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!
!

-hadrons decays:

Light enough to be produced abundantly,                                           
but heavy enough to have many decays

Predictions for SM observables are well-known


One of the main missions of -factories is to perform                                

searches for new physics (NP) in rare  decays,,w


Rare  decay: branching fraction 

   only less then  5 in 100000 -hadron decays in this way                                  
cannot be fully reconstructed  have missing energy 


B

B
B

B ℬ(B → decay products) < 5 × 10−5

→ B
→
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Rare  decays:

GIM suppressed flavour changing neutral currents (FCNC)      

   

forbidden at tree level, allowed at loop level

electroweak decays, radiative electroweak decays


  suppressed lepton flavour violating decays

Helicity suppressed purely leptonic decays


B

→ b → s/d(γ)

m2
ν /M2

W
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Accelerators

6

LHC

 collisions at 7,8,13 TeV


-quarks produced by gluon fusion


All -hadron species ( -baryons)


Highly boosted topology




Noise/Signal=1000


yesterday restarted data-taking after first 
shutdown

pp

b
b b

σbb = 100 μb

SuperKEKB

 energy-asymmetric collisions at  GeV


      (on-resonance data)


60 MeV below to constrain  (continuum) bkgs                        

(off-resonance data)


 produced via 


Exclusive  production


Asymmetric beam energy  boost




Noise/Signal=4


yesterday restarted data-taking after first shutdown

e+e− s = 10.58

e+e− → qq̄

BB̄ Υ(4(S))
BB̄

→
σbb = 1.1 nb

The SuperKEKB accelerator

• e+e− collider in Tsukuba, Japan.

•
√
s = 10.6GeV = m(Υ(4S)).

• B(Υ(4S) → BB) > 96%.

•
∫ 22.06.2022

25.03.2019
L√

s=m(Υ(4S)) dt = 362 fb−1.

• Maximum instantaneous luminosity: 4.7× 1034 cm−2s−1 (world record).

• Target instantaneous luminosity: 6× 1035 cm−2s−1.

Cyrille Praz (KEK) | Electroweak penguins and radiative B decays | 20.03.2023 3

On-resonance


Off-resonance


mailto:slavomira.stefkova@kit.edu
https://arxiv.org/abs/2110.00790
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LHC
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On-resonance


Off-resonance


Approximate rule:  

1 fb-1 = 1 ab-1   
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https://arxiv.org/abs/2110.00790


     Slavomira Stefkova, slavomira.stefkova@kit.edu                                                                                 APS April meeting 2024, Sacramento

  

The Three Beasts
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LHCSki 2016, Apr 14 The Belle II Physics Program in light of LHCb

B-Factory Family Album
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LHCb

LHC (  collisions at 7,8,13 TeV)


Forward-looking spectrometer

Taking data since 2011


Collected 9  data so far

4x1012  pairs


 (40%), (40%), (10%), 

 and -baryons (10%)

Plan: 300  


pp

fb−1

bb̄
Bu Bd Bs

Bc b
fb−1

   Belle II 

SuperKEKB ( 7 GeV /4 GeV )


General purpose detector

Taking data since 2019


Collected 362  data in Run 1

370 mil.  pairs


Resumed data-taking this year       af

     after ~ 1.5y long shut-down


Plan: 50 

e− e+

fb−1

BB̄

ab−1

Belle

KEKB ( 8 GeV / 3.5 GeV )


General purpose detector

Took data from 1999-2010


Collected 711  data


770 mil.  pairs


e− e+

fb−1

BB̄

mailto:slavomira.stefkova@kit.edu
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The Three Beasts
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Increasing instantaneous luminosity is the key! 

LHCb

LHC (  collisions at 7,8,13 TeV)


Forward-looking spectrometer

Taking data since 2011


Collected 9  data so far

4x1012  pairs


 (40%), (40%), (10%), 

 and -baryons (10%)

Plan: 300  


pp
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Bu Bd Bs

Bc b
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Belle

KEKB ( 8 GeV / 3.5 GeV )


General purpose detector

Took data from 1999-2010


Collected 711  data


770 mil.  pairs


e− e+

fb−1

BB̄

   Belle II 

SuperKEKB ( 7 GeV /4 GeV )


General purpose detector

Taking data since 2019


Collected 362  data in Run 1

370 mil.  pairs


Resumed data-taking this year       af

     after ~ 1.5y long shut-down


Plan: 50 

e− e+

fb−1

BB̄

ab−1
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Typical Event 

10

Very clean environment

On average: 11 tracks

Known initial state kinematics


Near 100% efficiency for  decays


Sensitive to lower energy deposits


B

Rather busy environment

On average 100 tracks


Longitudinal momentum of the  not known


Lower trigger efficiency in general

B

LHCb Belle II 

mailto:slavomira.stefkova@kit.edu
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Figure 35: Distribution of E/p from electrons coming from converted photons with EPS > 50MeV,
with at least one hit on the SPD and a track with pT > 200MeV/c pointing into the ECAL
cluster (�2

2D < 25), and a matching positron to forming invariant mass M(ee) < 100 MeV/c2

(left). Resolution for �(E/p) as a function of energy (right).

obtained from a test beam, did not include those e↵ects, in particular, the material in
front of the calorimeter.

Figure 36: Distribution of E/p from simulations (left). Resolution �(E/p) as a function of
energy, obtained from simulations (right).

The results of the simulation study is shown in Figure 36, where the E/p distribution
(left) and its resolution (right) can be observed. From the corresponding fit, one obtains,

�E

E
=

(9.6 ± 1.3)%p
EGeV

� (3.7 ± 0.1)% � (395 ± 30)MeV

EGeV
. (13)

Both the background term and the stochastic terms from Eq. 12 and 13 are of the same
magnitude. Actually, ECAL is calibrated using ET so one part of the background depends
on sin ✓ where ✓ is the azimuthal angle with respect to the beam. The noise coming
from the electronics is equivalent to 1.2 ADC counts (incoherent) plus 0.3 ADC counts
(coherent), which corresponds to an average noise of about 6 ADC counts, equivalent
to 15MeV in terms of ET over one cluster. This amounts to a background range from
45MeV to 450MeV depending on the region. The actual value, 350MeV, is an average

39

FIG. 13: Photon energy resolution measured as a function of ERecoil
µµ (top). Overlaid are the

results for unfolded data and simulation. The simulation truth results are additionally
overlaid to demonstrate the accuracy of the unfolding procedure. The figure on the bottom

is the ratio of the unfolded data and simulation results.

16

11

Neutral Performance

Belle II LHCb

    detection efficiency 99.9% 95 %

reconstruction Better mass resolution Worse mass resolution

 γ

  σ(E)/E

 π0

Belle II is generally better with neutrals

2.2 %

E ⨁1 %
10 %

E ⨁1 %

mailto:slavomira.stefkova@kit.edu
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Charged Track Performance


LHCb is very good with muons

Belle II has similar sensitivity for e and   μ

Belle II LHCb
Muon trigger efficiency
 100 % 90 %

  Muon ID efficiency
 95 % 97 %
            misID 7 % 1-3%

Belle II LHCb
Kaon ID efficiency
 90 % 95 %

            misID
 5 % 5 %

Belle II LHCb
Total 


efficiency
30 % 5 %

Total 

efficiency

30 % < 5 %

B+ → K+μ+μ−

B+ → K+e+e−
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K ID efficiency (data)
K ID efficiency (MC)

 mis-ID rate (data)π
 mis-ID rate (MC)π

-1Ldt = 208 fb∫
 preliminaryBelle II

 π → μ

 K → π
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Rare  DecaysB
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𝓑

> =

Better with 
higher number 
of  and  γ ν

Better with 

multiple muons/
charged tracks that 
can be vertexed
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Results

B → K*γ

B0 → γγ

B0
s → μμγ

Λ0
b → pK−γ

B+ → K+νν̄

mailto:slavomira.stefkova@kit.edu
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B → K*γ
FCNC  transition:


First radiative penguin to be measured at Belle II

Branching fractions  have large theoretical uncertainties (~20%)

CP ( ) and isospin ( )  asymmetries theoretically clean (cancellation of form factors)

Latest Belle measurement found evidence of 3.1  for the isospin asymmetry [PRL 119, 191802 (2017)]

Belle II wants to measure in addition to 


b → sγ

ℬ
ACP Δ+0

σ
ℬ

ACP =
Γ(B̄ → K*γ) − Γ(B → K*γ)
Γ(B̄ → K*γ) + Γ(B → K*γ)

Δ+0 =
Γ(B0 → K*0γ) − (B+ → K*+γ)
Γ(B0 → K*0γ) + (B+ → K*+γ)

b s
u u

u, c, t

W+

�

ΔACP = ACP(B0 → K*0γ) + ACP(B+ → K*+γ)

SM prediction:  is small (~1%)


SM prediction:  range from 2-8% 
with an uncertainty ~2%

ACP

Δ+,0

mailto:slavomira.stefkova@kit.edu
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.191802
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Selection strategy:

Based on Run 1 Belle II dataset 362  

Reconstruct  

Use classifiers to reject backgrounds from  and 

, continuum events


Fitting strategy:

Make 2D fit to  and  distributions to extract yields


Control samples:

 to study  reconstruction efficiency


Excellent kinematic coverage

Total systematic uncertainty of 1.4% derived in bins of 

 flight distance in 

 to validate the rest of selection efficiency


fb−1

K* → K+π−, K0
s π0, K+π0 and K0

s π+

π0 → γγ
η → γγ

ΔE Mbc

D+ → K0
s π+ K0

s

K0
s p ∈ (0.3,3.1) GeV/c

D0 → K+π−

Mbc = E2
beam − | ⃗pB |2 − p*2

B

17


B → K*γ

19

• Reconstruct . 

• Classifiers to reject boosted photons from asymmetric 
 and  decays, and continuum events.


• Fit to  to extract yields.

K* → K+π−, K0
Sπ0, K+π0, K0

Sπ+

π0 → γγ η → γγ

Mbc − ΔE

  Analysis strategyB → K*γ

See Niharika Rout’s talk on 
Hadronic B Decays at Belle 
and Belle II for details

• Studied using  decays:


‣ Kinematic region of the signal well covered.


‣ Determine systematic error (1.4%) in bins of  flight 
length for signal range of .

D+ → K0
Sπ+

K0
S

p ∈ (0.5,3.1) [GeV/c]

Table XL. Selection criteria for D+ sample.

Particle Selection Criteria

⇡± dr < 0.5, |dz| < 2 cm, pT > 0.1 GeV/c, E > 0.1 GeV/c2, p < 5.5 GeV/c and P(⇡/K) > 0.6

K0
S mergedKshorts with goodBelleKshort flag, 488 < M⇡+⇡� < 508 MeV/c2 (±3�

interval)

D+ 1.85 < MK0
S⇡

+ < 1.89 GeV/c2, treefit (ip constraint) �2 > 0.001, p⇤(D+) > 2.5 GeV/c
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Figure 52. Comparison of kinematics between the K0
S for signal and control mode using MC. The

histograms are normalized to unit are for the shape comparison.
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Figure 53. Distribution of (a) D+ invariant mass and (b) fit to signal D+ events.

The yield of D+ events in bins of K0
S flight length is normalized to the first bin, the1039

normalized quantity is referred to as ✏iMC (✏iData) for the i
th bin. The yield ofD+ events in bins1040

of K0
S flight length and the normalized quantities ✏iMC (✏iData) are tabulated in Table 20 20.7.1041

Next, we calculate the double ratio R = ✏
i
Data/✏

i
MC for each bin and propagate the relevant1042

uncertainties on the double ratios.1043

We consider three kinds of uncertainties for the double ratio, the first kind is due to1044

the statistical contribution coming from the number of events in i
th bin, the second is1045
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 momentum [GeV/c]K0
S

 flight distance [cm]K0
S

 kinematics between signal 
and control mode in simulation

(Normalized to unit area)

K0
S

Belle II  
simulation

Belle II  
simulation

Significant effort at Belle II to improve  reconstruction 
and systematics:

K0
S

Normalised to same area

ΔE = EB − Ebeam
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B → K*γ

20

  ResultsB → K*γ
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ℬ[B0 → K*0γ] = (4.16 ± 0.10 ± 0.11) × 10−5

ℬ[B+ → K*+γ] = (4.04 ± 0.13 ± 0.13) × 10−5
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Results:

Remarks:

Consistent with PDG and SM

Similar sensitivity to Belle due 
to improved  efficiency and 

 resolution

K0

s
ΔE

Fit projections to  Mbc

Belle result (3.1 )σ
[PRL 119, 191802 (2017)]

~ 2.0 σ
f ±/f 00
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B0 → γγ
FCNC  transition:


Theoretically the  of this decay mode is expected to be 

Theoretical uncertainty dominated by the uncertainty on 


Previous searches:

 PLB 363 (1995) 137-144 

 PRD 73, 051107 (2006)

 PRD 83, 032006 (2011) 


b → dγ
ℬ (1.4+1.4

−0.8) × 10−8

λb

Experiment Integrated Luminosity (
R
L dt) Limit @ 90 C.L.

L3 (PLB 363 (1995) 137-144) 73 pb�1 3.9 ⇥10�5

Belle (PRD 73, 051107 (2006)) 104 fb�1 6.2 ⇥10�7

Babar (PRD 83, 032006 (2011) ) 426 fb�1 3.2 ⇥10�7

Table 1: Bla

Experiment Integrated Luminosity (
R
L dt) Limit @ 90 C.L.

L3 73 pb�1 3.9 ⇥10�5

Belle 104 fb�1 6.2 ⇥10�7

Babar 426 fb�1 3.2 ⇥10�7

Table 2: Bla
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B0 → γγ
Selection strategy:


Based on Belle ( ) and Run 1 Belle II ( ) dataset

Reconstruct signal from two photons, where 

Use timing cuts to remove peaking back-to-back off-time photons

Use  vetos and classifiers (BDTs) to suppress backgrounds 
(  (90%) +  )


Fitting strategy:

Simultaneous 3D fit to  (transformed BDT)                           
with Belle & Belle II data to extract 


Control channel:

Use partial  data 


Belle II vs Belle: 

Improved signal efficiency per  background

Improved  resolution


692 fb−1 362 fb−1

Eγ ∈ (1.4, 3.4) GeV

π0/η
e+e− → qq̄ B0 → π0π0

Mbc, ΔE, C′￼

BDT
ℬ

B → K*γ

fb−1

ΔE
16

  Analysis strategy B0 → γγ
•Signal reconstructed from 2 highly energetic photons with 

.


•Peaking background in  from combinations of back-to-back 
off-time photons  suppressed using photon timing cuts. 

•Veto candidates from asymmetric  and  decays.

Eγ ∈ (1.4, 3.4) GeV
Mbc

→
π0 η

5 Event Selection

Based on the set of ⌥(4S) candidates reconstructed as described in Section 4, a reduced
data set for the analysis of the ratios R(D(⇤)) discussed in this text has to be selected.
This selection is tailored to improve the signal-to-noise ratio and reduce the number of
candidates to one per surviving event. Similar selection criteria are applied for the data
sets dedicated to the other analyses mentioned at the beginning of Section 4.
The first step in this selection process is independent of the specific analysis and aims to
reduce the common continuum background. For this purpose a multivariate classifier is
used. The preparation and validation of this continuum suppression classifier is elaborated
on in Section 5.1. The general concept of the best candidate selection employed for the
described analyses is introduced in Section 5.2. The subsequent Section 5.3 goes into the
details of the selection process applied for the R(D(⇤)) measurement. In addition to the
main selection for this measurement, the production of sideband samples for validation
purposes is explained as well.

5.1 Continuum Suppression

To reduce the contribution of continuum background originating from e+e�! qq processes
— where q = u, d, s, c — a dedicated multivariate classifier is utilized. For this purpose,
the FastBDT boosted decision tree implementation [53] is used. The BDT is trained
to distinguish the jet-like signature of e+e�! qq continuum events from the spherical
signature of BB events. These di↵erences in the event shapes, which shall be exploited by
the classifier, are visible in the center-of-mass reference frame in which the B mesons are
produced almost at rest. Hence, there is no preferred direction for the decay products of
a B meson decay, resulting in an isotropic, spherical distribution of the decay products.
The light quarks produced in continuum events on the other hand, do have a high velocity
resulting in a common preferential direction for the products of the hadronization as
illustrated in Figure 5.1.

q

q

p
q
⇡ 5GeV

e+e�! qq with q = u, d, s, c

B B

p
B
⇡ 0.3GeV

e+e�! ⌥(4S)! BB

Figure 5.1: Illustration of the di↵erence in the event signatures of continuum background
events on the left and BB events on the right in the center-of-mass reference frame. Due
to the high amount of energy available for the light quarks q = u, d, s, c produced
in e+e� ! qq events, the produced particles exhibit a jet-like signature. These back-
to-back jets can be distinguished from the spherical appearance of B meson decays of
e+e�! ⌥(4S)! BB events. Adapted from [54].

A common set of observables is used as input features for the continuum suppression
BDT. This collection of observables combines the knowledge of many experimental par-
ticle physics collaboration facing similar challenges when describing the shapes of whole

49

•Dominant (90%) background contamination from . 

•Event shape variables used in a BDT for discrimination.

e+e− → qq̄

FIG. 35: The mean signal yield uncertainty (blue) from ToyMCs as a function of
continuum suppression output

5.3.3. Transformation of BDT Output467

The output obtained from the FastBDT classifier (CBDT) tends to peak at 1 for signal-468

like events and 0 for background-like events, as shown in Figure 33 in subsection 5.3.1.469

It is di�cult to model the FastBDT output distribution with a simple analytic function.470

Thus to improve the modeling, we apply the cut on the BDT output(CBDT)> 0.45 and then471

transform it using the µ� transformation (probability integral transformation) [18], where472

the signal shape is flat and the background shape is exponential, as shown in Figure 36.473

FIG. 36: Transformed FBDT output for signal and background in log scale.

36

C′ BDT

B0 → γγ
e+e− → qq̄

Belle II simulation➡ Probability integral transformation: 

Significant improvement in 
 resolution in Belle II ΔE
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B0 → γγ

Remarks:

5 x improvement in limit wrt BaBar (previous best result)


BaBar had upward fluctuation

Results:

 signal events corresponding to  significance


Since no significant signal  set 90% C.L. limits

Really close to SM expectation


       best upper limit with Belle II data


11.0+6.5
−5.5 2.5σ

→

→

17

  Results B0 → γγ
• Simultaneous 3D unbinned ML fit to ,  

and .


‣ Combined signal yield .


‣  significance. 

Mbc ΔE
C′ BDT

= 11.0+6.5
−5.5

2.5σ
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Preliminary‣ Higher observed significance than estimated . 

‣ Starting to reach SM prediction. 

‣ Uncertainties are comparable between Belle and 
Belle II even though smaller dataset.  

‣ 5x improvement over previous best UL.

(1.2σ)

BELLE

5

TABLE II. Summary of systematic uncertainties on signal
e�ciencies.

Source Belle (%) Belle II (%)

Photon Detection E�ciency 4.0 2.7
Reconstruction E�ciency (✏rec) 0.6 0.5
Number of BB 1.3 1.5
f00 2.5 2.5
CBDT requirement 0.4 0.9
⇡0/⌘ veto 0.3 0.4
Timing requirement e�ciency 2.8 �
Total (sum in quadrature) 5.7 4.1

where Nfit
sig represents the signal yield obtained from the342

fit, NBB = (753 ± 10) ⇥ 106 and (387 ± 6) ⇥ 106 is the343

number of BB̄ pairs at the ⌥(4S) resonance for Belle344

and Belle II, ✏rec = 23.3% and 30.8% represents the sig-345

nal reconstruction e�ciency for Belle and Belle II, and346

f00 = (48.4 ± 1.2)%. We have measured the branching347

fraction for Belle and Belle II to be (5.4+3.3
�2.6±0.5)⇥10�8

348

and (1.7+3.7
�2.4±0.3)⇥10�8, respectively. The combined fit349

yields a branching fraction of (3.7+2.2
�1.8±0.7)⇥10�8. The350

first uncertainty is statistical while the second is system-351

atic.352

As no significant signal yield is observed, we calcu-353

late an upper limit on the branching fraction using a354

Bayesian approach. The UL on the branching fraction355

is determined by integrating the likelihood function ob-356

tained from the maximum likelihood fit procedure, cov-357

ering 0% to 90% of the area under the likelihood curve.358

The procedure includes the systematic uncertainties on359

the signal yield by convoluting the original likelihood360

curve with a Gaussian function of width equal to the361

total uncertainties on signal yield. The modified ratio362

is then re-convoluted with a Gaussian function of width363

proportional to the signals, where the total systematic on364

signal e�ciencies is a the proportionality constant. The365

upper limit on the branching fraction obtained from the366

combined dataset is 6.4 ⇥ 10�8, at 90% CL. The mea-367

sured branching fraction and the resulting upper limits368

on B(B0 ! ��) at 90% CL, with the systematic uncer-369

tainties, are summarized in Table III.370

TABLE III. Summary of B(B0 ! ��) measurements and
UL’s at 90% CL.

B(B0 ! ��) B(B0 ! ��)
(at 90% CL)

Belle (5.4+3.3
�2.6 ± 0.5)⇥ 10�8 < 9.9⇥ 10�8

Belle II (1.7+3.7
�2.4 ± 0.3)⇥ 10�8 < 7.4⇥ 10�8

Combined (3.7+2.2
�1.8 ± 0.7)⇥ 10�8 < 6.4⇥ 10�8

In summary, we have searched for the decay B0 !371

�� using 1.1 ab�1 of data collected at ⌥(4S) resonance372

by the Belle and Belle II experiments. No statistically373

significant signal is observed, leading us to set a 90%374

confidence level upper limit of 6.4⇥10�8 on the branching375

fraction. This is the most stringent UL estimated for this376

decay to date, representing an improvement by a factor377

of five compared to the previous limit (3.2 ⇥ 10�7) [6].378

The improvement in the current analysis compared to379

the previous BaBar and Belle results is due to the higher380

statistics and improved analysis techniques that result in381

better signal selection e�ciency and lower background.382
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National de Physique Nucléaire et de Physique des421

Particules (IN2P3) du CNRS (France); BMBF, DFG,422

HGF, MPG, and AvH Foundation (Germany); Depart-423

ment of Atomic Energy under Project Identification No.424

RTI 4002 and Department of Science and Technology425

(India); Israel Science Foundation Grant No. 2476/17,426

Estimated 
 ℬ < 4.4 × 10−8

Fit projections on   and  Mbc C′￼

BDT

Expected 90 C.L.   4.4 × 10−8
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Λ0
b → pK−γ

FCNC  transition:

Used Run 1 + Run 2 LHCb data (9  )

  to reduce 


 Veto  around  resonance


Selection strategy:

Strict particle ID for  and  to reduce

 

BDT to suppress backgrounds (combinatorial)


Remaining contributions:

Partially reconstructed 

Combinatorial background

Signal


b → sγ
fb−1

mpK < 2.5 GeV/c−2 Λ0
b → pK−π0

mKK ϕ

p K
B0

s → K+K−γ and B0 → K+π−γ

Λ0
b → pK−π0γ

Invariant mass (Run 1,2)

arxiv: 2403.03710
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Fitting strategy:

Perform amplitude analysis of  for a defined set of helicities  with unbinned fits to 
Dalitz plane 


Λ0
b → Λ* → (pK−)γ λi

m2(p, K), m2(p, γ)

The default fit model comprises of 
all known  resonances as well as 
a non-resonant contribution

Λ
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Figure 2: Distribution of the ⇤0
b ! pK�� candidates in the Dalitz plane, defined by m2

⇤0
b
(pK�)

and m2
⇤0
b
(p�), after background-subtraction using the sPlot method for (left) Run 1 and (right)

Run 2.

data in the Dalitz plane are shown in Fig. 2. The two-body invariant masses displayed
here, and used in the amplitude fit later, are calculated using the ⇤

0
b mass constraint as

indicated by the ⇤
0
b subscript.

As a cross-check for the combination of data within a single run period, the fit to the
three-body invariant mass is performed on the full data set and the data set of each year
individually. No significant discrepancies between the fit results are observed. In order to
validate the sPlot technique, fits to the three-body invariant mass are also performed in
bins of the proton-kaon and the proton-photon invariant masses; these fits yield compatible
results.

4 Amplitude model

The structures in the data shown in Fig. 2 are described using an amplitude model following
the prescription of Ref. [31]. The intermediate ⇤ resonances decaying to pK

� are modelled
assuming Breit–Wigner lineshapes, while their spin-dependent angular distributions are
described by the helicity formalism.

The three-body decay of a particle with non-zero spin results in five independent
phase-space dimensions. Given that the ⇤

0
b baryons observed by LHCb are produced

unpolarised [32], the dimensionality of the phase space relevant to this analysis is reduced
from five to two [31]. In the following, the phase-space position is denoted D. This
position can be expressed in terms of the Dalitz variables [33] as shown in Fig. 2 for the
background-subtracted data. Equivalently, the phase-space position can be given by the
proton-kaon invariant mass, m(pK�) and the cosine of the proton helicity angle, cos ✓p, as
is used in Ref. [34]. The helicity angle of the proton, ✓p, is the polar angle of the proton
momentum in the proton-kaon rest frame where the z axis coincides with the ⇤ resonance
polarisation axis. This angle can be calculated using two steps. First, the proton and
resonance momentum are boosted into the ⇤

0
b rest frame where the coordinate system is

defined such that the resonance momentum direction coincides with the z axis. Second,
the proton momentum is boosted into the proton-kaon rest frame. The magnitude of
the z component of the obtained proton momentum, ~p, defines the cosine of the proton
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Figure 4: Background-subtracted distribution of the (top) proton-kaon and (bottom) proton-
photon invariant-mass (black dots) for the (left) Run 1 and (right) Run 2 data samples. Also
shown is a sample generated according to the result of a simultaneous fit of the default model to
the data (red dots) and its components (lines) as well as the contributions due to interference
between states with the same quantum numbers JP (shaded areas).

d⇤0
b

= 3, 5, 7 (GeV/(c~))�1 and d⇤ = 0.5, 1.5, 2.5, 3.5 and 4.5 (GeV/(c~))�1. These samples
are fitted with the default model. The bias and standard deviation of the di↵erences
between the generated and fitted values for each combination of d⇤0

b
and d⇤ is taken as

systematic uncertainty.
Besides the default model, several other models result in a good description of the

data. The systematic e↵ects due to choosing certain components and shapes over others
are quantified by generating samples using an alternative model and fitting the default
model to the generated pseudosample. The five alternative models are:

- removing the nonresonant component and instead floating mass and width of the
⇤(2100) and ⇤(2110) states using Gaussian constraints (this is the second best
model);

- using an exponential function instead of a constant for the lineshape of the nonreso-
nant component;

- employing a sub-threshold Breit–Wigner for the lineshape of the ⇤(1405) state
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Figure 4: Background-subtracted distribution of the (top) proton-kaon and (bottom) proton-
photon invariant-mass (black dots) for the (left) Run 1 and (right) Run 2 data samples. Also
shown is a sample generated according to the result of a simultaneous fit of the default model to
the data (red dots) and its components (lines) as well as the contributions due to interference
between states with the same quantum numbers JP (shaded areas).

d⇤0
b

= 3, 5, 7 (GeV/(c~))�1 and d⇤ = 0.5, 1.5, 2.5, 3.5 and 4.5 (GeV/(c~))�1. These samples
are fitted with the default model. The bias and standard deviation of the di↵erences
between the generated and fitted values for each combination of d⇤0

b
and d⇤ is taken as

systematic uncertainty.
Besides the default model, several other models result in a good description of the

data. The systematic e↵ects due to choosing certain components and shapes over others
are quantified by generating samples using an alternative model and fitting the default
model to the generated pseudosample. The five alternative models are:

- removing the nonresonant component and instead floating mass and width of the
⇤(2100) and ⇤(2110) states using Gaussian constraints (this is the second best
model);

- using an exponential function instead of a constant for the lineshape of the nonreso-
nant component;

- employing a sub-threshold Breit–Wigner for the lineshape of the ⇤(1405) state
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JHEP 06 (2020) 116 
arXiv:2002.02692Amplitude model for helicity formalism:


   amplitude for a defined set of helicities  Λb → Λ*( → pK−)γ λi

Strategy: unbinned maximum likelihood 

fit to Dalitz plane (m2
p,k, m2

p,γ)

Λ0
b → pK−γ LHCb-PAPER-2023-036 

In preparation


Λ0
b → pK−γ

[JHEP 06 (2020) 116]

sPlotted Dalitz plane Invariant   masspK−

arxiv: 2403.03710

mailto:slavomira.stefkova@kit.edu
https://arxiv.org/abs/2002.02692
https://arxiv.org/pdf/2403.03710.pdf
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Λ0
b → pK−γ

24

Results:

Fit and interference fractions between the different components contributing to the final state


Remarks:

Largest contributions stem from 



Largest interference stems from  



First  amplitude analysis 
based on the helicity formalism 

Λ(1520), Λ(1600), Λ(1800), Λ(1890)

Λ(1405) + Λ(1800)
Λ0

b → pK−γ
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Figure 6: Final results for the fit fractions and interference fit fractions. The vertical line
separates the fit from the interference fit fractions. The error bars represent the di↵erent sources
of uncertainty.

neighbouring ⇤(1820) state behaves in the opposite way. This observation reveals a
potential ambiguity between the two resonances also echoed in the systematic uncertainties
on their fit fractions presented in this paper. Third, the heavy resonances ⇤(1890), ⇤(2100),
⇤(2110), and ⇤(2350) are much larger in the radiative case which is in part due to the
phase space enhancement.

In conclusion, an amplitude analysis of the decay ⇤
0
b ! pK

�
� is presented for the first

time, based on the helicity formalism. A sample of around 50 000 signal candidates is
selected from proton-proton collisions recorded by the LHCb experiment at centre-of-mass
energies of 7, 8 and 13 TeV. The default fit model comprises all known ⇤ resonances as well
as a nonresonant contribution with quantum numbers J

P = 3
2

�
. The presented amplitude

model provides a detailed description of the ⇤
0
b ! pK

�
� decay with possible applications

ranging from searches for beyond the Standard Model physics in ⇤
0
b ! pK

�
`
+
`
� decays

to QCD studies and a possible measurement of the photon polarisation in ⇤
0
b ! pK

�
�

decays using polarised ⇤
0
b baryons from Z decays at future e

+
e
� colliders.
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   Final results
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FCNC  transition:

Radiative counterpart to famous 

Theoretically less clean, experimentally also harder 

Aim: perform measurement of  in three bins                                                         
of invariant dimuon mass squared

Upper 95 % C.L. limit on  of  for  > 4.9      
by LHCb [PRD 105, 012010 (2019)] 

b → sγ
B0

s → μ+μ−

𝓑
q2 =

ℬ(B0
s → μ+μ−γ) 2 × 10−9 mμ+μ− GeV/c2

25

 
B0
s → μ+μ−γ

20

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

#(′ )
9,10

#(′ )
7

#(′ )
9,10

#1,2

Sensitive to a larger set of Wilson coefficients (C7, C9, C10) than  (C10).

The photon lifts the helicity suppression making  .


Larger theoretical uncertainties due to the form factors of the  transition.

Worse mass resolution due to the photon reconstruction.

B0
s → μ+μ−

ℬ(B0
s → μ+μ−) ∼ ℬ(B0

s → μ+μ−γ)

B0
s → γ

   vs.  B0
s → μ+μ−γ B0

s → μ+μ−
Phys.Rev.D97,053007(2018)

JHEP 11 (2017) 184

Physics Letters B 521 (2001)

JHEP 12 (2021) 008

LHCb-PAPER-2023-045 
In preparation

  Theory prediction:

 for   

 for   

ℬ(B0
s → μ+μ−γ) = (8.3 ± 1.3) × 10−9 q2 < 8.64 GeV2/c4

ℬ(B0
s → μ+μ−γ) = (8.9 ± 1.0) × 10−10 q2 > 15.84 GeV2/c4

q2 ≡ m2(μ+μ−)Electromagnetic-dipole operators

Four-fermion operators

Any four-quark operator

Theoretical predictions [JHEP 11 (2017) 184] 

Selection strategy:

Use 5.4   LHCb data

Veto region around  resonance

fb−1

ϕ

21

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

CERN-THESIS-2020-303

 Phys.Rev.D70(2004)114028

FSR = final state radiation

Bin I Bin II Bin IIIThree q2 regions:

Bin I:   low-q2 

Bin II:  middle-q2

Bin III: high-q2

I II III

Preliminary

Preliminary

LHCb-PAPER-2023-045 
In preparation

Strategy:

Additionally, Bin I is also studied with a 

veto on the ɸ-resonance mass:

[989.6, 1073.4]MeV/c2


Bin I ɸ-veto: low-q2 without ɸ region

m(μ+μ−) =
21

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

CERN-THESIS-2020-303

 Phys.Rev.D70(2004)114028

FSR = final state radiation

Bin I Bin II Bin IIIThree q2 regions:

Bin I:   low-q2 

Bin II:  middle-q2

Bin III: high-q2

I II III

Preliminary

Preliminary

LHCb-PAPER-2023-045 
In preparation

Strategy:

Additionally, Bin I is also studied with a 

veto on the ɸ-resonance mass:

[989.6, 1073.4]MeV/c2


Bin I ɸ-veto: low-q2 without ɸ region

m(μ+μ−) =

[LHCb-PAPER-2023-045]

mailto:slavomira.stefkova@kit.edu
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012010
https://link.springer.com/article/10.1007/JHEP11(2017)184
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B0
s → μ+μ−γ

Results:

No significant signal was observed

Competitive limits in all of the regions 
approaching SM have been set:


24

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

As no significant excess is observed, upper limits 

are set on  using the CLs method.ℬ(B0
s → μ+μ−γ)

at 90% (95%) CL.

First direct search of , and first search at low q2.B0
s → μ+μ−γ

Upper limits on the branching fraction:

Preliminary Preliminary

Preliminary Preliminary

Preliminary

Preliminary

LHCb-PAPER-2023-045 
In preparation

Limits

24

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

As no significant excess is observed, upper limits 

are set on  using the CLs method.ℬ(B0
s → μ+μ−γ)

at 90% (95%) CL.

First direct search of , and first search at low q2.B0
s → μ+μ−γ

Upper limits on the branching fraction:

Preliminary Preliminary

Preliminary Preliminary

Preliminary

Preliminary

LHCb-PAPER-2023-045 
In preparation

Limits
[LHCb-PAPER-2023-045]

Angel F. Campoverde

Search for the B0
s ! µ+µ�� decay

[LHCb-PAPER-2023-045]in
preparation

No excess ) set upper limits

Preliminary

Preliminary
Preliminary

Preliminary

Dominated by statistical uncertainty

14 / 18

Preliminary

Fit result and 
limit for  binq2

mailto:slavomira.stefkova@kit.edu
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B+ → K+νν̄

27

    

FCNC  transition:

precise SM prediction:  = 


   [PRD 107, 1324 014511 (2023), PRD 107, 119903 (2023)]

dominated by form factor uncertainty


NP scenarios:

Light : axions [PRD 102, 015023 (2020)],                                                  
dark scalars [PRD 101, 095006 (2020)],                                                      
axion-like particles [JHEP 04 (2023) 131]

Heavy : Z’ [PL B 821 (2021) 136607], 


      leptoquarks [PRD 98, 055003 (2018)]


Experimental status:

Previous limits order of magnitude above SM expectation


b → s
ℬ(B+ → K+νν̄) (5.58 ± 0.37) × 10−6

b s

⌫ ⌫

u u

u, c, t

`+

W+ W�

b s

⌫

⌫

u u

u, c, t

W+
Z0

b

u ⌫⌧

⌧+

⌫⌧

W+

s

u

W+

arxiv: 2311.14647

mailto:slavomira.stefkova@kit.edu
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511
http://Phys.%20Rev.%20D%20107,%20119903%20(2023)
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.015023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
https://link.springer.com/article/10.1007/JHEP04(2023)131
https://www.sciencedirect.com/science/article/pii/S0370269321005475?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.055003
https://arxiv.org/abs/2311.14647
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: ReconstructionB+ → K+νν̄

28

ITA

1. Perform basic reconstruction (tracks and clusters)

2. Reconstruct signal kaon

3. Identify rest-of-event object (ROE)


HTA

1. Perform basic reconstruction (tracks and clusters)

2. Reconstruct hadronic tag ( )

3. Reconstruct signal kaon 


Btag

 = mass 
squared of the 
neutrino pair

q2
rec

   q2
rec =

s
4

+ M2
K − sE*K

Measurement strategy: 

Use Run 1 Belle II ( ) dataset

Use inclusive tagging + hadronic tagging

362 fb−1

c.m frame* =

e+ e−Υ(4S)

K+

ν
ν̄ITA

ROE

e+ e−Υ(4S)

Btag

π0

D−

K−

π0

K+

ν
ν̄HTA

Btag

(most sensitive) (conventional)

mailto:slavomira.stefkova@kit.edu
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Selection Strategy:

ITA: two consecutive BDTs to suppress the continuum and                                             
background   ITA signal efficiency = 8%; purity = 0.9% 


HTA: one BDT to suppress the continuum and                                                           
background  HTA signal efficiency = 0.4%; purity = 3.5%


Fitting Strategy:

Binned maximum likelihood fit to extract parameter                                                                                  
of interest signal strength 


ITA fit variable: classifier output  and mass squared of the neutrino pair 


HTA fit variable: classifier output 

BB̄
→

BB̄
→

μ

η(BDT2) q2
rec

η(BDTh)

29

: Signal Region B+ → K+νν̄

ITA background composition
40%  backgrounds

60%  backgrounds

qq̄
BB̄

 with μ =
ℬ(B+ → K+νν̄)

ℬSM(B+ → K+νν̄)
ℬSM = 4.97 × 10−6

mailto:slavomira.stefkova@kit.edu
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1.Signal efficiency checked with signal embedded  
events: remove  and correct the kaon kinematics to match that of signal


2.  background physics modelling validated with off-resonance data


3.  physics modelling validated using pion-enriched sideband:

Scale up the  simulated decays by 30%


4. Modelling the signal-like  decays checked 

 with  decays [PRD 85 112010]                                              


Similar treatment for , 

B+ → K+J/ψ( → μ+μ−)
J/ψ

qq̄

B → Xc( → K0
L)

B → Xc( → K0
L)

B+ → K+K0
LK0

L
B+ → K+K0

SK0
S

B+ → K+K0
SK0

L B+ → K+nn̄

: ValidationB+ → K+νν̄arxiv: 2311.14647

mailto:slavomira.stefkova@kit.edu
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.112010
https://arxiv.org/abs/2311.14647
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corresponding to 





 compatibility wrt bkg only

 compatibility wrt to the SM 


μ = 5.4 ± 1.0(stat) ± 1.1(syst)

ℬ(B+ → K+νν̄) = 2.7 ± 0.5(stat) ± 0.5(syst) × 10−5

3.5 σ
2.9 σ

31

: ResultsB+ → K+νν̄



corresponding to 





  compatibility wrt bkg only

 compatibility wrt to the SM


μ = 2.2+1.8
−1.7(stat)+1.6

−1.1(syst)

ℬ(B+ → K+νν̄) = [1.1+0.9
−0.8(stat)+0.8

−0.5(syst)] × 10−5

1.1 σ
0.6 σ



corresponding to




Combination improves the 
ITA-only precision by 10%


 significance wrt bkg

 significance wrt SM


μ = 4.6 ± 1.0(stat) ± 0.9(syst)

ℬ(B+ → K+νν̄) = [2.3 ± 0.5(stat)+0.5
−0.4(syst)] × 10−5

3.5 σ
2.7 σ

Combination 

arxiv: 2311.14647

HTAITA

mailto:slavomira.stefkova@kit.edu
https://arxiv.org/abs/2311.14647
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: ResultsB+ → K+νν̄
 first evidence of the  process → B+ → K+νν̄

3.5 σ
1.1 σ

3.5 σ

Accepted by PRD!

arxiv: 2311.14647

32
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Conclusion
Both LHCb and Belle (II) are producing world-leading results in rare B decays:


: measurement consistent with SM and PDG 

: best upper limit, rarest decay measured with Belle II data so far, close to SM


: first  amplitude analysis based on the helicity formalism                                      
[arxiv: 2403.03710]


: first direct search, and first low  search [LHCb-PAPER-2023-045]

: first evidence for this decay with  compatibility with SM                                                 

[arxiv: 2311.14647, to appear in PRD]


Most of the measurements are statistically limited  bigger datasets are of particular interest!


B → K*γ
B0 → γγ
Λ0

b → pK−γ Λ0
b → pK−γ

B0
s → μ+μ−γ q2

B+ → K+νν̄ 2.7 σ

→

33

Stay tuned for future :)  
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B → K*γ

B0 → γγ

B0
s → μμγ

Λ0
b → pK−γ

B+ → K+νν̄

Prospects
Table 62: Sensitivities of observables for radiative exclusive B decays. We assume that 5 ab�1

of data will be taken on the ⌥ (5S) resonance by Belle II. Some numbers at Belle are extrapo-

lated to 0.71 ab�1 (0.12 ab�1) for the Bu,d (Bs) decay. As in Table 61 the quoted uncertainties

are depending on the observable either relative or absolute ones.
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variables. The large b ! s� background which peaks in �E and Mbc can be significantly

suppressed by the new PID system, using the iTOP for the barrel region and the ARICH
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can observe a 5� deviation from the SM prediction already with 6 ab�1. With 50 ab�1 of
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total a precision of 1.9% on āI(⇢�) will be achievable at Belle II, which compares favourably
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The CP asymmetries in the case of charged and neutral B mesons are measured in dif-

ferent ways. The mode B+ ! ⇢+� is self-flavour tagging thus allowing for a straightforward

measurement of the direct CP asymmetry. In contrast, B0 ! ⇢0� is not a flavour eigenstate,

yet a time-dependent measurement with flavour tagging will allow to extract both ACP and
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Table 63: Belle II sensitivities for the Bd.s ! �� modes. We assume that 5 ab�1 of data

will be taken on the ⌥ (5S) resonance at Belle II. Some numbers at Belle are extrapolated

to 0.71 ab�1 (0.12 ab�1) for the Bd (Bs) decay. The given branching ratio and asymmetry

uncertainties are relative and absolute uncertainties, respectively.

Observables Belle 0.71 ab�1 (0.12 ab�1) Belle II 5 ab�1 Belle II 50 ab�1

Br(Bd ! ��) < 740% 30% 9.6%

ACP (Bd ! ��) – 78% 25%

Br(Bs ! ��) < 250% 23% –

Compared to B ! Xs�, the double-radiative process B ! Xs�� is suppressed by an addi-

tional factor of ↵/(4⇡), which leads to the naive expectation Br(B ! Xs��)SM = O(10�7).

Given its small branching ratio it is unsurprising that the mode B ! Xs�� has not been

observed so far.

Even though it is very rare compared to the single radiative B ! Xs� decay, the double-

radiative process has some features that make it worthwhile to study it at Belle II. These

features are:

(i) In contrast to B ! Xs�, the current-current operators Q1,2 contribute to B ! Xs��

via 1PI diagrams already at LO. As a result, measurements of the double-radiative

decay mode would allow to put bounds on these 1PI corrections.

(ii) For B ! Xs�� one can study more complicated distributions such as d2�/(dE1dE2),

where E1,2 are the final state photon energies, or a forward-backward asymmetry (AFB)

that can provide additional sensitivity to BSM physics.

In order to exploit these features in a clean way, SM predictions beyond the LO are needed.

A first step towards achieving NLO accuracy has been made in [543, 544] by the calculation

of the (Q7, Q7) interference contribution to the di↵erential distributions at O(↵s). In the lat-

ter works it has been shown that the NLO corrections associated to (Q7, Q7) are large and

can amount to a relative change of around ±50% compared to the corresponding LO pre-

dictions [545–548]. Further progress towards B ! Xs�� at NLO was made recently in [549]

by providing the (Q8, Q8) self-interference contribution. Although these corrections should

be suppressed relative to those from (Q7, Q7) by
��Ce↵

8 Qd/Ce↵
7

��2 ' 3% the appearance of

collinear logarithms ln(ms/mb) could upset this naive expectation. One important outcome

of the work [549] is that the logarithmically-enhanced contributions stay small in the full

phase-space, and as a result the (Q8, Q8) interference represents only a subleading NLO cor-

rection. The NLO calculation of the numerically important (Q7, Q7) interference contribution

has very recently been extended to the case of a non-zero s-quark mass [550].

Including all known perturbative corrections the state-of-the-art SM prediction reads [550]

Br(B ! Xs��)c=0.02
SM = (0.9 ± 0.3) · 10�7 , (251)

where c represents a cut on the phase-space (for details see [550]) which guarantees that

the two photons are not soft and also not parallel to each other. The quoted uncertainty

is dominated by the error due to scale variations µb 2 [mb/2, 2mb]. Since scale ambiguities

represent the largest theoretical uncertainty at present, a more reliable SM prediction can

only be achieved by calculating further NLO corrections such as for instance the (Q1,2, Q7)
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  SystematicsB → K*γ

Table 2. Systematic uncertainties (%) for branching fraction measurement.

Source K⇤0[K+⇡�]� K⇤0[K0
S⇡

0]� K⇤+[K+⇡0]� K⇤+[K0
S⇡

+]�

B counting 1.5 1.5 1.5 1.5

f±/f00 1.6 1.6 1.6 1.6

� selection 0.9 0.9 0.9 0.9

⇡0 veto 0.7 0.7 0.7 0.7

⌘ veto 0.2 0.2 0.2 0.2

Tracking e�ciency 0.5 0.5 0.2 0.7

⇡+ selection 0.2 � � 0.2

K+ selection 0.4 � 0.4 �
K0

S reconstruction � 1.4 � 1.4

⇡0 reconstruction � 3.9 3.9 �
�2 selection 0.2 1.0 0.2 1.0

CSBDT selection 0.3 0.4 0.4 0.3

Candidate selection 0.1 1.0 0.6 0.2

Fit bias 0.1 0.9 0.5 0.2

Signal PDF model 0.1 0.4 0.3 0.2

KDE PDF model 0.1 0.8 0.6 0.2

Simulation sample size 0.2 0.8 0.4 0.5

Misreconstructed signal � 1.0 1.0 �
Total 2.6 5.4 4.9 3.2

Table 3. Systematic uncertainties (%) for ACP measurement.

Source K⇤0[K+⇡�]� K⇤+[K+⇡0]� K⇤+[K0
S⇡

+]�

Fit bias 0.1 0.2 0.2

Signal PDF model 0.1 0.1 0.1

KDE modelling 0.1 0.4 0.2

BCS 0.1 0.5 0.2

K+ asymmetry � 0.6 �
⇡+ asymmetry � � 0.6

K+⇡� asymmetry 0.3 � �
Total 0.4 0.9 0.7
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Signal efficiencies

  Systematics B0 → γγ
5

TABLE II. Summary of systematic uncertainties on signal
e�ciencies.

Source Belle (%) Belle II (%)

Photon Detection E�ciency 4.0 2.7
Reconstruction E�ciency (✏rec) 0.6 0.5
Number of BB 1.3 1.5
f00 2.5 2.5
CBDT requirement 0.4 0.9
⇡0/⌘ veto 0.3 0.4
Timing requirement e�ciency 2.8 �
Total (sum in quadrature) 5.7 4.1

where Nfit
sig represents the signal yield obtained from the342

fit, NBB = (753 ± 10) ⇥ 106 and (387 ± 6) ⇥ 106 is the343

number of BB̄ pairs at the ⌥(4S) resonance for Belle344

and Belle II, ✏rec = 23.3% and 30.8% represents the sig-345

nal reconstruction e�ciency for Belle and Belle II, and346

f00 = (48.4 ± 1.2)%. We have measured the branching347

fraction for Belle and Belle II to be (5.4+3.3
�2.6±0.5)⇥10�8

348

and (1.7+3.7
�2.4±0.3)⇥10�8, respectively. The combined fit349

yields a branching fraction of (3.7+2.2
�1.8±0.7)⇥10�8. The350

first uncertainty is statistical while the second is system-351

atic.352

As no significant signal yield is observed, we calcu-353

late an upper limit on the branching fraction using a354

Bayesian approach. The UL on the branching fraction355

is determined by integrating the likelihood function ob-356

tained from the maximum likelihood fit procedure, cov-357

ering 0% to 90% of the area under the likelihood curve.358

The procedure includes the systematic uncertainties on359

the signal yield by convoluting the original likelihood360

curve with a Gaussian function of width equal to the361

total uncertainties on signal yield. The modified ratio362

is then re-convoluted with a Gaussian function of width363

proportional to the signals, where the total systematic on364

signal e�ciencies is a the proportionality constant. The365

upper limit on the branching fraction obtained from the366

combined dataset is 6.4 ⇥ 10�8, at 90% CL. The mea-367

sured branching fraction and the resulting upper limits368

on B(B0 ! ��) at 90% CL, with the systematic uncer-369

tainties, are summarized in Table III.370

TABLE III. Summary of B(B0 ! ��) measurements and
UL’s at 90% CL.

B(B0 ! ��) B(B0 ! ��)
(at 90% CL)

Belle (5.4+3.3
�2.6 ± 0.5)⇥ 10�8 < 9.9⇥ 10�8

Belle II (1.7+3.7
�2.4 ± 0.3)⇥ 10�8 < 7.4⇥ 10�8

Combined (3.7+2.2
�1.8 ± 0.7)⇥ 10�8 < 6.4⇥ 10�8

In summary, we have searched for the decay B0 !371

�� using 1.1 ab�1 of data collected at ⌥(4S) resonance372

by the Belle and Belle II experiments. No statistically373

significant signal is observed, leading us to set a 90%374

confidence level upper limit of 6.4⇥10�8 on the branching375

fraction. This is the most stringent UL estimated for this376

decay to date, representing an improvement by a factor377

of five compared to the previous limit (3.2 ⇥ 10�7) [6].378

The improvement in the current analysis compared to379

the previous BaBar and Belle results is due to the higher380

statistics and improved analysis techniques that result in381

better signal selection e�ciency and lower background.382
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FIG. 2. Signal enhanced projections of Mbc (left), �E (middle), and C0
BDT (right) for the B0 ! �� analysis using combined

Belle (top) and Belle II (bottom) dataset. Each plot is generated by applying the signal region selection criteria on the variables
other than the plotted variable. The signal regions for the two variables are as follows, 5.27 GeV/c2 < Mbc < 5.29 GeV/c2 and
–0.19 GeV < �E < 0.14 GeV for Belle and 5.27 GeV/c2 < Mbc < 5.29 GeV/c2 and –0.19 GeV < �E < 0.15 GeV for Belle
II. The cyan(dashed), red(dashed), and blue(solid) color distributions represent the signal, continuum background, and total
fit function, respectively. Points with error bars represent data.

which accounts for initial-state radiation. The uncer-299

tainty in signal reconstruction e�ciency, attributed to300

MC sample size, is determined to be 0.6% (0.5%) for301

Belle (Belle II). The uncertainties on the number of BB̄302

pairs recorded in Belle and Belle II are also considered.303

The uncertainties on the f00 are also included. To eval-304

uate the accuracy of the simulation, we compare its pre-305

dictions to a B0 ! K⇤(890)0� data control sample. The306

systematic uncertainty related to the e�ciency of the re-307

quirement on CBDT and the ⇡0/⌘ veto is estimated using308

the B0 ! K⇤(890)0� control sample. The e�ciency ratio309

between the data and MC of those requirements is taken310

as a correction, and its uncertainty as the associative sys-311

tematic error. The K⇤(890)0 mesons are reconstructed312

using K⇤(890)0 ! K+⇡– decays, in which the charged313

kaon is required to have RK/⇡ = LK/(LK + L⇡) >314

0.6, here LK(⇡) is the likelihood for the kaon(pion) hy-315

pothesis, which combines information from various sub-316

detectors of Belle or Belle II. The selection criteria for the317

photon are consistent with those used in the signal recon-318

struction. Additionally, the invariant mass of the K+⇡�
319

meson pair should lie in the range 0.817 < MK⇤ < 0.968320

GeV/c2. An uncertainty of 2.8% is assigned due to321

the timing criteria for Belle, while for Belle II, the un-322

certainty is incorporated into the photon detection e�-323

ciency.324

Figure 2 shows the fit projections obtained from a325

simultaneous fit to the data sets of 694 fb�1 and 362 fb�1
326

TABLE I. Summary of systematic uncertainties on the signal
yield.

Source Belle
(events)

Belle II
(events)

Fit bias +0.16 +0.12
PDF parameterization +0.56

�0.48
+0.30
�0.32

Shape Modeling +0.06 +0.04

Total (sum in quadrature) +0.58
�0.48

+0.30
�0.32

for Belle and Belle II, respectively. Since the branching327

fraction must be the same irrespective of detector setup,328

the branching fraction is a common parameter of the329

simultaneous fit. We obtain 9.1+5.6
�4.4 (1.9+4.2

�2.8) signal330

events and 615±25 (317±18) background events for the331

Belle (Belle II) dataset, where the uncertainties are332

statistical only. The signal significance is calculated as333 p
�2 ln(L0/Lmax), where L0 is the likelihood value when334

signal yield is fixed to zero, and Lmax is the likelihood335

value of nominal fit. The resulting significance is 2.4�,336

0.6�, and 2.5� for Belle, Belle II, and the combined337

dataset, respectively.338

339

The branching fraction is calculated using the equa-340

tion:341

B(B0 ! ��) =
Nfit

sig

2⇥NBB̄ ⇥ ✏rec ⇥ f00
, (4)

Signal yield

BELLE
694 fb−1 362 fb−1

New for 
Moriond 24

Preliminary

            Systematic Uncertainties
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Related to 
Λ0
b → pK−γ
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            Systematic Uncertainties
Table 3: Fit fractions (top) and interference fit fractions (bottom) determined using the amplitude
model. The values are given in %. The uncertainties from internal and external sources,
determined by the numerical convolution procedure are labelled �internal

syst and �external
syst .

Observable Value �stat �
internal
syst �

external
syst �syst

⇤(1405) 3.5 +0.3
�0.4

+0.9
�0.0

+1.3
�0.6

+1.9
�0.3

⇤(1520) 10.4 +0.4
�0.2

+0.7
�0.0

+1.7
�1.6

+2.2
�1.2

⇤(1600) 15.6 +0.6
�0.9

+0.8
�0.2

+3.9
�5.0

+4.3
�4.6

⇤(1670) 1.3 +0.2
�0.2

+0.3
�0.2

+1.2
�0.3

+1.3
�0.2

⇤(1690) 7.7 +0.4
�0.8

+1.8
�0.1

+5.1
�1.0

+6.2
�0.2

⇤(1800) 18.3 +1.3
�1.6

+1.4
�1.1

+3.2
�6.0

+3.2
�6.2

⇤(1810) 0.1 +0.9
�0.4

+1.7
�0.4

+4.0
�0.7

+4.8
�0.7

⇤(1820) 8.3 +0.4
�0.7

�0.2
�1.4

+1.9
�4.8

+1.0
�5.7

⇤(1830) 0.3 +0.4
�0.4

+0.6
�0.5

+1.5
�0.9

+1.6
�0.9

⇤(1890) 11.2 +0.7
�0.6

+0.5
�0.6

+4.3
�5.1

+4.6
�4.9

⇤(2100) 7.3 +0.5
�0.5

+1.1
�0.6

+1.1
�2.8

+1.4
�2.9

⇤(2110) 6.5 +0.6
�0.7

+1.7
�0.0

+5.4
�0.9

+6.3
�0.2

⇤(2350) 1.0 +0.2
�0.1

+0.8
�0.0

+0.0
�0.2

+0.8
�0.1

NR(3/2�) 2.8 +0.5
�0.4

+0.2
�1.9

+3.0
+0.3

+2.4
�1.3

⇤(1405), ⇤(1670) �0.7 +0.1
�0.2

+0.2
�0.2

+0.5
�0.8

+0.5
�0.9

⇤(1405), ⇤(1800) 7.6 +0.7
�0.8

+1.2
�2.0

+0.6
�3.5

+0.9
�4.6

⇤(1520), ⇤(1690) 0.5 +0.5
�0.3

+0.3
�0.9

+0.6
�2.6

+0.5
�3.0

⇤(1520), NR(3/2�) �0.6 +0.4
�0.4

+1.0
�0.6

+1.6
�3.2

+2.1
�3.0

⇤(1600), ⇤(1810) �1.9 +1.5
�1.0

+1.3
�1.5

+4.1
�2.9

+3.9
�3.6

⇤(1670), ⇤(1800) �4.8 +0.5
�0.4

+0.4
�0.6

+1.5
�2.0

+1.5
�2.1

⇤(1690), NR(3/2�) 3.9 +0.4
�0.4

+0.1
�3.0

+1.2
�2.7

+0.3
�4.7

⇤(1820), ⇤(2110) 1.1 +0.7
�0.5

+0.2
�2.1

+2.5
�3.9

+1.9
�4.8

18

The uncertainties for most observables are dominated by 

external inputs: specifically the masses and widths of the  

states. A future measurement including improved knowledge of 

the different  baryons and more data will result in a significant 

reduction of the uncertainties. 


 ~ 

Λ

Λ

ℬ(Λ0
b → Λ*0γ) 3 × 10−5
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Related to 
B0
s → μ+μ−γ
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   Selection details

Use two MLP classifiers to reduce backgrounds (optimised for 

each  region)


Double mis-ID, partially reconstructed,   , 


Control channel:  


Normalisation channel: 

q2

B → μμπ0 B → μμη
B0

s → ϕ( → K+K−)γ
B0

s → J/ψ( → μ+μ−)η( → γγ)

Control channel:

 To check the agreement between data and simulation.

 Similar kinematics: three body decay and low-pT photons

 Chosen channel: B0

s → ϕ( → K+K−) γ

22

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

Preliminary

Preliminary

LHCb-PAPER-2023-045 
In preparation

Normalisation channel:

 A well know decay channel

 High statistics.

 Similar final state to the signal: allows uncertainties cancelations.

 Chosen channel: B0

s → J/ψ( → μ+μ−) η( → γγ)
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   More Results

23

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

The measured  is not 

statistically significant in any of the q2 regions.


They are consistent with the background-only 

hypothesis at < 1σ level. 


ℬ(B0
s → μ+μ−γ)

stat. syst.±

Candidates mass distribution fit, for each q2 region:

Dominated by statistical uncertainty.

Preliminary
Preliminary

Preliminary Preliminary
Preliminary

LHCb-PAPER-2023-045 
In preparation

Final fits

23

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

The measured  is not 

statistically significant in any of the q2 regions.


They are consistent with the background-only 

hypothesis at < 1σ level. 


ℬ(B0
s → μ+μ−γ)

stat. syst.±

Candidates mass distribution fit, for each q2 region:

Dominated by statistical uncertainty.

Preliminary
Preliminary

Preliminary Preliminary
Preliminary

LHCb-PAPER-2023-045 
In preparation

Final fits

24

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

As no significant excess is observed, upper limits 

are set on  using the CLs method.ℬ(B0
s → μ+μ−γ)

at 90% (95%) CL.

First direct search of , and first search at low q2.B0
s → μ+μ−γ

Upper limits on the branching fraction:

Preliminary Preliminary

Preliminary Preliminary

Preliminary

Preliminary

LHCb-PAPER-2023-045 
In preparation

Limits
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    Comparison

25

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

Direct search , these results,  at 95% CL. [LHCb-PAPER-2023-045 in preparation]
Indirect search from  decay at LHCb, limit at 95% CL [Phys.Rev.D105(2022)1]
Single-pole parametrisation [JHEP11(2017)184]
Multipole parametrisation [Phys.Rev.D97(2018)053007]
Soft-collinear effective theory [JHEP148(2020)12]
Light-cone sum rules [JHEP8(2021)12]
Lattice QCD with heavy quark effective theory, assuming vector meson dominance [JHEP10(2023)102, JHEP7(2023)112]
Lattice QCD with heavy quark effective theory extrapolation [arXiv:2402.03262]

B0
s → μ+μ−γ

B0
s → μ+μ−

Experimental upper limits in the theoretical context:

 Different approaches to  FF’s calculation:


 Different estimates of the .

 Experimental results are dominated by stat. uncertainties:


Run 3 data might be sensitive to different models.

 Indirect method reaches lower ULs. 


 Direct method is sensitive to the full q2 spectrum.

B0
s → γ

ℬ

Preliminary

LHCb-PAPER-2023-045 
In preparation

Indirect search in  = no photon 

reconstruction


Only sensitive to high  region

B0
s → μ+μ−

q2

Indirect no photon reconstruction, probing this decay as a background 
of the  process:


 at 95% C.L. for  

B0
s → μ+μ−

ℬ(B0
s → μ+μ−γ) < 2.0 × 10−9 m(μμ) > 4.9 GeV/c2

42

B0
s → μ+μ−γ

Irene Bachiller   -   Rare and Semileptonic decays at LHCb   

Phys.Rev.D105(2022)012010 Two complementary methods

Direct with photon reconstruction, presented today. Search by BABAR: 

 ℬ(B0 → μ+μ−γ) < 1.6 × 10−7

Phys.Rev.D77(2008)011104Sensitive to low-q2 region, therefore, to larger set of Wilson coefficients (C7, C9, C10).

Photon reconstruction worsen the resolution.

Only sensitive to high q2

LHCb-PAPER-2023-045 
In preparation

Signal simulation: as theory input the differential branching ratio computed in  D.Melikhov N.Nikitin 

[Phys.Rev.D70(2004)114028]. The implementation of this result is detailed in N.Nikitin,A. Popov,D.V.Savrina 
[LHCb-INT-2011-011]. + PHOTOS ON for final state radiation.
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Related to 
B+ → K+νν̄
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: VariablesB+ → K+νν̄

51

Seven major backgrounds categories:

 decays


 decays 











B+B−

B0B̄0

τ+τ−

cc̄
ss̄
uū
dd̄

 backgroundsBB̄

BB̄B( → Kνν̄)B̄qq̄

ITA discriminating variables: signal kinematics, two/three-
track vertices, general event topology (e.g sphericity)


HTA discriminating variables: signal kinematics, , other 
track and cluster information

Btag

 continuumqq̄
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Reconstruction Techniques 

Different reconstruction techniques lead to nearly orthogonal data samples

Efficiency 

Purity, Resolution 

52

ϵ ∼ 0.1 − 1 %
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ment an ideal environment to measure such challenging B decays with missing energy. In particular,
reconstructing one B meson in the event as a tag-side (see Fig. 2) can provide powerful constraints
on the flavour and kinematics of the remaining B meson, that is studied as a signal-side. This so
called method of tag-side reconstruction will be crucial to the discovery and measurements of the
properties of b ! s⌫⌫̄ transitions at Belle II (including the most amenable channels B ! K(⇤)⌫⌫̄).
The most stringent limits on the branching fractions of B ! K+⌫⌫̄ and B ! K⇤0⌫⌫̄ were made by
the Belle experiment with semileptonic tagging and are, 1.6⇥ 10�5 and 2.7⇥ 10�5, respectively [25],
which can be compared to the SM expectations of 4.6 ⇥ 10�6 and 9.6 ⇥ 10�6. Measurements of
such channels can offer a crucial and complementary insight on the anomalies as they are free from
potential contributions from long-distance cc̄ loops, which affect the SM predictions of b ! s`` transi-
tions. Furthermore, since the summed rate of all three neutrino flavours is measured any preferred
coupling to the third generation would enhance the branching fraction of the decay.

Efficiency

O(0.1–1%)
Exclusive Hadronic

⌥(4S)

B+
tag

B�
sig

⇡+

D̄0
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tag
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Purity
Figure 2: illustrations of tag-side reconstruction in which the tag-side is reconstructed in (a) specific fully

hadronic final states (b) specific semileptonic modes (B ! D(⇤)`⌫) or (c) inclusively from unassigned
tracks and neutral energy deposits in the event.

Lastly, the strength of Belle II at measuring final states with missing energy gives Belle II the
opportunity to potentially probe the b ! s⌧⌧ transition. This decay like b ! s⌫⌫̄ involves several
neutrinos produced from the subsequent decays of the ⌧ leptons. Although the branching fraction is
very low at roughly 1.4⇥ 10�7 a number of NP explanations for the anomalies indicate that the decay
rate could be significantly enhanced by even three orders of magnitude [26]. However, currently the
most stringent experimental limits from BaBar on the branching fraction of B ! K⌧⌧ decays is only
2.3⇥10�3 [27]. Closely related is the potential for NP induced lepton flavour violating transitions B !

K(⇤)⌧`. Limits at a 90% confidence level have been made on the branching fraction of B ! K(⇤)⌧`
by Babar (< 3/4.8 ⇥ 10�5 for ` = e/µ) [28] and LHCb (< 3.9 ⇥ 10�5 for ` = µ) [29]. Any observed
enhancement in the branching fraction of B ! K(⇤)⌧⌧ decays or observation of B ! K(⇤)⌧` decays,
would be clear indications of new physics.

Tag-side reconstruction An essential method for the aforementioned orthogonal probes is tag-
side reconstruction. As shown in Fig. 2 tag-side reconstruction can either be performed exclusively
by reconstructing a tag-side B in specific final modes or inclusively. In the inclusive approach the
signal-side B meson must be reconstructed first allowing for all remaining particles in the event to
be assigned to the remaining B meson, the inclusive tag-side. This approach has the benefit of
large efficiency O(1–100)%4 but with a very low purity, where purity is the percentage of correctly
reconstructed tag-sides. The exclusive approach, in which specific final states are reconstructed,
has generally a much higher purity particularly when hadronic final states are chosen but with the
disadvantage of a loss of efficiency 0.1–1% (1–3%) for hadronic (semileptonic) states. The Belle

4The efficiency varies in a large range as it depends on selections applied to the full ⌥(4S) decay chain.

William Sutcliffe PROJECT DESCRIPTION page 4 of 21

ment an ideal environment to measure such challenging B decays with missing energy. In particular,
reconstructing one B meson in the event as a tag-side (see Fig. 2) can provide powerful constraints
on the flavour and kinematics of the remaining B meson, that is studied as a signal-side. This so
called method of tag-side reconstruction will be crucial to the discovery and measurements of the
properties of b ! s⌫⌫̄ transitions at Belle II (including the most amenable channels B ! K(⇤)⌫⌫̄).
The most stringent limits on the branching fractions of B ! K+⌫⌫̄ and B ! K⇤0⌫⌫̄ were made by
the Belle experiment with semileptonic tagging and are, 1.6⇥ 10�5 and 2.7⇥ 10�5, respectively [25],
which can be compared to the SM expectations of 4.6 ⇥ 10�6 and 9.6 ⇥ 10�6. Measurements of
such channels can offer a crucial and complementary insight on the anomalies as they are free from
potential contributions from long-distance cc̄ loops, which affect the SM predictions of b ! s`` transi-
tions. Furthermore, since the summed rate of all three neutrino flavours is measured any preferred
coupling to the third generation would enhance the branching fraction of the decay.

Efficiency

O(0.1–1%)
Exclusive Hadronic

⌥(4S)

B+
tag

B�
sig

⇡+

D̄0

K+

⇡�

K� ⌫`

⌫̄`

e+e�

(a)

O(1–3%)
Exclusive Semileptonic

⌥(4S)

B+
tag

B�
sig

⌫` `+

D̄0

K+

⇡�

K� ⌫`

⌫̄`

e+e�

(b)

O(1–100%)
Inclusive

⌥(4S)

B+
tag

B�
sig

K� ⌫`

⌫̄`

e+e�

(c)

Purity
Figure 2: illustrations of tag-side reconstruction in which the tag-side is reconstructed in (a) specific fully

hadronic final states (b) specific semileptonic modes (B ! D(⇤)`⌫) or (c) inclusively from unassigned
tracks and neutral energy deposits in the event.

Lastly, the strength of Belle II at measuring final states with missing energy gives Belle II the
opportunity to potentially probe the b ! s⌧⌧ transition. This decay like b ! s⌫⌫̄ involves several
neutrinos produced from the subsequent decays of the ⌧ leptons. Although the branching fraction is
very low at roughly 1.4⇥ 10�7 a number of NP explanations for the anomalies indicate that the decay
rate could be significantly enhanced by even three orders of magnitude [26]. However, currently the
most stringent experimental limits from BaBar on the branching fraction of B ! K⌧⌧ decays is only
2.3⇥10�3 [27]. Closely related is the potential for NP induced lepton flavour violating transitions B !

K(⇤)⌧`. Limits at a 90% confidence level have been made on the branching fraction of B ! K(⇤)⌧`
by Babar (< 3/4.8 ⇥ 10�5 for ` = e/µ) [28] and LHCb (< 3.9 ⇥ 10�5 for ` = µ) [29]. Any observed
enhancement in the branching fraction of B ! K(⇤)⌧⌧ decays or observation of B ! K(⇤)⌧` decays,
would be clear indications of new physics.

Tag-side reconstruction An essential method for the aforementioned orthogonal probes is tag-
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by reconstructing a tag-side B in specific final modes or inclusively. In the inclusive approach the
signal-side B meson must be reconstructed first allowing for all remaining particles in the event to
be assigned to the remaining B meson, the inclusive tag-side. This approach has the benefit of
large efficiency O(1–100)%4 but with a very low purity, where purity is the percentage of correctly
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ment an ideal environment to measure such challenging B decays with missing energy. In particular,
reconstructing one B meson in the event as a tag-side (see Fig. 2) can provide powerful constraints
on the flavour and kinematics of the remaining B meson, that is studied as a signal-side. This so
called method of tag-side reconstruction will be crucial to the discovery and measurements of the
properties of b ! s⌫⌫̄ transitions at Belle II (including the most amenable channels B ! K(⇤)⌫⌫̄).
The most stringent limits on the branching fractions of B ! K+⌫⌫̄ and B ! K⇤0⌫⌫̄ were made by
the Belle experiment with semileptonic tagging and are, 1.6⇥ 10�5 and 2.7⇥ 10�5, respectively [25],
which can be compared to the SM expectations of 4.6 ⇥ 10�6 and 9.6 ⇥ 10�6. Measurements of
such channels can offer a crucial and complementary insight on the anomalies as they are free from
potential contributions from long-distance cc̄ loops, which affect the SM predictions of b ! s`` transi-
tions. Furthermore, since the summed rate of all three neutrino flavours is measured any preferred
coupling to the third generation would enhance the branching fraction of the decay.

Efficiency
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Figure 2: illustrations of tag-side reconstruction in which the tag-side is reconstructed in (a) specific fully

hadronic final states (b) specific semileptonic modes (B ! D(⇤)`⌫) or (c) inclusively from unassigned
tracks and neutral energy deposits in the event.

Lastly, the strength of Belle II at measuring final states with missing energy gives Belle II the
opportunity to potentially probe the b ! s⌧⌧ transition. This decay like b ! s⌫⌫̄ involves several
neutrinos produced from the subsequent decays of the ⌧ leptons. Although the branching fraction is
very low at roughly 1.4⇥ 10�7 a number of NP explanations for the anomalies indicate that the decay
rate could be significantly enhanced by even three orders of magnitude [26]. However, currently the
most stringent experimental limits from BaBar on the branching fraction of B ! K⌧⌧ decays is only
2.3⇥10�3 [27]. Closely related is the potential for NP induced lepton flavour violating transitions B !

K(⇤)⌧`. Limits at a 90% confidence level have been made on the branching fraction of B ! K(⇤)⌧`
by Babar (< 3/4.8 ⇥ 10�5 for ` = e/µ) [28] and LHCb (< 3.9 ⇥ 10�5 for ` = µ) [29]. Any observed
enhancement in the branching fraction of B ! K(⇤)⌧⌧ decays or observation of B ! K(⇤)⌧` decays,
would be clear indications of new physics.

Tag-side reconstruction An essential method for the aforementioned orthogonal probes is tag-
side reconstruction. As shown in Fig. 2 tag-side reconstruction can either be performed exclusively
by reconstructing a tag-side B in specific final modes or inclusively. In the inclusive approach the
signal-side B meson must be reconstructed first allowing for all remaining particles in the event to
be assigned to the remaining B meson, the inclusive tag-side. This approach has the benefit of
large efficiency O(1–100)%4 but with a very low purity, where purity is the percentage of correctly
reconstructed tag-sides. The exclusive approach, in which specific final states are reconstructed,
has generally a much higher purity particularly when hadronic final states are chosen but with the
disadvantage of a loss of efficiency 0.1–1% (1–3%) for hadronic (semileptonic) states. The Belle

4The efficiency varies in a large range as it depends on selections applied to the full ⌥(4S) decay chain.
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arxiv: 2311.14647

HTA much lower efficiency w.r.t. ITA analysis, but a smaller variation in q2

mailto:slavomira.stefkova@kit.edu
https://arxiv.org/abs/2311.14647


     Slavomira Stefkova, slavomira.stefkova@kit.edu                                                                                 APS April meeting 2024, Sacramento

13

TABLE I. Sources of systematic uncertainty in the ITA, corresponding correction factors (if any), their treatment in the fit,
their size, and their impact on the signal strength µ. Uncertainty type can be “Global”, corresponding to a global normalization
factor, common to all SR bins, or “Shape”, corresponding to a bin-dependent uncertainty. Each source can be described by a
single or a set of multiple nuisance parameters (NP) (see text for more details). The impact on the signal strength uncertainty
�µ is estimated by excluding the source from the minimization and subtracting in quadrature the resulting uncertainty from
the uncertainty of the nominal fit.

Source Correction Uncertainty Uncertainty Impact on �µ
type size

Normalization of BB̄ background — Global, 2 NP 50% 0.88
Normalization of continuum background — Global, 5 NP 50% 0.10
Leading B-decays branching fractions — Shape, 5 NP O(1%) 0.22
Branching fraction for B+ ! K+K0

LK
0

L q2 dependent O(100%) Shape, 1 NP 20% 0.49
p-wave component for B+ ! K+K0

SK
0

L q2 dependent O(100%) Shape, 1 NP 30% 0.02
Branching fraction for B ! D(⇤⇤) — Shape, 1 NP 50% 0.42
Branching fraction for B+ ! nn̄K+ q2 dependent O(100%) Shape, 1 NP 100% 0.20
Branching fraction for D ! KLX +30% Shape, 1 NP 10% 0.14
Continuum background modeling, BDTc Multivariate O(10%) Shape, 1 NP 100% of correction 0.01
Integrated luminosity — Global, 1 NP 1% < 0.01
Number of BB̄ — Global, 1 NP 1.5% 0.02
O↵-resonance sample normalization — Global, 1 NP 5% 0.05
Track finding e�ciency — Shape, 1 NP 0.3% 0.20
Signal kaon PID p, ✓ dependent O(10� 100%) Shape, 7 NP O(1%) 0.07
Photon energy scale — Shape, 1 NP 0.5% 0.08
Hadronic energy scale �10% Shape, 1 NP 10% 0.36
K0

L e�ciency in ECL �17% Shape, 1 NP 8% 0.21
Signal SM form factors q2 dependent O(1%) Shape, 3 NP O(1%) 0.02
Global signal e�ciency — Global, 1 NP 3% 0.03
MC statistics — Shape, 156 NP O(1%) 0.52

eral sources are used to cover background modeling un-920

certainties. The branching fractions of about 80% B
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and 70% B
0 decays in the SR are allowed to vary ac-922

cording to their known uncertainties [17]. These vari-923

ations are then propagated to the SR bins, and their924

e↵ects, along with correlations, are incorporated into925

a covariance matrix. This matrix is subsequently de-926

composed and represented using five nuisance parame-927

ters. The uncertainty on the branching fraction of the928
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sible isospin-breaking e↵ects (20%) and uncertainties in934

p-wave non-resonant contribution (20%). Uncertainty on935

the branching fractions of less known B ! D
(⇤⇤) decays936

is assigned to be 50%. Uncertainties in the modeling of937

baryonic decays involving neutrons are covered by the938

100% uncertainty on the B
+ ! K

+
nn̄ branching frac-939

tion. The fraction of D-meson decays involving K
0
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is940

corrected by 30% with a 10% uncertainty, motivated by941

the di↵erences in the scaling factor determined using dif-942

ferent samples, as discussed in Sec. IXB2. All of these943

uncertainties are propagated as correlated shape uncer-944

tainties.945

Global normalization uncertainties on the luminosity946

measurement and the number of BB̄ pairs are treated947

with one nuisance parameter each. In addition, a 5% un-948

certainty is introduced on the di↵erence in normalization949

between on- and o↵-resonance data samples.950

The following five sources represent uncertainties in951

detector modeling; they are discussed in detail in Sec. V.952

The sources are track-finding e�ciency, kaon identifi-953

cation e�ciency, modeling of energy for photons and954

hadrons, and K
0
L

reconstruction e�ciency. The final955

three sources account for signal-modeling uncertainties.956

These are signal form-factors, which are based on Ref. [4],957

and global signal-selection e�ciency uncertainties as de-958

termined in Sec. VIII.959

The systematic uncertainty due to the limited size of960

simulated samples is taken into account by one nuisance961

parameter per bin per background category (156 param-962

eters).963

This results in a total of 192 nuisance parameters plus964

the signal strength µ, that are varied in the fit.965

The largest impact on the signal strength µ arises from966

the normalization of the background from charged B de-967

cays. Other important sources, ordered by the level of968

the correlation with µ, are the simulated sample size,969

branching fraction for B
+ ! K

+
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0
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decays, branch-970

ing fraction for B ! D
(⇤⇤) decays, reconstructed energy971

for hadrons, branching fractions of the leading B decays,972

and K
0
L
reconstruction e�ciency.973

The summary of systematic uncertainties for the HTA974

is provided in Table II. Three background components975
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TABLE I. Sources of systematic uncertainty in the ITA, corresponding correction factors (if any), their treatment in the fit,
their size, and their impact on the signal strength µ. Uncertainty type can be “Global”, corresponding to a global normalization
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 on μ = 2.3
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TABLE II. Sources of systematic uncertainty in the HTA (see caption of Table I for details).

Source Correction Uncertainty type Uncertainty size Impact on �µ

Normalization BB background — Global, 1 NP 30% 0.91
Normalization continuum background — Global, 2 NP 50% 0.58
Leading B-decays branching fractions — Shape, 3 NP O(1%) 0.10
Branching fraction for B+ ! K+K0

LK
0

L q2 dependent O(100%) Shape, 1 NP 20% 0.20
Branching fraction for B ! D(⇤⇤) — Shape, 1 NP 50% < 0.01
Branching fraction for B+ ! K+nn̄ q2 dependent O(100%) Shape, 1 NP 100% 0.05
Branching fraction for D ! KLX +30% Shape, 1 NP 10% 0.03
Continuum background modeling, BDTc Multivariate O(10%) Shape, 1 NP 100% of correction 0.29
Number of BB̄ — Global, 1 NP 1.5% 0.07
Track finding e�ciency — Global, 1 NP 0.3% 0.01
Signal kaon PID p, ✓ dependent O(10� 100%) Shape, 3 NP O(1%) < 0.01
Extra photon multiplicity N� dependent O(20%) Shape, 1 NP O(20%) 0.61
K0

L e�ciency — Shape, 1 NP 17% 0.31
Signal SM form factors q2 dependent O(1%) Shape, 3 NP O(1%) 0.06
Signal e�ciency — Shape, 6 NP 16% 0.42
Simulated sample size — Shape, 18 NP O(1%) 0.60

are considered in the HTA: BB̄, accounting for both976

charged and neutral B decays, cc̄, and light-quark contin-977

uum (uū, dd̄, ss̄). The contribution from ⌧ -pair decays978

is negligible. The primary contribution to the systematic979

uncertainty arises from the determination of the normal-980

ization of the BB̄ background. This determination is981

based on the comparison of data-to-simulation normal-982

ization in the pion-enriched control sample, which shows983

agreement within the 30% statistical uncertainty. The984

other important sources are the uncertainty associated985

with the bin-by-bin correction of the extra photon can-986

didate multiplicity, and the uncertainty due to the lim-987

ited size of the simulated sample. The uncertainty on988

continuum normalization (50%), determined using o↵-989

resonance data, is the fourth most important contribu-990

tion. The other sources of systematic uncertainty are the991

same in both analyses, except for those related to pho-992

ton and hadronic energy corrections (not applied in the993

HTA) and p-wave contribution from B
+ ! K

+
K

0
S
K

0
L

994

(whose contribution is negligible).995

For both analyses, nuisance-parameter results are in-996

vestigated in detail. No significant shift is observed for997

the parameters corresponding to the background yields998

from charged and neutral B-meson decays. For the ITA,999

the parameters corresponding to the continuum back-1000

ground yields are shifted consistently with the di↵erence1001

observed in the normalization of the continuum simula-1002

tion with respect to the o↵-resonance data.1003

XII. RESULTS1004

A comparison of the data and fit results in the SR of1005

the ITA is shown in Fig. 13. The observed signal purity1006

is found to be 5% in the SR and is as high as 19% in1007

the three bins with ⌘(BDT2) > 0.98. The compatibility1008

between the data and fit results is determined with sim-1009

plified experiments simulated by sampling the likelihood1010

to be 48% for the ITA. Figs. 14 and 15 present distribu-1011

tions of several variables for the events within the signal1012

region. The simulated samples are corrected di↵eren-1013

tially using ratios of post-to-pre-fit yields for each SR bin.1014

A good overall agreement is observed. However, certain1015

discrepancies are evident in the q2rec distribution, showing1016

a deficit in data-to-predictions for q
2
rec < 3GeV2

/c
4 and1017

an excess for 3GeV2
/c

4
< q

2
rec < 5GeV2

/c
4.1018

An excess over the background-only hypothesis is ob-1019

served in the ITA. The signal strength is determined to be1020

µ = 5.6± 1.5 = 5.6+1.0
�1.0(stat)

+1.1
�0.9(syst) , where the statis-1021

tical uncertainty is estimated using simplified simulated1022

experiments based on Poisson statistics. The total un-1023

certainty is obtained by a profile likelihood scan, fitting1024

the model with fixed values of µ around the best-fit value1025

while keeping the other fit parameters free; see Fig. 16.1026

The systematic uncertainty is calculated by subtracting1027

the statistical uncertainty in quadrature from the total1028

uncertainty. An additional 8% theoretical uncertainty,1029

arising from the knowledge of the branching fraction in1030

the SM, is not included.1031

The compatibility between the data and fit results1032

is also checked for HTA and is determined to be 61%.1033

The HTA observes a signal strength of µ = 2.2+2.4
�2.0 =1034

2.2+1.8
�1.7(stat)

+1.6
�1.1(syst), which is lower compared to the1035

ITA result, but consistent at 1.2 standard deviations.1036

A corresponding comparison for the HTA is shown in1037

Fig. 17. In the whole SR, a signal purity of 7% is mea-1038

sured, which increases to 20% in the three bins with1039

⌘(BDTh) > 0.7, with the main background contribution1040

from BB̄ decays. Fig. 18 presents distributions of sev-1041

eral variables for the event within the signal region. Good1042

agreement is observed.1043

If interpreted in terms of signal, the results corre-1044

spond to a branching fraction of the B
+ ! K

+
⌫⌫̄ de-1045

cay of [2.8± 0.5(stat)± 0.5(syst)]⇥10�5 for the ITA and1046

14
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ITA result, but consistent at 1.2 standard deviations.1036

A corresponding comparison for the HTA is shown in1037

Fig. 17. In the whole SR, a signal purity of 7% is mea-1038

sured, which increases to 20% in the three bins with1039

⌘(BDTh) > 0.7, with the main background contribution1040

from BB̄ decays. Fig. 18 presents distributions of sev-1041

eral variables for the event within the signal region. Good1042

agreement is observed.1043

If interpreted in terms of signal, the results corre-1044

spond to a branching fraction of the B
+ ! K

+
⌫⌫̄ de-1045

cay of [2.8± 0.5(stat)± 0.5(syst)]⇥10�5 for the ITA and1046

1.

2.

3.
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ITA Results: Post-fit distributions
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ITA Results: Post-fit distributions
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HTA Results: Post-fit distributions
HTA Signal region η(BDTh) > 0.4
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HTA Results: Post-fit distributions
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Uncertainty on the Signal Strength µ
Belle II Snowmass paper : 2 scenarios baseline (improved*)

3  (5 ) for SM  decays with 5 ab-1σ σ B+ → K+νν̄
 *The "improved" scenario assumes a 50% increase in 
signal efficiency for the same background level

Limit  


61

𝓑

Angular

Observables  
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Other Avenues with Invisibles

B → K(*)νν̄

B → K(*)X

B → K(*)ττ

B → π/ρνν̄

B → K(*)τl

B → Xsνν̄
BSM search

b → sll b
→

d
transitions

LF
V

inclusive b → sνν̄

baryonic decays

B → K(*)nn̄

62
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HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

Average
 0.012± 0.025 ±R(D) = 0.358 

 0.008± 0.010 ±R(D*) = 0.285 
 = -0.29ρ

) = 32%2χP(

HFLAV

Prelim. 2022

σ3

LHCb22

LHCb18

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2022

Flavour Anomalies

the
ore

tic
all

y cle
ane

r
[PRL 125 (2020) 011802]


Anomalies observed in exclusive  and   transitionsb → sμ+μ− b → clν

sum
over all flavours

Transition


Observable


Significance


b → sνν̄

 transitions are correlated to flavour anomalies   b → sνν̄
63




      


                Around  3.0 σ

b → clν

R(D(*)) =
𝓑(B → D(*)τν)

𝓑(B → D(*)lν) (l = e, μ)

                     



             ,  


Above 2.5 σ

b → sμ+μ−

P′￼5 𝓑
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Related to 
B0 → K*0μ+μ−

64

LHCb-PAPER-2024-011


Presented for the first time @ Moriond QCD on 2.4.2024
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  MeasurementsB0 → K*0μ+μ−

Tom HadavizadehMoriond QCD

B0

ℓ+

ℓ−

K*0

New physics or QCD?

10

q2 ≡ m(μ+μ−)2

!"#$%&$%$"'$(

J/�(1S)
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7

C(�)
7 C(�)

9
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9 C (�)
10

4 [m(µ)]2 q2
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dq2

)"*(

+,"-(*!.#)"'$(
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<latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit>

d�

dq2
<latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit>

J/ψ

ψ(2S)

Broad  
resonances
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Many of the contributions are vector-like

 This mimics the  contribution→ C9

Can we model them?

Interference
The final state receives large 
contributions from ‘charm-loop’ 
resonances 

The  decay doesn’t live in isolation…B0 → K*0μ+μ−
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Discrepancies are present in multiple 
observables and the differential decay rate 

: A very brief history B0 → K*0μ+μ−
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Tensions have remained for ~10 years  Weak Effective Theory b → sμ+μ−

 has caused lots of interest in the communityB0 → K*0μ+μ−
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Charm Loops in B0 → K*0μ+μ−

Tom HadavizadehMoriond QCD
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ℓ+
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K*0

New physics or QCD?
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<latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit>

1
<latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit>

6
<latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit>

15
<latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit>

q2 [GeV2]
<latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit>

d�

dq2
<latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit>

J/ψ

ψ(2S)

Broad  
resonances

cc̄

C7

C9 C10

Many of the contributions are vector-like

 This mimics the  contribution→ C9

Can we model them?

Interference
The final state receives large 
contributions from ‘charm-loop’ 
resonances 

The  decay doesn’t live in isolation…B0 → K*0μ+μ−

LHCb-PAPER-2024-011,  
in preparation  

Tom HadavizadehMoriond QCD

New physics or QCD?
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q2 ≡ m(μ+μ−)2
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<latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit>

1
<latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit>

6
<latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit>

15
<latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit>

q2 [GeV2]
<latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit>

d�

dq2
<latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit> C7
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The  decay doesn’t live in isolation…B0 → K*0μ+μ−
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New physics or QCD?
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<latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit><latexit sha1_base64="WnrpEDMBx84heQd19GXRgfvtGjs=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6LHgxWMF+wFtLJvtpF26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4du63J6g0j6MHM03Ql3QY8ZAzaqzk1+RjVp31sx4KMeuXym7FXYCsEy8nZcjR6Je+eoOYpRIjwwTVuuu5ifEzqgxnAmfFXqoxoWxMh9i1NKIStZ8tjp6RS6sMSBgrW5EhC/X3REal1lMZ2E5JzUivenPxP6+bmvDGz3iUpAYjtlwUpoKYmMwTIAOukBkxtYQyxe2thI2ooszYnIo2BG/15XXSqlY8t+Ld18p1N4+jAOdwAVfgwTXU4Q4a0AQGT/AMr/DmTJwX5935WLZuOPnMGfyB8/kDvSuSAw==</latexit>

1
<latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit><latexit sha1_base64="HLTzDD3N/lVeEDmey1oqj9Ssz04=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cWTFtoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SDmaYYxHQkecQZNVZqeYNqza27C5B14hWkBgWag+pXf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFoTNyYZUhiRJlSxqyUH9P5DTWehqHtjOmZqxXvbn4n9fLTHQb5FymmUHJlouiTBCTkPnXZMgVMiOmllCmuL2VsDFVlBmbTcWG4K2+vE7aV3XPrXut61rDLeIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+APn8wd1M4yj</latexit>

6
<latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit><latexit sha1_base64="BRpnSm6etesJFbfrajfL3eNtAhE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AfMeMqA==</latexit>

15
<latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit>

q2 [GeV2]
<latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit>

d�

dq2
<latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit>

J/ψ

ψ(2S)

Broad  
resonances

cc̄

C7

C9 C10

Many of the contributions are vector-like

 This mimics the  contribution→ C9

Can we model them?

Interference
The final state receives large 
contributions from ‘charm-loop’ 
resonances 

The  decay doesn’t live in isolation…B0 → K*0μ+μ−
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New results 
✓ Unbinned amplitude analysis to the whole  region 

✓ First measurement using the full Run1 [2011-2012] and Run2 [2016-2018] data 

q2 ≡ m2(μ+μ−)

12

Local Non-local contributions 

Ceff,λ
9 (q2) = Cμ

9 + Y(0),λ
cc̄ + Y1P,λ

cc̄ (q2) + Y1P,λ
light (q

2) + Y2P,λ
cc̄ (q2) + Yττ̄(q2)Moving forward: ⇠⇠⇠⇠Isobar Dispersion model

Adopt alternative (more physical) model for non-local effects [Inspired by Cornella
et al]

⌘ Also useful to compare with our more naive model
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New results 
✓ Unbinned amplitude analysis to the whole  region 

✓ First measurement using the full Run1 [2011-2012] and Run2 [2016-2018] data 

q2 ≡ m2(μ+μ−)
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Analysis strategy 
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Angular analysis preformed in the three decay angles and q2

• Resolution  

• S-wave parameters 

• Background model 

From Data

Fit determines 150 parameters: 

• , . , , 

• Mag. and Phase of 1-particle resonances

• Real+Imag   per helicity


•  per helicity

• Form factors 

ℜ(C9) ℜ(C10) ℜ(C′ 9) ℜ(C′ 10) ℜ(Cτ
9)

D(*)D(*)

ΔC7
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• Acceptance model 

From Simulation

New

• Local  Form factors B → K*
From Theory

GRvDV [JHEP 09, 133 (2022)]Gaussian constrained 
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Results

14
Figure 5: The q2 projection from the baseline data fit. The total PDF is decomposed into signal
and background components, with the signal contributions further decomposed into local and
nonlocal contributions as described in Sec. 2.5.1. Note the hybrid linear/log scale to incorporate
the very tall peaks from the charmonium states.

uncertainties. The SM values for the Wilson Coe�cients obtained from Ref. [14] are708

also indicated in Fig 6, revealing a 2.1� deviation in the C9 fit result, and otherwise709

good agreement with SM. Two-dimensional likelihood profiles for C(0)
9,10 are also obtained,710

as shown in Fig. 7. The parameters of the dominant nonlocal contributions, i.e. the711

one-particle resonance amplitudes, are listed in Tables 5 and 6, and the two-particle and712

non-resonant contributions to C7 are given in Table 7.713

The prior and posterior values for the local form factor parameters are given in Table 8.714

Projections of the fit on the angles as well as q2 in the individual subregions can be found715

in Fig. 17 in Appendix C.716

7 Discussion717

The primary observation to be made based on the results of Sec. 6 is that while the718

data-driven nonlocal model used in this analysis shows that there is some contribution of719

nonlocal amplitudes in the q2 regions used by previous binned analyses [4], it still prefers720

a value of C9 that is shifted from the SM expectation. Based on a 1D profile likelihood721

24

C Fit projections in q2
sub-regions890

The four-dimensional maximum likelihood fit to the signal region is performed simultane-891

ously in three q2 regions, as described in Sec. 3.3. The results of the fits to the cos ✓K ,892

cos ✓`, �, and q2 distributions within each of the three regions are shown in Fig. 17.893

Figure 17: Result of the fit to candidates in the signal mass region. The four rows correspond to
the distributions of cos ✓K , cos ✓`, � and q2. The three columns correspond to the low-, mid- and
high-q2 regions. The total PDF is shown in blue, the signal PDF in red and the background PDF
in dotted black. The impact of the neglected exotic states is visible in the cos ✓K distributions.
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Results II

Tom HadavizadehMoriond QCD Figure 7: Two-dimensional likelihood profiles for selected combinations of the Wilson Coe�-

cients C(0)
9,10. The shaded regions indicate the 1� and 3� contours considering only statistical

uncertainties, while the dotted contours indicate the same regions with systematic uncertainties
included. The horizontal and vertical dotted lines show the Standard Model values.

presence of right-handed currents.729

This is the first direct measurement of C9⌧ , and the value of C9⌧ = �116 ± 264 ±730

98 is consistent with both zero and the SM expectation of lepton flavour universality,731

CSM
9⌧ = 4.27 [14]. The uncertainty on C9⌧ is dominated by statistical e↵ects. The largest732

systematic uncertainty, accounting for ⇠ 30% of the total uncertainty, arises from the733

constraint on the relative size of the B0 ! D(⇤)D̄(⇤)K⇤0 contributions, as detailed in734

section 2.5.1. The development of theory calculations that can be used to constrain the735

B0 ! D(⇤)D(⇤)(! µ+µ�)K⇤0 amplitudes would help improve sensitivity to C9⌧ in future736

measurements.737

The current best upper limit on B(B0 ! K⇤0⌧+⌧�) is 3.1 ⇥ 10�3 (90% C.L.) [64],738

corresponding to an upper limit of |C9⌧ | < 681 at 90% C.L. (assuming no New Physics739

contribution in C10⌧ ) or |C9⌧ | < 595 (assuming C10⌧ = �C9⌧ ). The 90% upper C.L. on |C9⌧ |740

from this work is |C9⌧ | < 501 (|C9⌧ | < 596 at 95% C.L.). To convert the upper limits on741

B(B0 ! K⇤0⌧+⌧�) in Ref. [64] to upper limits on |C9⌧ | the flavio package [65] was used,742

with local B0! K⇤0 form factors from Ref. [29] and subleading e↵ects parameterised as743

in Ref. [15].744

A number of cross-checks are performed to validate the results of this analysis. The745

26
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Wilson Coefficients
Biggest deviation is  with 

 at  from SM
C9

ΔCNP
9 = − 0.71 2.1σ

15

Global significance  from SM∼ 1.5σ

LHCb-PAPER-2024-011,  
in preparation  

 dominates systematic 
uncertainty 
ℬ(B0 → J/ψK*0)

Table 4: Results for the Wilson coe�cients. The first uncertainty is statistical, while the second
is systematic.

Wilson coe�cient results
C9 3.56 ± 0.28 ± 0.18
C10 �4.02 ± 0.18 ± 0.16
C 0
9 0.28 ± 0.41 ± 0.12

C 0
10 �0.09 ± 0.21 ± 0.06

C⌧
9 �116 ± 264 ± 98

asses this bias, pseudoexperiments are generated with the di↵erence between the open-676

charm components set to 1.5. These pseudoexperiments are then fitted twice, once677

with the baseline constraint-width, and once with an unbiased constraint-width of 1.5.678

The di↵erence in the fit results is assigned as a systematic, and besides the open-charm679

parameters, the main a↵ected parameters are C9 and C9⌧ , with systematic uncertainties680

of 24% and 29% of the statistical uncertainty respectively.681

5.5 Sub-dominant e↵ects682

The experimental resolution in the angles cos ✓`, cos ✓K , and � is not explicitly accounted683

for in the signal model. Unlike the q2 spectrum, however, the angular distributions contain684

no sharp peaks and are thus not greatly a↵ected by the detector resolution. Ensembles of685

pseudoexperiments emulating the e↵ects of the angular resolution were used to confirm686

that this has no significant e↵ects on the signal parameters of interest.687

The q2 resolution is accounted for in the baseline model as described in Sec. 3.3. The688

parameters of the resolution model are assumed to remain constant within each q2 region689

— an approximation that holds to varying degrees as a function of q2. Pseudoexperiments690

investigating the e↵ects of mismodelling the q2 resolution were performed and no significant691

e↵ects were observed to result from this assumption.692

After the full selection has been applied, the fraction of events that contain more693

than one candidate is approximately 0.18%. These events are unlikely to correspond694

to multiple true candidates and are not distributed evenly throughout the phase space.695

However, the distribution of events with multiple candidates is found to be well modelled696

in simulation, hence all candidates are retained in the subsequent analysis and a small697

systematic uncertainty related to their inclusion is determined from simulation.698

6 Results699

The full q2 spectrum resulting from the simultaneous fit is shown overlaid on the data in700

Fig. 5. The total PDF is decomposed into signal and background components, and the701

signal component is further decomposed into the contributions from local amplitudes, one-702

and two-particle nonlocal amplitudes, and the interference between them. The same results703

are shown with alternative signal decompositions in Figs. 18 and 19 in Appendix C.1.704

The optimal values of the Wilson Coe�cients C(0)
9,10 and C9⌧ are listed in Table 4. The705

corresponding one-dimensional likelihood profiles are shown in Fig. 6, wherein the 1�,706

2�, and 3� confidence intervals are indicated considering both statistical and systematic707

23
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Nonlocal amplitudes 
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Figure 9: The nonlocal contributions from (maroon) this analysis that includes one- and two-
particle hadronic amplitudes expressed as shifts to C9. The contributions from the �C�

7 terms
are also included, but the tau-loop contribution is excluded. The results of z-expansion fits [36]
from the 4.7 fb�1 LHCb analysis [31] are also shown (pink) with and (yellow) without theory
input from q2 < 0. See text for more detail.
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Figs. 10 and 11 show the role of the nonlocal contributions in the observable P 0
5 and the810

di↵erential branching fraction, respectively. The nonlocal components are set to zero in811

the model when constructing the observables in order to plot only the local contributions,812

as shown in Fig. 10a for P 0
5 and 11a for the di↵erential branching fraction, d�/dq2. The813

local only observables evidently di↵er from the total across much of the q2 spectrum,814

including within the bins used in previous analyses [66]. By setting the Wilson Coe�cients815

to their SM values, SM “postdictions” of the angular observables can be computed from816

the signal parameters returned by the baseline fit to the data. The resulting observables817

are constructed using the data-driven nonlocal contributions from this anlysis and can be818

compared to the formal SM predictions from Ref. [29], as shown in Figs. 10b and 11b.819

The SM observable postdictions of this analysis have central values closer to those of the820

data, indicating that the data prefer larger nonlocal contributions than the formal SM821

computations. This is in agreement with the distributions of the nonlocal amplitudes822

shown in Fig. 9. Nevertheless, the SM postdictions also have di↵erent central values to823

the baseline fit that are closer to the SM predictions. The latter observation indicates that824

the nonlocal contributions, while important, are not su�cient to explain the deviation825

seen in the total observables.826
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Figure 10: Distributions of the observable P 0
5 constructed out of the signal parameters from

the baseline fit to data. In (a), the unbinned distribution is shown both with and without the
nonlocal contributions included in the amplitudes. In (b), the binned distribution is shown for
the baseline fit to data, and with the Wilson Coe�cients set to their SM values. These are
compared against SM predictions obtained from Ref. [29]

Overall, this set of results is consistent with those reported in recent global analyses827

of b ! s`+`� decays [20], which favour lepton flavour universal NP contributions to828

C9. Moreover, they are consistent with the findings of other complementary analyses829

investigating the e↵ect of the nonlocal contributions in B0! K⇤`+`� decays [5, 67] who830

also found them to be of only minor importance.831
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