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What is  ?B+ → ρ0μ+νμ

• Semileptonic decay:
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• Belle collaboration in 2013 [1]: 

    (with  signal candidates) 

• Measuring  at LHCb:  

Advantage: ~100 times more signal candidates.


Challenges: hadronic environment, cannot precisely determine the momentum and number of produced  mesons. 

ℬ(B− → ρ0l−ν̄l) = (1.83 ± 0.20 ± 0.10) ⋅ 10−4 621.7 ± 35.0

B+ → ρ0μ+νμ

B

[1] The Belle Collaboration, Phys. Rev. D 88, 032005 (2013). 

CKM matrix



Why study ?B+ → ρ0μ+νμ

• Long-standing tension between measurements of  in 
inclusive and exclusive semileptonic decays.


• Tension could be due to new physics (NP), such as a right-
handed weak current (parametrized with ).


• Measuring  at LHCb can give us a more 
precise determination of helping us to understand the 

 puzzle and a possible  explanation.
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[1] Florian U. Bernlochner et al. arXiv:2104.05739 (2021).  
[2] The LHCb Collaboration, Nature Physics 11, 743–747 (2015).  
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FIG. 3. The extracted |Vub| values from B ! ⇢l⌫̄ and B !
!l⌫̄ for di↵erent cut-o↵s q2max of the respective q2 spectrum in
the fit. The stable extraction of Vub for increasing q2 cut-o↵s
indicates that the extrapolation into the high q2 region works.

FIG. 4. The extracted |Vub| values from B ! ⇢l⌫̄ and
B ! !l⌫̄ for the fits to the individual experiments, and our
averaged spectra. The B ! ⇢l⌫̄ measurements of Belle and
BABAR exhibit a slight tension.

V. PREDICTIONS IN THE STANDARD
MODEL AND BEYOND

Using our combined fit, in Table V we provide SM
predictions for the lepton universality ratios R(⇢) and
R(!), defined as usual as

R(V ) =
�(B ! V ⌧ ⌫̄)

�(B ! V `⌫̄)
. (18)

The combined fit improves the prediction for these ob-
servables over using the LCSR fit results alone by 24%
and 13%, respectively. It is further interesting to con-
sider phase space constrained lepton universality ratios,

as pointed out by Refs. [29, 30],

eR(V ) =

R t�
m2

⌧
dq

2 [d�(B ! V ⌧ ⌫̄)/dq2]
R t�
m2

⌧
dq2 [d�(B ! V l⌫̄)/dq2]

, (19)

i.e. restricting the light lepton mode to m
2
⌧  q

2


(mB � mV )2 ⌘ t�, such that the phase space suppres-
sion of the ⌧ mode is lifted. In eR(V ), the correlation is
increased between nominator and denominator and thus
a larger cancellation of uncertainties is possible, but a
small dependence on the actual shape of the light-lepton
di↵erential rate is introduced by the cut-o↵ at m2

⌧ . eR(V )
is insensitive to the low q

2
 m

2
⌧ ' 3.16GeV2 regime,

reducing its sensitivity to data in the nominal regime of
validity of the light-cone expansion q

2 . 14GeV2. How-
ever, we see in Table V that the LCSR predictions for
eR(⇢) and eR(!) are in good agreement with the combined
fit, suggesting that the experimental data does not pull
the (extrapolation of the) LCSR fit results significantly
in the higher q2 regime.
We also calculate SM predictions for several angular

observables, utilizing our combined fit result for the form
factors. First, we consider the vector meson longitudinal
polarization fraction

FL,l(V ) =
��=0(B ! V l⌫̄)

�(B ! V l⌫̄)
, (20)

with � the helicity of the vector meson V = ⇢, !. As
an aside, in the B ! (⇢ ! ⇡⇡)l⌫̄ decay, it is well-known
that the longitudinal polarization of the ⇢ arises in the
di↵erential rate with respect to the pion polar helicity
angle, as in Eq. (A10). One may derive a similar result
for the ! longitudinal polarization in B ! (! ! ⇡⇡⇡)l⌫̄,
via the Dalitz-type analysis provided in App. A, yielding
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2
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�
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(21)
in which the ✓+ helicity angle defines the angle between
the ⇡

+ momentum and the B momentum pB in the !

rest frame. Second, we calculate the ⌧ polarization (see
e.g. [2])

P⌧ (V ) =
�+(B ! V ⌧ ⌫̄)� ��(B ! V ⌧ ⌫̄)

�+(B ! V ⌧ ⌫̄) + ��(B ! V ⌧ ⌫̄)
, (22)

in which the ± subscript labels the ⌧ helicity, as well as
the forward-backward asymmetry

AFB,l(V ) =
�[0,1](B ! V l⌫̄)� �[�1,0](B ! V l⌫̄)

�[0,1](B ! V l⌫̄) + �[�1,0](B ! V l⌫̄)
, (23)

in which �L =
R
L dcos ✓l [d�/dcos ✓l]. The predicted cen-

tral values and uncertainties for these observables are
shown in Table V. Using the fitted form factors improves
the prediction for these angular observables over using
the LCSR fit results alone by up to 21%.

Experimental constraints on  and  [2]|VL
ub | ϵR

 determined from different channels [1]|Vub |

https://arxiv.org/abs/2104.05739
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Goals of this analysis

• First goal: Measure the differential decay rate as a 
function of  and extract .





Use  as the normalisation 
channel.


• Final goal: Measure the full differential decay rate as a 
function of , ,  and , and extract . 

q2 |Vub |

Γ(B+ → ρ0[ → π+π−]μ+νμ)
dq2

B+ → D0[ → π+π−]μ+νμ

q2 θl θV ϕ ϵR
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Full differential decay rate [1]:

Decay angles:

Focus of this talk

[1] Florian U. Bernlochner et al. Phys. Rev. D 90, 094003 (2014).  



Signal reconstruction
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• To reconstruct the signal, with an unmeasured neutrino, we use:


Corrected  mass:  


The invariant mass of the two pions:  


• Plots of  and  before any selection cuts:

B mcorr(B+) = m2
vis + p2

⊥ + p⊥

m(π+π−)

mcorr(B+) m(π+π−)

large 
background!
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Data  →

Signal-MC  →

D0 → π+π−

Normalisation 
channel

ρ0 → π+π−

LHCb internal LHCb internal

LHCb internal LHCb internal



• Dominant background:  semileptonic decays governed by 
the  matrix element:


• This background is much more abundant than our signal:


• Other backgrounds:  semileptonic decays and 
combinatorial background (combination of random tracks).

Vcb

b → u

What are the backgrounds?
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Γ(b → c)
Γ(b → u)

∝
|Vcb |2

|Vub |2 ≈ 100

“fake signal”

Example: B+ → D̄0( → K+π−π+π−)μ+νμ

quickly decaying

}  decay vertexB



• Since our most prominent backgrounds often come with one or more 
additional tracks, we use an MVA trained on the isolatedness of the signal vs. 
background. 


• How does it work? 

1. We train an MVA to distinguish tracks coming from the  decay chain and 
tracks coming from other processes.


2. We take our signal candidate and add, one by one, the other tracks in the 
event, and we use the MVA to rank each track according to how likely it is 
to come from the  decay chain.  

3. We add the highest ranked tracks to the signal candidate, and compute 
so-called “isolation variables”


4. We train a final MVA, deep neural network (DNN), with isolation variables 
(plus kinematic and geometric variables).

B

B

7

MVA selection

}

Examples:  

• Invariant mass of signal 
candidate plus highest ranked 
track.


• Invariant mass of signal 
candidate plus the two highest 
ranked tracks.


•  MVA value of highest ranked 
track.


•  . . .



DNN performance
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MVA Method:
PyKeras
BDTAda
MLPBNN

Background rejection versus Signal efficiency

DNN ~3% better 

 Good separation power between signal and background.   →

Compare different MVA methods DNN output variable

LHCb internal LHCb internal



After DNN selection
• Distributions after applying (non-optimised ) selection cut: 
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• Backgrounds left after DNN selection are simulated and included in the signal fit. 

Signal bump

LHCb internal

D0 → π+π−
D0 → π+π−(K)

D0 → π+π−(π)

f0(980) → π+π−
D0 → π+K−(misID)

ρ0 → π+π−

ω0 → π+π−(π0)

LHCb internal
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Normalisation channel fit
Reminder: 


• We want to measure the differential decay rate of 
 where we use 
 as a normalisation channel.


Template fit, we extract the templates from:  

1.) Simulation of normalisation channel :

 with 


2.) Simulations of backgrounds : 

 modes.


3.) Combinatorial background from data : 

side-bands of the 


• We use all templates to fit the full 2018 data sample.

B+ → ρ0[ → π+π−]μ+νμ
B+ → D0[ → π+π−]μ+νμ

B+ → D̄0μ+νμ D0 → π+π−

B → D̄(*,**)μ+νμX

m(D0)

10

Fit result : 

  (~2.2% relative error)S = 19586 ± 434

Fit works

LHCb internal
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Template fit, we extract all templates from 
simulations of:  

 (signal)

 (control channel)


• Semileptonic  backgrounds: 







Inclusive  samples


• Semileptonic  decays where: 

 with  being 1-2 charged or 
neutral particles.


• We use all templates to fit the full 2018 data 
sample.

B+ → ρ0μ+νμ
B0 → J/ψ( → μ+μ−)ρ0

Vub

B+ → ω0μ+νμ

B+ → η′ μ+νμ

Vub

Vcb

D → π+π−X X

Room for improvements..
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0Incl. B

0 rhoψ J/→ 0B
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LHCb internal

 is 
too big!

B+ → ω0μ+νμ

There seems to be a 
missing component at 

high  mcorr(B+)

Preliminary fit of signal



Conclusion and outlook

Working towards measuring the  differential decay rate and extract 
.


• Such a measurement can help us understand the  puzzle and a possible new 
physics explanation.


• We have developed a DNN that efficiently isolates signal against the dominant 
background of  semileptonic decays.


• We have successfully fitted our normalisation channel, and performed a 
preliminary fit of signal that looks promising.


• Next, perform fit in bins of , compute differential decay rate and extract .

B+ → ρ0μ+νμ
|Vub |

|Vub |

b → c

q2 |Vub |
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Thank you for your attention :)
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Back-up slides
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Experimental realisation: The LHCb experiment 
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• Measure the  differential decay rate using Run 2 data 
collected by the LHCb experiment 

B+ → ρ0( → π+π−)μ+νμ



NP: right-handed weak current and observables   

16

Lagrangian with right-handed weak current Examples of simpler observables



Corrected B mass
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• We cannot reconstruct the invariant mass of the B meson due to the unmeasured neutrino.


• We can reconstruct the so-called visible mass corresponding to the invariant mass of the visible final state particles, 
the muon and the rho meson, however, this is not a good discriminating variable, since the distribution is very broad.


• To compensate for the unmeasured neutrino we can apply a kinematic correction to the visible mass and obtain 
the so-called corrected B mass, which is a better discriminating variable due to its narrower distribution.:


• 


• Here  is the momentum of the final state particle perpendicular to the flight direction of the B+ meson, and with 
momentum conservation it is equal to the momentum of the neutrino perpendicular to the flight direction of the B+ 
meson.


Variable introduction: https://arxiv.org/pdf/hep-ex/9708015.pdf


Derivation: https://lphe.epfl.ch/publications/theses/Lino_FerreiraLopes_MasterProject.pdf

mcorr(B+) = m2
vis + p2

⊥ + p⊥

p⊥

https://arxiv.org/pdf/hep-ex/9708015.pdf
https://lphe.epfl.ch/publications/theses/Lino_FerreiraLopes_MasterProject.pdf


Inclusive  simulationVcb
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• Describe dominant background: inclusive  simulation consisting of simulated  
decays into  and either ,  or  with a  final state. 

Vcb B+

μ+νμ(X) D0 D*0 D**0 π+π−X

“Good background sample 
for MVA selection”• Inclusive  simulation and data has similar  and  distributions.Vcb mcorr(B+) m(π+π−)

LHCb internal LHCb internal



Diagonal cuts: explanation and motivation
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Diagonal cuts

2020

80%

89% 55%

23%
[1] T. J. Boettcher et al., LHCb-ANA-2016-068, (2017).  
[2] The BABAR Collaboration, arXiv:1005.3288 [hep-ex], (2010).  
[3] B. Hamilton et al., LHCb-ANA-2014-0527, (2015). 

Signal (MC)

• Goal: reduce ratio of background-to-signal, also in the low  region.mcorr(B+)

1.) Diagonal cut: 

 versus  [1]P⊥B+(ρ0) mcorr(B+)

2.) Diagonal cut: 

  versus  [2],[3]PB+rest(μ+) mcorr(B+)

Vcb inclusive (MC)
LHCb internal LHCb internal

LHCb internal LHCb internal



Effect of diagonal cuts

21

Before : 

After :

• After preselection Vcb-D0 and data still have very similar  and   distributionsmcorr(B+) m(π+π−) “Good background 
sample for MVA 
selection”

LHCb internal LHCb internal

LHCb internalLHCb internal



• After applying weights to correct for known data-MC differences, we find MC to be consistent with data.
22
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Signal :  B+ → ρ0μ+νμControl :  B0 → J/ψ( → μ+μ−)ρ0

• Control channel:  is used to verify signal MC for MVA selection.


• With one muon missing, the control channel has the same topology and same visible final state as signal.

B0 → J/ψ( → μ+μ−)ρ0

• The main difference between the two modes is the physics of the 
leptonic system: -boson (weak force) vs.  (electromagnetic force).


• Control channel can be fully reconstructed in data by adding the 
most compatible muon to the signal candidate.

W γ

The fit is good, and we obtain the s-weights

Control channel

LHCb internal



Building and training DNN

Loss curves

Accuracy curves
Method: 

Deep neural network (TMVA/keras)


Architecture: 

input layer (8 variables) 

1. Hidden layer (100 neurones)

2. Hidden layer (50 neurones)

output layer (2, softmax)


Variable transformation : 

G,D,G,D (G: gaussian, D: decorrelation)


Train/test:  
Split sample: 50% / 50%. 

Epochs : 250


Batch Size : 32


Evaluering: AUC = 0.94
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MVA Method:
PyKeras
BDTAda
MLPBNN

Background rejection versus Signal efficiency

ROC curves

DNN output variable
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LHCb internal

LHCb internal

LHCb internal

LHCb internal



DNN variable distributions
Input samples: 

- Signal:  MC (~ 22 k)

- Background: inclusive Vcb MC (~ 22 k)


Input variables: 
-  


- , IP: impact parameter.


- , EV: end-vertex.


- , M: invariant mass.

- , mva-ranking 
value.

- 


- 


- 


B+ → ρ0μ+νμ

PT(ρ0)
IPχ2(B+)
EVχ2(B+)
Mass(B+ + track 1)
mvaVal(B+ + track 1)

Mass(ρ0 + track 1)
mvaVal(ρ0 + track 1)
mvaVal(ρ0 + track 1 & 2)
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LHCb 
internal

LHCb 
internal

LHCb 
internal

LHCb 
internal

LHCb 
internal

LHCb 
internal

LHCb 
internal

LHCb 
internal



D0 → π+π−

LHCb internal

-mass distribution after DNN cutπ+π−

D0 → π+π−(K)

D0 → π+π−(π)

f0(980) → π+π−

D0 → π+K−(misID)

ρ0 → π+π−

ω0 → π+π−

ω0 → π+π−(π0)



All modes in normalisation fit 
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•  with  cocktail (MC): 
1. B+ -> D0 mu nu, D0->pi+pi-

2. B+ -> D0 mu nu pi0, D0->pi+pi-

3. B+ -> D*(2007)0 mu nu, D*(2007)0 -> D0 (pi0/gamma)

4. B+ -> D*(2007)0 mu nu pi0, D*(2007)0 -> D0 (pi0/gamma)

5. B+ -> D0*(2400)0 mu nu, D0*(2400)0 -> D0 pi0

6. B+ -> D1(2400)0 mu nu, D1(2400)0 -> D*(2010)+ pi-, D*(2010)+ -> D0 pi+

7. B+ -> D1(2400)0 mu nu, D1(2400)0 -> D*(2007)0 pi0, D*(2007)0 -> D0 (pi0/gamma)

8. B+ -> D1(2430)0 mu nu, D1(2430)0 -> D*(2010)+ pi-, D*(2010)+ -> D0 pi+

9. B+ -> D1(2430)0 mu nu, D1(2430)0 -> D*(2007)0 pi0, D*(2007)0 -> D0 (pi0/gamma)

10. B+ -> D2(2460)0 mu nu, D2(2460)0 -> D*(2010)+ pi-, D*(2010)+ -> D0 pi+

11. B+ -> D2(2460)0 mu nu, D2(2460)0 -> D0 pi0

12. B+ -> D2(2460)0 mu nu, D2(2460)0 -> D*(2007)0 pi0, D*(2007)0 -> D0 (pi0/gamma)

13. B+ -> D0 tau nu, tau -> mu nu_mu_bar nu_tau

14. B+ -> D*(2007)0 mu nu, tau -> mu nu_mu_bar nu_tau AND D*(2007)0 -> D0 (pi0/gamma)


•  with  cocktail (MC): 
1. B0 -> D*(2010)- mu+ nu, D*(2010)- -> D0_bar pi- 

2. B0 -> D*(2010)- mu+ nu pi0, D*(2010)- -> D0_bar pi- 

3. B0 -> D0*(2400)- mu+ nu, D*(2400)- -> D0_bar pi- 

4. B0 -> D1(2420)- mu+ nu, D1(2420)- -> D*_bar(2007)0 pi-, D*_bar(2007)0 -> D0_bar (pi0/gamma)

5. B0 -> D1(2420)- mu+ nu, D1(2420)- -> D*(2010)- (pi0 / pi+ pi-), D*(2010)- -> D0_bar pi-

6. B0 -> D1(H)- mu+ nu, D1(H)- -> D_bar*(2007)0 pi-, D*_bar(2007)0 -> D0_bar (pi0/gamma)

7. B0 -> D1(H)- mu+ nu, D1(H)- -> D*(2010)- pi0, D*(2010)- -> D0_bar pi-

8. B0 -> D2*(2460)- mu+ nu, D2*(2460)- -> D0_bar pi+, D*_bar(2007)0 -> D0_bar (pi0/gamma)

9. B0 -> D2*(2460)- mu+ nu, D2*(2460)- -> D*_bar(2007)0 pi-, D*_bar(2007)0 -> D0_bar (pi0/

gamma)

10. B0 -> D2*(2460)- mu+ nu, D2*(2460)- -> D*(2010)- pi0, D*(2010)- -> D0_bar pi-

11. B0 -> D0_bar pi- mu+ nu

12.B0 -> D*(2010)- tau nu, D*(2010)- -> D0_bar pi- AND tau -> mu nu_mu_bar nu_tau

B+ → D̄(*,**)0μ+νμX D̄0 → π+π−

B0 → D(*,**)−μ+νμX D0 → π+π−

Combinatorial 
background: 

sidebands of D0-
mass peak (Data)Templates with similar  

shape are merged together 
(= GR-0, Gr-1,.. etc.)

mcorr

LHCb internal

LHCb internal
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• Signal and control channel: 

(1)  
(2)  

• Semileptonic  backgrounds: 

(3)  ,  
(4)  ,   

• Inclusive  samples : 
(5)  

(6)  

• Semileptonic  decays where: 

•  with : 

(7)  

(8)  

(9)  

(10)  

(11)  

•  with : 

(12) 

B+ → ρ0μ+νμ
B0 → J/ψ( → μ+μ−)ρ0

Vub

B+ → ω0μ+νμ ω → π+π−X
B+ → η′ μ+νμ η′ → π+π−X

Vub

B+ → Xuμ+νμX
B0 → Xuμ+νμX
Vcb

B+ → D̄(*,**)0μ+νμX

D̄0 → K0
s π+π−

D̄0 → K0
s π+π−π0

D̄0 → π+π−π0π0

D̄0 → π+π−π0

D̄0 → K+π−π+π−

B0 → D(*,**)−μ+νμX

D− → π+π−π−

All modes in signal fit 

LHCb internal


