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What is flavour?

Flavour is the property that 
distinguishes the various fermions 
of the Standard Model 

In the SM, leptons and quarks 
naturally fit into three generations 
of doublets based on the way they 
interact with the weak force 

Flavour physics studies the 
properties and interactions of these 
particles
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Flavour puzzle 
20 free parameters in the flavour sector 
❖ only 5 to characterize gauge interaction 

and boson masses 
why 3 generations? 
what is the origin of their mass 
hierarchy? 
what is the origin of hierarchies in the 
quark mixing? 
❖ VCKM hierarchical and nearly diagonal 

Flavour structure

I In the SM, misalignment between:
– Yukawa couplings
– Weak force

VCKM =

0

@
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(1.4)
generate a flavour structure.

– VCKM hierarchical and nearly diagonal
– 3rd generation especially isolated

=) tree-level b decays suppressed, long b lifetime

I b-baryon decays sensitive to effects from new virtual particles
I access to much larger mass range w.r.t. direct searches

tcu

d s b
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Why study flavour?



INDIRECT
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DIRECT

Search for New Physics (NP)

Look for direct production on new 
particles in high energy collisions 
(ATLAS, CMS, …)

VS

Look for NP effects in well predicted 
flavour observables (LHCb, Belle, …)

✓ Unambiguous observation (of New 
Physics effects)

Mass reach limited by the energy 
of the collision

✓ Possibility to reach much larger 
energy scales

Require very clean theoretical 
predictions
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DIRECT

Search for New Physics (NP)

Look for direct production on new 
particles in high energy collisions 
(ATLAS, CMS, …)

VS

Look for NP effects in well predicted 
flavour observables (LHCb, Belle, …)

✓ Unambiguous observation (of New 
Physics effects)

Mass reach limited by the energy 
of the collision

✓ Possibility to reach much larger 
energy scales

Require very clean theoretical 
predictions

Indirect searches in Flavour Physics  
precise measurements of b, c decays 
sensitive to new virtual particles

?
b,c
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NP

The�flavour�anomalies...��

SM
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1.                processes  
✦ Rate and angular distributions of exclusive                       

d                decays 
✦ Relative rates of                   and                  

decays ( RK(*) ) 

2.                  decays  
✦ Relative rates of                    versus decays 

with e/µ ( RD(*) )

b → sℓℓ

b → sμ+μ−

b → sμ+μ− b → se+e−

b → cτ−ν̄τ

b → cτ−ν̄τ

Lepton flavour in b decays

I Semileptonic decays (CC): “� decays” of B hadrons.
– tree level, large B ⇠ few %
– strong and weak part factorize ) clean SM predictions

– hints of LUV in b ! c`⌫ [see hflav.web.cern.ch]

I Rare decays (NC): great benchmarks for the SM
– FCNC can only occur in loops: B ⇠ 10�7

÷ 10�6

– new particles can enhance SM-suppressed amplitudes

– anomalies in suppressed b ! s`` transition
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NEUTRAL�CURRENT

CHARGED�CURRENT

-

Flavour anomalies

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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✴               transitions are powerfull probes of New Physics 
✤ FCNC proceeding via loop diagrams only (“penguin" or box) 
✤ suppressed in the SM, more sensitive to New Physics

A. Mauri (UZH) 

New particles could enhance/suppress decay rates, modify 
angular distributions, introduce new sources of CP violation

b -> sll AND RADIATIVE DECAYS AT LHCb

Francesco Polci  
(LPNHE-CNRS/IN2P3)

on behalf of the LHCb collaboration 

CKM 2016,  Mumbai, Nov 28th – Dec 2nd 2016	
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Why rare b æs¸¸ decays?

NB: this talk covers b æ sµµ decays at LHCb, for b æ see decays (including

LFU results) see Albert Puig’s talk (up next!)

• b æ s¸¸ transitions are forbidden at tree level æ suppressed decays in

the SM maybe be more sensitive to new physics (NP) effects.

• Virtual new physics particles æ high mass reach.

1/24 Beauty 2018 (7-11 May 2018) Eluned Smith .
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SM NP

b → sℓℓ

ℓ ℓ ℓ ℓ

Why rare b decays?



Low-energy processes (B decays) can be described by an effective theory:
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Theory formalism

Ci = CSM
i + CNP

i
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Local operatorsWilson coefficients 
(effective couplings)

γ/Z

W
l

l

sb

C9,10 O9,10
l

l

sb

γ

W sb

O7

sb

γ
C7

New Physics can contribute to 
different Wilson coefficients 
(or introduce new operators)                                                            
depending on its Lorentz 
structure



arXiv:1903.10434
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One of the golden channel to look for NP 

helicity suppressed 
 

                  decays Bs,d → μ+μ−

- Precise SM prediction

BR(Bs → μ+ μ−) ∝|C10 −C′�10 |2

BR(Bs → μ+ μ−)SM = (3.65 ± 0.23) × 10−9 BR(B0 → μ+ μ−)SM = (1.06 ± 0.09) × 10−10

- First observation (7.8σ) by a single experiment experiment:

BR(Bs → μ+ μ−)LHCb = (3.0 ± 0.6+ 0.3
−0.2) × 10−9 BR(B0 → μ+ μ−)LHCb = (1.5+ 1.2+ 0.2

−1.0−0.1) × 10−10
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Bs,d → μ+ μ−

-                    branching ratio sensitive to scalar 
and pseudo-scalar contributions, which lift 
helicity suppression

- No large enhancement, but still precise 
measurement of this decay sensitive to C10(‘)

Bs,d → μ+ μ−

C. Bobeth et al. PRL 112, 101801 (2014)

PRL 118 (2017) 191801
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B(s)→μ+μ–

!21ALPS 2019 P. Álvarez Cartelle (ICL)

• Latest measurement from LHCb uses 

Run1 (3fb-1) and Run2 (1.4 fb-1)  data 
 
 
 
Compatible with the SM prediction. 

• First measurement of the effective 
lifetime 
 
 
provides complementary constraints 

to NP models contributions. In the 
SM, only the heavy Bs eigenstate 

couples to µ+µ–.

[LHCb, PRL 118 (2017) 191801]
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7.8σ
1.9σ

B(B0s ! µ+µ�) = (3.0± 0.6+0.3�0.2)⇥ 10
�9

B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 90% CL
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∝ |C10 − C′�10 |2

Latest LHCb result uses Run1 + 1.4 fb-1 (Run2)
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arXiv:1903.10434

compatible 
with SM

- Precise SM prediction

BR(Bs → μ+ μ−) ∝|C10 −C′�10 |2

BR(Bs → μ+ μ−)SM = (3.65 ± 0.23) × 10−9 BR(B0 → μ+ μ−)SM = (1.06 ± 0.09) × 10−10

- First observation (7.8σ) by a single experiment experiment:

BR(Bs → μ+ μ−)LHCb = (3.0 ± 0.6+ 0.3
−0.2) × 10−9 BR(B0 → μ+ μ−)LHCb = (1.5+ 1.2+ 0.2

−1.0−0.1) × 10−10

 22Nico Serra - Pheno 2019 6th - 8th May 2019

Bs,d → μ+ μ−

-                    branching ratio sensitive to scalar 
and pseudo-scalar contributions, which lift 
helicity suppression

- No large enhancement, but still precise 
measurement of this decay sensitive to C10(‘)

Bs,d → μ+ μ−

C. Bobeth et al. PRL 112, 101801 (2014)

PRL 118 (2017) 191801
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and pseudo-scalar contributions, which lift 
helicity suppression

- No large enhancement, but still precise 
measurement of this decay sensitive to C10(‘)

Bs,d → μ+ μ−

C. Bobeth et al. PRL 112, 101801 (2014)

PRL 118 (2017) 191801

First measurement of the effective lifetime 
provides complementary constraints on 
NP models 
 

B(s)→μ+μ–

!21ALPS 2019 P. Álvarez Cartelle (ICL)

• Latest measurement from LHCb uses 

Run1 (3fb-1) and Run2 (1.4 fb-1)  data 
 
 
 
Compatible with the SM prediction. 

• First measurement of the effective 
lifetime 
 
 
provides complementary constraints 

to NP models contributions. In the 
SM, only the heavy Bs eigenstate 

couples to µ+µ–.

[LHCb, PRL 118 (2017) 191801]

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800 6000

)2
C

an
di

da
te

s /
 ( 

50
 M

eV
/c

0

5

10

15

20

25

30

35 Total
−µ+µ → s

0B
−µ+µ → 0B

Combinatorial
−h'+ h→ (s)

0B

µν+µ)−(K−π → (s)
0B

−µ+µ0(+)π → 0(+)B

µν
−µ p→ b

0Λ

µν
+µψ J/→ +

cB

LHCb
BDT > 0.5

Decay time [ps]
0 5 10

 c
an

di
da

te
s /

 (1
 p

s)
−
µ+

µ 
→ s0

W
ei

gh
te

d 
B

0

2

4

6

8

Effective lifetime fit

LHCb

  

⌧ef f (B
0
s ! µ+µ�) = (2.04± 0.44± 0.05) ps

<latexit sha1_base64="P6fh6m0ESgZPn/3XKo5y20+lhQ0="></latexit>

7.8σ
1.9σ

B(B0s ! µ+µ�) = (3.0± 0.6+0.3�0.2)⇥ 10
�9

B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 90% CL
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A. Mauri (UZH) 
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!  decaysb → sℓ+ℓ−

In experiments, we observe hadronic decays, 
not the quark-level transition 

Needs to compute hadronic matrix elements 

 Non-perturbative QCD,                               
difficult to compute

Branching ratios:  
large theory uncertainties  

Angular observables:  
reduced theory uncertainties 

Lepton Flavour Universality 
tests (ratio of BR, etc.):  
clean, uncertainties cancels

CLEAN

DIRTY

Great variety of observables

B+,B0,Bs,.
.

K+,K*,φ,..q
sb

q

γ/Z

l

l
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LHCb

SM pred.

Data

Branching fraction measurements 

•  Branching fractions consistently below the SM prediction 
at low q2 = [m(l+l−)]2 for several b→sµµ processes 

•  SM predictions suffer from large uncertainties   
8 

Branching fraction measurements

• Branching fractions consistently below the SM prediction at low
q2 = [m(`+`�)]2 for many b ! sµµ processes

• SM predictions su↵er from large hadronic uncertainties

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 7/43
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LHCb
−µ+µ+ K→+B
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JHEP 06 (2015) 115
PRD 93 (2016) 074501

JHEP 09 (2015) 179

3σ from SM in 1.1 < q2 < 6 GeV2/c4 

Bs ! �µ+µ�

⇤b ! ⇤µ+µ�

Branching fractions too low in                 ? b → sμ+μ−

JHEP 06 (2014) 133

though SM suffers from large uncertainties…

B0 → K*0μ+μ−

Measured BR are consistently lower than predicted in SM

q2: squared di-lepton 
invariant mass



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	

B → K*µµ angular analysis

 15A. Mauri (UZH) 

K+

π−

K∗0 θK

µ+

µ−

B0

θℓ

(a) θK and θℓ definitions for the B0 decay

µ−

µ+

K+

π−

B0

K∗0
φ

K+ π−

n̂Kπ

⊙p̂Kπ

µ−

µ+

n̂µ+µ−

(b) φ definition for the B0 decay

π+

K−

K∗0

µ−

µ+

B0

φ

K− π+

n̂Kπ

⊙ p̂Kπ

µ−

µ+

n̂µ−µ+

(c) φ definition for the B0 decay

φ

FL: fraction of longitudinal 
polarization of the K*

AFB: forward-backward 
asymmetry of the 
dilepton system
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Figure 9: Left and centre plot: CP asymmetries A7 and A8 in the SM (blue band) and three
FBMSSM scenarios as described in the text. Right plot: correlation between the integrated asym-
metries ⟨A7⟩ and ⟨A8⟩ in the FBMSSM. Blue circle: SM, green diamond: FBMSSMI, red square:
FBMSSMII , orange triangle: FBMSSMIII.
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Figure 10: The observables S4, S5 and Ss
6 in the SM (blue band) and the three FBMSSM scenarios

FBMSSMI,II,III.

asymmetry ⟨A7⟩. One observes that large effects in ⟨A7⟩ are correlated with large shifts in
the zeros towards lower values.

In order to identify signs in the CP asymmetries which are favoured in this model one
must include additional observables in the analysis. To this end we also investigate the direct
CP asymmetry in the b→ sγ decay ACP(b→ sγ), the electric dipole moments of the electron
and the neutron de and dn and the mixing induced CP asymmetry SφKS

. We recall that
in [62] striking correlations between these observables have been found. In particular, the
desire to explain the anomaly observed in SφKS

through the presence of flavour conserving
but CP-violating phases implied a positive ACP(b → sγ), by an order of magnitude larger
than its SM tiny value and de, dn at least as large as 10−28 e cm.

The left plot of Fig. 12 shows the correlation between ⟨A7⟩ and SφKS
. We find that a value

of SφKS
≃ 0.44, as indicated by the present data [85], implies a negative value for ⟨A7⟩ in the

range [−0.2,−0.05] and then also a positive value for ⟨A8⟩ in the range [0.03, 0.11]. In addition
to the two scenarios discussed above, we have chosen also a third scenario, FBMSSMIII,
indicated as orange triangle in the plots of Figs. 9, 11 and 12, that gives SφKS

close to the
experimental value. This scenario is shown in Figs. 9 and 10 as the orange bands and we find
that while one still can get almost maximal effects in ⟨A7⟩ and ⟨A8⟩ the effects in S4, S5 and
Ss
6 are much less pronounced.

38

JHEP 0901:019,2009

✴ A lot of information 
contained in the angular 
distributions

✴ Study the angular distribution of the 4 final 
state particles (                           ) in B0 → K*0μμcos θℓ, cos θK, ϕ
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Angular analysis of B0
æ K ú0µ+µ≠

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]
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What is PÕ
5?

It is an asymmetry built with cos ◊K
and |„|, shown in the sketch. (inte-
grating over one of the two gets zero).
The discrepancy with the SM predic-
tion is visible in both angular distribu-
tions.

[JHEP12(2014)125]

Patrick Koppenburg Anomalies at LHCb 22/10/2018 — Implications of flavour anomalies [23 / 38]

Form factor “free” observables 

 16A. Mauri (UZH) 

LHCb JHEP 02 (2016) 104
BELLE PRL 118 (2017) 
ATLAS ATLAS-CONF-2017-023     
CMS PLB 781 (2018) 517541

Local SM tension of 
2.8 and 3.0 σ

Global → 3.4 σ 

Descotes-Genon et al. 
[JHEP 04 (2012) 104]

P 0
5 =

S5p
FL(1� FL)
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Optimized basis

reduced theoretical 
uncertainty
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Theory uncertainty

Be aware of long-distance effectsb æ s¸+¸≠

See e.g. [PK, Scholarpedia, arXiv:1606.00999]

Start with b æ s“, pay a factor –EM

‹ Decay the “ into 2 leptons
Add an interfering box diagram

‹ b æ s¸+¸≠, very rare in the SM
7 But beware of long-distance e�ects:

Tree b æ ccs, (cc)æ ¸¸
4 Can be removed by mass cuts

7 4 Interferes elsewhere
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Patrick Koppenburg Anomalies at LHCb 22/10/2018 — Implications of flavour anomalies [12 / 38]

✓  removed by mass cuts 
 interferes elsewhere 
difficult to access reliably

"charm-loop"

x

Angular observables 

Angular observables - B0 ! K⇤0µ+µ�
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• Complementary constraints on NP & orthogonal experimental systematics
compared to BR’s

• Give access to observables with reduced dependence on hadronic e↵ects
[JHEP 1204 (2012) 104]

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 8/43

8/40

[LHCb, JHEP 02 (2016) 104]

9 

•  Angular observables have reduced dependence on 
hadronic effects and also show some tension with SM 

 
•  BF and angular data consistent, best fit prefers shifted 

vector coupling C9 (or C9 and axial-vector C10) 
•    

•  … could QCD effects mimic vector-like NP ?  

 
 

Global fits to b ! sµ+µ� observables

• Best fit prefers shifted vector
coupling C9

(or C9 and axial-vector C10)

• Branching fractions and angular
observables consistent

[S. Descotes-Genon et al. JHEP06 (2016) 092]

[W. Altmannshofer et al. Phys. Rev. D96 (2017) 055008,

B. Capdevila et al. JHEP 01 (2018) 093, T. Hurth et al. Phys. Rev. D96 (2017) 095034,

G. DAmico et al. JHEP 09 (2017) 010, L.-S. Geng et al. Phys. Rev. D96 (2017) 093006,

M. Ciuchini et al. Eur. Phys. J. C77 (2017) 688,

S. Jäger and J. Martin Camalich, Phys. Rev. D93 (2016) 014028 and many others]

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 10/43
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[P
R

L 118 (2017) 111801]	
[JH

E
P 02 (2016) 104] 

[JH
E

P 10 (2018) 047] 
[P

LB
 781 (2018) 517] 

[JH
E

P
06 (2016) 092] 

Both branching ratios and P’ discrepancies can be 
explained with a shift in C9 (or C9 and C10)

5

x
Long debate in the community if these effect can be 
interpreted as NP or must be attributed to charm loop

JHEP 05, 043 (2013)
PRD 93, 014028 (2016)
JHEP 06, 116 (2016)
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=

Lepton Flavour Universality (LFU) 
test in rare decays

?



LFU in rare decays

 19A. Mauri (UZH) 

EPJ C76 (2016) 8 440

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)

SM
Free from QCD 

uncertainties

Lepton non-universality would 
be a clear sign of NP

✴ SM implies Lepton Flavour Universality 
✤ Different lepton generations couple identically to SM processes 

✤ Only difference mass → phase space 

✴ Ratios of the form



6

Bremsstrahlung − I
› Electrons emit a large amount of bremsstrahlung that results in
degraded momentum and mass resolutions

› Two types of bremsstrahlung

CERN SeminarSimone Bifani 11

Upstream
brem

Downstream
brem

» Downstream of the magnet
- photon energy in the same
calorimeter cell as the electron
- momentum correctly measured

» Upstream of the magnet
- photon energy in different
calorimeter cells than electron
- momentum evaluated after
bremsstrahlung

Air

Part-Reco Background − I

Simone Bifani 19

› Partially-reconstructed backgrounds arise from decays involving higher
K resonances with one or more decay products in addition to a Kp pair
that are not reconstructed
› Large variety of decays, most abundant due to B→K1(1270)ee and

B→K2
*(1430)ee

CERN Seminar

64 CHAPTER 5. PATTERN RECOGNITION

Velo tracks contain only hits of the Vertex Locator. They can travel in the back-
ward direction, or in the forward direction at a su�cient polar angle to leave
the detector before the Tracker Turicensis. The L0 trigger uses the backward
Velo tracks in its determination of the interaction multiplicity, as described in
subsection 3.5.1. Velo tracks can have a pseudorapidity which is lower than
the region occupied by Upstream and Long tracks. This makes the uncer-
tainty on the impact parameter of such a Velo track smaller than of the Long
and Upstream tracks, allowing the primary vertex to be determined more pre-
cisely.

Upstream tracks consist of hits from both the Vertex Locator and the Tracker Turi-
censis. These can be low momentum particles, which are bend out of the de-
tector acceptance in the magnet region, before they reach the T stations. They
are used by RICH1 for kaon reconstruction, which allows for flavour tagging
in B-meson decays.

Long tracks have hits in all tracking sub-detectors, so they traverse the entire for-
ward tracking region. This provides them with the most accurate momentum
estimate of all track types. These tracks are the dominant input for physics
analyses.

Downstream tracks have hits in the Tracker Turicensis and the T stations, but not
in the Vertex Locator. They are of interest when looking for long lived Ks and
⇤b particles, which decay outside of the VELO.

T tracks contain only hits of the Inner Tracker and Outer Tracker. These tracks are
used for pion and kaon reconstruction in RICH2.

Upstream

T
Long

Downstream

Magnet region
T−stations

Velo

TT
VELO

Z

X

XXX
X XX

X XX

X X X

X X X

X
X

X
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X

Figure 5.1: Counting IT and OT as one sub-detector, Long tracks traverse all track-
ing sub-detectors. The Velo, Upstream, Downstream, and T tracks cross subsets of
the tracking sub-detectors, as shown in this illustration.

The electron identification at LHCb relies on a few detector features 

ECAL matching global procedure 

Bremsstrahlung photons extrapolation 

Track energy deposition in the PS and extrapolated                          

particle trajectory into HCAL

B(+,0) → K(+,*0)e+e- reconstruction in a nutshell

R. Silva Coutinho (UZH) -TUPIFP Workshop

Experimental double ratio

 20A. Mauri (UZH) 

✴ Electrons and muons behave very differently in LHCb 
due to large bremsstrahlung radiation for electrons: 
✦ worse B mass and q2 resolution 
✦ low reconstruction efficiency 
✦ selected in 3 different trigger categories              

(electron, hadron, TIS)

✴ LFU experimentally measured as double ratio:

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)J/ (! µ+µ�))

. B(B ! K(⇤)e+e�)

B(B ! K(⇤)J/ (! e+e�))

most of the 
systematics 
cancel out

✴ Status LHCb Run1: 

✦     

✦   

18 review of b-anomalies

In conclusion, the ratios RX are very clean observables both form
the theoretical and the experimental point of view, and can give an
unquestionable hints of New Physics.

3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(
0.66+0.11

�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,
0.69+0.11

�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,
(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits

[52]
in B0 ! K⇤0`+`�

[24, 26, 46]

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+

! J/ (! e
+
e
�)K+ and B

+
! K

+
e
+
e
� decays and

contributes a relative systematic uncertainty of 3% to the value of RK .
The e�ciency to select B+

! K
+
µ
+
µ
�, B+

! K
+
e
+
e
�, B+

! J/ (! µ
+
µ
�)K+ and B

+
!

J/ (! e
+
e
�)K+ decays is the product of the e�ciency to reconstruct the final state particles.

This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining RK . Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of RK . The e�ciency associated with the hardware
trigger on B

+
! J/ (! e

+
e
�)K+ and B

+
! K

+
e
+
e
� decays depends strongly on the kinematic

properties of the final state particles and does not entirely cancel in the calculation of RK , due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B

+
! J/ (! e

+
e
�)K+ and

B
+
! J/ (! µ

+
µ
�)K+ candidates in the data, by comparing candidates triggered by the kaon

or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B

+
! K

+
`
+
`
� and B

+
! J/ (! `

+
`
�)K+ decays is at the level of 3%, which is assigned as a

systematic uncertainty on RK . The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on RK is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q

2
< 6GeV2

/c
4 is also lower for

B
+
! K

+
`
+
`
� decays than the e�ciency for the B

+
! J/ (! `

+
`
�)K+ decays, due to the softer

lepton momenta in this q2 range.
The ratio of e�ciency-corrected yields of B+

! K
+
e
+
e
� to B

+
! J/ (! e

+
e
�)K+ is deter-

mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. RK is measured to have a value of 0.72+0.09

�0.08 (stat)±0.04 (syst),
1.84+1.15

�0.82 (stat)± 0.04 (syst) and 0.61+0.17
�0.07 (stat)± 0.04 (syst) for dielectron events triggered by elec-

trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of RK and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

RK = 0.745+0.090
�0.074 (stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B
+
!

J/ (! e
+
e
�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute

3% to the value of RK .
The branching fraction of B+

! K
+
e
+
e
� is determined in the region from 1 < q

2
< 6GeV2

/c
4

by taking the ratio of the branching fraction from B
+
! K

+
e
+
e
� and B

+
! J/ (! e

+
e
�)K+

decays and multiplying it by the measured value of B(B+
! J/ K

+) and J/ ! e
+
e
� [11]. The

7

This year updated with 2015 & 2016 
datasets (roughly double the statistics)



Calibrating the efficiencies 

•  Resonant and nonresonant decays are separated in q2 
→ However, good overlap between these decays in the 
variables relevant to the detector response  

•  Calibration makes extensive use of B+→ K+J/ψ(l+l−) and 
B+→ K+ψ(2S)(l+l−) 
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Efficiency calibration

 21A. Mauri (UZH) 

✴ Efficiency calibration makes extensive use of                                                      
d                                and                                   
decays 
❖ resonant and non-resonant modes are 

separated in q2 

❖ however, good overlap in the variables 
relevant for detector response

B+ → K+J/ψ(ℓ+ℓ−) B+ → K+ψ(2S)(ℓ+ℓ−)

✴ Key ingredients: 
✦ Yields determined from a fit to the invariant mass  
✦ Efficiency computed with MC simulation calibrated 

on control channels in data 



RK measurement

 22A. Mauri (UZH) 

Simultaneous fit to m(Kµµ) and m(Kee) to extract RK Phys. Rev. Lett. 122, 191801 (2019)
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RK = 0.846 +0.060
−0.054 (stat) +0.014

−0.016 (syst)
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LHCb updated RK measurement 

re-analysing 2011-2012 data 

adding 2015-2016 data

Updated RK measurement 

25 

[LHCb-PAPER-2019-009] 
[LHCb, PRL 113 (2014) 151601] 
[BaBar, PRD 86 (2012) 032012] 
[Belle, PRL 103 (2009) 171801] 

Final results

Using 2011 and 2012 LHCb data:

RK = 0.745 +0.090
�0.074 (stat) ± 0.036 (syst),

compatible with the SM expectation at 2.6�.

Reanalysing 2011-2012 and adding 2015 and 2016 data, RK becomes

RK = 0.846 +0.060
�0.054 (stat) +0.014

�0.016 (syst)

which is compatible with the SM expectation at 2.5�.

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 33/43

33/40
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Final results

Using 2011 and 2012 LHCb data:

RK = 0.745 +0.090
�0.074 (stat) ± 0.036 (syst),

compatible with the SM expectation at 2.6�.

Reanalysing 2011-2012 and adding 2015 and 2016 data, RK becomes

RK = 0.846 +0.060
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�0.016 (syst)

which is compatible with the SM expectation at 2.5�.
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[LHCb-PAPER-2019-009]

•  Using 2011 and 2012 data: 

•   compatible with the SM 
expectation at 2.6σ  

•  Reanalysing the 2011-2012 data 
and adding 2015 and 2016,  

 
•   compatible with the SM 

expectation at 2.5σ  

R new
K Run1 = 0.717 +0.083

−0.071 (stat) +0.017
−0.016 (syst)

RK Run2 = 0.928 +0.089
−0.076 (stat) +0.020

−0.017 (syst)
RK = 0.846 +0.060

−0.054 (stat) +0.014
−0.016 (syst)

Combined 2.5 sigma 
from SM prediction

1.9 sigma compatibility between Run1 and Run2

                                   compatible with SM for all yearsℬ(B+ → K+e+e−)

RK measurement: overview



Lepton Flavour universality in b→sũũ

!27ALPS 2019 P. Álvarez Cartelle (ICL)

Ratios of muons/electrons are extremely 
well predicted in the SM

‣ Hadronic uncertainties of O(10-4) 
‣ QED uncertainties can be O(10-2) 

Any statistically significant deviation from 1 
is a sign of New Physics

[JHEP 07 (2007) 040]

[EPJC 76 (2016) 8,440]

[LHCb, PRL 113 (2014) 151601]

[LHCb, JHEP 08 (2017) 055]

[Belle, PRL 103 (2009) 171801]

[Belle, arXiv:1904.02440]

[BaBar, PRD 86 (2012) 032012]
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2.6σ 2.1-2.5 σ 

per bin

B+ ! K+`+`�
<latexit sha1_base64="9KFQMG1Nc461yhYdUonWezWDCdA="></latexit>

LFU test in                       decays 

 24A. Mauri (UZH) 

LHCb Run 1:

B0 → K*ℓ+ℓ−

18 review of b-anomalies

In conclusion, the ratios RX are very clean observables both form
the theoretical and the experimental point of view, and can give an
unquestionable hints of New Physics.

3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(
0.66+0.11

�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,
0.69+0.11

�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,
(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits

[52]
in B0 ! K⇤0`+`�

[24, 26, 46]

2.1 (2.4) σ tension with the SM

Belle recently updated measurement of RK*

[JHEP 08 (2017) 055]

[arXiv:1904.02440]
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Impact on global fits

A. Mauri (UZH) 

First estimation of the impact on Global Fits

! Best fit point still in tension with the SM

! Worse compatibility between R(⇤)
K & b ! sµ+µ� observables

! Muonic NP: Best fit closer to the SM, C9 = �C10 still preferred

! Adding LFU NP: Slight preference for universal shift in C9

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 38/43

38/40

David M. Straub, Moriond EW 2019

[M. Algueró et al., arXiv:1903.09578, A. K. Alok et al., arXiv:1903.09617,

M. Ciuchini et al., arXiv:1903.09632, Guido D’Amico et al., arXiv:1704.05438]

arXiv:1903.10434

After RK update LFU measurements slightly moved away from common solution 
with b→sll anomalies 

NP universal contribution to C9…?



✦ equivalent to  
✦ First evidence: 3.4σ with 4.6 fb-1

❖ 38 ± 12 candidates (4200                       ) 

✦  

 26A. Mauri (UZH) 

What about b → dll transitions?

✴ b → dll  is Cabibbo suppressed respect to b → sll  
(~25 times smaller) 

✴ Similar but complementary information  
✤ allow Vtd / Vts measurement 
✤ test Minimal Flavour Violation hypothesis 

✴ Very rare processes, on the brink of observation
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B0 ! K⇤µ+µ�

Too little data to say anything 
about q2 or angular distributions
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Near future for rare decays 

A. Mauri (UZH) 

Updates of: 
RK* (+ Run2) 
RK  (+ 2017 & 2018) 
                        angular analysis 

New measurements:              
New ratios:  R(Kππ), Rφ, etc. 
                         angular analysis 

non-LFU angular asymmetries ΔP'i 

Direct measurements of Wilson coefficients 
(C9 & C10) from data 

via amplitude analysis of

B0 → K*μ+μ−

B0 → K*e+e−

B0 → K*μ+μ−

Belle - PRL 118 (2017) 11 111801



Flavour anomalies

 28A. Mauri (UZH) 

 

1.                processes  
✦ Rate and angular distributions of exclusive                       

d               decays 
✦ Relative rates of                  and                  

decays ( RK(*) ) 

2.                  decays  
✦ Relative rates of                 versus decays 

with µ ( RD(*) )

b → sℓℓ

b → sμ+μ−

b → sμ+μ− b → se+e−

b → cτ−ν̄τ

b → cτ−ν̄τ

Lepton flavour in b decays

I Semileptonic decays (CC): “� decays” of B hadrons.
– tree level, large B ⇠ few %
– strong and weak part factorize ) clean SM predictions

– hints of LUV in b ! c`⌫ [see hflav.web.cern.ch]

I Rare decays (NC): great benchmarks for the SM
– FCNC can only occur in loops: B ⇠ 10�7

÷ 10�6

– new particles can enhance SM-suppressed amplitudes

– anomalies in suppressed b ! s`` transition

5 / 25
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NEUTRAL�CURRENT

CHARGED�CURRENT

-

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html


T. Blake

b→c!ν decays
• Ratios  

are also theoretically clean in the SM:   

➡ Coupling to leptons is universal. 

➡ Hadronic uncertainties and |Vcb| 
cancel in the ratio. 

and can be enhanced in extensions 
of the SM  (e.g. with charged Higgs). 
!

• Complicated experimentally by 
missing energy in the final-state from 
multiple missing neutrinos.

17

⌫

µ

⇡
K

⇡

⌧

D

PV
B

⌫⌫

R(D(⇤)) = �[B ! D(⇤)⌧⌫]/�[B ! D(⇤)`⌫]

               are tree level decays 
abundant at LHC and B factories 

B-factories have cleaner events 
LHCb more statistics 

Complicated experimentally by missing energy                              
in the final-state from multiple missing neutrinos

 29A. Mauri (UZH) 

b → cℓν

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)
<latexit sha1_base64="ErNd49BbD+fxKvFczQ+/y3w03c8="></latexit><latexit sha1_base64="ErNd49BbD+fxKvFczQ+/y3w03c8="></latexit><latexit sha1_base64="ErNd49BbD+fxKvFczQ+/y3w03c8="></latexit><latexit sha1_base64="ErNd49BbD+fxKvFczQ+/y3w03c8="></latexit>

Lepton universality in b → clν  decaysLFU with Semileptonic
R(D(⇤)) =

B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)
=

Signal

Normalization

 26Nico Serra - Pheno 2019 6th - 8th May 2019

• B-factories exploit the fact that Bsig momentum
• B-factories use the electron, muon and hadronic modes
• LHCb only uses                and 
• B-factories have cleaner events, while LHCb larger statistics

τ → μ2ν τ → 3πν

LFU�ratio

Theoretically clean (hadronic 
uncertainties and |Vcb| cancel)

  
   

PRD 94 (2016) 094008,  PRD 85 (2012) 094025

RSM
D = 0.299 ± 0.03

RSM
D* = 0.258 ± 0.05
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τ reconstruction

Reconstructing τ

 7

• Hadronic decays:  

Strategy: 

Hadronic τ decays

• Final states are not the same. 

• Systematics (at LHCb) do not cancel in the ratio between signal 
and normalisation channel. 
→ measure with respect to another decay with similar final state

1-prong decays, only at B factories

3-prong decays, only at LHCb

Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019

Leptonic:  Br ~17 %  
  
  

Reconstructing τ

 6

• τ → μ νμ ντ  
• τ → e νe ντ

ℬ(τ → μ νμ ντ) = 17.4%  
ℬ(τ → e νe ντ)  = 17.8%

Strategy: 

Leptonic τ decays

• Signal and normalisation channels have same visible final state 

• Part of systematics cancels in the ratio. 
• Backgrounds from inclusive semileptonic decays, with many 

unknowns (form factors, decay rates etc).

K
πD*

τ
ντ

B

π
D0

μ
νμντ

D*

μ
νμ

B

π

D0
K
π

Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019
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Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019

Signal and 
normalization have the 
same visible final state

Reconstructing τ

 6

• τ → μ νμ ντ  
• τ → e νe ντ

ℬ(τ → μ νμ ντ) = 17.4%  
ℬ(τ → e νe ντ)  = 17.8%

Strategy: 

Leptonic τ decays

• Signal and normalisation channels have same visible final state 

• Part of systematics cancels in the ratio. 
• Backgrounds from inclusive semileptonic decays, with many 

unknowns (form factors, decay rates etc).
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Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019
Hadronic  

 requires an other decay channel with similar final state, e.g. 

Part of the systematic 
cancels in the ratio!

B → D*πππ
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“Muonic” VS “hadronic” RD*
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~1σ above the SM

Set of variables 
Eµ 
q2  
m2miss

Set of variables 
tτ 
q2  
BDT output

R(D⇤) = 0.336± 0.027± 0.030

muonic hadronic

2.1σ greater than SM

Projection in one of 
the four q2 bins

Projection in one bin 
of BDT response

•   
•    
• Compatible with SM within 1σ.
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Run�I�data



RD(*) combination

 32A. Mauri (UZH) 

New measurement 
from Belle!

After Moriond 2019 tension with SM is reduced from 3.8 to 3.1 σ



2σ above the SM

Near future           several measurement in the pipeline: 

Simultaneous measurements of R(D*) & R(D0) and R(D*) & R(D+) 

New measurement of R(Λc), R(Ds), etc. 

Updates with Run2 
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More measurements …

A. Mauri (UZH) 

What about Bc decays? 
test of LFU in                decays with different spectator quarkb → cℓν

RJ/ =
B(Bc ! J/ ⌧⌫)

B(Bc ! J/ µ⌫)
= [0.25, 0.28]

<latexit sha1_base64="sxxr/zXr2PCsAdGt0JBAfygdPzo="></latexit><latexit sha1_base64="M6d2vNh3anvhovBfCMNVhKxaE1w="></latexit><latexit sha1_base64="M6d2vNh3anvhovBfCMNVhKxaE1w="></latexit><latexit sha1_base64="vKWvcxHtWdCSDUGaLuK6oPgu4bg="></latexit>

SM Large interval due to form 
factor uncertainties

RJ/ = 0.71± 0.17± 0.18
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Conclusions

● Timing can be included in different sub-detectors already in Run4,
i.e. in ECAL, RICH, TORCH

● Timing can be considered also in pattern recognition and track reconstruction

– Not only for timestamping tracks

– Promising UFSD and 3D silicon sensors R&Ds could allow ~30ps hit resolutions in Upgraded VELO

● Inclusion of timing detectors in LHCb Upgrade-II in 2030 is crucial

● With increased luminosity  up to 2*1034cm-2s-1 :

– timing allows to mitigate pileup effects

– Ghost rate suppression

– Better association between tracks upstream and downstream the magnet
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LHCb Upgrades = new era of precision measurements

A. Mauri (UZH) 

Physics of the HL-LHC, WG4
Flavour [arXiv:1812.07638]

• So far, all LHCb’s measurements are only on Run 1 data. Run 2 is 
analysed as we speak and new results can be expected, including 
an extension of the muonic R(D*) → R(D)-R(D*). 

• Other channels are also being  
studied: R(D+), R(!c),  
R(Ds(*)), R(pp), … 

• Of course Belle II and LHCb  
upgrades are on their way  
(see talks Friday by Hulya  
Atmacan and Silvia Gambetta). 

• Prospects of various decays  
modes in the coming years.

Prospects for LFU measurements

 29

J. Phys. G: Nucl. Part. Phys. 46 (2019) 023001

Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019

Projected sensitivity for LHCb future upgrades
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 35Nico Serra - Pheno 2019 6th - 8th May 2019
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Physics of the HL-LHC, WG 4 
Flavour [arxiv:1812.07638]  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Conclusion

 35A. Mauri (UZH) 

Intriguing pattern of anomalies in neutral and charged currents transitions 

measurements by LHCb, Babar and Belle 

still need larger statistics to understand if these anomalies are genuine sign of 
physics beyond the SM 

more results will come from LHCb Run2 analyses

Thank you!
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The LHCb detector
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LHCb is a forward spectrometer placed at LHC  
✴ Pseudorapidity range: 2 < η < 5 
✴ focused on the study of b and c decays 

✦ O(105) bb pairs produced every second 
✦                                                      in acceptance

A. Mauri (UZH) 

LHCb
ATLAS/
CMSσ(pp → HbX ) = 144 ± 1 ± 21 μb

pp → bb̄ cross section

Ideal place for studying b and c decays: 
• excellent vertex resolution 
• excellent momentum resolution 
• excellent particle identification 

•    JINST 3 (2008) S08005      IJMPA 30 (2015) 1530022 



Collected datasets

 37A. Mauri (UZH) 

Run1 LHCb collected 1+2 fb-1 
of data in 2011+2012 

Run2 LHCb collected 6 fb-1 of 
data between 2015 and 2018 
(roughly twice b-meson per 
fb-1 due to increased √s)



 38A. Mauri (UZH) 

Fighting the charm loop at experimental level
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Several attempts to disentangle short-distance (WCs) from long-distance (cham loop) 
contributions 

Parametrizing charmonia resonances as sum of Breit-Wigner 
including tails away from resonances, each with magnitude and phases 

Parametrizing charmonia resonances as polynomials

Eur. Phys. J. C (2018) 78: 453

arXiv:1805.06378 
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Phases in B+→K+µµ
EPJ C77 (2017) 161

 31

Phases in  B+ → K+µµ
EPJ C77 (2017) 161

Phases in B+
æ K +¸+¸≠

[LHCb, Eur. Phys. J. C77 (2017) 161, arXiv:1612.06764]
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Four fits match the data,
all with a J/Â ≠short-distance
phase di�erence consistent
with ±

fi
2

‹ the interference with
the short-distance
component far from the
pole masses is small

The BF is measured over the
whole q2 range:

B(B+
æ K+µ+µ≠) = (4.37 ± 0.15 ± 0.23) ◊ 10≠7

Patrick Koppenburg Anomalies at LHCb 22/10/2018 — Implications of flavour anomalies [20 / 38]

Fit to B+ → K+µµ to determine the 
interference between “rare mode” 
and resonances 

Included resonances: ρ(770), 
ω(782), φ(1020), J/ψ, ψ(2S), 
ψ(3770), ψ(4040), ψ(4160), 
ψ(4415) 

4 solutions equally compatible with 
data 

J/ψ-“rare mode” phase difference 
compatible with ±π/2 

interference far from the 
pole mass is small

                   decays present simpler phenomenology compared to                       (K+ is a scalar)                

Fit to m(µµ) to determine the interference between “rare mode” and resonances  

4 solutions equally compatible with data 

J/ψ-“rare mode” phase difference                                                                                
compatible with ±π/2 

interference far from the                                                                                                        
pole mass is small

B+ → K+μμ B0 → K*0μμ



Cross-check #1: rJ/ψ

 40A. Mauri (UZH) 

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

= 1To ensure efficiencies are under control, check 

Very stringent check: 
Single ratio           direct control of efficiencies

rJ/ψ = 1.014 ± 0.035 (stat+syst)
Checked compatibility of rJ/ψ=1

Phys. Rev. Lett. 122, 
191801 (2019)
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Cross-check #2: differential rJ/ψ

 41A. Mauri (UZH) 

Cross-check efficiency is well understood in all kinematic region 

Ensure       is flat for all variables examined
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Cross-check #2(b): 2D-differential rJ/ψ

 42A. Mauri (UZH) 

Cross-check for possible correlated effects in kinematic variables 

Phys. Rev. Lett. 122, 191801 (2019)
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Flatness gives confidence that efficiencies are understood in the entire phase space! 



Cross-check #3: Rψ(2S)

 43A. Mauri (UZH) 

Test double ratio cancellation on                                      decays  

Phys. Rev. Lett. 122, 191801 (2019)

LFU in Rare Decays

 20Nico Serra - Pheno 2019 6th - 8th May 2019

LHCb-PAPER-2019-009

B+ → K+ψ(2S)(ℓ+ℓ−)
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Belle II and LHCb Upgrades

A. Mauri (UZH) 
 38Nico Serra - Pheno 2019 6th - 8th May 2019

Belle II and LHCb Upgrades

J. Albrecht Portoroz 2019
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New era of precision measurements

A. Mauri (UZH) 

LHCb Upgrades

Charm loop effect fixedCharm loop effect fixed

 35Nico Serra - Pheno 2019 6th - 8th May 2019

[CERN-LHCC-2017-003]  
[CERN-LHCC-2018-027]  

Physics of the HL-LHC, WG 4 
Flavour [arxiv:1812.07638]  

LHCb Upgrades

Charm loop effect fixedCharm loop effect fixed
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[CERN-LHCC-2017-003]  
[CERN-LHCC-2018-027]  

Physics of the HL-LHC, WG 4 
Flavour [arxiv:1812.07638]  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Right-handed 
Wilson coefficients

Precise (unbinned) 
determination of angular 

observables


