17], while in the case65

of A
(2)
T the information is slightly di↵erent due to the significant variation in decay widths66

between the light and the heavy mass eigenstates in the B
0
s system. In the future, with67

larger data samples, the comparison of the A
(2)
T measurements obtained from B

0
s ! �e

+
e
�

68

and B
0! K

⇤0
e
+
e
� decays could provide additional constraints on C7.69

2

Analysis strategy

Zhenzi Wang 11 June, 20244

• Signal mode:  
• Use  calculated with  PV and mass constraint ( ) and  mass with PV constraint 
• Analyse two large bins of : 1.1-6.0  and 1.1-7.0   
• Signal mass window:  
• Control mode of  selected with 

 and  
• Use same angular definitions as the  analysis [PRL 125 (2020) 011802] 
• Extract observables using ML fit — model misidentified hadronic backgrounds* 
• Measure both S-basis and P-basis observables, also LFU testing  **

B0 → K*0(892)( → K+π−)e+e−

q2 B0 q2
c B0

q2
c GeV2/c4 GeV2/c4

m(K+π−e+e−)PV ∈ [4900, 5700] MeV/c2

B0 → K*0(892)( → K+π−)J/ψ( → e+e−)
q2

c ∈ [7.0, 11.0] GeV2/c4 m(K+π−e+e−)PV ∈ [4500, 6200] MeV/c2

B0 → K*0μ+μ−

Qi = P(μ)
i − P(e)

i

= 9
32π [ 3

4 (1−FL) sin2θK+FL cos2θK−FL cos2θK cos2θℓ

+S3 sin2θK sin2θℓ cos2ϕ+S4 sin2θK sin2θℓ cosϕ

+S5 sin2θK sinθℓ cosϕ+ 4
3 AFB sin2θK cosθℓ

+S7 sin2θK sinθℓ sinϕ+S8 sin2θK sin2θℓ sinϕ
+S9 sin2θK sin2θℓ sin2ϕ]

1
d(Γ + Γ̄)/dq2

d4(Γ + Γ̄)
dq2 ⃗Ω

Also P-basis observables, e.g.

P′ 5 = S5

FL(1−FL)
[JHEP, 05 (2013) 137]

ℓ+

ℓ−

θℓ
B0

θKK*0
K+

π−

ϕ

*  [LHCb-PAPER-2022-045] 
**[arxiv:2205.15212]

K−
ϕ

φ
s

 : Longitudinal polarisation of  meson
: related to the forward-backward asymmetry

 and  are sensitive to photon polarisation

 ,

, 

  due to  and 

FL ϕ
AReCP

T
A(2)

T AImCP
T

A(2)
T (q2 → 0) =

2Re(C7C′ *
7 )

|C7 |2 + C′ 
7 |2 + Δ2

1

AImCP
T (q2 → 0) =

2Im(C7C′ *
7 )

|C7 |2 + C′ 
7 |2 + Δ2

2

Δi Δms ΔΓs
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Angular analysis of  decaysB0
s → ϕe+e−

• Backgrounds are dominated by the combinatorial background, suppressed by BDT
• The radiative  decay with converted photon ( < 10 MeV/c2) is used as control channel:B0

s → ϕ(KK)γ mee

Fit in the � bin

⇠ 580 ± 18 signal events
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F�
L = -0.016 ± 0.020

Fitted FL found to be compatible with 0 as expected (real �)

Gaelle KHREICH Approval 19 / 40

N = 580 ± 18

B0
s → ϕ(KK)γ

Table 1: Summary of the systematic uncertainties. For comparison, the statistical uncertainties
are shown in the last row of the table. The dash indicates that the parameter is not a!ected by
the corresponding systematic.

Source of systematic A
(2)
T A

ImCP
T A

ReCP
T FL

!”s/”s 0.008 <0.001 <0.001 <0.001
Corrections to simulation 0.002 <0.001 <0.001 0.010
Acceptance function modelling <0.001 <0.001 0.001 0.002
Simulation sample size for acceptance 0.006 0.008 0.005 0.002
Background contamination 0.009 0.014 0.004 0.006
Angles resolution →0.005 <0.001 — —
Total systematic uncertainty 0.014 0.016 0.006 0.012
Statistical uncertainty 0.235 0.247 0.155 0.056

5 Systematic uncertainties

A summary of the systematic uncertainties is shown in Table 1. They are estimated using
pseudoexperiments generated according to the baseline result. The pseudoexperiments
are fitted with both the default and alternative models, and the resulting di#erence in
angular observables is assigned as the systematic uncertainty.

All simulated samples used in the analysis are generated with the !”s parameter
set to zero. A systematic uncertainty is computed by altering the angular, q2, and B

0
s

lifetime distributions of simulated samples to reflect the current world average value
!”s
”s

= 0.126 [33], primarily a#ecting the value of A(2).
T

The systematic uncertainties associated with the corrections applied to simulated
candidates used to model the angular acceptance are evaluated by fitting uncorrected
simulated candidates. An alternative model using Legendre polynomials with odd coe$-
cients is used to estimate the systematic uncertainties associated with the shape of the
acceptance function. To compute the uncertainty linked to the size of the sample used
to extract the acceptance shape, the acceptance parameters in pseudoexperiments are
randomly generated within one standard deviation. Peaking background contributions
are evaluated by varying the contamination of each background component within its

5000 5500 6000
]2c) [MeV/−e+e−K+K(m

0
20
40
60
80

100
120
140
160
180
200)2 c

Ca
nd

id
at

es
 / 

(4
2.

5 
M

eV
/ Data

)−e+e →(γφ →0
sB

Combinatorial

)γγ →(0πφ →0
sB

)γγ → (ηφ →0
sB

LHCb
-19 fb

1− 0.5− 0 0.5 1
Kθcos

0
10
20
30
40
50
60
70
80
90

C
an

di
da

te
s /

 (0
.1

)

LHCb
-19 fb

Figure 2: Distributions of the (left) K+K→e+e→ invariant mass and (right) cos ωK of the
B0

s ↑ εϑ control sample, with the fit projection also shown.

8

• : agrees well with a purely transverse polarisation of the  meson, indicative of a real 
photon interaction
FL[ϕγ→e+e−] = − 0.01 ± 0.02 (stat) ϕ
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Angular analysis of  decaysB0
s → ϕe+e−

• 4D unbinned maximum likelihood fit to mass and angular variables

The results are consistent with the SM predictions [42–44]. Using the flavio software310

package [43], they can be used to measure both the real and imaginary parts of the311

B
0
s ! �� photon polarisation with a precision of 12%. The C

(0)
7 regularisation-scheme312

independent e↵ective coe�cients are calculated at the scale µ = 4.8 GeV [45] and the value313

of the left-handed C7 coe�cient is fixed to its SM value, �0.2915. The overall constraints,314

shown in Fig. 4, are compared to the constraints from previous measurements from the315

BaBar, Belle, Belle II and LHCb collaborations [7–17].316
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Figure 3: Distributions of the (top left) K+K�e+e� invariant mass, (top right) cos ✓L, (bottom
left) cos ✓K and (bottom right) '̃ of B0

s ! �e+e� candidates in the very low q2 range with fit
projections overlaid.
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6 Results293

The projections of the final fit on m(K+
K

�
e
+
e
�) and the three angles are displayed294

in Fig. 3. The total signal yield observed within the e↵ective q
2 range from 0.0009295

to 0.2615GeV2
/c

4, is about 100 events. Together with the results from Ref. [41], this296

constitutes the first observation of the B
0
s ! �e

+
e
� decay mode.297

The obtained values for the four angular observables are298

FL = (0.4 ± 5.6 ± 1.2)% ,

A
(2)

T = �0.045 ± 0.235 ± 0.014 ,

A
ImCP
T = 0.002 ± 0.247 ± 0.016 ,

A
ReCP
T = 0.116 ± 0.155 ± 0.006 ,

where the first uncertainty is statistical and the second systematic. For the FL parameter,299

due to the vicinity of the physical region, the Feldman-Cousins method is applied to300

determine an upper limit : FL < 11.5% (13.7%) at 90% (95%) Confidence Level (CL). A301

shift of �0.025 has been applied to the A
(2)
T parameter to correct for the remaining bias302

observed while fitting the simulation corrected for the ��s being non zero. This bias is303

due to the nonuniform e�ciency in the B
0
s decay time.304

7 Summary305

An angular analysis of the B
0
s ! �e

+
e
� decay is performed for the first time, using pp306

collision data collected by the LHCb experiment between 2011 and 2018, corresponding307

to an integrated luminosity of 9 fb�1. Angular observables are measured in an e↵ective308

q
2 region between 0.0009 and 0.2615 GeV2

/c
4. The results are309

A
(2)

T = �0.045 ± 0.235 ± 0.014 ,

A
ImCP
T = 0.002 ± 0.247 ± 0.016 ,

A
ReCP
T = 0.116 ± 0.155 ± 0.006 ,

FL < 11.5% at 90% CL .

Table 1: Summary of the systematic uncertainties. For comparison, the statistical uncertainties
are shown in the last row of the table.

Source of systematic A
(2)
T A

ImCP
T A

ReCP
T FL

��s/�s 0.008 < 0.001 < 0.001 < 0.001
Corrections to simulation 0.002 <0.001 <0.001 0.010
Acceptance function modelling <0.001 <0.001 0.001 0.002
Simulation sample size for acceptance 0.006 0.008 0.005 0.002
Background contamination 0.009 0.014 0.004 0.006
Angles resolution -0.005 < 0.001 - -
Total systematic uncertainty 0.014 0.016 0.006 0.012
Statistical uncertainty 0.235 0.247 0.155 +0.056
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• The results are compatible with the SM predictions.

The Analysis - 4 Angular Parameters

1
d(�+�̄)

dq2

d3(�+ �̄)

d cos ✓ld cos ✓kde�1

=
9

32⇡

⇢
3

4
(1� FL) sin

2 ✓k + FL cos2 ✓k

+


1

4
(1� FL) sin

2 ✓k � FL cos2 ✓k

�
cos 2✓l

+
1

2
(1� FL)A

(2)
T sin2 ✓k sin2 ✓l cos 2e�

+ (1� FL)A
ReCP
T sin2 ✓k cos ✓l

+
1

2
(1� FL)A

ImCP
T sin2 ✓k sin2 ✓l sin 2e�

�

simplified by folding the angle � without

any loss to the sensitivity of the photon

polarization
(Angles definition in Backup)

? FL is the longitudinal polarization
? AReCP

T related to the forward-
backward asymmetry

? A(2)

T , AImCP
T are sensitive to the pho-

ton polarization

A
(2)
T (q2 ! 0) =

2Re(C7C
0⇤
7

)

|C7|2+|C0
7
|2 +�1

2

AImCP
T (q2 ! 0) =

2Im(C7C
0⇤
7

)

|C7|2+|C0
7
|2 +�2

2

SM predictions

FL 0.068

A
(2)
T 0.094

AImCP
T 0.000

AReCP
T 0.000

1�̃ = � if � > 0, and �̃ = �+ ⇡ if � < 0
2�i come from Bs � B̄s mixing and ��s https://arxiv.org/pdf/2210.11995.pdf

Gaelle KHREICH Approval 5 / 40

Ns ∼ 100

Dominant statistical 
uncertainties
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Figure 5: Current constraints at the 2ω level (containing 95.4% of the distribution) on the real
and imaginary part of the ratio of the right- to left-handed Wilson coe!cients C

→
7 and C7. The

constraints from various measurements are shown in light colours and are, for most of them, the
combination of several results. The constraints from angular analyses of B0 → K→0e+e↑ decays
from the LHCb and the Belle experiments are performed in di”erent q2 regions and are shown
separately. The constraints from the measurement presented in this paper are shown in red and
the result of the global fit in cyan. The SM prediction is represented by the black star.

the scale µ = 4.8GeV [45] and the value of the left-handed C7 coe!cient is fixed to its
SM value, ↑0.2915. The overall constraints, shown in Fig. 5, are compared to those from
previous measurements from the BaBar, Belle, Belle II and LHCb collaborations [7–17].

11

10 < M(ee) <500 MeV

M(ee) < 1058 MeV, [arXiV: 
2404.00201]

Including the Belle II result, [arXiV: 
2407.09139]
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Amplitude analysis of  decaysB0
s → K+K−γ

• First observation by Belle (PRD 91 011101)
• First precise measurement of BR by LHCb based on ~700 events in the  region collected in 2011 @ 7 TeV 

[Nuc. Phy. Sec. B 867 (2013), pp. 1-18]

• First amplitude analysis of this decay performed in LHCb using the full Run 1+ 2 LHCb statistics (9 )

• Combinatorial and partial reco. background are subtracted using sPlot method (  MeV/c2)
• Clear structure around 1500 MeV/c2, aside from  
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Figure 1: Invariant-mass distribution for K+K→ω candidates for (top) Run 1 and (bottom)
Run2, with the fit projection overlaid.

samples are shown in Fig. 1. The yield of the B0
s
→ K+K→ω signal candidates is found

to be Ns = (5.66 0.14)↑ 103 and (44.5 0.5)↑ 103 in Run 1 and Run 2, respectively,
including peaking background components that are expected to contribute about 10%.

Following the sP lot technique [36], a signal weight (sWeight) is assigned to each can-
didate to statistically subtract the combinatorial and partially reconstructed background
components in the subsequent amplitude analysis. The left-hand plot in Fig. 2 displays the
dikaon mass distribution for the selected K+K→ω candidates. The sWeighted projection
of the signal component that contributes up to mKK ↓ 2400 MeV/c2 is superimposed.
The right-hand plot in Fig. 2 displays the signal sWeighted projection on the amplitude
observables plane (mKK , cos εKK), where εKK is the helicity angle defined as the angle
between the positively charged kaon direction and the B0

s
meson momentum in the dikaon

rest frame. Aside from the dominant vector contribution in the ϑ(1020) region, one
can clearly see a tensor contribution around 1500MeV/c2, identifiable as a significant
contribution from the f ↑

2(1525) resonance.
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Figure 1: Invariant-mass distribution for K+K→ω candidates for (top) Run 1 and (bottom)
Run2, with the fit projection overlaid.

samples are shown in Fig. 1. The yield of the B0
s
→ K+K→ω signal candidates is found

to be Ns = (5.66 0.14)↑ 103 and (44.5 0.5)↑ 103 in Run 1 and Run 2, respectively,
including peaking background components that are expected to contribute about 10%.

Following the sP lot technique [36], a signal weight (sWeight) is assigned to each can-
didate to statistically subtract the combinatorial and partially reconstructed background
components in the subsequent amplitude analysis. The left-hand plot in Fig. 2 displays the
dikaon mass distribution for the selected K+K→ω candidates. The sWeighted projection
of the signal component that contributes up to mKK ↓ 2400 MeV/c2 is superimposed.
The right-hand plot in Fig. 2 displays the signal sWeighted projection on the amplitude
observables plane (mKK , cos εKK), where εKK is the helicity angle defined as the angle
between the positively charged kaon direction and the B0

s
meson momentum in the dikaon

rest frame. Aside from the dominant vector contribution in the ϑ(1020) region, one
can clearly see a tensor contribution around 1500MeV/c2, identifiable as a significant
contribution from the f ↑

2(1525) resonance.

5

Ns = (5.66 ± 0.14) × 103 Ns = (44.5 ± 0.5) × 103
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Figure 2: (Left) dikaon invariant mass for the selected K+K→ω candidates and the sWeighted
signal distribution. The narrow peak around 1860 MeV/c2 and its small reflection 100 MeV/c2

above correspond to D0 → K+K→ and to misidentified D0 → K→ε+ decays, which are strongly
suppressed in the sWeighted distribution. (Right) sWeighted projection of the B0

s → K+K→ω
signal on the (mKK , cos ϑKK) plane. The hatched areas indicate the acceptance regions sup-
pressed by the anti-charm veto (see Sect. 4.2 for details).

4 Amplitude analysis

4.1 Amplitude model

The kinematics of the three-body transition B0
s
→ (K+K→)rω, where R is an intermediate

dikaon state, can be completely described by the invariant dikaon mass, mKK , and
the helicity observable, cos εKK , related to the traditional Dalitz [37] mass coordinates
sij = m2

ij
as

cos εKK =
(sK+ω ↑ sK→ω)mKK

4MB0
s
qrqB0

s

c2, (3)

where qr and qB0
s
represent the kaon momentum in the dikaon rest frame and the dikaon

momentum in the B0
s
rest frame, respectively. The Lorentz-invariant three-body decay

rate in the (mKK , cos εKK) coordinates system is given by

d! = J3(mKK)|M(mKK , cos εKK)|2dmKKdcos εKK , (4)

where J3(mKK) represents the three-body phase-space Jacobian3

J3(mKK) ↓
qrqB0

s

M2
B0

s

c→2, (5)

and the matrix element M(mKK , cos εKK) represents the transition amplitude. The
transition probability is obtained by summing incoherently over the unobserved photon
helicity states

|M|2 =
∑

ε=±1

|Mε|2 = 2|M|ε|=1|2, (6)

where the last identity results from the fact that Mε=+1 exhibits the same εKK helicity
dependency as Mε=→1.

3Irrelevant constant factors are omitted here.

6

D0 → K+K−

D0 → K+π−

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.011101
https://www.sciencedirect.com/science/article/pii/S055032131200524X?via=ihub
https://link.springer.com/article/10.1007/JHEP08(2024)093


Amplitude analysis of  decaysB0
s → K+K−γ
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Figure 2: (Left) dikaon invariant mass for the selected K+K→ω candidates and the sWeighted
signal distribution. The narrow peak around 1860 MeV/c2 and its small reflection 100 MeV/c2

above correspond to D0 → K+K→ and to misidentified D0 → K→ε+ decays, which are strongly
suppressed in the sWeighted distribution. (Right) sWeighted projection of the B0

s → K+K→ω
signal on the (mKK , cos ϑKK) plane. The hatched areas indicate the acceptance regions sup-
pressed by the anti-charm veto (see Sect. 4.2 for details).

4 Amplitude analysis

4.1 Amplitude model

The kinematics of the three-body transition B0
s
→ (K+K→)rω, where R is an intermediate

dikaon state, can be completely described by the invariant dikaon mass, mKK , and
the helicity observable, cos εKK , related to the traditional Dalitz [37] mass coordinates
sij = m2

ij
as

cos εKK =
(sK+ω ↑ sK→ω)mKK

4MB0
s
qrqB0

s

c2, (3)

where qr and qB0
s
represent the kaon momentum in the dikaon rest frame and the dikaon

momentum in the B0
s
rest frame, respectively. The Lorentz-invariant three-body decay

rate in the (mKK , cos εKK) coordinates system is given by

d! = J3(mKK)|M(mKK , cos εKK)|2dmKKdcos εKK , (4)

where J3(mKK) represents the three-body phase-space Jacobian3

J3(mKK) ↓
qrqB0

s

M2
B0

s

c→2, (5)

and the matrix element M(mKK , cos εKK) represents the transition amplitude. The
transition probability is obtained by summing incoherently over the unobserved photon
helicity states

|M|2 =
∑

ε=±1

|Mε|2 = 2|M|ε|=1|2, (6)

where the last identity results from the fact that Mε=+1 exhibits the same εKK helicity
dependency as Mε=→1.

3Irrelevant constant factors are omitted here.
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• Phase space fully described by ( ): 
• Shaded region is the effect of charm veto (  MeV/c2)
• Detector asymmetries cancelled out by folding over 

• Fit the amplitudes using isobar amplitude model approach

• Possible contributions from vector, tensor and higher spin states: 7 
contributions included in the amplitude model

• MisID backgrounds are included in the fit

mKK, |cosθKK |
mKγ→π0 > 2000

θKK
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Amplitude analysis !!" → %#%$$ – Introduction 
• Amplitude analysis of the '$; → )<)=* decay to study the 

hadronic structure
• First observation of the radiative '$; decay to the orbitally excited 

mesons
• Phase space fully described by (,>>, cos 1>>)
• Radiative scalar beauty meson decay → free of the S-wave 

amplitude
• Interferences of odd- and even-spin resonances cancel out 
• Detector asymmetries cancelled out by folding over 1>>

cos 1>> → cos 1>>

Aniol Lobo Radiative b-hadron decays at LHCb 7

arXiv 2406.00235, submited to JHEP

Amplitude analysis !!" → %#%$$ – Fit 
• MisID backgrounds  included in the fit 4 ,>>, 1>> = 6@4@ + ∑?>A6?>A4?>A
• Amplitude model

?! 855, A55
7'8(9: ;<=

= C 855, A55
7.:.>/'0( 9>>.?/9(>.

· ∑@ >@ · ℱ@ℱ&ℬG@ 855; (@, Γ@ · JA"
B% A55

#
)!039C 55204.:

• 20 free parameters
• Yields
• Isobar factors + phases
• Mass and width of

 K 1020 , L#D(1525 )
• Radius parameter of

 K 1020

Aniol Lobo Radiative b-hadron decays at LHCb 9

arXiv 2406.00235, submited to JHEP

Amplitude analysis !!" → %#%$$ – Fit 
• MisID backgrounds  included in the fit 4 ,>>, 1>> = 6@4@ + ∑?>A6?>A4?>A
• Amplitude model
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• Fit fractions and overall tensor contributions are extracted 
from the best fit 

• Full results in backup, one has concerning tensors
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Figure 5: One-dimensional projection of the nominal fit on (top) mKK and (bottom) | cos ωKK |
observables. Nonuniform binning is applied on both projections, with the bin width varying
from 0.5MeV/c2 (in the ε(1020) region) to 20MeV/c2 for mKK , and from 0.025 to 0.075 for
| cos ωKK |.

and on the derived fit fractions. The statistical coverage of the method is validated using
a large sample of pseudoexperiments. For that purpose, a three-dimensional binned PDF
representation of the data sample observables (mKKω , mKK , | cos ωKK |) is prepared using
an adaptative binning adjusted to the data density. Pseudodata samples are randomly
generated from that PDF with a random yield consistent with the size of the selected data
sample. Each step of the analysis, including evaluating the sWeights, is applied to the
generated pseudoexperiments. As an illustration, the pseudodata dispersion of the f →

2(1525)
relative fit fraction, Ff

→
2(1525)

/Fε(1020), compared with the statistical uncertainty derived
from the fit using the asymptotically correct estimation of the parameters’ covariance,
is displayed in Fig. 6. The statistical interval corresponding to 68.3% of the pseudodata
population on both sides of the distribution maximum is found to be almost symmetrical
and in good agreement with the asymptotic error interval obtained from the fit to data.
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and on the derived fit fractions. The statistical coverage of the method is validated using
a large sample of pseudoexperiments. For that purpose, a three-dimensional binned PDF
representation of the data sample observables (mKKω , mKK , | cos ωKK |) is prepared using
an adaptative binning adjusted to the data density. Pseudodata samples are randomly
generated from that PDF with a random yield consistent with the size of the selected data
sample. Each step of the analysis, including evaluating the sWeights, is applied to the
generated pseudoexperiments. As an illustration, the pseudodata dispersion of the f →

2(1525)
relative fit fraction, Ff

→
2(1525)

/Fε(1020), compared with the statistical uncertainty derived
from the fit using the asymptotically correct estimation of the parameters’ covariance,
is displayed in Fig. 6. The statistical interval corresponding to 68.3% of the pseudodata
population on both sides of the distribution maximum is found to be almost symmetrical
and in good agreement with the asymptotic error interval obtained from the fit to data.
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recurrences of the ω–ε–ϑ vector ground state. Except for the well measured f2(1270)
isoscalar, the nominal amplitude model only includes ss̄-dominant states. The largest
significance, albeit limited, when adding the partially decoupled isovector partner to the
isobar model, is observed for the wide and possibly mixed vector states ω(1450) and
ω(1700) that both increase the fit quality by !lnL → ↑5. Including those states essentially
has the same impact on the fit as the enlargement of the ϑ(1680) width discussed above. A
limited fit improvement, !lnL → ↑3 units, is observed as well with the a2(1320) isovector
partner of the orbitally excited f2(1270) and f →

2(1525) states. Including this resonance only
a”ects the f2(1270) fit fractions due to its approximate mass and width degeneracy with
its isoscalar partner. The measured f2(1270) fit fraction must be considered as possibly
receiving contributions from both the quasi-degenerate isoscalar partners. No impact is
observed with the a2(1700), possible partner of the f2(1640) and f2(1950) isoscalars, nor
with the ω3(1690) associated to the ϑ3(1850) ss̄ state. As no clear evidence of contribution
is observed for any of the tested additional states, no additional systematic source is
included in the error budget.

7 Results and conclusions

An isobar amplitude analysis of the radiative B0
s
↓ K+K↑ϖ decay mode is performed in

the mass range mKK ↔ [2mK , 2400] MeV/c2. The ϑ(1020) vector meson, accounting for
almost 70% of the amplitude, dominates the dikaon structure. Considering the resonant
contributions of f2(1270), f →

2(1525) and f2(2010) states, the overall tensor contribution to
the amplitude is measured as

F{f2} = 16.8 0.5 (stat) 0.7 (syst)%,

mostly dominated by the f →
2(1525) state. Several almost statistically equivalent solutions

are obtained for the detailed resonant structure depending on whether the low contributing
resonances interfere destructively or constructively with the dominant amplitudes. The
statistically preferred solution corresponds to the lowest values of all the individual fit
fractions along with constructive interferences that contribute for 3.5% and 8.1% in the
even-spin and odd-spin subsystems, respectively. The corresponding fit fractions are given
in Table 3, together with the measured relative phases. The first quoted uncertainties are
statistical and correspond to the 68.3% intervals derived from pseudoexperiments and
the second uncertainties are the associated systematic uncertainties. The sum of partial
fit fractions is less than unity due to the integrated interference. Larger individual fit
fractions, up to 20% for the f →

2(1525) state, associated with large destructive interference,
cannot be excluded.

The branching fraction B(B0
s
↓ f →

2(1525)ϖ) relative to B(B0
s
↓ ϑ(1020)ϖ) can be

derived from the fit fractions ratio as

B(B0
s
↓ f →

2(1525)ϖ)

B(B0
s
↓ ϑ(1020)ϖ)

=
B(ϑ(1020) ↓ K+K↑)

B(f →
2(1525) ↓ K+K↑)

·
Ff

→
2(1525)

Fω(1020)
. (38)

Using the world average measurements reported in Table 1 for the branching fraction of
ϑ(1020) and f →

2(1525) into K+K↑, the ratio

B(B0
s
↓ f →

2(1525)ϖ)

B(B0
s
↓ ϑ(1020)ϖ)

= 0.194+0.009
↑0.008 (stat.)+0.014

↑0.005 (syst.) 0.005 (B)
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Table 3: Absolute and relative fit fractions (in the mass range mKK → [2mK , 2400] MeV/c2) and
the associated isobar phase for the best-fit solution. The first quoted uncertainties are statistical
and correspond to the 68.3% intervals derived from pseudoexperiments, while the second are
systematic.

State Fit fraction [%] Relative fit fraction [%] Phase [deg.]

ω(1020) 70.3 +0.9
→1.0

+1.0
→1.2 100 0 (fixed)

f2(1270) 0.8 0.3 +0.2
→0.3 1.2 +0.4

→0.3
+0.3
→0.5 ↑55 +13

→17
+25
→17

f ↑
2(1525) 12.1 +0.6

→0.5
+0.9
→0.4 17.3 +0.8

→0.7
+1.3
→0.5 0 (fixed)

ω(1680) 3.8 +0.6
→0.5 0.7 5.4 +0.9

→0.6
+1.0
→1.1 137 +5

→6 8

ω3(1850) 0.3 +0.2
→0.1

+0.2
→0.1 0.4 +0.3

→0.2
+0.3
→0.2 ↑61 +16

→13
+13
→12

f2(2010) 0.4 0.2 +0.2
→0.1 0.6 +0.3

→0.2
+0.3
→0.2 43 +30

→24
+52
→59

(kk)nr 0.5 +0.4
→0.2

+0.3
→0.2 0.6 +0.5

→0.3
+0.5
→0.3 165 +6

→16 9

is obtained for the statistically preferred fit solution that corresponds to the smallest
value. The last uncertainty is associated with the ratio of measured branching fractions
to the K+K→ final state. This result establishes the first observation of the radiative B0

s

decay to an orbitally excited meson, B0
s
↓ f ↑

2(1525)ω, and the second radiative transition
observed in the B0

s
sector [2].

A relative branching ratio can similarly be derived for the f2(1270) tensor partner,

B(B0
s
↓ f2(1270)ω)

B(B0
s
↓ ε(1020)ω)

= 0.25+0.09
→0.07 (stat.)+0.06

→0.10 (syst.) 0.03 (B),

which possibly includes the contribution from its quasi-degenerate isovector partner,
a2(1320). The relative branching fraction of the ε(1680) ↓ K+K→ contribution is
measured as

B(B0
s
↓ ε(1680)ω)

B(B0
s
↓ ε(1020)ω)

↔ B(ε(1680) ↓ K+K→) = 0.026+0.004
→0.003 (stat.) 0.005 (syst.).

The mass and width of the f ↑
2(1525) meson are measured, identically for all the almost

degenerate solutions, as

µf
→
2(1525)

= 1521.8 1.7 (stat.) +1.4
→1.9 (syst.) MeV/c2,

!f
→
2(1525)

= 79.3 3.5 (stat.) +3.3
→1.5 (syst.) MeV/c2,

in good agreement with the current world average [11] and with the previous LHCb
measurement [49]. The precise measurement of the ε(1020) parameters gives

µω(1020) = 1019.50 0.02 (stat.) 0.02 (syst.) MeV/c2,

!ω(1020) = 4.36 0.05 (stat.) +0.03
→0.10 (syst.)MeV/c2,

consistent with their current world average within 1.5 standard deviations. The corre-
sponding Blatt–Weisskopf radius parameter is measured to be

rω = 1.0 0.2 (stat.) 0.1 (syst.) (GeV/c)→1.
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• First observation of the 
• Mass and width of  are in agreement with 

world averages

B0
s → f ′ 

2(1525)γ
ϕ(1020) and f ′ 

2(1525)
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Amplitude analysis of  decaysB0
s → K+K−γ JHEP 08 (2024) 093
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Outlook and conclusions

• Radiative decay offers a unique environment to look for BSM physics
• LHCb pushing limits towards unprecedented levels

• Today’s presentation covers 
• Branching fraction measurement of  (New)
• Constraint on photon polarisation in  using 
• Amplitude analysis of 

• More results from Run 1 and 2 data are expected soon

• Run 3  data taking is currently ongoing
• > 9  data collected in 2024 and already > 2.2  in 2025
• Upgraded detector and trigger system (fully software base) enhance 

signal efficiency
• Open the door to new searches 

(rarer modes, use of converted photons, time dependent analyses)

B0 → ρ0γ
b → sγ B0

s → ϕe+e−

B0
s → K+K−γ

fb−1 fb−1
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Table 3: Absolute and relative fit fractions (in the mass range mKK → [2mK , 2400] MeV/c2) and
the associated isobar phase for the best-fit solution. The first quoted uncertainties are statistical
and correspond to the 68.3% intervals derived from pseudoexperiments, while the second are
systematic.

State Fit fraction [%] Relative fit fraction [%] Phase [deg.]
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is obtained for the statistically preferred fit solution that corresponds to the smallest
value. The last uncertainty is associated with the ratio of measured branching fractions
to the K+K→ final state. This result establishes the first observation of the radiative B0

s

decay to an orbitally excited meson, B0
s
↓ f ↑

2(1525)ω, and the second radiative transition
observed in the B0

s
sector [2].

A relative branching ratio can similarly be derived for the f2(1270) tensor partner,

B(B0
s
↓ f2(1270)ω)

B(B0
s
↓ ε(1020)ω)
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→0.07 (stat.)+0.06
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The mass and width of the f ↑
2(1525) meson are measured, identically for all the almost

degenerate solutions, as
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→
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= 1521.8 1.7 (stat.) +1.4
→1.9 (syst.) MeV/c2,

!f
→
2(1525)

= 79.3 3.5 (stat.) +3.3
→1.5 (syst.) MeV/c2,

in good agreement with the current world average [11] and with the previous LHCb
measurement [49]. The precise measurement of the ε(1020) parameters gives

µω(1020) = 1019.50 0.02 (stat.) 0.02 (syst.) MeV/c2,

!ω(1020) = 4.36 0.05 (stat.) +0.03
→0.10 (syst.)MeV/c2,

consistent with their current world average within 1.5 standard deviations. The corre-
sponding Blatt–Weisskopf radius parameter is measured to be

rω = 1.0 0.2 (stat.) 0.1 (syst.) (GeV/c)→1.
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Amplitude analysis of  decaysB0
s → K+K−γ

• Full result from amplitude analysis


