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Motivation 
Rare decays are a great place to test the Standard Model 

2

Suppressed in the Standard Model  New physics can be competitive →

Flavour changing neutral currents are particularly sensitive area 

Forbidden at tree level Must occur via loops 
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Rare decays at LHCb 
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Rare decays can provide a wealth of information

Branching fractions Lepton flavour 
universality tests 

Precise theory 
predictions

Experimentally more 
straight forward 

RK =
ℬ(B+ → K+μ+μ−)
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(c) � definition for the B0 decay

B →K*0 µ+µ-

• Four-body final state. 

➡ Angular distribution provides 
many observables that are 
sensitive to NP. 

e.g. at low q2  the angle 
between the decay planes is 
sensitive to the photon 
polarisation. 

• System described by three 
angles and q2.

40

Angular analyses  
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Today’s outline 
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LHCb-CONF-2024-001, 
Observation of the rare decay 
J/ψ → μ+μ−μ+μ−

Rare leptonic decay 

Shown for the first 

time ever!J/ψ → μ+μ−μ+μ−

Rare semileptonic decay 

LHCb-PAPER-2024-011, in preparation  
Comprehensive analysis of local and nonlocal 
amplitudes in the  decay 
B0 → K*0μ+μ−

B0 → K*0μ+μ−

Shown for the first 

time ever!

Run 2

Run 1 + 
Run 2



Tom HadavizadehMoriond QCD

J/ψ → μ+μ−μ+μ−

Electromagnetic process that proceeds though final-state 
radiation of a virtual photon


Four lepton decays of heavy quarks are not well studied

5

process is not expected to contribute significantly, as the process J/ ! �� is forbidden47

by the requirement of C-parity conservation in electromagnetic processes. The rate of48

the FSR process is suppressed by two factors of the electromagnetic coupling constant49

compared to the dimuon decay without FSR. Further suppression comes from the relatively50

large muon mass: the equivalent process with a virtual photon transition into two electrons51

has a higher rate due to smaller electron mass. Finally, presence of identical muons in52

the final state contributes with interference terms between possible diagrams. It should53

be noted that most of the processes with J/ ! V V ! µ+µ�µ+µ�, where V is a vector54

resonance, that could lead to the same final state, are forbidden by C-parity conservation55

in strong and electromagnetic interactions.56

Assuming that the SM rate is dominated by the FSR process, it is possible to separate57

the hadronic physics of the J/ annihilation into a virtual photon (identical for the58

J/ ! µ+µ�µ+µ� and J/ ! µ+µ� decays), and the electromagnetic process of FSR (only59

appearing in the J/ ! µ+µ�µ+µ�). Therefore, the ratio of rates of J/ ! µ+µ�µ+µ�
60

and J/ ! µ+µ� decays is an observable that can be theoretically predicted to a rather61

high precision. This observable is also convenient experimentally, allowing the cancellation62

of numerous sources of systematic uncertainties. Throughout this document, we define63

the ratio of branching fractions:64

RBR ⌘ B(J/ ! µ+µ�µ+µ�)

B(J/ ! µ+µ�)
. (1)

Throughout this document, the J/ ! µ+µ�µ+µ� will be referred to as the “signal”,65

and J/ ! µ+µ� as the “normalisation” mode.66
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Figure 1: Tree-level diagram for the four-muon decay of J/ mesons. The virtual photon, �⇤, can
be emitted from either muon leg. The blue part of the diagram corresponds to the J/ ! µ+µ�

decay.

The rest of this document is organised as follows: after a short introduction to the67

LHCb detector, data processing chain and simulation in Sec. 2, the candidate selection68

and background suppression is described in Sec. 3. The e�ciency modelling is described69

in Sec. 4, invariant mass fits used to extract final results in Sec. 5, and systematic70

uncertainties in Sec. 6. This paper concludes with a discussion of the results in Sec. 7.71

2

ℬ(J/ψ → μ+μ−μ+μ−) = (9.74 ± 0.05) × 10−7

W. Chen et al, [PRD 104 (2021) 9, 094023]

Precise SM prediction:

LHCb-CONF-2024-001

Similarity to FCNC processes make this measurement 
very useful for understanding FSR e.g B0

s → μ+μ−μ+μ−

New

https://doi.org/10.1103/PhysRevD.104.094023
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W. Chen et al, [PRD 104 (2021) 9, 094023]

Precise SM prediction:

LHCb-CONF-2024-001

The state of play 

ℬ(J/ψ → μ+μ−μ+μ−) < 16 × 10−7

J/ψ → e+e−e+e−

J/ψ → e+e−μ+μ−
ℬ(J/ψ → μ+μ−μ+μ−) = (10.1+3.3

−2.7 ± 0.4) × 10−7

As of 17th March 2024 [arXiv:2403.11352][PRD 109, 052006 (2024)]

Similarity to FCNC processes make this measurement 
very useful for understanding FSR e.g B0

s → μ+μ−μ+μ−

New

https://doi.org/10.1103/PhysRevD.104.094023
https://arxiv.org/abs/2403.11352
https://doi.org/10.1103/PhysRevD.109.052006
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Analysis strategy 
Measures the branching fraction  relative to normalisation channel ℬ(J/ψ → μ+μ−μ+μ−) J/ψ → μ+μ−
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LHCb-CONF-2024-001
New
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 from two origins are used: J/ψ

✓ High production rate 

X High background rates 

X Requires tight selection 

X Lower production rate 

✓ Lower background rates 

✓ Profit from B decay triggers 

Dedicated BDT algorithms are trained to reject combinatorial background 

New
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Results
 is observed in both 

samples with a large significance ( )
J/ψ → μ+μ−μ+μ−

≫ 5σ
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Figure 2: Invariant mass distributions for (left) prompt J/ ! µ+µ� candidates and (right)
secondary J/ ! µ+µ� candidates. The results of the fit are overlaid.

the resolution on the four-muon invariant mass. The J/ ! µ+µ�µ+µ� yield is expressed243

as a product of the ratio of branching fractions of J/ ! µ+µ�µ+µ� and J/ ! µ+µ�
244

decays (RBR), the ratio of e�ciencies between these two decay modes, and the previously245

measured J/ ! µ+µ� yield. The quantity RBR is therefore a parameter extracted directly246

from the fit. The resulting four-muon invariant-mass distributions, with the fits overlaid,247

are shown in Fig. 3. A clear peak of J/ ! µ+µ�µ+µ� decays is observed in both datasets,248

with the significance markedly exceeding the discovery threshold. The measured values of249

RBR are (1.86± 0.30)⇥ 10�5 (taking into account the bias correction, discussed below)250

and (1.90± 0.20)⇥ 10�5 in the prompt and secondary datasets, respectively, where the251

quoted uncertainty is statistical only. The two categories show a good agreement.252
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New

Prompt Secondary

ℬ(J/ψ → μ+μ−μ+μ−) =

(11.3 ± 1.0 ± 0.5 ± 0.1) × 10−7

Most precise measurement to date
Consistent with SM within 1.4σ

RBR = (1.89 ± 0.17 ± 0.09) × 10−5
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Dimuon mass distributions agree with QED 
predictions 
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Most precise measurement to date
Consistent with SM within 1.4σ
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Bs ! µµ + B ! Xs�� Fit
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B ! K�� Fit

B ! K⇤�� Fit

RK(⇤) & Q4,5 Fit

b ! sµµ Fit

Global Fit

Figure 1: Full update. 1� (dark-shaded) and 2� (light-shaded) confidence regions for

(CNP
9µ , C

NP
10µ) (left) and (CNP

9µ , C
NP
9e ) scenarios (right). Distinct fits are performed separating

each of the b ! s`
+
`
� modes (short-dashed contours), the LFUV observables and the

combined b ! sµ
+
µ
� modes (long-dashed contours), and the global fit (solid contours).

The colour code is provided in the individual captions. Notice that some fits (for instance

the B ! K
(⇤)

`
+
`
� Fit(s) and the LFUV Fit) share a number of observables and thus are

not completely uncorrelated.

excluding these observables is negligible for both “All” and “LFUV” fits, as we checked

explicitly.

Fig. 1 displays the 1 and 2� contours for the 2D scenarios (CNP
9µ , C

NP
10µ) and (CNP

9µ , C
NP
9e )

with regions corresponding to the constraints from individual modes, the LFUV observ-

ables, the combined b ! sµ
+
µ
� modes and the global fit.

For the (CNP
9µ , C

NP
10µ) scenario, the grey contour (obtained from B(Bs ! µ

+
µ
�) and

B(B ! Xs`
+
`
�)) is consistent with C

NP
10µ = 0, driven mainly by the consistency of the

current global average of B(Bs ! µ
+
µ
�) with the corresponding SM estimate. While the

combined b ! sµ
+
µ
� observables do prefer a slightly positive value for C

NP
10µ, the LFUV

observables and the specific B ! K
(⇤)

`
+
`
� observables prefer a more negative value, with

the final outcome being that C
NP
10µ is consistent with zero at 1� but has a slightly negative

central value in the global fits. All the constraints are consistent at 1� with a value of

C
NP
9µ = �1.

For the (CNP
9µ , C

NP
9e ) scenario, the e↵ect of the new R

K(⇤) measurements from LHCb is

visible, leading to a constraint corresponding to C
NP
9µ = C

NP
9e at 1� throughout the parameter

space, hinting towards a lepton-universal NP contribution to the semileptonic O9 operator.

Obviously, the combination of the b ! sµ
+
µ
� modes cannot put any constraints on C

NP
9e .

The B ! K`
+
`
� observables prefer negative values for both C

NP
9µ,e and are consistent with

the relation (CNP
9µ = C

NP
9e ) at 1�. This stems from the fact that RK is the only B ! K`

+
`
�

observable that contributes to C
NP
9e . The B ! K

⇤
`
+
`
� observables also prefer negative

values for both Wilson coe�cients, but with negligible correlation.
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Current measurements point to an anomalous vector contribution 

Algueró, M., Biswas, A., Capdevila, B. et al.   
[EPJC 83, 648 (2023)]

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2015-051.html
https://lhcbproject.web.cern.ch/Publications/l/LHCb-PAPER-2020-002.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2013-037.html
https://doi.org/10.1140/epjc/s10052-023-11824-0
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<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

C9 C10

B0

ℓ+

ℓ−
Z0/γ

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

ℓ−

K*0

New physics or QCD?

10

q2 ≡ m(μ+μ−)2

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

J/�(1S)

�(2S)C(�)
7

C(�)
7 C(�)

9
C(�)

9 C (�)
10

4 [m(µ)]2 q2

d�
dq2

)"*(

+,"-(*!.#)"'$(

',"#%!/01,".(&%,2(

)/,3$(,4$"('5)%2(

#5%$.5,6*((

cc̄

4m2
`

<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>
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<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>
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<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>
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Broad  
resonances

cc̄
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C9 C10

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  
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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>
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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  
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Figure 9: Angular observables (P -basis) obtained a posteriori from the fit results of the two fit
configurations; the subfigures isolate the contribution from non-local e↵ects to the given angular
observables. The LHCb result from Ref. [9] is overlaid for comparison, together with the SM
predictions from DHMV [14,15] and (for P 0

5) GRvDV [16].
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Unbinned measurements Binned measurements 

Model dependentModel independent 

[LHCb-PAPER-2023-032]

Use model of local and nonlocal 
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Angular analysis preformed in the three decay angles and q2
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• S-wave parameters 

• Background model 

From Data
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• , . , , 


• Mag. and Phase of 1-particle resonances


• Real+Imag   per helicity


•  per helicity


• Form factors 
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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.

43
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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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9 = − 0.71 2.1σ
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Global significance  from SM∼ 1.5σ
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 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
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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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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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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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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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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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Observation of   decays J/ψ → μ+μ−μ+μ−
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ℬ(J/ψ → μ+μ−μ+μ−) =

(1.13 ± 0.10 ± 0.05 ± 0.01) × 10−6

Measurement of local and nonlocal amplitudes in  decaysB0 → K*0μ+μ−

Key takeaway: Nonlocal contributions found to only mildly impact the results 

World’s best 

First LHCb  angular analysis with Run 1 + Run 2 data set  B0 → K*0μ+μ−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
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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
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that this has no significant e↵ects on the signal parameters of interest.687
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— 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
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Figure 8: Comparison of Form Factors (orange) pre-fit and (maroon) post-fit. The bands denote
the 68% intervals from varying the post-fit and pre-fit covariance matrices respectively. Only
the statistical uncertainty is accounted for in the post-fit intervals.

up to fourth order in z, and another fit only to LHCb data using an expansion up to804

second order in z. In contrast to the study of Ref. [31], the model used in this analysis805

gives access to the entire q2 range of B0! K⇤0µ+µ� decays. A good agreement is seen in806

the real part of nonlocal amplitudes between all three fit variations. However, it is clear807

that the data prefers large =(�Ctotal
9,k ) contributions, that cannot be accommodated by808

the theory inputs at q2 < 0 for the z-expansion fit.809
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Figure 8: Comparison of Form Factors (orange) pre-fit and (maroon) post-fit. The bands denote
the 68% intervals from varying the post-fit and pre-fit covariance matrices respectively. Only
the statistical uncertainty is accounted for in the post-fit intervals.

up to fourth order in z, and another fit only to LHCb data using an expansion up to804

second order in z. In contrast to the study of Ref. [31], the model used in this analysis805

gives access to the entire q2 range of B0! K⇤0µ+µ� decays. A good agreement is seen in806

the real part of nonlocal amplitudes between all three fit variations. However, it is clear807

that the data prefers large =(�Ctotal
9,k ) contributions, that cannot be accommodated by808

the theory inputs at q2 < 0 for the z-expansion fit.809
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Fit performed with linearly varying  
and :

C9
C10

Use alternative local  form 
factors - different LCSR inputs

B → K*

Form factor dependence  

Bharucha, Straub, & Zwicky [JHEP 08 (2016) 098]

 changes by 35% 

 changes by 90% 

C9 σstat

C10 σstat

Table 7: Results for the parameters of the two-particle and non-resonant nonlocal contributions.
The first uncertainty is statistical, while the second is systematic.

Nonlocal parameter results
<(AD0D̄0

k ) �0.07 ± 0.93 ± 0.69 =(AD0D̄0

k ) �0.44 ± 0.71 ± 0.73

<(AD0D̄0
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0 ) �0.27 ± 0.77 ± 0.81
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k ) �0.06 ± 0.96 ± 0.63 =(AD⇤0D̄⇤0

k ) �0.25 ± 0.79 ± 0.67
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? ) �0.16 ± 0.91 ± 0.66 =(AD⇤0D̄⇤0

? ) �0.03 ± 0.85 ± 0.70
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0 ) �0.28 ± 0.85 ± 0.78
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? ) �0.11 ± 0.39 ± 0.61
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0 ) 0.12 ± 0.35 ± 0.58

<(�Ck
7) 0.00 ± 0.03 ± 0.02 =(�Ck

7) �0.10 ± 0.03 ± 0.01
<(�C?

7 ) �0.05 ± 0.03 ± 0.02 =(�C?
7 ) �0.04 ± 0.04 ± 0.01

<(�C0
7) 0.33 ± 0.33 ± 0.09 =(�C0

7) �0.19 ± 0.20 ± 0.09

following replacements are made,759

Cq2

9 = C9 + ↵(q2 � 8.95), Cq2

10 = C10 + �(q2 � 8.95).

Non-zero values of ↵ and/or � would imply an incorrect description of the nonlocal760

contributions since a q2 dependent shift is not consistent with being of local origin.761

Allowing for this linear dependence in the fit does not significantly alter the values for762

C9 and C10, and results in ↵ = 0.029 ± 0.082, � = �0.058 ± 0.026. No evidence for an763

incorrect description of the nonlocal contributions to C9 is observed while for C10, which764

receives only local contributions in the model, a 2.2� deviation from zero is observed in765

the � slope parameter. If this could point to an inconsistency in form factors between the766

low and high q2 regions has not been explored. No systematic uncertainty is assigned due767

to this e↵ect.768

The results of the fit are also cross-checked for di↵erent choices of the dispersion769

relation subtraction point, q20, which serves as additional validation of the nonlocal model.770

The subtraction constant Ycc̄(q20) enters Eq. 23 as a constant o↵set to C9 and is degenerate771

with a NP contribution. In principle, the dispersion relation of Eq. 23 is exact and should772

be independent of the number and location of subtractions, provided the subtraction point773

is within the region in which Ycc̄(q20) can be calculated reliably, i.e. q20 < 0. A deviation774

from this behaviour would reveal itself as a change in the C9 fit results dependent upon775

the chosen subtraction point. This would indicate a problem in either the calculation of776

Ycc̄(q20) or in the extrapolation to physical q2 values via the dispersive integral — that is, a777

problem with the parameterisation of the spectral densities used in this analysis. To check778

this, the fit is rerun twice with subtractions at q20 = �1GeV2/c4 and q20 = �10GeV2/c4779

and the results are compared to the baseline fit with the subtraction at q20 = �4.6 GeV2/c4.780

The change in C9 is found to be ⇠ 0.1 in both cases which is approximately 35% of the781

statistical uncertainty. Therefore, within the precision of this measurement, the choice of782

subtraction point is found to have a negligible impact on the results.783
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Figure 20: Comparison of unbinned observables constructed out of the signal parameters with
the measurements from the dedicated binned analyses [4, 68] that used 4.7 fb�1 for the angular
analysis and 3 fb�1 for the branching fraction (black).
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Figure 20: Comparison of unbinned observables constructed out of the signal parameters with
the measurements from the dedicated binned analyses [4, 68] that used 4.7 fb�1 for the angular
analysis and 3 fb�1 for the branching fraction (black).
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