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The LHCb collaboration
• ~1350 members from  79 institutes in 18 countries
•  ~490 publications, some with very high impact
• Main focus on heavy quark flavour…but plenty of other 

physics in the forward direction
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  CKM & CPV

  Spectroscopy

EW and QCD

 Exotica searches

 Rare decays
 Semileptonic 

decays

 Ions and       
fixed target



LHCb detector: the essentials
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VELO

RICH

MUON

MAGNET

TRACKING

CALO

• Forward acceptance  
• Efficient trigger for hadronic and 

leptonic modes 
• Acceptance down to low pT 
• Precision tracking and vertexing 

(VELO@8 mm from beam) 
• Excellent PID 

JINST 3 (2008) S08005



Luminosity @ LHCb

• Experiment designed to run at constant luminosity throughout fills                                    
- 4 x1032 cm-2 sec -1 (to be raised to 2 x1033 cm-2 sec -1 in Run 3) 
- mean number of interactions/bunch crossing ~1     
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Run 1  
~3 fb-1 

Run 2 
~6 fb-1 

bb̄

cc̄

~1011         decays/fb 
  in acceptance 
~1012       decays/fb

Z
L dt ⇠ 9 fb�1
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2018: last year of LHCb as we know it!
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• LHCb is building and installing its Upgrade I during LS2 (2019-20)→  
• Higher Lumi: 4 x1032 →2 x1033 cm-2 sec-1  
• more interactions per beam crossing: ~1→~5 

• Possible LHCb detector consolidation and modest enhancements in LS3 (2025) -      
ATLAS/CMS Phase II upgrades also in LS3 

• Major LHCb Upgrade II in LS4 (2030) →Factor ~10 increase in    : ~1.5 x1034 /cm2 /s 
(Expression of Interest: CERN/LHCC 2017-003)

Run1 Run2 Run3 Run4 Run5LS1 LS2 LS3 LS4 LS5

2012 2014 2018  19-20 2023 24-25 2029 30-31 2034

LHCb
Upgrade

HL-LHC

7,8 TeV    13 TeV 14 TeV

We are 
here !
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VELO pixels         
(5.1 mm from beam)

RICH new 
photodetectors 

Upstream Tracker 
(UT) 

Tracker 
scintillating fibres

Calorimetry and muons: 
replace RO electronics 
 & remove redundant 

components

The upgraded detector
• Less than 10% of all channels will be kept! 
• NEW RO electronics 
• NEW DAQ & data centre

40 MHz Readout 
Software trigger only
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VELO pixels         
(5.1 mm from beam)

RICH new 
photodetectors 

Upstream Tracker 
(UT) 

Tracker 
scintillating fibres

Calorimetry and muons: 
replace RO electronics 
 & remove redundant 

components

The upgraded detector
• Less than 10% of all channels will be kept! 
• NEW RO electronics 
• NEW DAQ & data centre

40 MHz Readout 
Software trigger only

NEW
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Dismantling and installation 
ongoing! Very tight timescale!

VELO sensor tiles 
testing device

VELO module
SciFI module SciFI Readoout

CALO electronics

UT sensor

UT staves 
construction

Test of MUON 
electronics

RICH MaPMTs 
under test

PCIe40 boards



Why rare b decays
• In the SM, processes involving flavour changes between two up-type quarks 

(u,c,t) or between two down-type quarks (d,s,b) are forbidden at tree level 
and can only occur at loop level (penguin and box) → Rare 

  

• A new particle, too heavy to be produced at the LHC, can give sizeable 
effects when exchanged in a loop 

• Strategy: use well-predicted observables to look for deviations 
• Indirect approach to New Physics searches, complementary to that of ATLAS/

CMS and particularly relevant at this point! 10



A window on 
NP at high 

scales



B leptonic decays 



     One of the milestones of flavour programme       B(s) → μ+μ−

• Very suppressed in the SM 

- Loop, CKM (     for  ) and helicity ~  

- Theoretically “clean” → precisely predicted: 

• Sensitive to NP 
- A large class of NP theories, such as SUSY, predict significantly 

higher values for the  decay probability  

•  Very clean experimental signature 
- Studied by all high-energy hadron collider experiments

|Vts |2 Bs ( mμ

MB )
2

B(s)
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Bobeth et al. 
PRL 112 (2014) 101801

(~6%)B(B0
s ! µ+µ�) = (3.65± 0.23)⇥ 10�9

B(B0 ! µ+µ�) = (1.06± 0.09)⇥ 10�10



LHCb update with Run 2 data
• LHCb analysis based on Run 1 and Run 2 data (3+1.4 fb-1) 

• First observation from a single experiment with a significance of 7.8 σ 

• Consistent with SM expectation at current level of precision 
• Main sources of systematic uncertainties 

-  : knowledge of b-quark                         
fragmentation probability ratio                                                                   
(~6%) 

-  : exclusive background

B0
s → μ+μ−

fs/fd

B0 → μ+μ−

B(B0
s ! µ+µ�) = (3.0± 0.6+0.3

�0.2)⇥ 10�9 ( 20%)

B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 95% CL

BSM = (3.65± 0.23)⇥ 10�9

PRL 118 (2017) 191801
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Era of precision measurements of     B(s) → μ+μ−

• LHCb, PRL 118 (2017) 191801 

• CMS,  PRL 111, 101804 (2013) 

• ATLAS, JHEP 04 (2019) 098 

• Naive combination from the three experiments gives:
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Figure 9: Two-dimensional likelihood contours in the space of the B0
! µ+µ� and Bs ! µ+µ�

branching ratios from individual measurements (thin contours), the naive combi-
nation (thick solid contours), and the Gaussian approximation to it (thick dashed
contours), compared to the SM central values.

BR(Bs ! µ+µ�) = (2.65+0.46
�0.33) ⇥ 10�9 BR(B0

! µ+µ�) SM-like. (46)

We stress that the similarity of these two numbers is not trivial, as for individual measurements,
especially the CMS and ATLAS ones, the best-fit value for BR(B0

! µ+µ�) deviates strongly
from the SM prediction. Conversely, for B0

! µ+µ� we get

BR(B0
! µ+µ�) = (1.00+0.86

�0.57) ⇥ 10�10 BR(Bs ! µ+µ�) profiled, (47)

BR(B0
! µ+µ�) = (0.57+0.86

�0.36) ⇥ 10�10 BR(Bs ! µ+µ�) SM-like. (48)

The values for the Gaussian approximation only di↵er from these numbers in a negligible way.
Compared to the SM predictions8,

BR(Bs ! µ+µ�)SM = (3.67 ± 0.15) ⇥ 10�9, (49)

BR(B0
! µ+µ�)SM = (1.14 ± 0.12) ⇥ 10�10, (50)

we then find the following one-dimensional pulls9:

• if both branching ratios are SM-like, 2.3�10,

• if Bs ! µ+µ� is SM-like and B0
! µ+µ� profiled over, 2.3�,

• if B0
! µ+µ� is SM-like and Bs ! µ+µ� profiled over, 0.2�.

8For the SM values, we have used flavio v1.3 with default settings. The Bs ! µ+µ� branching ratio refers
to the time-integrated one. The decay constants are taken from the 2019 FLAG average with 2 + 1 + 1
flavours [110], Vcb = 0.04221(78) from inclusive decays, and Vub = 0.00373(14) from B ! ⇡`⌫.

9Here, the “one-dimensional pull” is �2 times the logarithm of the likelihood ratio at the SM vs. the ex-
perimental point, after the experimental uncertainties have been convolved with the covariance of the SM
uncertainties.

10Converting the likelihood ratio to a pull with two degrees of freedom, one obtains 1.8�; this is why the star
in Fig. 9 is inside the 2� contour.

22

B(B0
s → μ+μ−) = (2.8+1.1

−0.9) × 10−9

B(B0 → μ+μ−) = (4.4+2.2
−1.9) × 10−10

B(B0
s → μ+μ−) = (3.0 ± 0.6+0.3

−0.2) × 10−9

B(B0 → μ+μ−) < 3.4 × 10−10 @95 % C . L .

B(B0
s → μ+μ−) = (2.8+0.8

−0.7) × 10−9

B(B0 → μ+μ−) < 2.1 × 10−10 @95 % C . L .

B(B0
s → μ+μ−) = (2.7+0.5

−0.4) × 10−9

Aebischer et al 
arXiv:1903.10434

roughly 2σ below 
SM prediction
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New CMS result (Lepton Photon 2019) 

   CMS PAS BPH-16-004  

B(B0
s → μ+μ−) = (2.9+0.7

−0.6
± 0.2( fs/fd)) × 10−9

B(B0 → μ+μ−) < 3.6 × 10−10 @95 % C . L .



Effective   lifetimeBs
• An observable sensitive to NP and complementary to branching fraction 
• For   mesons, the sizeable difference between the decay widths of the light 

and heavy mass eigenstates     allows us to define:  
Bs

ΔΓs
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⌧µ+µ� ⌘
R1
0 t�(Bs(t) ! µ+µ�)dt
R1
0 �(Bs(t) ! µ+µ�)dt

Expectation value  of 
untagged time-dependent rate

De Bruyn et al,
PRL 109 (2012) 041801

• In SM  , i.e.   system evolves 
with the lifetime of the heavy   mass 
eigenstate, but in NP scenarios  
could be anywhere in range [-1,1]

AΔΓ = 1 Bs
Bs

AΔΓ

�(Bs(t) ! µ+µ�) ⌘ �(B0
s (t) ! µ+µ�) + �(B

0
s(t) ! µ+µ�)

/ (1�A��s
)e��Lt + (1 +A��s)e

��Ht

A�� ⌘ �(BH

s
! µ+µ�)� �(BL

s
! µ+µ�)

�(BH
s

! µ+µ�) + �(BL
s
! µ+µ�)



Results on  τeff
• LHCb measured effective lifetime from the decay time distributions of 

the samples of untagged   events used for the branching fraction 
measurements by fitting a single exponential function

Bs
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• Not yet sensitive to  , but interesting 
as a proof-of-principle measurement, 
which can be scaled to higher 
luminosities 

AΔΓ

⌧e↵ =
⌧Bs

1� y2s

1 + 2A��ys + y2s
1 +A��ys

, where ys = ⌧Bs

��

2

PRL 118 (2017) 191801

⌧e↵(Bs(t) ! µ+µ�) = (2.04± 0.44± 0.05) psps



Results on �τeff
• LHCb measured effective lifetime from the decay time distributions of 

the samples of untagged Bs events used for the branching fraction 
measurements by fitting a single exponential function
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• Not yet sensitive to AΔΓ, but interesting as 
a proof-of-principle measurement, which 
can be scaled to higher luminosities 

⌧e↵ =
⌧Bs

1� y2s

1 + 2A��ys + y2s
1 +A��ys

, where ys = ⌧Bs

��

2

PRL 118 (2017) 191801

⌧e↵(Bs(t) ! µ+µ�) = (2.04± 0.44± 0.05) psps

New CMS result (Lepton Photon 2019) 

   CMS PAS BPH-16-004 

   τμ+μ− = 1.70+0.61
−0.44 ps



projections
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B(s) ! µ+µ�
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CMS PAS FTR-14-015

~10 %

LHCb
(23/300 fb-1)

ATLAS-PHYS-PUB-2018-005

3000 fb-1

CMS PAS FTR-14-015

~34 %

⌧e↵
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~8 %
~2 %

LHCb: Physics case for an LHCb 
Upgrade II, CERN/LHCC 2018-027
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Trigger thresholds:
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• In the SM, larger BF due to larger   mass 

• Experimentally challenging due to undetected neutrinos in final state

τ
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Bs,d ! ⌧+⌧�

Bobeth et al. 
PRL 112 (2014) 101801

⌧� ! ⇡�⇡+⇡�⌫⌧
• Searched by LHCb through the decay                              

• Bs,d unresolvable in mass → analysis 
optimised for Bs  

• Exploit intermediate ρ(770)0 resonance to 
define signal/control regions of             , 
then fit MVA 

• Limits set (Run1 data):

m⇡�⇡+

(m2
⌧/M

2
B)

B(Bs ! ⌧+⌧�) < 6.8⇥ 10�3 at 95% C.L.

B(Bd ! ⌧+⌧�) < 2.1⇥ 10�3 at 95% C.L.

→ first direct limit 
→ best limit

PRL 118 (2017) 251802

B(B0
s ! ⌧+⌧�) = (7.73± 0.49)⇥ 10�7

B(B0 ! ⌧+⌧�) = (2.22± 0.19)⇥ 10�8



• In SM, smaller BF wrt   due to tiny   factor 
  

- out of reach from the experimental point of view →very little attention 
- current limit by CDF (from 2009)  

B(Bs → μ+μ−) (me)2

Bs → e+e− = (8.54 ± 0.55) × 10−14

Bs → e+e− = < 2.8 × 10−7 @90 % CL
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Bs,d ! e+e�
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Bobeth et al. 
PRL 112 (2014) 101801

Fleicher et al. 
JHEP05 (2017)156 

CDF: PRD102 (2009)201801 

• Ongoing LHCb measurement 
based on Run1 and partial Run 2 
relative to   

• Analysis in advanced stage, with 
Interesting projected sensitivity

B+ → K+J/ψ( → e+e−)



ECAL
HCAL

K
ep

K

e

p

e
B0→K*0(K+p-)e+e-

b ! s`+`� transitions



Other interesting rare decays:                   
  transitionsb → sℓ+ℓ−

• Can only proceed via loop diagrams 

• NP can be competitive with SM processes 

• Rates, angular distributions and asymmetries 
sensitive to NP 

• A lot of phenomenological work invested in defining 
observables with “clean” theoretical predictions. 
- Observables form-factor free at leading order 
- Still susceptible to non-factorisable corrections 
- E.g: Are we estimating correctly contributions from                                    

charm loops that produce a   pair via a virtual 
photon? 

• Question: how clean?

ℓ+ℓ−
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NP searches at LHCb and their (Re)interpretation 15 / 23

Model-independent global fits to b ! s data
h
W. Altmannshofer et al.,
EPJC 75 (2015) 382

i

Angular observables

Branching fractions

Combined

b s

µ
�

µ
+

Z
0

Possible NP

b s

d̄ d̄

c̄c

�

`
+

`
�SM cc̄ loop

⌅ Combine rare decay observables in model-independent global fits
(In [EPJC 75 (2015) 382] 91 measurements: b ! s`

+
`
�
, b ! s�, B

0
s ! µ

+
µ
�
,. . . )

⌅ Tension (⇠ 3 � 4 �) can be reduced with �Re(C9) ⇠ �1

⌅ Possible interpretation of shift in C9

⌅ NP: Z
0 [Gauld et al. 13] [Buras et al. 13]

[Altmannshofer et al. 13] [Crivellin et al. 15] Leptoquarks
[Hiller et al. 14] [Biswas et al. 14]
[Buras et al. 14] [Gripaios et al. 14]

⌅ SM: hadronic charm loop contributions [Jäger et al.] [Lyon et al.] [Ciuchini et al.]

C. Langenbruch (RWTH), (Re)interpreting NP searches Data and likelihood release in LHCb



Intriguing set of results in differential 
branching fractions for b→sµµ transitions 
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JHEP 06 (2014) 133                         

Bs ! �µ+µ�

JHEP 09 (2015) 179

⇤0
b ! ⇤0µ+µ�

JHEP 06 (2015) 115

CMS:   PLB 753 (2016) 424 
LHCb: JHEP 11 (2016) 047, JHEP 04 (2017) 142 
ΒaBar: PRD 86 (2012)  032012 
Belle:   PRL 103 (2009) 171801 
CDF:    PRL 107 (2011) 201802   

JHEP 06 (2014) 133                         

LHCb: JHEP 06 (2014) 133   
ΒaBar: PRD 86 (2012) 032012 
Belle:   PRL 103 (2009) 171801 
CDF:    PRL 107 (2011) 201802                  

• In general, data tend to be lower than theory predictions at low q2 
• Comparison limited by theoretical knowledge of form factors

Lanfranchi 
arXiv:1805.05399

Lanfranchi 
arXiv:1805.05399

q2 = m2
µ+µ�
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Detmold and Meinel, PRD93 074501 (2016)



The curious case of  P′�5
• One such observable is so-called  , not intuitive, but constructed 

from angular observables to be robust from ‘form-factor uncertainties’ 

• Is the SM prediction less precise than what is claimed? 
• Ongoing work to update analysis of LHCb data up to 2016

P′�5
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LHCb: JHEP 02 (2016) 104 
Belle: PRL 118 (2017) 111801 
ATLAS: arXiv:1805.04000 
CMS-PAS-BPH-15-008



Other intriguing results in tests of 
Lepton Flavour Universality 



Lepton Flavour Universality
• The property that the three charged leptons (e, µ , τ) couple 

in a universal way to the SM gauge bosons 

• In the SM the only flavour non-universal terms are the three 
lepton masses:   ↔ 3477 / 207/ 1 

• If NP couples in a non-universal way to the three lepton 
families, then we can discover it by comparing classes of 
rare decays involving different lepton pairs (e.g. e/µ or µ/τ ) 

• Test LFU in   transitions, i.e. flavour-changing 
neutral currents with amplitudes involving loop diagrams

mτ, mμ, me

b → sℓ+ℓ−
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The family of   ratiosR
• Comparing the rates of    and    allows 

precise testing of lepton flavour universality 

• These ratios are clean probes of NP : 

- Sensitive to possible new interactions that couple in a non-universal 
way to electrons and muons   

- Small theoretical uncertainties because hadronic uncertainties 
cancel :     in SM, neglecting lepton masses, with QED 
corrections at ~% level

B → He+e− B → Hμ+μ−

RH = 1
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Very challenging measurements
• Lepton identification is anything but 

universal! 
- Electrons emit a large amount of 

bremsstrahlung, degrading momentum 
and mass resolution→ bremsstrahlung 
recovery can partially fix this 

- Higher occupancy of calorimeters → 
trigger thresholds are higher for 
electrons (~2.5 to 3.0 GeV) than for muons 
(~1.5 to 1.8 GeV) → Mitigate including 
decays with electrons also selected 
using hadron trigger either fired by  
products or by any other particle in the 
event not associated with signal

K*
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JHEP 08 (2017) 055



electrons vs muons
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PRL 122 (2019)191801



• To mitigate muon and electron differences due to bremsstrahlung and trigger, 
measurement performed as a double ratio with “resonant” control modes 
  which are not expected to be affected by NP:                        

→ Relevant experimental quantities: yields & (trigger, reconstruction and 
selection) efficiencies for the four decay modes 

→   (within 0.4%) 

• Similarities between the experimental efficiencies of the non resonant and 
resonant modes ensure a substantial reduction of systematic uncertainties in the 
double ratio 

• Analyses performed blind

B0 → J/ψH

rJ/ψ =
B(B → H J/ψ(μ+μ−))
B(B → H J/ψ(e+e−))

= 1
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Measure as a double ratio



The   ratioRK
• LHCb published an analysis of   based on Run 1 data 

in   interval:     

• Result compatible with SM at 2.6   :    

• Performed a re-optimised analysis of 2011-2016 data (total of          
5 fb-1) in  

• Factor 2 larger yields than in previous analysis, still statistically 
dominated by electron mode (~760   candidates vs~1940
  candidates) 

RK

q2 1.1 < q2 < 6 GeV2

σ RK = 0.745+0.090
−0.074 ± 0.036

1.1 < q2 < 6 GeV2

e+e−

μ+μ−
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LHCb:    PRL 113 (2014) 151601

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (! µ+µ�))

,
B(B+ ! K+e+e�)

B(B+ ! K+J/ (! e+e�))
<latexit sha1_base64="hM4Keqbt4pJKLPQp2rt0wEL4EKc="></latexit>



Updated   resultRK
• New result compatible with previous 
analysis and ~2.5   from SM 

  

•    cross-check: 

•Still x2 B decays recorded by LHCb 
to be analysed 

σ

rJ/ψ
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PRL 122 (2019) 191801

rJ/ =1.014±0.035
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RK = 0.846+0.060+0.016
�0.054�0.014
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Updated   from BelleRK
• New results from Belle based on 

full data sample  (711 fb-1) 

• Both charged and neutral modes 
( ) and   measured as 
the weighted average 

•    measured in various   bins:        
[0.1 , 4.0],[4.0 , 8.12],             
[1.0 , 6.0], > 14.18 and > 0.1 

•     for 

• Results compatible with SM

K+, K0
s RK

RK q2

RK = 0.98+0.27
−0.23 ± 0.06
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RK , RK+ and RK 0 results from Belle [New]

RK+ , RK 0 and RK are measured for [0.1 , 4.0], [4.0 , 8.12], [1.0 , 6.0], > 14.18 and > 0.1 q2 bins.

RK is taken as weighted average of RK+ and RK 0 .
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The measurements are found to be consistent with SM prediction as well as LHCb result.
S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 14 / 17

 1.0 < q2 < 6 GeV2

expectations and with LHCb

arXiv:1908.01848



• LHCb performed measurement in 
two   bins that are sensitive to 
different NP contributions (Run 1 
data, 3 fb-1): 

- Low-  bin: [0.045,1.1] GeV2 

- Central-  bin: [1.1,6.0] GeV2

q2

q2

q2
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Another ratio:         RK*
RK⇤ =

B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0J/ (! µ+µ�))

,
B(B0 ! K⇤0e+e�)

B(B0 ! K⇤0J/ (! e+e�))
<latexit sha1_base64="Ztya0Q8nvj9W+XrE+q2kNzgHu1M="></latexit>

K⇤0(892) ! K+⇡�
<latexit sha1_base64="mpHMJfJ1CwG8ojdPzIOpFIgD6iQ=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUBXLTBWsu6IboZsK9gGdacmkaRuayQxJRijDbPwVNy4UcetnuPNvTNtZaOuBwOGce7k5xwsZlcqyvo3M0vLK6lp2PbexubW9Y+7uNWQQCUzqOGCBaHlIEkY5qSuqGGmFgiDfY6TpjW4nfvORCEkD/qDGIXF9NOC0TzFSWuqaB9VOfGolhfJ16cRRAax2zpyQds67Zt4qWlPARWKnJA9S1Lrml9MLcOQTrjBDUrZtK1RujISimJEk50SShAiP0IC0NeXIJ9KNpwESeKyVHuwHQj+u4FT9vREjX8qx7+lJH6mhnPcm4n9eO1L9shtTHkaKcDw71I8Y1EknbcAeFQQrNtYEYUH1XyEeIoGw0p3ldAn2fORF0igV7Yti6f4yX7lJ68iCQ3AECsAGV6AC7kAN1AEGCXgGr+DNeDJejHfjYzaaMdKdffAHxucPkWqUdw==</latexit>

JHEP 08 (2017) 055



Fit to the invariant masses

• Precision of measurement driven by statistics of electron sample : ~90 and 
110 signal candidates in low-q2 and central-q2 , muon sample 3-5 times larger
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285± 18 353± 21

89± 11 111± 14

274 k

58 k

Low-q2 Central-q2 B0 ! K⇤J/ (! `+`�)

  JHEP 08 (2017) 055



  resultsRK*
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RK⇤ =

(
0.66+0.11

�0.07 (stat)± 0.03 (syst) for 0.045 < q2 < 1.1GeV2

0.69+0.11
�0.07 (stat)± 0.05 (syst) for 1.1 < q2 < 6.0GeV2

BaBar:     PRD 86 (2012) 032012 
Belle:       PRL 103 (2009) 171801

BIP:        arXiv:1605.07633 
CDHMV: arXiv:1510.04239, 1605.03156, 1701.08672 
EOS:       arXiv:1610.08761, https://eos.github.io 
flav.io:  arXiv:1503.05534, 1703.09189, flav-io/flavio 
JC:       arXiv:1412.3183

2.1 - 2.3 σ 
2.4 - 2.5 σ

LHCb:     JHEP 08 (2017) 055

Comparison with SM predictions Comparison with BaBar & Belle



Updated   from BelleRK*
• Full data set analysed using neutral and charged modes : 

•   measured as single ratio, but stringent cross-checks performed 
-   in agreement with world averages 

-   , validating efficiency measurement

RK*
B(B → K*J/ψ)
rJ/ψ = 1.015 ± 0.025 ± 0.038
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B+ ! K⇤+`+`�
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K⇤0 ! K+⇡�, K⇤+ ! K+⇡0, K⇤+ ! K0
s⇡

+
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Nee ⇠ 100
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Nµµ ⇠ 140
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q2 > 0.045GeV2
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arXiv:1904.02440



Updated   from BelleRK*
• Results compatible with SM
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arXiv:1904.02440



  ..putting everything together…RK*
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What happens next?
• Run 2 updates of   
• Can make analogous measurement with    and 

other similar modes  

   

• ATLAS/CMS also getting more interested, e.g. CMS devised a 
new strategy of parking a very large sample of ~1010 B hadrons 
to be able to measure  in a competitive way (→ no 
prompt reconstruction, opportunistic reconstruction during LS2)

RK, RK*
Rϕ(Bs → ϕℓ+ℓ−)

RK, RK*
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• LHCb: Physics case for an LHCb Upgrade II, 
CERN/LHCC 2018-027 

• The Belle II Physics Book, arXiv:1808.10567 



Anothe

Another puzzling result 
in tree-level b → c transitions



LFU studies in                     decays          

 44

• Different class of decays (tree-level charged current with   suppression) 

• Not at all rare:   , problem is the background                                                     

•
Lepton-universality ratio R(D*) :      

- sensitive to any NP model coupling preferentially to third generation leptons                                                                     

• Predicted theoretically at ~1%:         
                                                       

• Studied by Belle, BaBar and LHCb  

                                                                                                                                                                         

Vcb

B(B0 → D*−τ+ντ) ∼ 1 %

R(D*) =
B(B0 → D*−τ+ντ)
B(B0 → D*−μ+νμ)

R(D)SM = 0.299 ± 0.003
R(D*)SM = 0.258 ± 0.005

HFLAV average, 
2019

B ! D(⇤)⌧⌫
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Experimental challenges          
• At least two neutrinos in the final state (three if using                ) 

• At the LHC, as opposed to B factories, the rest of the event does 
not provide any useful kinematic constraint. However, profit from 
large boost and huge B production 

• Latest LHCb measurement: 

  

- A semileptonic decay with no (charged) lepton in final state (one K, five π) 
→ Zero background from  

- However,  signal to noise ratio less than 1% → need at least 103 rejection! 
- Large background, notably from                                 (ΒF~100 x signal)  

and                                  (BF~10 x signal, same vertex topology)      
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s (X)
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⌧ ! µ⌫⌫
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Three-prong 
mode used for 
the first time!

π



Background reduction
• Separation between B and 3π vertices (Δz>4σΔz) crucial to 

obtain the required rejection of                         
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PRL120 (2018) 171802 
PRD 97 (2018) 072013 

~1.1σ > SM

B ! D⇤3⇡X

B ! D⇤�3⇡X

<latexit sha1_base64="2XZIDdlO9zICiCqyeDu2LpvTwnQ="></latexit>

• Remaining double-charm background 
(D*D(s)X) suppressed by employing a 
multivariate classifier 

• Signal normalised to                    to 
minimize experimental systematics               
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  vs   R(D) R(D*)

• All experiments see an excess wrt SM predictions  
• Tension   

• ~20% effect on  
≲ 4σ

R(D*)

• Extend to full Run2 statistics 
- from ~1300 to ~6000 events 
- goal is to be competitive with 

world average 
• A whole programme of semi-tauonic 

measurements, e.g.

Prospects (LHCb)

Waiting for Belle II 
• ~1.5% projected sensitivity 

on  with 5 ab-1R(D*)



Belle: Update of   &  R(D) R(D*)
• Simultaneously measure R(D) and R(D*) with SL tagging, using the full   

statistics 
Y(4S)
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arXiv:1904.08794 

• New HFLAV average:  ~ away from SM 3.1

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Winter 2019

) = 27%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

HFLAV
Spring 2019

R(D) = 0.307± 0.037± 0.016
<latexit sha1_base64="lnS0hHRwWIwP4Ic9S2knOWGNfGQ=">AAACEXicbZBNS8NAEIY39avWr6hHL4tFqJeStGK9CEU9eKxiP6AJZbPdtEs3m7C7EUroX/DiX/HiQRGv3rz5b9y0EbR1YNmHd2aYmdeLGJXKsr6M3NLyyupafr2wsbm1vWPu7rVkGAtMmjhkoeh4SBJGOWkqqhjpRIKgwGOk7Y0u03z7nghJQ36nxhFxAzTg1KcYKS31zJITIDXEiCW3k9LVMTyHVrlq1Zwo0GBVf8A+7ZlF/U8DLoKdQRFk0eiZn04/xHFAuMIMSdm1rUi5CRKKYkYmBSeWJEJ4hAakq5GjgEg3mV40gUda6UM/FPpxBafq744EBVKOA09XpvvL+Vwq/pfrxso/cxPKo1gRjmeD/JhBFcLUHtingmDFxhoQFlTvCvEQCYSVNrGgTbDnT16EVqVsV8uVm5Ni/SKzIw8OwCEoARvUQB1cgwZoAgwewBN4Aa/Go/FsvBnvs9KckfXsgz9hfHwDLpCZaA==</latexit>

R(D⇤) = 0.283± 0.018± 0.014
<latexit sha1_base64="VBGXYmMNwA5kuJHEEkLyrZ2i40E=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARqouQtAW7EYq6cFnFXqCJZTKdtEMnF2YmQgl9Cze+ihsXirjVnW/jpA2irT8MfPznHM6c340YFdI0v7Tc0vLK6lp+vbCxubW9o+/utUQYc0yaOGQh77hIEEYD0pRUMtKJOEG+y0jbHV2k9fY94YKGwa0cR8Tx0SCgHsVIKqunG7aP5BAjltxMSpd3J8fwDJpGuVaBduQrMq3aD1VhoacXFU0FF8HKoAgyNXr6p90PceyTQGKGhOhaZiSdBHFJMSOTgh0LEiE8QgPSVRggnwgnmd41gUfK6UMv5OoFEk7d3xMJ8oUY+67qTK8Q87XU/K/WjaVXcxIaRLEkAZ4t8mIGZQjTkGCfcoIlGytAmFP1V4iHiCMsVZRpCNb8yYvQKhtWxShfV4v18yyOPDgAh6AELHAK6uAKNEATYPAAnsALeNUetWftTXuftea0bGYf/JH28Q3CNZqW</latexit>



Testing LFU with  decaysBc
• Generalization of   to  : 

• Signal reconstructed using τ→μνν,                           as  normalisation

R(D*) Bc
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<latexit sha1_base64="qxmMzLgmPSVZScWICGhb5cag/P4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBKNREBF2WuhFXFewDmjRMppN2cDIJ8xBK6MaNv+LGhSJu/Qd3/o3TNgttPTBwOOde7pwTpoxK5TjfVmFpeWV1rbhe2tjc2t6xd/daMtECkyZOWCI6IZKEUU6aiipGOqkgKA4ZaYf3VxO//UCEpAm/U6OU+DEacBpRjJSRAvuw3qsE2FMJvDn1UkmhF+texeM6MCSwy07VmQIuEjcnZZCjEdhfXj/BOiZcYYak7LpOqvwMCUUxI+OSpyVJEb5HA9I1lKOYSD+bphjDY6P0YZQI87iCU/X3RoZiKUdxaCZjpIZy3puI/3ldraJLP6M81YpwPDsUaQZN6EklsE8FwYqNDEFYUPNXiIdIIKxMcSVTgjsfeZG0zqquU3Vvz8u1el5HERyAI3ACXHABauAaNEATYPAInsEreLOerBfr3fqYjRasfGcf/IH1+QPuWJeT</latexit>

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

<latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit><latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit><latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit><latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit>

• Largest background 
from light b hadrons 
to J/ψ with a π or K 
misidentified  as μ  

<latexit sha1_base64="qSwPqhdKyEBCSSsem0hEpU3zLFg=">AAACFXicbVDLSgNBEJyNrxhfqx69DAZhA7LuipBchKAX8RTFPCAbwuxkkgyZ2V1meoUQ8hNe/BUvHhTxKnjzb5w8DhotaCiquunuChPBNXjel5VZWl5ZXcuu5zY2t7Z37N29mo5TRVmVxiJWjZBoJnjEqsBBsEaiGJGhYPVwcDnx6/dMaR5HdzBMWEuSXsS7nBIwUts+vnWuT4JE88K55xb9IJGe6xedQEmsgUBhJpQcPdRQaNt5z/WmwH+JPyd5NEelbX8GnZimkkVABdG66XsJtEZEAaeCjXNBqllC6ID0WNPQiEimW6PpV2N8ZJQO7sbKVAR4qv6cGBGp9VCGplMS6OtFbyL+5zVT6JZaIx4lKbCIzhZ1U4EhxpOIcIcrRkEMDSFUcXMrpn2iCAUTZM6E4C++/JfUTl3fBHdzli9fzOPIogN0iBzkoyIqoytUQVVE0QN6Qi/o1Xq0nq03633WmrHmM/voF6yPbytAm7U=</latexit>

2σ away from SM 
prediction (0.25-0.28)

PRL120 (2018) 121801



A word on LFV
• Many models proposed to explain these 

tensions naturally allow for LFV processes 
with rates that are experimentally 
accessible 

•   

•  

B0
(s) → τ+μ−

B+ → K+μ±e∓
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Limits on Lepton Flavor Violating Decays

LHCb
CDF
CLEO
Belle

BABAR
Our Avg.

HFLAV

April 2019
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B(B0 ! ⌧+µ�) < 1.4 · 10�5 @95%CL

B(B0
s ! ⌧+µ�) < 4.2 · 10�5 @95%CL

<latexit sha1_base64="s7AVEah8ARa+XTe9owBCvbueUbQ="></latexit>

 → Best limit

arXiv:1905.06614

B(B+ ! K+µ�e+) < 9.5 · 10�9 @95%CL

B(B+ ! K+µ+e�) < 8.8 · 10�9 @95%CL
<latexit sha1_base64="LavOllxc8PROTtSobdlTYufoZnA="></latexit>

→ Improving limits by one order of magnitude 

 → First limit

LHCb-PAPER-2019-022 



Conclusions
• Precise measurements of flavour observables provide a powerful way to 

probe for NP effects beyond the SM, complementing direct searches for NP 

• Flavour-physics measurements at the LHC, in particular by LHCb, are 
dramatically adding to the already impressive knowledge accumulated by 
the B-factories and Tevatron. Healthy competition from Belle II, ATLAS & 
CMS very welcome! 

• Many world record results. For some topics we have moved from 
exploration to precision measurements 

• Most of these results show good compatibility with the SM, but some signs 
of tension have emerged 

• Need more data to test these hints: full analysis of Run 2, while waiting for 
the high-precision results from the LHCb upgrade and Belle II
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