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Motivation
The b! s`+`� transition
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⌅ Suppressed in the SM
⇤ no flavour-changing neutral currents at tree level
⇤ sensitive to NP contributions (including LFU violation)
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Decay fully described by 

B0 → K*0μ+μ−

NP particles can affect branching ratio and angular distributions
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Current status of the anomalies

Angular analysis in bins of q2 

Tension w.r.t. the SM 

Tom Hadavizadeh

The state of play
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Figure 2: (Left) the less form-factor dependent observable P 0
5

for (black) the combined Run 1
and 2016 data sample, (blue) the 2016 data sample, and (red) the Run 1 result overlaid with
SM predictions [16, 17]. Figures from Ref. [1].

1.1 Details on analysis admin and timeline31

This note represents the amalgamation of two essentially independent analyses. One32

group consists of analysts from RWTH Aachen and the University of Zürich, referred to33

as ACZ from here on, and the other of analysts from Imperial, Cambridge and Bristol34

referred to as ICB from hereon. To keep it to a manageable length many of the details35

are kept in the representative notes that may be found in the twikis:36

• Aachen twiki: https://twiki.cern.ch/twiki/pub/LHCbPhysics/AachenKstMuMuRun2/37

• ICB twiki: https://twiki.cern.ch/twiki/bin/view/Main/ImperialKstMuMu38

These will be referenced throughout. To make it easier for the reader, common features39

from the two groups are described together, with any divergences between the groups40

highlighted. Note, even when features are common to both analyses they are implemented41

independently by both teams. Common features between the two teams include the42

selection, the angular acceptance function and, broadly, the corrections to simulation.43

The fit strategy of the two teams is similar but not identical. The ultimate strategy and44

further alignment will be decided in collaboration with the review committee.45

This analysis is aiming for Moriond 2022, or as soon as possible thereafter.46
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• Tensions with the standard model 
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How to move on

More data 

More 
 information 

full Run1 + Run2  
improved selection 
binned ang. obs. + BR + A_CP 

see next talk

Unbinned measurements 

this talk
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Choosing the  modelq2

12

Z-expansion Dispersion 
relation

Amplitude 
ansatz

Generalised model Specific model  

The question we’d like to address:  

Do the anomalies persist, even if we allow interference with non-local 
amplitudes?

Four different analyses are being performed with different choices 
of the  treatment  q2

Binned fit

Model independent Model dependent
UnbinnedBinned

Binned angular 
observables

AL,R(q2)
C(′ )

9,10
+ non-local 
polynomial  

C(′ )
9,10

+ Non-local phases & 
magnitudes 

Cτ
9

Three K*mumu unbinned measurements

Different choices of  q2 treatment 
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Commonalities

Signal selection aligned where possible 

Background rejection 

veto peaking backgrounds 

remove combinatorial 

Acceptance 



ansatz (Run1+2)
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Differences

q2 range mKπ treatment

Tom Hadavizadeh

The  meson K*0

8

- The  meson is a vector: three helicity possibilitiesK*0(892)

It’s also possible for S-wave  combinations to contributeK+π−
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- In principle this means 
we can extract more 
information


- Rich angular structures

✔ This leads to more terms in the decay rate (including S-P interference terms) 

E.g. K*(1430)0

✘ Extra complications e.g. form factors less well known 

ansatz : integrated over 

z-expansion : parametrized 

dispersion : integrated over
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Ansatz

Perform a measurement of the  dependent amplitudes which as model independent 
as possible 

q2

J. High Energ. Phys. 2015, 84 (2015)

Apply the ansatz 

      to the amplitudes, where  are Legendre polynomials of order .Li i
A = ΣiαiLi(q2)
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4 parameters     
per amplitude

P-wave 2 parameters     
per amplitude

Treat the S-wave to be flat in  (i.e. nuisance parameters) q2
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Ansatz

Due to symmetries in the PDF, need to define which amplitude basis to work in 

Work in the basis where

Im(AR
⊥) = Im(AL

0 ) = Re(AR
0 ) = Im(AR

0 ) = 0

Our amplitude ansatz can describe a variety of models

and validated by goodness-of-fits to the data

p-value = 70%
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Ansatz

Publish the P-wave amplitude coefficients with covariance matrix. 

Can also compute the amplitudes and thus the observables directly from the fit results

A model-independent* 
parameterisation of the 
LHCb dataset which can 
be used to generate 
synthetic datasets and fit 
back with any choice of 
model!

Example use:

* model-independent up to the choice of polynomial order



SM description of local amplitudes 

Wilson coefficients  

form factors 

Parametric form (polynomials) for non-local contributions 

11

z-expansion

A
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� = N�
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<latexit sha1_base64="AZgRko78uoqYnpJOcTq7sIAwwpg="></latexit>

z-expansion for non-local contributions (H)

…
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Combine theory & experimental information 
Prior knowledge can be used to constrain polynomial parameters 

enters as constraints on the value of H(q2) at ψ poles and negative q2

External experimental inputs

Theory points at q2 <0 

data data

q20

K*μμ K*μμ
JHEP 09 (2022) 133

PRD 88 052002 (2013)

PRD 90 112009 (2014)

PRD 88 074026 (2013)

PRD 76 031102(R) (2007)

z-expansion : the non-local contribution

- with theory: include theory points @ q2<0 
- without theory: exclude theory points @ q2<0

Fit provided in two configurations:
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Challenge #1: The form factors

Should not forget the importance of the FF

P-wave FF constrained to theory predictions from LCSR + Lattice 
Several sets of values available in the literature 

BSZ ’15  arXiv:1503.05534  
GKvD ’18 arXiv:1811.00983  
Virto et al. arXiv:1908.02267 

home-made comparison}

Direct impact  on the branching ratio…

suggest 9% increase 
due to K* width

bɄɼȭ ǑŗƉʚɄɼ ʚɼƨŗʚȭƨȳʚ Ƕȳ ࡱ# → �∗µ+µ− ŗȭɱțǶʚʯƕƨ ŗȳŗț˦ʌǶʌ

! ,ɄȳʌʚɼŗǶȳƨƕ ʚɄ $ǫŗɼʯƉǫŗࣗ óʚɼŗʯſࣗ ń˝ǶƉȕ˦ ऒࢉࡹ

! bɄɼȭ ǑŗƉʚɄɼ ʯȳƉƨɼʚŗǶȳʚǶƨʌ ˝Ƕțț țǶȭǶʚ ʚǫƨ ƨ˥ɱƨɼǶȭƨȳʚŗț ʌƨȳʌǶʚǶ˙Ƕʚ˦ Ʉȳ ʚǫƨ İǶțʌɄȳ
ƉɄƨ˾ƉǶƨȳʚʌ ŗǒʚƨɼ �p,ſ Ďɱǖɼŗƕƨ y ࡱࢉࣷ ǒſ−ࣹࡹ

�ȳƕɼƨŗ ¡ŗʯɼǶ  �ŗ˙Ƕƨɼ ĬǶɼʚɄ 6ŗʚŗࣽƕɼǶ˙ƨȳ �ɱɱɼɄŗƉǫƨʌ ʚɄ E˥ƉțʯʌǶ˙ƨ Ż → ɾ!! �ɱɼǶț ʌʚࡹࡽ ࡹࡽࡱࡽ ࡽࣩࡽࡽ

They will soon become a  limiting factor to the 

determination of the Wilson coeff.

Run1 + 2016

Upgrade I  [5
0 fb

-1 ]
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Challenge #2: The S wave

]4c/2 [GeV2q
0 5 10 15

 9
96

 7
96

 | SF

0

0.05

0.1

0.15

0.2
LHCb

The S-wave component 
• Significant S-wave component in 
!

• Model a broad resonant component at the 
amplitude level:

!

• The K" dependence included as a factor into the 
amplitude  (exceptions involve !  studies) 

             !

• Literature treats as narrow resonant component 
either in “normalisation” of amplitude and/or 
in form factor

896 < mKπ < 996 MeV/c2

AL,R
00 (q2) ∝ βℓλK*0 [(C9 ∓ C10)f+(q2) + C72mb

fT(q2)
(mB + mK*0 ) ]

B → Kπ

$00(q2, m2
Kπ) = AL,R

00 (q2)G(m2
Kπ)

[JHEP11(2016)047, JHEP04(2017)]

Non-negligible S wave component  in 
 

Independently if you model  or not, scalar 
q2 amplitude must be included

796 < mKπ < 996 MeV

mKπ

S wave form factor poorly known  

different possible choices (all non ideal)

requires systematic uncertainty
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122

0.3
0.4
0.5F

0
B! K⇤0(800)
B+ ! K+

0.25

0.50

0.75

F
1

5 10
q2 [GeV2]

0.25

0.50

0.75F
T

Figure 78: Alternative models for S-wave form factors.

122

JHEP 10 (2013) 011 

]4c/2 [GeV2q
0 5 10 15

 9
96

 7
96

 | SF

0

0.05

0.1

0.15

0.2
LHCb

The S-wave component 
• Significant S-wave component in 
!

• Model a broad resonant component at the 
amplitude level:

!

• The K" dependence included as a factor into the 
amplitude  (exceptions involve !  studies) 

             !

• Literature treats as narrow resonant component 
either in “normalisation” of amplitude and/or 
in form factor

896 < mKπ < 996 MeV/c2

AL,R
00 (q2) ∝ βℓλK*0 [(C9 ∓ C10)f+(q2) + C72mb

fT(q2)
(mB + mK*0 ) ]

B → Kπ

$00(q2, m2
Kπ) = AL,R

00 (q2)G(m2
Kπ)

[JHEP11(2016)047, JHEP04(2017)]

PRD 93 (2016) 025026



15

z-expansion : overview

Wilson coefficients  C9, C10, C9’, C10’  

1D and 2D likelihood profile 

Form factors 

Non-local hadronic parameters (polynomial coeff.)

Aiming to publish:

Tom Hadavizadeh21

[EPJC 78 (2018) 6, 451, JHEP 02 (2021) 088, JHEP 10 (2019) 236]

- The sensitivity to the Wilson coefficients is 
improved with respect to the binned approach


- This analysis aims to publish likelihood profiles 
for the Wilson coefficients  

Z- expansion

20

Binned VS unbinned sensitivity
ℓ ℓ ℓ ℓ

Compare direct fits to WCs to the sensitivity obtained from global fits to 
binned observables   

same amplitude parametrization (with constraints) 

Depending on the scenario, up to 50% improvement in sensitivity
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Strategy (II)
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Set of 4 Wilson coe!cients to be measured C9, C10, C9, C10

Aim to provide 1D and 2D profile of the WCs and compatibility with the SM
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Toy example :

ΔNLL = 0.5

ΔNLL = 0.5 * 
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Analysis performed simultaneously 
in two q 

2 regions

q2central    : [1.1, 8] GeV2

q2interRes : [11, 12.5] GeV2
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10
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Method 3
M. Atzeni, C. Langenbruch, A. Mauri, N. Serra, R. 

Silva Coutinho, E. Smith
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binned approach
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Dispersion relation

24

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

PO, KP, UE, TH, MH Unbinned B0 ! K+⇡�µ+µ� Weekly meeting 15 / 19

1-particle 
contributions 

2-particle 
contributions 

Tau loop 
contribution 

Constant offset 

Includes: 
, 
, 

, 
, 

ω(782)
ρ(770)
ϕ(1020)
J/ψ

, 
, 
, 

ψ (2S)
ψ (3770)
ψ (4040)
ψ (4160)
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!L,R
λ (q2) = Nλ{(Ceff,λ

9 (q2) ± C′ 9) ∓ (C10 ± C′ 10) FA
λ (q2) + Mλ Ceff,λ

7 FT
λ (q2)}

Tau-loop contribution
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d d
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µ+ µ�

LQB0 K⇤0
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�k

�k0

k + p
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Indirect measurement of 
B0 → K*0τ+τ−

Subtracted dispersion relations from Cornella et al. (2020) 
= C7 + ζλeiωλ

   

      

Ceff,λ
9 (q2) = Cμ

9 + ∑
j=ρ..ψ4160

ηλ
j eiδλ

j
q2 − q2

0

m2
j − q2

0
Ares

j (q2)+ ∑
k=D,D*,Davg

ηλ
keiδλ

khk(q2)+Cτ
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−αEM

2π hPS(q2)+Ycc(q2
0)

Ceff,λ
7

Pre-approval                                     Unbinned K*0μ+μ−



17

Challenge #3: resolution

c Martin Andersson 36

‣   

‣ Nuisance parameters from datafit, 
WCs set to SM 

‣ Interference is between short-
distance and non-local 
contributions

The fit is done in three steps:    1. B mass      2. Sideband bkg      3. Sig + bkg

‣ 4D Signal + Background fit in the  
signal  mass regionB0

0.1 LateX equations for presentations

Pi
Tot(~⌦, q

2) = f i
sig

⇣�
Psig(~⌦, q

2)⇥ ✏(~⌦, q2)
�
~Ri(q2)

⌘
(1)

+ (1� f i
sig)Pbkg(~⌦, q

2) (2)

P(m) = fcorePCB(m|µ,�,↵, N) (3)

+ (1� fcore)PCB(m|µ,�2,↵, N) (4)

0.2 D⇤D Crosscheck

Variable µ [%] � [%] µ0 [%] �0[%]
JPSI A0 PHASE -0.6±0.6 12.8±0.4 0.4±0.6 12.1±0.4
C9 TAU REAL 3.3±1.7 35.9±1.2 1.2±1.6 35.1±1.2
C9 MAG 0.2±1.6 31.0±1.4 -1.0±1.3 27.5±0.9
C10 MAG -0.7±0.3 7.0±0.2 -0.3±0.3 6.7±0.2
C9p REAL 0.9±1.6 33.5±1.2 -0.5±1.5 32.6±1.2
C10p REAL -0.5±0.4 8.6±0.3 -1.1±0.4 8.2±0.3
DDBAR A0 REAL 10.4±4.0 83.8±3.2 -0.1±4.1 86.7±3.1
DDBAR A0 IMAG -5.8±5.1 106.5±4.2 0.8±4.4 94.7±3.4
DDBAR AP REAL -2.0±3.8 82.2±2.7 2.9±3.7 79.6±2.8
DDBAR AP IMAG -10.4±4.5 96.0±3.3 -3.6±4.8 102.3±3.6
DDBAR AT REAL -0.6±4.6 100.3±3.4 10.1±4.8 98.7±3.9
DDBAR AT IMAG 10.3±4.8 101.2±3.7 -0.1±4.9 103.6±3.9
DSTDBAR A0 REAL -4.3±3.6 77.6±2.7 -10.3±3.7 79.0±2.9
DSTDBAR A0 IMAG 3.6±4.5 94.0±3.7 1.1±4.2 89.5±3.1
DSTDBAR AP REAL 5.9±3.4 73.0±2.5 -2.5±3.5 73.0±2.7
DSTDBAR AP IMAG 14.9±4.7 100.5±3.5 -0.6±5.2 104.6±4.2
DSTDBAR AT REAL 2.7±4.4 94.0±3.2 -4.6±4.1 89.8±3.0
DSTDBAR AT IMAG 0.7±4.6 97.9±3.5 -1.5±4.5 95.4±3.5
DSTDSTBAR A0 REAL -0.1±4.5 96.4±3.4 11.7±4.2 90.9±3.2
DSTDSTBAR A0 IMAG -0.7±4.9 101.7±4.0 2.4±5.0 104.2±4.0
DSTDSTBAR AP REAL 1.8±4.0 84.8±3.0 -1.3±3.8 81.0±2.8
DSTDSTBAR AP IMAG -3.6±4.3 93.0±3.2 1.0±4.7 99.5±3.6
DSTDSTBAR AT REAL 2.4±5.2 109.8±4.2 -3.7±4.7 102.3±3.4
DSTDSTBAR AT IMAG -9.1±5.1 107.7±4.2 3.2±4.6 99.1±3.3

Variable µ0.5 [%] �0.5 [%]
p

µ2
0.5 + �2

0.5 [%] µ0.14 [%] �0.14[%]
p

µ2
0.14 + �2

0.14 [%]
SIG MASS MEAN 0.0±0.0 0.2±0.0 0.2±0.0 -0.0±0.0 0.2±0.0 0.2±0.0
SIG MASS SIGMA 0.0±0.1 0.8±0.0 0.8±0.0 -0.1±0.1 1.0±0.0 1.0±-0.0
SIG MASS SIGMA2 -0.0±0.1 0.8±0.0 0.8±0.0 -0.1±0.1 1.0±0.0 1.0±-0.0
SIG MASS ALPHA 0.1±0.0 0.4±0.0 0.4±0.0 -0.0±0.0 0.3±0.0 0.3±0.0
SIG MASS FRAC 0.0±0.1 0.9±0.0 0.9±0.0 -0.1±0.1 1.0±0.0 1.0±-0.0
SIG MASS FBSB0 -0.1±0.0 0.5±0.0 0.5±0.0 0.0±0.0 0.5±0.0 0.5±0.0
SIG MASS FBSB0 RARE -0.5±0.0 0.6±0.0 0.8±0.0 -0.1±0.0 0.6±0.0 0.6±0.0
JPSI AP MAG -0.0±0.0 0.3±0.0 0.3±0.0 0.0±0.0 0.3±0.0 0.3±0.0
JPSI AP PHASE 0.3±0.1 0.7±0.0 0.8±0.0 0.1±0.1 0.7±0.0 0.7±0.0
JPSI AT MAG -0.2±0.0 0.5±0.0 0.5±0.0 -0.1±0.0 0.5±0.0 0.5±0.0

1

Signal + background fit to data

Pre-approval                                     Unbinned K*0μ+μ−

Fit full q2 
Measure everything w.r.t.  longitudinal amplitude 

q2 resolution much larger than natural widths of  and  

Requires convolution in the pdf 

B0 → J/ψK*

J/ψ ψ(2S)
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Challenge #4: Exotic contribution to B0 → J/ψK*Systematic uncertainties: cos  distribution including exoticaθK

Correction factors evaluated by generating a toy data set which includes the 
exotica and fitting back with the nominal model 

Includes  with 

 

 

 

Systematic will be evaluated by varying the  
measured exotic state amplitudes within  
their uncertainties

B0 → Z K
Z(4200) → J/ψπ
Z(4430) → J/ψπ
Z(4430) → ψ(2S)π

c Martin AnderssonPre-approval                                     Unbinned K*0μ+μ−

 polluted by exotic 
 with  

 
 

 

Influence observed yield and 
distorts cos θK 

B0 → J/ψK*
B0 → ZK+

Z(4200)− → J/ψπ−

Z(4430)− → J/ψπ−

Z(4430)− → ψ(2S)π−
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Dispersion relations: overview

Expected sensitivities - from ensemble of toys

c Martin Andersson 39

Cτ
9 ± 270

|C9 | ℛ(C′ 10)
Blinded 

parameters
Absolute 

sensitivity 0.24 0.14 0.34 0.17 232
ℛ(Cτ

9)|C10 | ℛ(C′ 9)

Value distributions

Pre-approval                                     Unbinned K*0μ+μ−

Wilson coefficients    

Relative sign between  and  

Form factors 

Magnitude and phase of 1P resonances 

Real and Imaginary  
unable to float all  components 
constrain one to an other  

C9 C10

D(*)D̄(*)

DD̄, D*D̄, D*D̄*

Aiming to publish:

Fit strategy

c Martin Andersson 27

, ,  Re( ),  Re( ),  Re( ) 

Mag. and phase of 1P resonances per 
helicity 

Real and Imaginary  per helicity 

 contribution per helicity 

Form Factor parameters

|Cμ
9 | |Cμ

10 | C′ 9 C′ 10 Cτ
9

D(*)D(*)

ΔC7

Floating parameters Constraints

  

Blinding strategy

FFs constrained using theory 
uncertainties 

 constrained to each other 
within helicities
D(*)D(*)

Blinding central values of WCs  

 Ci = CSM
i + sign × ΔCNP

i + offset

99 Signal + 37 Bkg

Parameters quoted in paper

Pre-approval                                     Unbinned K*0μ+μ−ΔC7

c Martin Andersson 5

Inspired by Cornella et al. (2020), measure the re-
scattering process  

Muons are well reconstructed and understood at 
LHCb 
Experimental challenges are orthogonal to  
direct searches

B0 → K*τ+τ− → K*μ+μ−

Many explanations for  predict 
enhancements in  
[arXiv:1712.01919] 
Current limit on  by 
Belle (2021) :  at 90% CL 

 

b → cℓν
b → sττ

ℬ(B0 → K*0τ+τ−)
2.00 × 10−3

Cτ
9 < 450

The  rescattering τ+τ− → μ+μ−

b → cℓν

b
→

sτ
τ

Pre-approval                                     Unbinned K*0μ+μ−

Sensitivity to  better than current limitCτ
9

Fit for the complex Wilson Coefficients is also in progress
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Dispersion relations: B+ → K+μ+μ−

Similar strategy but simpler angular structure  

Differential decay rate
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ρ(770)

ω(782)

φ(1020)

J
ψ

ψ(2�)
ψ(3770)

ψ(4040)

ψ(4415)

ψ(4160)

non-resonant
DD, DD*, D*D* 

yȳ Ʉɼƕƨɼ ʚɄ ƕƨʚƨɼȭǶȳƨ ɱɼƨƉǶʌƨț˦ ʚǫƨ ƉɄʯɱțǶȳǖʌ Ƕȳ˙Ʉț˙ƨƕࣗ
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¡Ʉʌʚ ɼŗɼƨ ƕƨƉŗ˦
ŗȳŗț˦ʌƨʌ ƨ˥Ɖțʯƕƨ
ȳɄȳࣽțɄƉŗț ɼƨǖǶɄȳʌ

New HPQCD July 2022 form factors 

fixed due to fit instabilities (    syst.) 

Measure: 

Wilson coeff. 

1P and 2P mag. and phase 

  

4-fold degeneracy observed in ’s 
phases

ψ
Cτ

9
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Summary and conclusions

Tom Hadavizadeh

Choosing the  modelq2

12

Z-expansion Dispersion 
relation

Amplitude 
ansatz

Generalised model Specific model  

The question we’d like to address:  

Do the anomalies persist, even if we allow interference with non-local 
amplitudes?

Four different analyses are being performed with different choices 
of the  treatment  q2

Binned fit

Model independent Model dependent
UnbinnedBinned

Binned angular 
observables

AL,R(q2)
C(′ )

9,10
+ non-local 
polynomial  

C(′ )
9,10
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Status: Pre-WG review Collaboration review WG review

Exciting times ahead!


