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Bs → μ+μ−
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- A golden channel in flavour physics 

‣ Very rare  BR (helicity suppressed) 

‣ Precise 4% BR theoretical prediction
10−9
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Leptonic Bs → μ+μ−

๏ A golden flavour physics channel
• Very rare  BR (helicity suppression)
• Precise 4% BR prediction (fully leptonic)

Beneke et al. JHEP 10 (2019) 232  
Kozachuk et al., PRD 97 (2018) 053007

๏ Searched since the 80’s and firstly 
observed in 2014 by LHCb+CMS   
(Nature 522 (2015) 68)
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+ box diagram involving neutrinos

Rare-b decays

Model-independent description: Heff = � 4GFp
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In agreement with SM

B(s) ! µ+µ�

B(s) ! ⌧+⌧�

PRL. 118, 191801 (2017)

PRL. 118, 251802 (2017)

Several deviations

B ! K⇤µµ (P 0
5), ...

⇤b ! ⇤µµ (BR, angular)
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Beneke et al. JHEP 10 (2019) 232  
Kozachuk et al., PRD 97 (2018) 053007

July 26, 2022 D.Kovalskyi   /   B(s)→μμ measurements   /   CERN
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SM Prediction
Beneke et al, JHEP 10 (2019) 232 0.14 ± 3.66

LHCb
PRL 118 (2017) 191801  0.6− 

 +0.73.0

CMS
JHEP 04 (2020) 188 0.65− 

 +0.722.94

ATLAS
JHEP 04 (2019) 098  0.7− 

 +0.82.8

ATLAS+CMS+LHCb
BPH-20-003 0.35− 

 +0.372.69

LHCb
PRL 128 (2022) 041801 0.44− 

 +0.483.09

CMS
BPH-21-006 0.41− 

 +0.443.83

Bs→μμ BF Result

23

Alternative using Bs→J/ψϕ: CERN seminar 26 Jul 2022

https://link.springer.com/article/10.1007/JHEP10(2019)232
https://journals.aps.org/prd/references/10.1103/PhysRevD.97.053007
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B+ → K+μ+μ− B0 → K0μ+μ−

dB/dq2 in exclusive b→sµµ 
seems to undershoot SM
• Theory uncertainties ~20-30% 

(hadronic form factors)

• Coherent undershooting, but 
predictions uncertainties are 
correlated
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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B0 → K*0μ+μ− Bs → ϕμ+μ−

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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q̄spectator quark-  BF consistently lower than SM 

‣ Large form factors uncertainties (20-30%)

b → sμμ

Martino Borsato - Heidelberg U.

Branching ratios

21

[JHEP08(2016)098]

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

JHEP 06 (2014) 133 JHEP 06 (2014) 133

B+ → K+μ+μ− B0 → K0μ+μ−

dB/dq2 in exclusive b→sµµ 
seems to undershoot SM
• Theory uncertainties ~20-30% 

(hadronic form factors)

• Coherent undershooting, but 
predictions uncertainties are 
correlated

]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×

LHCb

Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030

12

0 5 10 15
]4c/2 [GeV2q

0

2

4

6

8

10

12

14

)4 c2−
 (G

eV
2 q

)/d−
µ+

µ
φ 

→ 0 sB(
Βd

φ ψJ/ (2S)ψ

LHCb
1−fbLHCb 9
1−fbLHCb 3

SM (LCSR+Lattice)
SM (LCSR)
SM (Lattice)

8− 10×

PRL 127 (2021) 15JHEP 04 (2017) 142

B0 → K*0μ+μ− Bs → ϕμ+μ−

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10
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contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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 angular analysesb → sℓℓ
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φ-  4-body decays provide rich structure 
to be studied 

‣ Described by 3 angles and 

B0 → K*0ℓ+ℓ−

q2

- We can measure many angular observables in bins of  

‣ Optimized observables, e.g.  

‣ Form-factor uncertainty partly cancels 

‣ SM prediction still tricky due to charm-loop 
contributions

q2
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
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LU tests in b → sℓ+ℓ−

๏  is lepton universal in the SM 
→ can identify LU violating NP contribution

Hiller & Kruger arXiv:hep-ph/0310219

๏ Predictions are uncontroversial and very precise
• QCD uncertainty cancels to 
• Up to  ~1% QED corrections

Bordone et al arXiv:1605.07633

๏ Main challenge at LHCb is e/µ differences in 
the detector response

b → sℓ+ℓ−

10−4
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μ+

μ−

SM=

0.0 0.5 1.0
RH

[0.045,6.0]GeV2 K§+

[1.1,6.0]GeV2 K0
S

[1.1,6.0]GeV2 K+

[0.1,6.0]GeV2 pK

[0.045,1.1]GeV2 K§0

[1.1,6.0]GeV2 K§0

B0 → K*0ℓℓ

Λb → pKℓℓ

B+ → K*+ℓℓ
B0 → K0

Sℓℓ
B+ → K+ℓℓ

[



Flavour anomalies (CC)

7

Neutral Current
b

s

W t
/Z

- Flavour Changing Neutral Current (FCNC) 

‣ e.g.  processes 

‣ very rare, BR  or lower 
b → sℓℓ

∼ 𝒪(10−6)

- Charged Current (CC) 

‣ e.g.  decays 

‣ tree level: BR ∼ few %
b → cℓν̄

Charged Current

W-

c

b



R(D) - R(D*)

8

R(D) – R(D⇤)

R(D) =
B(B0! D⌧+⌫⌧ )

B(B0! D`⌫`)

R(D⇤
) =

B(B0! D⇤⌧+⌫⌧ )

B(B0! D⇤`⌫`)

` = e, µ for B-factories

` = µ for LHCb

• Combination of R(D) and R(D⇤) measurements is 3.3� away from SM

predictions!

LFU tests at LHCb Resmi P K (CPPM) 2

R(D) – R(D⇤)

R(D) =
B(B0! D⌧+⌫⌧ )

B(B0! D`⌫`)

R(D⇤
) =

B(B0! D⇤⌧+⌫⌧ )

B(B0! D⇤`⌫`)

` = e, µ for B-factories

` = µ for LHCb

• Combination of R(D) and R(D⇤) measurements is 3.3� away from SM

predictions!

LFU tests at LHCb Resmi P K (CPPM) 2

- LFU with taus

Combination of R(D) and R(D*) 3.3 σ away from SM



Conclusion

9

- FCNC 

‣  Branching ratios 

‣  Angular analyses 

‣  + LFU tests  

- CC:  

‣ LFU tests 

b → sμμ
b → sμμ
Bs → μ+μ− μ/e

b → cℓν̄
τ/μ

Deviation O(20%)  
on SM loop-order 

processes

Deviation O(20%)  
on SM tree-level 

processes

Hierarchical pattern? 
NP couples more strongly 

to 3rd generation..?
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Backup



LHCb

1

The LHCb experiment today
!8



Flavour anomalies (FCNC)

4

Neutral Current
b

s

W t
/Z

★ Excellent experimental probe  

‣ No neutrinos involved! 

‣ Several complementary observables 

‣ Several complementary decay channels

- Flavour Changing Neutral Current (FCNC) 

‣ e.g.  processes 

‣ very rare, BR  or lower 
b → sℓℓ

∼ 𝒪(10−6)

{Branching ratios 
Angular analyses 
Lept. Flav. Univ. test



Fully leptonic Bs → μ+μ−

5

- A golden flavour physics channel 

‣ Very rare  BR (helicity suppressed) 

‣ Precise 4% BR theoretical prediction
10−9

Martino Borsato - Heidelberg U.

Leptonic Bs → μ+μ−

๏ A golden flavour physics channel
• Very rare  BR (helicity suppression)
• Precise 4% BR prediction (fully leptonic)

Beneke et al. JHEP 10 (2019) 232  
Kozachuk et al., PRD 97 (2018) 053007

๏ Searched since the 80’s and firstly 
observed in 2014 by LHCb+CMS   
(Nature 522 (2015) 68)

10−9

17

+ box diagram involving neutrinos

Rare-b decays

Model-independent description: Heff = � 4GFp
2
VtbV

⇤
ts

↵
4⇡

P
i{CiOi + C

0
iO

0
i}

b ! s�

⇣
C

(0)
7

⌘

bR(L) sL(R)W�

�L(R)

t

Vtb Vts

b ! `
+
`
�

⇣
C

(0)
10,S,P

⌘
b ! s`

+
`
�

⇣
C

(0)
7,9,10

⌘

b s

µ+

µ�
⌫

W� W+

t

b s

µ+

µ�

t

�, Z0

W�

NEW!!

B0
s ! ��

⇤b ! ⇤�

In agreement with SM

B(s) ! µ+µ�

B(s) ! ⌧+⌧�

PRL. 118, 191801 (2017)

PRL. 118, 251802 (2017)

Several deviations

B ! K⇤µµ (P 0
5), ...

⇤b ! ⇤µµ (BR, angular)
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- Searched since the 80’s and firstly observed 
in 2014 by LHCb + CMS (Run 1)

Beneke et al. JHEP 10 (2019) 232  
Kozachuk et al., PRD 97 (2018) 053007

Nature 522 (2015) 68

https://link.springer.com/article/10.1007/JHEP10(2019)232
https://journals.aps.org/prd/references/10.1103/PhysRevD.97.053007
https://www.nature.com/articles/nature14474


Fully leptonic Bs → μ+μ−

6

- Since first observation 

‣ updated LHCb Run1 + Run2 

‣ updated CMS Run1 + Run2

July 26, 2022 D.Kovalskyi   /   B(s)→μμ measurements   /   CERN

1 2 3 4 5
]9−) [10−µ+µ → 0

s
(BΒ

SM Prediction
Beneke et al, JHEP 10 (2019) 232 0.14 ± 3.66

LHCb
PRL 118 (2017) 191801  0.6− 

 +0.73.0

CMS
JHEP 04 (2020) 188 0.65− 

 +0.722.94

ATLAS
JHEP 04 (2019) 098  0.7− 

 +0.82.8

ATLAS+CMS+LHCb
BPH-20-003 0.35− 

 +0.372.69

LHCb
PRL 128 (2022) 041801 0.44− 

 +0.483.09

CMS
BPH-21-006 0.41− 

 +0.443.83

Bs→μμ BF Result

23

Alternative using Bs→J/ψϕ: 

Martino Borsato - Heidelberg U.

Leptonic B(s) → μ+μ−

๏
๏ Testing the MFV paradigm

๏ Excellent agreement with SM

BR(Bd → μ+μ−) < 2.6 × 10−10

19

0 1 2 3 4 5 6
9−10×

)−µ+µ→s
0B(B

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
9−10×)−

µ+
µ

→0 B(B

SM

LHCb
1−4.4 fb

1−9 fb

contours correspond to 68%, 95%, 99% CL regions

LHCb PRD 105(2022)012010 PRL 128(2022)041801

CMS-PAS-BPH-21-006

PRL 128(2022)041801
PRD 105(2022)012010

CERN seminar 26 Jul 2022

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.041801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012010


 semileptonic decaysb → sℓℓ

7
Martino Borsato - Heidelberg U.

Introduction

E↵ective Field Theories and Wilson coe�cients

E↵ective field theories:

!

He↵ = �GFp
2
VCKM

X

i

CiOi

Fermion operators Oi and Wilson coe�cients Ci
! Wilson coe�cients allow for model independent

comparison of di↵erent EWP measurements

q2
spectrum:

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

J/ (1S)

 (2S)C(0)
7

C(0)
7 C(0)

9
C(0)

9 C (0)
10

4 [m(µ)]2 q2

d�
dq2

)"*(

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

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

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

#5%$.5,6*((

cc̄

left-handed: Ci
right-handed: C0

i
photon: C7

(axial) vector: (C10) C9
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q2 = m2
ℓℓ [GeV2]

dBR/dq2

     

1561

20

Semileptonic b → sℓℓ

Rare loop-level b → sℓℓ

Tree-level b → scc̄



 angular analysesb → sℓℓ

5

Martino Borsato - Heidelberg U.

Angular analyses

22

Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

Measurement of CP-averaged observables in the B0! K ⇤0µ+µ�
decay

4 charged particle final state via K
⇤0 ! K

+⇡�

LHCb measured this decay two times:

2011 data [JHEP08(2013)131]

full Run 1 [JHEP02(2016)104]

existing tension to SM (prominent in P
(0)
5
)

now: update including 2016 data

! doubling the event statistics

[PRL125(2020)011802]
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PRL 125(2020)011802

B0 → K*0μ+μ−๏  4-body decay has rich 
kinematic structure to be studied

๏ Described by 3 angles and  

๏ Recent results:
• with 6/fb (~4600 events)
•  with 9/fb (~700 events)
•  with 9/fb (~1900 events)

B → Vμ+μ−

q2

Angular analysis of B0 ! K ⇤0e+e�
at very low q2

(1/2)

1
d(�+ �̄)/dq2

d4(�+ �̄)

dq2 dcos ✓` dcos ✓K d�̃
=

9
16⇡

h
3
4(1 � FL) sin

2 ✓K + FL cos2 ✓K

+1
4(1 � FL) sin

2 ✓K cos 2✓` � FL cos2 ✓K cos 2✓`

+(1 � FL)A
Re
T sin2 ✓K cos ✓`

+1
2(1 � FL)A

(2)
T sin2 ✓K sin2 ✓` cos 2�̃

+1
2(1 � FL)A

Im
T sin2 ✓K sin2 ✓` sin 2�̃

i
.
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20

μ+

μ−

B0 → K*0μ+μ−

B+ → K*+μ+μ−

Bs → ϕμ+μ−
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Figure 1: The m(K+K�µ+µ�) distribution for B0
s ! �µ+µ� candidates integrated over

the 0.1 < q2 < 0.98GeV2/c4, 1.1 < q2 < 8GeV2/c4, 11.0 < q2 < 12.5GeV2/c4 and
15.0 < q2 < 18.9 GeV2/c4 regions for the data-taking periods 2011-2012 (top left), 2016 (top
right), and 2017–2018 (bottom). The data are overlaid with the PDF used to describe the
m(K+K�µ+µ�) spectrum, fitted separately for each data set.

neglected in the fit model and a systematic uncertainty is assigned to account for potential123

residual background pollution.124

Figure 1 shows the m(K+K�µ+µ�) distribution for all candidates passing the selection,125

integrated over the 0.1 < q2 < 18.9 GeV2/c4 region for the separate data sets, excluding the126

q2 regions contaminated by the resonant B0
s ! �(! µ+µ�)�, B0

s ! J/ (! µ+µ�)� and127

B0
s !  (2S)(! µ+µ�)� decays. The data are overlaid with the fitted probability density128

function (PDF) described in Sec. 4. Signal yields of 408 ± 23, 402 ± 23 and 1120 ± 40129

are found for the 2011–2012, 2016 and 2017–2018 data sets, where the uncertainties are130

statistical only.131

4 Angular analysis132

The angular observables are determined using an unbinned maximum likelihood fit to the133

invariant K+K�µ+µ� mass distribution and the three decay angles, ✓l, ✓K , and �. In134

the q2 region below 12.5 GeV2/c4, the fit is performed separately in narrow q2 regions of135

around 2 GeV2/c4 width and in an additional wide q2 region defined as [1.1, 6.0] GeV2/c4.136

Above 15 GeV2/c4, a single wide region is used, defined as [15.0, 18.9] GeV2/c4. The binning137

scheme is chosen to maximise sensitivity to potential short-distance NP contributions138

4

LHCb-PAPER-2021-022 

Bs → ϕμ+μ−

m(K0
S⇡

+µ+µ�
) [MeV/c2]
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PRL 126(2021)161802

B+ → K*+μ+μ−

spin-1 hadron



Electron VS muons in LHCb
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Nature Physics 18, (2022) 277-282

Muons Electrons

RK =
Br(B+ → K+μ+μ−)
Br(B+ → K+e+e−)

https://www.nature.com/articles/s41567-021-01478-8


R values
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0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < - Measurement much more precise than previous 

experiments 

- Measured in several  channels 

- It confirmed, would be a clear sign of NP

b → sℓ+ℓ−

0.0 0.5 1.0
RH

[0.045,6.0]GeV2 K§+

[1.1,6.0]GeV2 K0
S

[1.1,6.0]GeV2 K+

[0.1,6.0]GeV2 pK

[0.045,1.1]GeV2 K§0

[1.1,6.0]GeV2 K§0

B0 → K*0ℓℓ

Λb → pKℓℓ

B+ → K*+ℓℓ
B0 → K0

Sℓℓ
B+ → K+ℓℓ

[
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'Muonic' ‘Hadronic'τ− → μ−ν̄μντ
τ− → π−π+π−ντ
τ− → π−π+π−π0ντ

Run1 3fb−1

Fit variables:

, ,  in  rest framem2

miss = (pB − pD* − pμ)2 q2 = (pB − pD*)2 E*μ B

-  spectrum softer when  comes from the  decay 

-  in 

E*μ μ τ
m2

miss = 0 B → D*μνμ

R(D⇤) = 0.336± 0.027± 0.030

 above than SM2.1σ

•   
•    
• Compatible with SM within 1σ.

R(D*) hadronic

 14

R(D⇤) = 0.291± 0.019(stat)± 0.026(syst)± 0.013(BR)
<latexit sha1_base64="NytMLEDVwwWbEFgVuxpYsAmS5ug="></latexit><latexit sha1_base64="NytMLEDVwwWbEFgVuxpYsAmS5ug="></latexit><latexit sha1_base64="NytMLEDVwwWbEFgVuxpYsAmS5ug="></latexit><latexit sha1_base64="NytMLEDVwwWbEFgVuxpYsAmS5ug="></latexit>

K(D⇤) = 1.93± 0.12(stat)± 0.17(syst)
<latexit sha1_base64="RlPL2h2ygilj15PgJP2BhzcTIoo="></latexit><latexit sha1_base64="RlPL2h2ygilj15PgJP2BhzcTIoo="></latexit><latexit sha1_base64="RlPL2h2ygilj15PgJP2BhzcTIoo="></latexit><latexit sha1_base64="RlPL2h2ygilj15PgJP2BhzcTIoo="></latexit>

R(D⇤) =

 
B(B0 ! D⇤+⌧�⌫⌧ )

B(B0 ! D⇤+⇡�⇡+⇡�)

!

meas

⇥
 
B(B0 ! D⇤+⇡�⇡+⇡�)

B(B0 ! D⇤+µ�⌫µ)

!

external
<latexit sha1_base64="w6wHxjK+oI8FkzyHugL1UhXyeNQ="></latexit><latexit sha1_base64="w6wHxjK+oI8FkzyHugL1UhXyeNQ="></latexit><latexit sha1_base64="w6wHxjK+oI8FkzyHugL1UhXyeNQ="></latexit><latexit sha1_base64="w6wHxjK+oI8FkzyHugL1UhXyeNQ="></latexit>

K(D⇤)
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∼  above the SM1σ

Fit variables:

, ,   decay timeBDToutput q2 = (pB − pD*)2 tτ τ

Projections in the bin with the hardest BDToutput

PRL 115 (2015) 111803 PRL 120 (2018) 171802

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.171802
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- LFU with taus 

‣ Muonic tau decays:  

‣ Hadronic tau decays: 

τ− → μ−ν̄μντ

τ− → π+π−π−ντ

Hadronic:

R(D⇤) hadronic at LHCb [PRL 120, 171802 (2018)], [PRD 97, 072013 (2018)]

• A 3D binned template fit to extract the signal yield
• q

2 ⌘ |pB0 � pD⇤ |2,
• ⌧+ decay time,

• Output of BDT trained to discriminate ⌧ from D
+

s .

• Templates selected from simulation and data control

samples

• N(B0! D
⇤�⌧+⌫⌧ ) = 1296 ± 86

R(D⇤) = 0.280 ± 0.018(stat) ± 0.026(syst) ± 0.013(ext)⇤

1� above SM

*Latest value after rescaling the updated value of B(B0! D⇤�`⌫`)
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R(⇤c) at LHCb [PRL 128, 191803 (2022)]

• K(⇤+
c ) = 2.46 ± 0.27 (stat) ± 0.40 (syst)

• Dominant source of systematic uncertainty is double

charm background template shapes

• B(⇤0

b ! ⇤+
c ⌧

�⌫⌧ ) is measured as

(1.50 ± 0.16 (stat) ± 0.25 (syst) ± 0.23 (ext))%

Systematic uncertainties
Source �K(⇤+

c )/K(⇤+
c )[%]

Simulated sample size 3.8
Fit bias 3.9
Signal modelling 2.0
⇤0
b ! ⇤⇤+

c ⌧�⌫⌧ feeddown 2.5
D�

s ! 3⇡Y decay model 2.5
⇤0
b ! ⇤+

c D
�
s X, ⇤0

b ! ⇤+
c D

�X, ⇤0
b ! ⇤+

c D
0X background 4.7

Combinatorial background 0.5
Particle identification and trigger corrections 1.5
Isolation BDT classifier and vertex selection requirements 4.5
D�

s , D� , D0 template shapes 13.0
E�ciency ratio 2.8
normalization channel e�ciency (modelling of ⇤0

b ! ⇤+
c 3⇡) 3.0

Total uncertainty 16.5

R(⇤+

c ) = 0.242 ± 0.026(stat) ± 0.040(syst) ± 0.059(ext)

SM prediction R(⇤+
c ) = 0.324 ± 0.004

[Bernlochner et al. PRD 99 055008 (2019)]

Agreement within 1�
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PRL 128, 191803 (2022)

PRL 120, 171802 (2018)

R(Xc) measurements

• More than 10 measurements from the B-factories and LHCb

• Di↵erent approaches and techniques Measurements SM prediction

• Deviations seen between the measurements and SM predictions!

• Details of R(Xc) measurements at LHCb ) in this talk
LFU tests at LHCb Resmi P K (CPPM) 3

R(D⇤) muonic at LHCb [PRL 115, 111803 (2015)]

• The fit extracts the relative

contributions of signal and

normalization modes and their form

factors

• Signal more visible in the high q
2 bin

R(D⇤) = 0.336 ± 0.027(stat) ± 0.030(syst)

2.1� above SM

• Dominant systematic uncertainty -

size of simulation sample
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R(D⇤) muonic at LHCb [PRL 115, 111803 (2015)]

• The fit extracts the relative

contributions of signal and

normalization modes and their form

factors

• Signal more visible in the high q
2 bin

R(D⇤) = 0.336 ± 0.027(stat) ± 0.030(syst)

2.1� above SM

• Dominant systematic uncertainty -

size of simulation sample
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Muonic:

R(J/ ) at LHCb [PRL 120, 121801 (2018)]

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

Muonic ⌧+ ! µ+⌫µ⌫⌧

Run 1: 3 fb�1

• Signal extraction using binned

template fit to m
2

miss
, Bc decay time

and Z ( Z contains 8 bins in Eµ and

q
2).

• Main backgrounds - Bc ! HcX ,

hadron mis-ID for µ

R(J/ ) = 0.71 ± 0.17(stat) ± 0.18(syst)

2� above SM
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R(J/ ) at LHCb [PRL 120, 121801 (2018)]

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

Muonic ⌧+ ! µ+⌫µ⌫⌧

Run 1: 3 fb�1

• Signal extraction using binned

template fit to m
2

miss
, Bc decay time

and Z ( Z contains 8 bins in Eµ and

q
2).

• Main backgrounds - Bc ! HcX ,

hadron mis-ID for µ

R(J/ ) = 0.71 ± 0.17(stat) ± 0.18(syst)

2� above SM
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
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 angular distributionsB → K*μ+μ−B  -> K mumu

A. Mauri (UZH) 27

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS
Study the full angular distribution (θl, θK,φ) of the 4 final state particles.

Described by eight independent observables:












Observables (AFB, FL and Sj) are function of the Wilson coefficients.

A cleaner set of observables, where hadronic form factor uncertainties 
cancels at the leading order, can be defined (JHEP 1305(2013)137), ex:
	

10Francesco Polci – CKM 2016	
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prospects
Prospects

• R(D+)

• R(D⇤) - (e � µ)

• Combined

R(D⇤) � R(D0)

• R(D⇤⇤)

• R(D⇤
s )

• R(⇤⇤⇤
c )

[arXiv:2101.08326, arXiv:1808.08865]

• Exploring new observables beyond the branching fraction ratios, e.g . angular
observables to determine spin structure of potential new physics

• B ! D
⇤µ(⌧)⌫ - muonic and hadronic
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