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On the menu 

  Introduction 
–  Precision measurements 

–  The LHCb physics menu 

  Selection of dishes:  
–  Recent highlights on CP violation 

–  Recent highlights on Rare decays (aka Flavour Anomalies) 
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History of Flavour physics 

ARGUS Coll.  
Phys.Lett.B192 (1987) 245 

Christenson, Cronin, Fitch, Turlay,  
Phys.Rev.Lett. 13 (1964) 138 
Kobayashi, Maskawa, 
Prog.Theor. Phys.  49 (1973) 652 

Glashow, Iliopoulos, Maiani,  
Phys.Rev. D2 (1970) 1285 

GIM mechanism in K0àµµ  CP violation, KL
0àππ  B0ßàB0 mixing 
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This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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Flavour physics has a track record 
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GIM mechanism in K0àµµ  CP violation, KL
0àππ  B0ßàB0 mixing 

“…a quark model, but involving four, not three 
fundamental fermions…” 

“… phases of elements of 3x3 unitary matrix 
cannot be absorbed into […] six fields …” 

“ mt > 50 GeV/c2                      t quark mass   ” 
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Precise flavour measurements 

  Historical record of indirect discoveries: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 W!eν UA1, UA2 1983 

c K0!µµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0!ππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Z! e+e- UA1 1983 

t B mixing ARGUS 1987 t! Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 H! 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 
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Precise flavour measurements 

  Depending on your model, sensitive to multi-TeV scales, eg: 

Flavour: new-physics scale?
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From Uli Haisch, 31 Aug 2016 
arXiv:1510.03341 
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µB→µµ is ratio BRexp/BRSM 



Precise flavour measurements 

  Depending on your model, sensitive to multi-TeV scales, eg: 

From Uli Haisch, 31 Aug 2016 
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hq parametrizes magnitude  
of NP in Bq mixing 
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Figure 2: (top left) Two-dimensional SV-tag BDT distribution and (top right) fit for events in
the subsample with pT(µ)/pT(jµ) > 0.9, projected onto the (bottom left) BDT(bc|udsg) and
(bottom right) BDT(b|c) axes. Combined data for

p
s = 7 and 8 TeV for both muon charges are

shown.

against other jet types. The SV track multiplicity identifies b jets well, since b-hadron
decays typically produce many displaced tracks. In Fig. 4, the distributions of Mcor and
SV track multiplicity for a subsample of SV-tagged events with BDT(bc|udsg) > 0.2 (see
Fig. 2) are fitted simultaneously. The templates used in these fits are obtained from data

7

Resolve b and c jets 

Improve proton pdf’s 

A.Garcia, R.Gauld,  
A.Heijboer, J.Rojo 
arXiv:2004.04756 

Anti-proton flux for cosmic rays 
Impressive sin2θw 

Discovery of  
pentaquarks 
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Figure 1: Mass distributions of selected (top) ⇡±-tagged and (bottom) µ±-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

are shared among positive and negative tags. In the analysis of the µ-tagged sample, the
fits are performed to the m(D0) distributions. The signal is described by the sum of two
Gaussian functions convolved with a truncated power-law function that accounts for final-
state photon radiation e↵ects, whereas the combinatorial background is described by an
exponential function. A small contribution from D0

! K�⇡+ decays with a misidentified
kaon or pion is also visible, which is modeled as the tail of a Gaussian function. Separate
fits are performed to subsamples of data collected with di↵erent magnet polarities and
in di↵erent years. All partial �ACP values corresponding to each subsample are found
to be in good agreement and then averaged to obtain the final results. If single fits are
performed to the overall ⇡-tagged and µ-tagged samples, small di↵erences of the order of
a few 10�5 are found. The m(D0⇡+) and m(D0) distributions corresponding to the entire
samples are displayed in Fig. 1 (see also Ref. [60] for the corresponding asymmetries as a
function of mass). The ⇡-tagged (µ-tagged) signal yields are approximately 44 (9) million

5

CP violation in charm 

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2019-042
LHCb-PAPER-2019-006

May 31, 2019

Observation of CP violation in
charm decays

LHCb collaboration†

Abstract

A search for charge-parity (CP ) violation in D0
! K�K+ and D0

! ⇡�⇡+ de-
cays is reported, using pp collision data corresponding to an integrated luminosity
of 5.9 fb�1 collected at a center-of-mass energy of 13TeV with the LHCb detec-
tor. The flavor of the charm meson is inferred from the charge of the pion in
D⇤(2010)+! D0⇡+ decays or from the charge of the muon in B! D0µ�⌫̄µX decays.
The di↵erence between the CP asymmetries in D0

! K�K+ and D0
! ⇡�⇡+ decays

is measured to be �ACP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4 for ⇡-tagged
and �ACP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4 for µ-tagged D0 mesons. Combining
these with previous LHCb results leads to

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes both statistical and systematic contributions. The
measured value di↵ers from zero by more than five standard deviations. This is the
first observation of CP violation in the decay of charm hadrons.

Published in Phys. Rev. Lett. 122 (2019) 211803

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this Letter.
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The noninvariance of fundamental interactions under the combined action of charge
conjugation (C) and parity (P ) transformations, so-called CP violation, is a necessary
condition for the dynamical generation of the baryon asymmetry of the universe [1]. The
Standard Model (SM) of particle physics includes CP violation through an irreducible
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [2, 3].
The realization of CP violation in weak interactions has been established in the K- and
B-meson systems by several experiments [4–12], and all results are well interpreted within
the CKM formalism. However, the size of CP violation in the SM appears to be too
small to account for the observed matter-antimatter asymmetry [13–15], suggesting the
existence of sources of CP violation beyond the SM.

The observation of CP violation in the charm sector has not been achieved yet, despite
decades of experimental searches. Charm hadrons provide a unique opportunity to
measure CP violation with particles containing only up-type quarks. The size of CP
violation in charm decays is expected to be tiny in the SM, with asymmetries typically
of the order of 10�4–10�3, but due to the presence of low-energy strong-interaction
e↵ects, theoretical predictions are di�cult to compute reliably [16–34]. Motivated by
the fact that contributions of beyond-the-SM virtual particles may alter the size of CP
violation with respect to the SM expectation, a number of theoretical analyses have been
performed [19, 27,32,35].

Unprecedented experimental precision can be reached at LHCb in the measurement
of CP -violating asymmetries in D0

! K�K+ and D0
! ⇡�⇡+ decays. The inclusion of

charge-conjugate decay modes is implied throughout except in asymmetry definitions.
Searches for CP violation in these decay modes have been performed by the BaBar [36],
Belle [37], CDF [38,39] and LHCb [40–44] collaborations. The corresponding CP asym-
metries have been found to be consistent with zero within a precision of a few per
mille.

This Letter presents a measurement of the di↵erence of the time-integrated CP
asymmetries in D0

! K�K+ and D0
! ⇡�⇡+ decays, performed using pp collision data

collected with the LHCb detector at a center-of-mass energy of 13TeV, and corresponding
to an integrated luminosity of 5.9 fb�1.

The time-dependent CP asymmetry, ACP (f ; t), between states produced as D0 or D0

mesons decaying to a CP eigenstate f at time t is defined as

ACP (f ; t) ⌘
�(D0(t) ! f)� �(D0(t) ! f)

�(D0(t) ! f) + �(D0(t) ! f)
, (1)

where � denotes the time-dependent rate of a given decay. For f = K�K+ or f = ⇡�⇡+,
ACP (f ; t) can be expressed in terms of a direct component associated to CP violation in
the decay amplitude and another component associated to CP violation in D0–D0 mixing
or in the interference between mixing and decay.

A time-integrated asymmetry, ACP (f), can be determined, and its value will exhibit a
dependence on the variation of the reconstruction e�ciency as a function of the decay
time. To first order in the D0–D0 mixing parameters, it can be written as [38, 45]

ACP (f) ⇡ adirCP (f)�
ht(f)i

⌧(D0)
A�(f), (2)

where ht(f)i denotes the mean decay time of D0
! f decays in the reconstructed sample,

incorporating the e↵ects of the time-dependent experimental e�ciency, adirCP (f) is the direct

1

CP asymmetry, ⌧(D0) the D0 lifetime and A�(f) the asymmetry between the D0
! f

and D0
! f e↵ective decay widths [46,47]. In the limit of U-spin symmetry, the direct

CP asymmetry is equal in magnitude and opposite in sign for K�K+ and ⇡�⇡+, though
the size of U-spin-breaking e↵ects at play is uncertain [19]. Taking A� to be independent
of final state [19, 48, 49], the di↵erence in CP asymmetries between D0

! K�K+ and
D0

! ⇡�⇡+ decays is

�ACP ⌘ ACP (K
�K+)� ACP (⇡

�⇡+)

⇡ �adirCP �
�hti

⌧(D0)
A�, (3)

where �adirCP ⌘ adirCP (K
�K+) � adirCP (⇡

�⇡+) and �hti is the di↵erence of the mean decay
times ht(K�K+)i and ht(⇡�⇡+)i.

The D0 mesons considered in this analysis are produced either promptly at a pp
collision point (primary vertex, PV) in the strong decay of D⇤(2010)+ mesons (hereafter
referred to as D⇤+) to a D0⇡+ pair or at a vertex displaced from any PV in semileptonic
B ! D0µ�⌫̄µX decays, where B denotes a hadron containing a b quark and X stands for
potential additional particles. The flavor at production of D0 mesons from D⇤+ decays is
determined from the charge of the accompanying pion (⇡-tagged), whereas that of D0

mesons from semileptonic b-hadron decays is obtained from the charge of the accompanying
muon (µ-tagged). The raw asymmetries measured for ⇡-tagged and µ-tagged D0 decays
are defined as

A⇡-tagged
raw (f) ⌘

N (D⇤+
! D0(f)⇡+)�N

�
D⇤�

! D0(f)⇡��

N (D⇤+ ! D0(f)⇡+) +N
�
D⇤� ! D0(f)⇡�

� ,

Aµ-tagged
raw (f) ⌘

N(B ! D0(f)µ�⌫̄µX)�N(B ! D0(f)µ+⌫µX)

N(B ! D0(f)µ�⌫̄µX) +N(B ! D0(f)µ+⌫µX)
,

(4)

where N is the measured signal yield for the given decay. These can be approximated as

A⇡-tagged
raw (f) ⇡ ACP (f) + AD(⇡) + AP(D

⇤),

Aµ-tagged
raw (f) ⇡ ACP (f) + AD(µ) + AP(B),

(5)

where AD(⇡) and AD(µ) are detection asymmetries due to di↵erent reconstruction e�-
ciencies between positive and negative tagging pions and muons, whereas AP(D⇤) and
AP(B) are the production asymmetries of D⇤ mesons and b hadrons, arising from the
hadronization of charm and beauty quarks in pp collisions [50]. Owing to the smallness of
the involved terms, which averaged over phase space for selected events are O(10�2) or
less [50–53], the approximations in Eqs. (5) are valid up to corrections of O(10�6). The
values of AD(⇡) and AP(D⇤), as well as those of AD(µ) and AP(B), are independent of
the final state f , and thus cancel in the di↵erence, resulting in

�ACP = Araw(K
�K+)� Araw(⇡

�⇡+). (6)

This simple relation between �ACP and the measurable raw asymmetries in K�K+ and
⇡�⇡+ makes the determination of �ACP largely insensitive to systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer designed for the study of
particles containing b or c quarks, as described in detail in Refs. [54, 55]. The LHCb

2
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Collected by Patrick Koppenburg: https://www.nikhef.nl/~pkoppenb/particles.html  

Ø  What is the nature of 4- or 5-quark states? 
Ø  Why are some states so narrow? 
Ø  Test QCD (HQET) models 

 Spectroscopy 35(29) hadrons discovered at LHC(b): 
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–  Precision measurements 

–  The LHCb physics menu 

  Selection of dishes:  
–  Recent highlights on CP violation 

–  Recent highlights on Rare decays (aka Flavour Anomalies) 
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  New results 
1)  |Vcb|  with decay Bs

0! Ds* -µ+ν 

2)   γ  with decay B-! D0(! KS
0K+π -)K- 

3)   γ  with decay B0! D0K*0 

  A remark on consistency 



(CKM: a quick reminder…) 

  1) Matrix to transform weak- and mass-eigenstates: 
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uI 

dI 

W 
u 

d,s,b 

W 

Weak eigenstates 
(like νe, νµ, ντ) 

Mass eigenstates 
(like ν1, ν2, ν3) 
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  1) Matrix to transform weak- and mass-eigenstates: 
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uI 

dI 

W 
u 

d,s,b 

W 

Weak eigenstates Mass eigenstates 

  2) Matrix has imaginary numbers: 



* * *

* * *

* * *

1 0 0
0 1 0
0 0 1

ud cd td ud us ub

us cs ts cd cs cb

ub cb tb td ts tb

V V V V V V
V V V V V V V V

V V V V V V

+

⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎜ ⎟= =⎜ ⎟⎜ ⎟ ⎜ ⎟

⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

(CKM: a quick reminder…) 

  1) Matrix to transform weak- and mass-eigenstates: 
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uI 

dI 

W 
u 

d,s,b 

W 

Weak eigenstates Mass eigenstates 

  2) Matrix has imaginary numbers: 

  3) Matrix is unitary: 

* * * 0ub ud cb cd tb tdV V V V V V+ + =

Vub
*Vud
Vcb
*Vcd

Vtb
*Vtd

Vcb
*Vcd

1*

*

≡
cdcb

cdcb

VV
VV(0,0) (1,0) 

β γ 



  LHC-B Letter-of-Intent 1995 
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CKM:  (1995) LHCb Letter-of-Intent 



CKM:  (1995) LHCb Letter-of-Intent … 

  Letter-of-Intent 1995 
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~ Vtd
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Figure 5: ��2 contours for af1 versus af2 . The black cross marks the best-fit central value. The
solid (dashed) contour encloses the ��2 = 2.3 (6.17) region. The observed shape is due to the
applied unitarity condition, see Eq. (11).
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New measurement on |Vcb|               arXiv:2003.08453  

  Measure decay rate of Bs
0! Ds* -µ+ν 

–  Depends on momentum transfer q2 : 

 

Ø  Determine |Vcb| and form factors 
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W−

b

ν

µ−

c

Vcb

B0
s D⇤�

s

W+

D�
s

�

µ+

⌫µ

✓Ds

�
✓µ

Figure 1: Schematic overview of the B0
s ! D⇤�

s µ+⌫µ decay, introducing the angles ✓Ds , ✓µ and �.

2 Formalism of the B0

s ! D⇤�
s µ+⌫µ decay

The B
0
s ! D

⇤�
s µ

+
⌫µ decay, with the subsequent D⇤�

s ! D
�
s � decay, can be described by

three angular variables and the squared momentum transfer to the lepton system, defined
as q

2 = (pB0
s
� pD⇤�

s
)2, where pB0

s
and pD⇤�

s
are the four-momenta of the B

0
s and D

⇤�
s

mesons, respectively. The three angular variables, indicated in Fig. 1, are two helicity
angles ✓µ and ✓Ds , and the angle �. The angle between the muon direction and the
direction opposite to that of the B

0
s meson in the virtual W rest frame is called ✓µ, while

the angle between D
�
s direction and the direction of the B

0
s meson in the D

⇤�
s rest frame

is called ✓Ds . Finally, � is the angle between the two planes formed by the virtual W and
D

⇤�
s decay products in the B

0
s rest frame [14]. The angles in B

0
s decays are defined such

that they are the same for B0
s and B

0
s mesons in the absence of CP violation.

The measurement is performed by integrating the full decay rate over the decay angles.
Thus, the expression of the B

0
s ! D

⇤�
s µ

+
⌫µ decay rate is given by

d�(B0
s ! D

⇤�
s µ

+
⌫µ)

dq2
=

G
2
F |Vcb|2 |⌘EW|2 |~p |q2

96 ⇡3 m2
B0

s

✓
1�

m
2
µ

q2

◆2

⇥

(|H+|2 + |H�|2 + |H0|2)

✓
1 +

m
2
µ

2 q2

◆
+

3

2

m
2
µ

q2
|Ht|2

�
.

(1)

In this equation, GF is the Fermi constant, Vcb is the CKM matrix element describing
the b to c transition, ⌘EW = 1.0066 is the electroweak correction to Vcb [15], mµ is the
muon mass [16], and H0, H+, H�, Ht are the helicity amplitudes of the lepton pair. The
magnitude of the D

⇤�
s momentum in the B

0
s rest frame is given by |~p|. The dependence

of the helicity amplitudes on w can be expressed in di↵erent ways, most commonly
parametrised in either the CLN or BGL expansion, as discussed further in Sec. 2.1 and
Sec. 2.2.

The hadron recoil is related to the squared momentum transfer to the lepton pair, q2,

2

q2 

(Suzanne Klaver et al.) 
LHCb, “Measurement of the shape of the B0

s→D∗−s µ+νµ differential decay rate“ , arXiv:2003.08453  



New measurement on |Vcb|               arXiv:2001.03225 

  Measure rate relative to known B0 decay rate from B-factories: 

 
  Result depends on the assumed form factor parametrization: 

  Conclusions: 
–  First measurement of Vcb with pp 
–  First measurement using Bs

0  

–  Parametrisation is not responsible for  
     inclusive vs exclusive disagreements  
–  Result in agreement with the  
     exclusive and inclusive averages 
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R* ≡
BR(Bs

0 → Ds
*−µ+ν )

BR(B0 → D*−µ+ν )
~

Vcb
2

BRmeasured B-factories

• First measurement of Vcb on a hadronic environment and first measurement 
using Bs mesons.

10 20 30 40
]3−| [10cbV|

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123, 091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

CLN
BGL

CLN
BGL
CLN
BGL

CLN
BGL

Exclusive average (HFLAV 2019)
Inclusive average (HFLAV 2019)

Results on Vcb

|Vcb|CLN = (41.4 ± 0.6(stat) ± 0.9(syst) ± 1.2(ext)) × 10−3

|Vcb|BGL = (42.3 ± 0.8(stat) ± 0.9(syst) ± 1.2(ext)) × 10−3

• Confirm the trend that the 
parametrisation is not responsible for 
inclusive vs exclusive disagreements.


• Both results are in agreement with 
the exclusive and inclusive 
determinations.

30

shift in the R(⇤) central values when fitting the data with the BGL parametrization.
The experimental systematic uncertainties are combined together, accounting for their

correlations, in the middle section of Table 7. The correlations are reported in Appendix B.
As a consistency test, the fit is repeated by expressing the signal yields of the

B
0
s ! D

�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ decays in terms of two di↵erent |Vcb| parameters.

The fit returns values of the two parameters in agreement with each other within one
standard deviation.

Finally, a data-based null test of the analysis method is performed using a control
sample of B0 ! D

(⇤)�
µ
+
⌫µ decays where the D� decays to the Cabibbo-favored K

+
⇡
�
⇡
�

final state. These decays are normalized to the same B
0 ! D

(⇤)�
µ
+
⌫µ decays, with

D
� ! [K+

K
�]�⇡�, used in the default analysis to measure ratios of branching fractions

between control and reference decays consistent with unity. The control sample is selected
with criteria very similar to those of the reference sample, but the di↵erent D� final state
introduces di↵erences between the e�ciencies of the control and reference decays that are
40% larger than those between signal and reference decays. The control sample features
the same fit components as described in Sec. 6 for the reference sample, with signal
and background decays modeled with simulation and combinatorial background with
same-sign data. External inputs are changed to reflect the replacement of the signal with
the control decays. Fits are performed using both the CLN and the BGL parametrizations.
In both cases, the ratios of branching fractions between control and reference decays are
all measured to be compatible with unity with 5 to 6% relative precision.

9 Final results and conclusions

A study of the B
0
s ! D

�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ decays is performed using proton-

proton collision data collected with the LHCb detector at center-of-mass energies of 7
and 8TeV, corresponding to an integrated luminosity of 3 fb�1. A novel analysis method
is used to identify the two exclusive decay modes from the inclusive sample of selected
D

�
s µ

+ candidates, and measure the CKM matrix element |Vcb| using B
0 ! D

�
µ
+
⌫µ and

B
0 ! D

⇤�
µ
+
⌫µ decays as normalization. The analysis is performed with both the CLN [2]

and BGL [3–5] parametrizations to determine

|Vcb|CLN = (41.4± 0.6 (stat)± 0.9 (syst)± 1.2 (ext))⇥ 10�3
,

|Vcb|BGL = (42.3± 0.8 (stat)± 0.9 (syst)± 1.2 (ext))⇥ 10�3
,

where the first uncertainties are statistical (including contributions from both data and
simulation), the second systematic, and the third due to the limited knowledge of the
external inputs. The two results are compatible, when accounting for their correlation.
These are the first determinations of |Vcb| from exclusive decays at a hadron collider and
the first using B

0
s decays. The results are in agreement with the exclusive measurements

based on B
0 and B

+ decays, and as well with the inclusive determination [1].
The ratios of the branching fractions of the exclusive B

0
s ! D

(⇤)�
s µ

+
⌫µ decays relative
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describe the candidate selection, the fit to the invariant mass spectra, and the assignment
of systematic uncertainties; the observable results are presented in Sec. 7.

2 Formalism

The SS B+
! [K0

S
K+⇡�]DK+ decay can proceed via the D0 or D0 states. As such, the

total decay amplitude is given by the sum of two interfering amplitudes,

AK0
SK

+⇡�(x) = AD0(x) + rBei(�B+�)A
D0(x), (1)

where x represents the Dalitz plot coordinates (m2

K0
SK

, m2

K0
S⇡
), A{D0,D0}(x) are the D0

and D0 decay amplitudes at a specific point in the K0

S
K+⇡� Dalitz plot [9]. The OS

B+
! [K0

S
K�⇡+]DK+ decay also proceeds via both D0 and D0, with a total decay

amplitude given by

AK0
SK

�⇡+(x) = A
D0(x) + rBei(�B+�)AD0(x) . (2)

The amplitude ratio rB = |A(B
+!D

0
K

+
)|

|A(B+!D0K+)| ⇠ 0.1 [5, 6], and �B = arg
⇣

A(B
+!D

0
K

+
)

A(B+!D0K+)

⌘
is the

strong-phase di↵erence between the B decay amplitudes. To calculate the decay rate in a
finite region of the Dalitz plot, the integral of the interference term over that region must
be known. In Ref. [8], measurements of quantum-correlated D decays have been used to

determine the amplitude ratio, rD = |A(D
0!K

0
sK

+
⇡
�
)|

|A(D0!K0
sK

+⇡�)| , and the integral of the interference

term directly in the form of a coherence factor, D, and an average strong phase di↵erence,
�D [10]. The coherence factor is defined as

D e�i�D =

R
A⇤

K0
SK

�⇡+(x)AK0
SK

+⇡�(x) dx
qR

|AK0
SK

�⇡+(x)|2dx
qR

|AK0
SK

+⇡�(x)|2dx
. (3)

A similar notation also holds for SS and OS B+
! D⇡+ decays with the replacements

rB ! r⇡
B
and �B ! �⇡

B
, where r⇡

B
⇠ 0.015.

In each Dalitz region, four decay rates are considered in this analysis [11]:

NDK
±

SS
/ 1 + r2

B
r2
D
+ 2rBrDD cos(�B ± � � �D) ,

NDK
±

OS
/ r2

B
+ r2

D
+ 2rBrDD cos(�B ± � + �D) ,

ND⇡
±

SS
/ 1 + (r⇡

B
)2r2

D
+ 2r⇡

B
rDD cos(�⇡

B
± � � �D) ,

ND⇡
±

OS
/ (r⇡

B
)2 + r2

D
+ 2r⇡

B
rDD cos(�⇡

B
± � + �D) .

(4)

Observables constructed from Eq. 4 have sensitivity to � that depends upon the value of
the coherence factor, with a higher coherence corresponding to greater sensitivity. The
CLEO-c results [8] show high coherence within the K⇤+ region, defined as ±100MeV/c2

around the K⇤+ mass; D = 0.94 ± 0.12 and �D = (�16.6 ± 18.4)� are reported. With
rD ⇡ 0.6 [8], the maximal CP asymmetry that can be expected is 35% in B+

! DK+

decays, but only 2% in B+
! D⇡+ decays due to the dissimilarity of rD and r⇡

B
. Dedicated

measurements in the non-K⇤+ region have not yet been made. Eight yields are measured in
this analysis, from which seven ratios are constructed as CP observables; each observable

2

Table 1: Signal yields summed over charge, as measured in each Dalitz region.

non-K⇤+ region K⇤+ region

NDK
±

SS
266 ± 27 715 ± 37

NDK
±

OS
336 ± 27 217 ± 22

ND⇡
±

SS
3304 ± 73 8977 ± 106

ND⇡
±

OS
4686 ± 76 3471 ± 66

fixed correction term in the fit. A similar correction is applied to the RSS/OS observable,
to account for di↵erences in selection e�ciency for SS and OS decays caused by e�ciency
variation across the Dalitz plot. The correction is determined using simulated B+

! D⇡+

decays and the D ! K0

S
K+⇡� and D ! K0

S
K�⇡+ amplitudes measured by LHCb in

Ref. [30]. The correction is determined in bins across the Dalitz plot, and an average
value calculated to be ⌘ = 1.090 ± 0.008 (1.007 ± 0.013) within (outside) the K⇤+ region.

Figs. 2–5 show the B meson invariant-mass distributions for all selected candidates,
with the results of the fit overlaid; the long and downstream K0

s
categories are shown

together. In Tab. 1, the measured signal yields for each D final state are provided for both
the K⇤+ and the non-K⇤+ regions. The fit strategy is validated using pseudoexperiments,
and is found to be unbiased for all parameters.

6 Systematic uncertainties

All of the CP observables measured in this work are constructed as ratios of topologically
identical final states. As such, the majority of potential systematic uncertainties cancel
with the residual systematic uncertainties detailed here. Small di↵erences in e�ciency
between B+

! DK+ and B+
! D⇡+ decays are corrected using simulation as described in

Sec. 5, where the uncertainty on the correction arises due to the finite size of the simulated
samples. The correction is varied within its uncertainty to determine the systematic
uncertainty. The variation in e�ciency across the Dalitz plot causes a di↵erence in the
total e�ciency of SS and OS decays. An appropriate correction is applied to the RSS/OS

observable, with an uncertainty arising from the use of a binned procedure to calculate
the average correction.

Several fixed shape parameters are used in the fit, including the signal tail parameters
and backgroud PDFs. All fixed shape parameters are determined from fits to simulated
samples, and are varied to calculate the propagated systematic uncertainty. Charmless
backgrounds are modelled as fixed yield components in the invariant-mass fit. The yields
are varied within their respective uncertainties to determine the systematic uncertainty.
Each charmless component has a fixed CP asymmetry of zero in the fit; their asymmetries
are independently varied according to a Gaussian of width 0.1 to determine the systematic
uncertainty. This width chosen to align with the degree of CP asymmetry observed in the
charmless background present in measurements of B+

! [h+h�]Dh+ decays. [25, 31].
All measured CP asymmetries are corrected for the B± production asymmetry as well

as for the kaon and pion detection asymmetries where relevant. These corrections are
applied as fixed terms in the invariant-mass fit, and are varied within their associated
uncertainties to determine the systematic uncertainty. A fixed PID e�ciency is used to
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7 Results

The results for the K⇤+ region of the Dalitz plot are

AD⇡

SS
= �0.020 ± 0.011 ± 0.003 ,

AD⇡

OS
= 0.007 ± 0.017 ± 0.003 ,

ADK

SS
= 0.084 ± 0.049 ± 0.008 ,

ADK

OS
= 0.021 ± 0.094 ± 0.017 ,

RSS/OS = 2.585 ± 0.057 ± 0.019 ,

RDK/D⇡

SS
= 0.079 ± 0.004 ± 0.002 ,

RDK/D⇡

OS
= 0.062 ± 0.006 ± 0.003 ,

and the results for the non-K⇤+ region are

AD⇡

SS
= �0.034 ± 0.020 ± 0.003 ,

AD⇡

OS
= 0.003 ± 0.015 ± 0.003 ,

ADK

SS
= 0.095 ± 0.089 ± 0.018 ,

ADK

OS
= �0.038 ± 0.075 ± 0.011 ,

RSS/OS = 0.706 ± 0.019 ± 0.009 ,

RDK/D⇡

SS
= 0.081 ± 0.008 ± 0.004 ,

RDK/D⇡

OS
= 0.073 ± 0.006 ± 0.002 .

The results are in agreement with Ref. [7], and all statistical uncertainties are reduced
in accordance with the increased signal yields. The systematic uncertainties on each
asymmetry are reduced considerably due to improved knowledge of the B± production
asymmetry and the kaon detection asymmetry. The systematic uncertainties on RDK/D⇡

SS
,

RDK/D⇡

OS
, and RSS/OS are also reduced, due to the use of larger simulated samples. All ob-

servables are statistically limited with the current data set. The statistical and systematic
correlation matrices for the CP observables are given in App. A.

A comparison of the K⇤+ region results with the SM expectation is made by calculating
the CP observables from the current best-fit values of � = (74.0+5.0

�5.8
)�, �B = (131.2+5.1

�5.9
)�,

and rB = (9.89+0.51

�0.50
)% for B+

! DK+ decays [5]; no comparison is made using the non-
K⇤+ results, since the required charm hadronic parameters have not yet been measured.
For B+

! D⇡+ decays, where no independent information on r⇡
B
and �⇡

B
is available,

the uniform PDFs 180� < �⇡
B

< 360� and r⇡
B

< 0.02 are used. The D-decay parameters
are taken from the literature: r2

D
= 0.655 ± 0.007 and �D = (�16.6 ± 18.4)� [30];

 = 0.94 ± 0.12 [8]. The small corrections due to D mixing are not considered.
For these inputs, the 68% and 95% confidence-level expectation intervals are displayed

in Fig. 6, together with the results presented herein. The dominant uncertainty contribution
to the expectation intervals comes from the D-decay parameter inputs. The measurements
are found to be compatible with the SM expectation, where the �2 per degree of freedom
is found to be 1.56 taking into account the uncertainties and correlations of both the
measurements and the expected values; the corresponding p-value for rejection of the SM
hypothesis is 0.14.
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Figure 3: Invariant-mass distributions (data points with error bars) and results of the fit (lines and
coloured areas) for the two-body ADS modes (top left) B0

! D(K�⇡+)K⇤0, (top right) B0
!

D(K+⇡�)K⇤0, (bottom left) B0
! D(⇡�K+)K⇤0 and (bottom right) B0

! D(⇡+K�)K⇤0.
The bottom distributions are shown on a logarithmic scale.
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Figure 4: Invariant-mass distributions (data points with error bars) and results of the fit (lines
and coloured areas) for the four-body GLW mode (left) B0

! D(⇡+⇡�⇡+⇡�)K⇤0, (right)
B0

! D(⇡+⇡�⇡+⇡�)K⇤0.
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1 Introduction

In the Standard Model, CP violation is described by the irreducible complex phase of the
Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix [1, 2]. This matrix is unitary,
leading to the condition VudVub

⇤ + VcdVcb
⇤ + VtdVtb

⇤ = 0, where Vij is the CKM matrix
element relating quark i to quark j. This relation can be represented as a triangle in the
complex plane, with angles ↵, � and �. Improving knowledge of � is one of the most
important goals in flavour physics. This angle is defined as � ⌘ arg (�VudVub

⇤/VcdVcb
⇤),

which is equal to arg (�VusVub
⇤/VcsVcb

⇤) up to O(�4) ⇠ 10�3 [3]. This can be measured
through the interference of b ! c and b ! u transition amplitudes in tree-level b-hadron
decays.1 Such a measurement provides a Standard-Model benchmark against which
observables determined in loop-mediated processes, expected to be more susceptible to
the influence of physics beyond the Standard Model, can be compared.

Measurements from the LHCb experiment yield � = (74.0 +5.0
�5.8)

� [4, 5], which is the
most precise determination of � from a single experiment. The precision is dominated
by measurements exploiting the decay B+

! DK+, where D indicates a superposition
of D0 and D0 mesons reconstructed in a final state common to both. In order to test
internal consistency, and to improve overall sensitivity, it is important to complement
these measurements with those based on other decay modes. One important example
is B0

! DK⇤0 [6], where K⇤0 is the K⇤(892)0 meson and is reconstructed in its decay
to K+⇡�. This process involves the interference of B0

! D0K⇤0 decays, which proceed
via a b ! c quark transition, and B0

! D0K⇤0decays, which involve a b ! u quark
transition and are therefore suppressed relative to B0

! D0K⇤0. Feynman diagrams of
these decays are shown in Fig. 1. Both transitions are colour-suppressed, in contrast to
the charged B-meson case where only the b ! u transition is colour-suppressed. This
leads to a greater suppression of the overall decay rates, but with the benefit of enhanced
interference e↵ects with respect to B+

! DK+ decays. The ratio rDK
⇤0

B between the
magnitudes of the suppressed and favoured B0 decay amplitudes is expected to be around
three times larger than the corresponding parameter in B+

! DK+ decays.
The LHCb collaboration has performed studies of B0

! DK⇤0 decays using data
corresponding to an integrated luminosity of 3.0 fb�1, reconstructing the D meson in the
two-body final states K±⇡⌥, K+K� and ⇡+⇡� [7], and also the self-conjugate modes
K0

S⇡
+⇡� and K0

SK
+K� [8, 9]. In addition, the two-body D decay modes K+⇡�, K+K�

B0 B0

b b

d d

d d

u c

s

c u

s

D0

K⇤0

D0

K⇤0

W+ W+

V ⇤
ubt

Vcs

t
V ⇤
cbt

Vus

t

1

Figure 1: Feynman diagrams of (left) B0
! D0K⇤0 and (right) B0

! D0K⇤0.

1Except where stated otherwise, the inclusion of charge-conjugate processes is implied throughout
this paper.
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and ⇡+⇡� have previously been exploited in an amplitude analysis of B0
! DK+⇡�

decays, including B0
! DK⇤0 decays [10].

In this paper, results are presented for a study of B0
! DK⇤0 decays performed on

a data set corresponding to 3.0 fb�1 of integrated luminosity collected at centre-of-mass
energies of 7 and 8TeV during Run 1 of the LHC, and 1.8 fb�1 collected at 13TeV during
Run 2 in 2015 and 2016. Observables sensitive to � are measured for the following final
states of the D-meson decay: K±⇡⌥, K+K�, ⇡+⇡�, K±⇡⌥⇡+⇡� and ⇡+⇡�⇡+⇡�. The
study of the two-body modes benefits from several improvements with respect to Ref. [7],
as well as from the larger data set. The four-body modes are analysed for the first time
in this decay chain. The measurements involving D ! ⇡+⇡�⇡+⇡� are based on Run 2
data alone, as the central processing that performs the first step of the selection did not
include a suitable selection for this mode in Run 1.

The paper is organised as follows: Section 2 presents the observables to be measured,
and their relationships to the physics parameters of interest; Sect. 3 discusses those aspects
of the detector, trigger and simulation that are relevant for the measurement; Sects. 4, 5
and 6 describe the candidate selection, the fit of the mass spectra and the assignment of
systematic uncertainties, respectively; the results, and their interpretation, are given in
Sect. 7; and conclusions are presented in Sect. 8.

2 Analysis strategy

This analysis exploits the interference between B0
! D0K⇤0 and B0

! D0K⇤0 decays,
with the D0 and D0 mesons reconstructed in a common final state. The partial widths
of these decays are used to construct observables, which have a dependence on � and
the following parameters: the ratio rDK

⇤0
B between the magnitudes of the suppressed and

favoured B0 decay amplitudes; the CP -conserving strong-phase di↵erence �DK
⇤0

B between
the amplitudes; and a coherence factor , which accounts for other amplitudes that may
contribute to the B0

! DK+⇡� final state in addition to the two diagrams responsible
for the B0

! DK⇤0 signal process. Detailed definitions of these parameters may be found
in Ref. [7]. An amplitude analysis of B0

! DK+⇡� decays has determined the coherence
factor to be  = 0.958 +0.005

�0.046 for the K⇤0 selection criteria used in this measurement (see
Sect. 4) [10], which indicates an almost pure DK⇤0 sample.

Reconstructing the charmed meson through a decay to a CP eigenstate, such as
D ! K+K� or D ! ⇡+⇡�, brings information on � through a strategy first proposed by
Gronau, London and Wyler (GLW) [11,12]. The asymmetry

ACP ⌘
�(B0

! DCPK⇤0)� �(B0
! DCPK⇤0)

�(B0 ! DCPK⇤0) + �(B0 ! DCPK⇤0)
, (1)

where � represents a partial decay width, is measured for both modes, yielding A
KK
CP and

A
⇡⇡
CP , which are expected to be equal when the small CP -violating e↵ects observed in

the D-meson decay [13] are neglected; this assumption applies for the remainder of the
discussion. The asymmetry is related to the underlying parameters through

ACP =
2rDK

⇤0
B sin �DK

⇤0
B sin �

RCP
, (2)

2

Table 1: Summary of signal yields. The uncertainties are statistical.

Decay channel B0 yield B0 yield

B0
! D(K+K�)K⇤0 67± 10 77± 11

B0
! D(⇡+⇡�)K⇤0 27± 6 40± 7

B0
! D(⇡+⇡�⇡+⇡�)K⇤0 32± 7 35± 8

B0
! D(K+⇡�)K⇤0 786± 29 754± 29

B0
! D(⇡+K�)K⇤0 76± 16 47± 15

B0
! D(K+⇡�⇡+⇡�)K⇤0 557± 25 548± 25

B0
! D(⇡+K�⇡+⇡�)K⇤0 41± 14 40± 14

a↵ected by the ⇡ ! K misidentification rate, which can vary between running periods.
The proportion of this background with respect to the signal is therefore corrected in Run
2 with respect to Run 1. Studies of simulated signal and background samples determine
this correction factor to be 0.928± 0.014.

The B0
! D⇡+⇡� background is assumed to have no CP asymmetry, as the candidates

cannot be tagged as coming from a B0 or B0 decay, and the di↵erence between the ⇡+ and
⇡� misidentification rates is found to be negligible in simulated samples. Misidentified
B0

! D⇡+⇡� decays should therefore contaminate B0 and B0 equally. The B0
s ! D⇤K⇤0

background is not expected to exhibit CP violation, so the CP asymmetry is fixed to zero
in the GLW modes but is free in the ADS modes. The yields of the B0

! D⇡+⇡� and
B0

s ! D⇤K⇤0 backgrounds are free parameters in the ADS modes and fixed in the GLW
modes relative to the ADS yields from knowledge of the D0 branching fractions [14] and
relative selection e�ciencies determined from simulation. The B0

! D⇤K⇤0 background
may exhibit CP violation, so the yields of each D decay channel are free parameters,
thus allowing for a nonzero CP asymmetry. The relative yields and asymmetries of the
B+

! DK+⇡�⇡+ background are fixed using measurements from Ref. [38].
For both the B0

! D⇤K⇤0 and B0
s ! D⇤K⇤0 backgrounds, the relative proportion of

partially reconstructed D⇤
! D� and D⇤

! D⇡0 decays is fixed by known D⇤0 branching
fractions [14] and relative selection e�ciency as determined from simulation. The fraction
of longitudinal polarisation is unknown and is therefore a free parameter in the fit.

Figures 2 to 5 show the invariant mass distributions and the fitted shapes for the
various components. Table 1 gives the signal yields for each D final state. The fit strategy
is validated by pseudoexperiments, and is found to be reliable and unbiased for all free
parameters.

The observables introduced in Sect. 2 are determined directly from the fit. The ratios
and asymmetries between the raw yields are corrected for e�ciency di↵erences, and
production and detection asymmetries. To obtain the ratios Rhh

CP and R
4⇡
CP , the raw ratios

are normalised using the corresponding D0 branching fractions. These corrections are
discussed further in Sect. 6.

6 Correction factors and systematic uncertainties

The measured observables are either asymmetries or ratios of yields between similar final
states, and are thus robust against systematic biases. Nonetheless, small di↵erences in
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± are used to calculate the suppressed-mode ADS observables, which are found
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  New results 
1)  Lepton flavour non-universality  Λb

0! pKµ+µ- 
2)  Angular analysis of decay   B0! K*0µ+µ- 

3)  Search for LFV    B0! K*0τ+µ 
4)  New limit on    Bs

0! e+e- 

5)  New limit on    K0
S!µ+µ- 

6)  New limit on (x25 !)   D+
(s)!hll’ 

  A remark on consistency 

Flavour anomalies 





Flavour anomalies? A reminder 
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  What are the (anomalous) measurements? 
–  FCNC: bàsll 
–  LFNU: bàsll and bàclν 



FCNC: b! sll 
bàs transition forbidden at tree level in SM 

36 
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FCNC: b! sll 
bàs transition occurs at loop level 

–  Suppressed in SM 
–  NP can compete with SM 
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bàs transition occurs at loop level 

–  Suppressed in SM 
–  NP can compete with SM 
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Nucl. Phys. B131 (1977) 285 

The first penguin: 

38 



LQb

µ+

µ−

s

FCNC: b! sll 
bàs transition occurs at loop level 

–  LQ quite fashionable these days 
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RK: B+!K+µ+µ- and B+!K+e+e- 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK=1 
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RK: B+!K+µ+µ-/B+!K+e+e- 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK=1 

Ø  Lepton flavour   
   “non-universal” ? 

LHCb,PRL 113 (2014) 151601  
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2011+2012: 3 fb-1 

2.6 σ 



RK: B+!K+µ+µ-/B+!K+e+e-                     arXiv:1903.09252 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK=1 

Ø  Lepton flavour   
   “non-universal” ? 

2.6 σ 

LHCb,PRL 122 (2019) 191801  
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2011+2012: 3 fb-1 
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Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dotted line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

where the first uncertainty is statistical and the second systematic. This is the most
precise measurement to date and is consistent with the SM expectation at the level of
2.5 standard deviations [21, 33, 36, 40, 42]. The likelihood profile as a function of RK is
given in the Supplemental Material [71]. The value for RK obtained is consistent across
the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data
gives a value for RK compatible with the previous LHCb measurement [34] within one
standard deviation. This level of consistency is evaluated using pseudoexperiments that
take into account the overlap between the two data samples, which are not identical due
to di↵erent reconstruction and selection procedures. The result from just the 7 and 8TeV
data is also compatible with that from only the 13TeV data at the 1.9 standard deviation
level (see the Supplemental Material [71]).

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.

This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

.

The dominant systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+

branching fraction [54]. This is the most precise measurement to date and is consistent
with predictions based on the SM [42,78].
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Figure 1: (Top) expected distributions of the opening angle between the two leptons, in the
laboratory frame, for the four modes in the double ratio used to determine RK . (Bottom) the
single ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of the opening angle.

in the double ratio. For each of the variables examined, no significant trend is observed.
Figure 1 shows the ratio as a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming the deviations that are observed
indicate genuine mismodelling of the e�ciencies, rather than fluctuations, and taking into
account the spectrum of the relevant variables in the nonresonant decay modes of interest,
a total shift on RK is computed for each of the variables examined. In each case, the
resulting variation is within the estimated systematic uncertainty on RK . The rJ/ ratio
is also computed in two- and three-dimensional bins of the considered variables. Again, no
trend is seen and the deviations observed are consistent with the systematic uncertainties
on RK . An example is shown in Fig. S7 in the Supplemental Material [71]. Independent
studies of the electron reconstruction e�ciency using control channels selected from the
data also give consistent results.

The results of the fits to the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown

in Fig. 2. A total of 1943 ± 49 B
+
! K

+
µ
+
µ
� decays are observed. A study of the

B
+
! K

+
µ
+
µ
� di↵erential branching fraction gives results that are consistent with pre-

vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision on RK , are less precise. The B

+
! K

+
µ
+
µ
� di↵erential branching fraction

observed is consistent between the 7 and 8TeV data and the 13TeV data.
The value of RK is measured to be

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,

7

2.5 σ 



RK*: B0!K0*µ+µ- and B0!K0*e+e- 

2.6 σ 

LHCb Coll., JHEP 1708 (2017) 055 
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Abstract

A test of lepton universality, performed by measuring the ratio of the branching
fractions of the B0 ! K⇤0µ+µ� and B0 ! K⇤0e+e� decays, RK⇤0 , is presented.
The K⇤0 meson is reconstructed in the final state K+⇡�, which is required to have
an invariant mass within 100MeV/c2 of the known K⇤(892)0 mass. The analysis
is performed using proton-proton collision data, corresponding to an integrated
luminosity of about 3 fb�1, collected by the LHCb experiment at centre-of-mass
energies of 7 and 8TeV. The ratio is measured in two regions of the dilepton
invariant mass squared, q2, to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94].
The results, which represent the most precise measurements of RK⇤0 to date, are
compatible with the Standard Model expectations at the level of 2.1–2.3 and 2.4–2.5
standard deviations in the two q2 regions, respectively.

Published in JHEP 08 (2017) 055
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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Ø  Lepton flavour   
   “non-universal” ? 
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2011+2012: 3 fb-1 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK*=1 

Ø  Extra bin at low q2… 
§  q2~0 not helicity suppressed 
§  But dominated by photon pole 
§  EM coupling to photon undebated...!! 



RpK: Λb
0!pKµ+µ-/Λb

0!K0*e+e-           arXiv:1912.08139 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RpK=1 
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Figure 3: Invariant-mass distribution of (left) ⇤0
b
! pK�µ+µ� and (right) ⇤0

b
! pK�e+e�

candidates summed over trigger and data-taking categories. The black points represent the data,
while the solid blue curve shows the total PDF. The signal component is represented by the
red curve and the combinatorial, B0

! K⇤0`+`� and B0
s ! K+K�`+`� components by yellow,

brown and green filled histograms. In the electron model, the grey and blue filled histograms
represent the partially reconstructed and ⇤0

b
! pK�J/ (! e+e�) backgrounds.

by reweighting the distributions of m(pK�), q
2 and the helicity angles, cos ✓K and

cos ✓`, in the ⇤0
b
! pK

�
µ
+
µ
� simulation to match those observed in data, instead of

the amplitude model of the ⇤0
b
! pK

�
J/ (! µ

+
µ
�) decay explained in Sec. 4. The

distributions of m(pK�), q2 and the helicity angles are corrected separately and the
systematic uncertainties are added in quadrature. Since this is a decay-model e↵ect,
it is correlated between di↵erent data-taking periods and trigger categories. For the
other corrections applied to simulation, the systematic uncertainty is evaluated using
an alternative parameterisation of the correction, as well as di↵erent control samples to
determine the corrections. After all the corrections are applied, a small disagreement
between data and simulation is seen in the proton momentum and impact parameter
distributions. An associated systematic e↵ect is estimated by correcting these distributions
to match those observed in data.

A bootstrapping technique is used to evaluate the e↵ect of the limited size of the sim-
ulated samples used to calculate the corrections. The systematic uncertainties accounting
for data and simulation di↵erences are computed separately for each data-taking period
and trigger category and are thus uncorrelated. Systematic uncertainties associated with
the fit model are estimated using pseudoexperiments and are fully correlated between
data-taking periods. Di↵erent sets are generated with alternative B

0
! K

⇤0
µ
+
µ
� and

B
0
s
! K

+
K

�
µ
+
µ
� yields and di↵erent smearing parameters for the nonparametric shapes.

Alternatively, possible contributions of partially reconstructed backgrounds with a missing
⇡
0 meson or from cascade decays of the type Hb ! Hc(! K

�
µ
+
⌫µX)µ�

⌫µY , where H de-
notes hadrons and the potential additional particles X and Y are not always reconstructed,
are also included in the generated sets. These generated samples are fit with the default
model and the di↵erence obtained on rB is assigned as a systematic uncertainty. Also,

11

pK
1−R

0.5 1 1.5 2 2.5

-lo
g(
lik
el
ih
oo
d)

0

1

2

3

4

5

6

7

8
LHCb

Figure 4: Logarithm of the profile likelihood of the R�1
pK

parameter in blue (red) including only
statistical (total) uncertainty. The dashed line indicates the one standard deviation interval.

where the first uncertainty is statistical and the second systematic. The profile likelihood
of the R

�1
pK

parameter, including the smearing accounting for correlated systematic un-
certainties, is shown in Fig. 4. The result is compatible with unity at the level of one
standard deviation. For comparison with other LU tests, RpK is computed from the R

�1
pK

results by inverting the minimum and one standard deviation lower and upper bounds of
the likelihood profile

RpK |0.1<q2<6GeV2
/c4

= 0.86+0.14
� 0.11 ± 0.05,

with a more asymmetric likelihood distribution in this case.
The first observation of the rare decay ⇤0

b
! pK

�
e
+
e
� is also reported, with a signifi-

cance greater than 7�, accounting for systematic uncertainties. Combining the results
obtained for rB and R

�1
pK

, and taking into account the correlations, the ratio of branching
fractions for the dielectron final states is obtained

B(⇤0
b
! pK

�
e
+
e
�)

B(⇤0
b
! pK�J/ )

����
0.1<q2<6GeV2

/c4

=
�
9.8+1.4

� 1.3 ± 0.8
�
⇥ 10�4

,

where the first uncertainty is statistical and the second systematic. Taking into account
the measured value of B(⇤0

b
! pK

�
J/ ) [46], the branching fraction of the nonresonant

electron mode is found to be

B(⇤0
b
! pK

�
e
+
e
�)
��
0.1<q2<6GeV2

/c4
=

�
3.1± 0.4± 0.2± 0.3+0.4

� 0.3

�
⇥ 10�7

,

where the first uncertainty is statistical, the second systematic and the third and fourth
are due to the uncertainties on B(⇤0

b
! pK

�
J/ ).

9 Conclusions

A test of lepton universality is performed for the first time using rare b-baryon de-
cays, namely ⇤

0
b
! pK

�
`
+
`
� with ` = e, µ. The measurement is performed in the

14



  B0! D(*)lν   Measured ratio τ/µ 
–  Multiple experiments:  Belle, BaBar, LHCb 
–  Multiple c-modes:   D, D*, J/ψ 
–  Multiple tau final states:  µ, 1-prong, 3-prong 
–  Multiple tags:   semileptonic, hadronic 

More LFNU? Semileptonic decays: b!clv 
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Measurement of the ratio of branching

fractions

B(B+

c ! J/ ⌧+⌫⌧)/B(B+

c ! J/ µ+⌫µ)

LHCb collaboration†

Abstract

A measurement is reported of the ratio of branching fractions R(J/ ) = B(B+
c !

J/ ⌧+⌫⌧ )/B(B+
c ! J/ µ+⌫µ), where the ⌧+ lepton is identified in the decay

mode ⌧+ ! µ+⌫µ⌫⌧ . This analysis uses a sample of proton-proton collision
data corresponding to 3.0 fb�1 of integrated luminosity recorded with the LHCb
experiment at center-of-mass energies 7TeV and 8TeV. A signal is found for the
decay B+

c ! J/ ⌧+⌫⌧ at a significance of 3 standard deviations, corrected for
systematic uncertainty, and the ratio of the branching fractions is measured to
be R(J/ ) = 0.71 ± 0.17 (stat) ± 0.18 (syst). This result lies within 2 standard
deviations above the range of existing predictions in the Standard Model.

Submitted to Phys. Rev. Lett.

c� CERN on behalf of the LHCb collaboration, licence CC-BY-4.0.

†Authors are listed at the end of this letter.
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More LFNU? Semileptonic decays: b!clv 
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SM, 3.1σ 
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  Discrepancy in 2D about 3σ 



Decay rates: b! sll 

  Study same process with 
different hadrons: 
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  Decay rate is consistently low: 
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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
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  Similar loop diagram! 
 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

 

B0! K0*µ+µ- : P5’ 
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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3.4 σ 
  Similar loop diagram! 

 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

 

B0! K0*µ+µ- : P5’ 
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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3.4 σ 
  Similar loop diagram! 

 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

  Many experiments contribute! 

 

B0! K0*µ+µ- : P5’ 

B0
! K 0⇤µ+µ�

- angular analysis

Form factor independent observables

• Construct ratio of
observables, that are
largely free from form
factors, especially in
large recoil:
P

0
5
= S5p

FL(1�FL)
P

0
5
= S5p

FL(1�FL)
P

0
5
= S5p

FL(1�FL)

• Local deviations are
observed in low q

2 bins.
Global significance of
about 3.5� (LHCb only).
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  Similar loop diagram! 
 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

  Debate on SM calculation 
–  Non-perturbative “charm loop” effects? 
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T. Blake

Interpretation of global fits

7

Optimist’s view point Pessimist’s view point

Vector-like contribution could 
come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

More work needed from experiment/theory to disentangle the two
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come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

More work needed from experiment/theory to disentangle the two

•  ATLAS, arXiv:1805.04000 •  LHCb, JHEP02 (2016) 104 
u  Belle, PRL 118 (2017) 111801 

B0! K0*µ+µ- : P5’ 

Full freedom for  
hadronic param. 
(fair??) 
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  Updated with (part of) run-2 data 

 

B0! K0*µ+µ- : P5’                               arXiv:2003.04831  
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   LHCb-PAPER-2020-002     Update of the      angular analysis at LHCb  10/03/2020  Eluned Smith 

Signal yields
➤ Adding the 2016 data we roughly double the number of 

signal candidates

21

Remaining background is combinatorial only

Yields excluding all the charmonium and light resonance regions



B0! K0*µ+µ- : P5’                               arXiv:2003.04831  

  Fit validation 
 
 
 
  S-wave 

 

  Angular acceptance 

 
  Systematics 

 
 
  Compatibility  

–  Run1/2, Magnet polarity, Yields, angular, control channel, … 54 

   LHCb-PAPER-2020-002     Update of the      angular analysis at LHCb  10/03/2020  Eluned Smith 

S-wave contribution
➤ Background contribution from spin 0       resonances 

➤ Must therefore include additional angular terms  

➤ Use the              distribution to further constrain S-wave
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Systematic uncertainties small compared to stat. error

Summary table showing the largest value for the systematic indicated 
across all the     bins

Dominant systematics in each observable category 

Systematic uncertainties 
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(1)

where FL is the fraction of the longitudinal polarisation of the K⇤0 meson, AFB is
the forward-backward asymmetry of the dimuon system and Si are other CP -averaged
observables [1]. The K+⇡� system can also be in an S-wave configuration, which modifies
the angular distribution to
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(S14 sin 2✓l + S15 sin ✓l) sin ✓K cos�

+
9

32⇡
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(2)

where FS denotes the S-wave fraction and the coe�cients S11, S13–S17 arise from in-
terference between the S- and P-wave amplitudes. Throughout this letter, FS and the
interference terms between the S- and P-wave are treated as nuisance parameters.

Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncertain-
ties cancel, can be built from FL, AFB and S3–S9. Examples of such optimised observables
include the P (0)

i series of observables [47]. The notation used in this letter again follows
Ref. [1], for example P 0

5 = S5/
p
FL(1� FL).

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [48, 49]. The detector includes a vertex
detector surrounding the proton-proton interaction region, tracking stations on either
side of a dipole magnet, ring-imaging Cherenkov (RICH) detectors, electromagnetic and
hadronic calorimeters and muon chambers.

Simulated signal events are used in this analysis to determine the impact of the detector
geometry, trigger, reconstruction and candidate selection on the angular distribution of
the signal. The simulation is produced using the software described in Refs. [50–55].
Corrections derived from the data are applied to the simulation to account for mismodelling
of the charge multiplicity of the event, B0 momentum spectrum and B0 vertex quality.
Similarly, the simulated particle identification (PID) performance is corrected to match
that determined from control samples selected from the data [56, 57].
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [69, 70].

SM predictions. The local discrepancy in the P 0
5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [46]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �
using the observables from Ref. [1] and 2.7 � tension with the measurements reported
here.

In summary, using 4.7 fb�1 of pp collision data collected with the LHCb experiment
during the years 2011, 2012 and 2016, a complete set of CP -averaged angular observables
has been measured for the B0! K⇤0µ+µ� decay. These are the most precise measurements
of these quantities to date.
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Figure 3: Results for the CP -averaged angular observables S3, S4 and S7–S9 in bins of q2. The
data are compared to SM predictions based on the prescription of Refs. [43, 44].
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where FL is the fraction of the longitudinal polarisation of the K⇤0 meson, AFB is
the forward-backward asymmetry of the dimuon system and Si are other CP -averaged
observables [1]. The K+⇡� system can also be in an S-wave configuration, which modifies
the angular distribution to
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where FS denotes the S-wave fraction and the coe�cients S11, S13–S17 arise from in-
terference between the S- and P-wave amplitudes. Throughout this letter, FS and the
interference terms between the S- and P-wave are treated as nuisance parameters.

Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncertain-
ties cancel, can be built from FL, AFB and S3–S9. Examples of such optimised observables
include the P (0)

i series of observables [47]. The notation used in this letter again follows
Ref. [1], for example P 0

5 = S5/
p
FL(1� FL).

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [48, 49]. The detector includes a vertex
detector surrounding the proton-proton interaction region, tracking stations on either
side of a dipole magnet, ring-imaging Cherenkov (RICH) detectors, electromagnetic and
hadronic calorimeters and muon chambers.

Simulated signal events are used in this analysis to determine the impact of the detector
geometry, trigger, reconstruction and candidate selection on the angular distribution of
the signal. The simulation is produced using the software described in Refs. [50–55].
Corrections derived from the data are applied to the simulation to account for mismodelling
of the charge multiplicity of the event, B0 momentum spectrum and B0 vertex quality.
Similarly, the simulated particle identification (PID) performance is corrected to match
that determined from control samples selected from the data [56, 57].
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CP-averaged angular observables
Disclaimer: 2016-
only data is for 
illustratory 
purposes and 
contains no 
systematic 
uncertainties or 
bias and coverage 
corrections

4 of the 8 CP-averaged observables for the Run 1, 2016 & 
combined fit in the     basis, shown across narrow bins in Si
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Run 1 and 2016 
are in excellent 
agreement
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  What about the tension? 
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4<q2<6 6<q2<8 Comb 

Run-1 2.8σ 3.0σ 3.4σ* 

Run-1+2016 2.5σ 2.9σ 3.3σ 

Ø  Similar tension in P5’ 

Ø  What about overall significance? 
 

*if same theory knowledge is used, significance reduces to 2.8σ 



Flavour anomalies? Why excitement? 
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  Individually, measurements are 
consistent with SM  

  Combined they give an intriguing picture 

–  Difference between (lepton) generations? 
–  Consistent New Physics scenario possible 
–  Simple New Physics scenario possible 



On the menu 

  Introduction 
–  Precision measurements 

–  The LHCb physics menu 

  Selection of dishes:  
–  Recent highlights on CP violation 

–  Recent highlights on Rare decays (aka Flavour Anomalies) 

59 

  New results 
1)  Lepton flavour non-universality  Λb

0! pKµ+µ- 
2)  Angular analysis of decay   B0! K*0µ+µ- 

3)  Search for LFV    B0! K*0τ+µ 
4)  New limit on    Bs

0! e+e- 

5)  New limit on    K0
S!µ+µ- 

6)  New limit on (x25 !)   D+
(s)!hll’ 

  A remark on consistency 
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GF

2
=

g2

8MW
2

•  Both are correct, depending on the energy scale you consider 
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•  Analog: Flavour-changing neutral current 



Intermezzo: Effective couplings 

62 

•  Analog: Flavour-changing neutral current 

  Effective coupling can be of various “kinds” 
–  Vector coupling 
–  Axial coupling 
–  Left-handed coupling (V-A) 
–  Right-handed (to quarks) 
–  … 

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20
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•  Analog: Flavour-changing neutral current 

  Effective coupling can be of various “kinds” 
–  Vector coupling:   C9 

–  Axial coupling:   C10 

–  Left-handed coupling (V-A): C9-C10 

–  Right-handed (to quarks):  C9’, C10’, … 
–  Many more!   C7, C1,2, … 

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20See e.g. Buras & Fleischer, hep-ph/9704376 
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Model independent fits: 
  C9

NP deviates from 0 by >4σ  
  Independent fits by many groups favour: 

§  C9
NP=-1       or 

§  C9
NP=-C10

NP 

Ø  All measurements (175) agree with a single (simple?) shift… 

SM 

)9C(Re
3 3.5 4 4.5

2
χ

∆

0

5

10

15

LHCb

SM

Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11], the best fit point is found to be at
�Re(C9) = �1.04± 0.25.

31

NP=V 

LHCb, JHEP 02 (2016) 104 

NP=(V-A) 
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Model independent fits: 
  C9

NP deviates from 0 by >4σ  
  Independent fits by many groups favour: 

§  C9
NP=-1       or 

§  C9
NP=-C10

NP 

Ø  All measurements (175) agree with a single (simple?) shift… 

Altmannshofer & Straub, arXiv:1503.06199, 
(update arXiv:1703.09189) 

SM 

PullSM  p-val    +ee 
SM (χ2/ndof=117/88)              2.1% 0.9%      
C9

NP=-1.07         : 3.7σ 11.3%  4.3σ 
C9

NP=-C10
NP=-0.5: 3.1σ   7.1%  3.9σ 

)9C(Re
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2
χ

∆
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LHCb

SM

Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11], the best fit point is found to be at
�Re(C9) = �1.04± 0.25.

31

NP=V 

LHCb, JHEP 02 (2016) 104 

NP=(V-A) 
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Model independent fits: 
  C9

NP deviates from 0 by >4σ  
  Independent fits by many groups favour: 

§  C9
NP=-1       or 

§  C9
NP=-C10

NP 

Ø  All measurements (175) agree with a single (simple?) shift… 

Capdevila, Crivellin, Descotes-Genon, Matias, Virto, 
arXiv:1705.05340 

Altmannshofer & Straub, arXiv:1503.06199, 
(update arXiv:1703.09189) 

SM 

PullSM p-val 
SM (175 measurem)               11% 
C9

NP=-1.11         : 5.8σ   68% 
C9

NP=-C10
NP=-0.6: 5.3σ   58% 

PullSM  p-val    +ee 
SM (χ2/ndof=117/88)              2.1% 0.9%      
C9

NP=-1.07         : 3.7σ 11.3%  4.3σ 
C9

NP=-C10
NP=-0.5: 3.1σ   7.1%  3.9σ 

)9C(Re
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∆
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LHCb

SM

Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11], the best fit point is found to be at
�Re(C9) = �1.04± 0.25.

31

NP=V 

SM 

LHCb, JHEP 02 (2016) 104 

NP=(V-A) 



B0! K0*µ+µ- : P5’  

  All (175) measurements favor 
C9

NP=-1.0 

  New P5’ closer to SM, but also in 
better agreement with C9

NP=-1.0 

  It is not only about P5’ 
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C9
NP=-1.0 



This decay is described by 

3 angles (�l ,�K ,!) and the di-muon 
invariant mass squared (q2)

B0—>K*mm

Many variables; all sensitive to effective couplings:  

  C7 (photon), C9 (vector) and C10 (axial) couplings hide everywhere: 

68 



Best fit 

  Improved fit for C9
NP=-1.0 

69 

Likelihood vs C9 

C10 vs C9 (run-1) C10 vs C9 (2016) 

SM SM 

More consistent among variables 



Global fit 

  Similar picture as before 
  Reduction of internal tensions 
  Increase of statistical exclusion of SM hypothesis  

–  p-value 1.4%, Pull 5.8σ 
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Emerging patterns of New Physics with and without
Lepton Flavour Universal contributions

Marcel Algueróa,b, Bernat Capdevilaa,b,c, Andreas Crivellind,e, Sébastien Descotes-Genonf ,
Pere Masjuana,b, Joaquim Matiasa,b, Mart́ın Novoa Brunetf and Javier Virtog.

aGrup de F́ısica Teòrica (Departament de F́ısica),
Universitat Autònoma de Barcelona, E-08193 Bellaterra (Barcelona), Catalunya.

b Institut de F́ısica d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology,
Campus UAB, E-08193 Bellaterra (Barcelona), Catalunya.

cUniversità di Torino and INFN Sezione di Torino, Via P. Giuria 1, Torino I-10125, Italy.
d Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland.

ePhysik-Institut, Universität Zürich, Winterthurerstrasse 190, CH-8057 Zürich, Switzerland.
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gDepartament de F́ısica Quàntica i Astrof́ısica, Institut de Ciències del Cosmos,
Universitat de Barcelona, Mart́ı Franquès 1, E08028 Barcelona, Catalunya.

We perform a model-independent global fit to b ! s`+`� observables to confirm existing New
Physics (NP) patterns (or scenarios) and to identify new ones emerging from the inclusion of the
updated LHCb and Belle measurements of RK and RK⇤ , respectively. Our analysis, updating
Refs. [1, 2] and including these new data, suggests the presence of right-handed couplings encoded
in the Wilson coe�cients C90µ and C100µ. It also strengthens our earlier observation that a lepton
flavour universality violating (LFUV) left-handed lepton coupling (CV

9µ = �CV
10µ), often preferred

from the model building point of view, accommodates the data better if lepton-flavour universal
(LFU) NP is allowed, in particular in CU

9 . Furthermore, this scenario with LFU NP provides a
simple and model-independent connection to the b ! c⌧⌫ anomalies, showing a preference of ⇡ 7�
with respect to the SM. It may also explain why fits to the whole set of b ! s`+`� data or to
the subset of LFUV data exhibit stronger preferences for di↵erent NP scenarios. Finally, motivated
by Z0 models with vector-like quarks, we propose four new scenarios with LFU and LFUV NP
contributions that give a very good fit to data. We provide also an addendum collecting our
updated results after including the data for the B ! K⇤µµ angular distribution released in 2020 by
the LHCb collaboration.

PACS numbers: 13.25.Hw, 11.30.Hv

I. INTRODUCTION

The flavour anomalies in b ! s`
+
`
� processes are at

present among the most promising signals of new physics
(NP). Their analyses can be e�ciently and consistently
performed in a model-independent e↵ective field theory
(EFT) framework (see, for instance, [1–3]), where all
short-distance physics (including NP) is encoded in Wil-
son coe�cients, i.e. the coe�cients of higher-dimension
operators. A central open question is then which pat-
tern(s) in the space of the Wilson coe�cients is (are) pre-
ferred by b ! s`

+
`
� observables. More precise measure-

ments, in particular for the observables showing devia-
tions from the Standard Model (SM) expectations (P 0

5 [4],
RK,K⇤,�, Q5[5] . . . ), help us to improve the results of
this EFT analysis, which can then be used as a guideline
for the construction of phenomenologically accurate NP
models.

In this context we present here an update and exten-
sion of our recent works in Refs. [1, 2], in the light of new
measurements of key observables involved in b ! s`

+
`
�

anomalies. We update the experimental value of the ra-
tio probing lepton flavour universality (LFU) defined as

RK = B(B!Kµ
+
µ
�)

B(B!Ke+e�) :

R
[1.1,6]
KLHCb

= 0.846+0.060+0.016
�0.054�0.014 ,

R
[1,6]
KBelle

= 0.98+0.27
�0.23 ± 0.06 , (1)

R
[q2>14.18]
KBelle

= 1.11+0.29
�0.26 ± 0.07 ,

as announced recently by the LHCb collaboration [6],
corresponding to the average of Run-1 and part of Run-
2 (2015-2016) measurements, and the Belle collabora-
tion [7], combining the data from charged and neutral
modes. The correlations with the (finely binned) mea-
surements of B(B ! Kµ

+
µ
�) [8] are tiny and therefore

neglected here. In addition the Belle collaboration has
also presented new results for RK⇤ , the equivalent LFU-
violating (LFUV) ratio for B ! K

⇤
``, in three bins [9],

again considering both charged and neutral channels:

R
[0.045,1.1]
K⇤ = 0.52+0.36

�0.26 ± 0.05 ,

R
[1.1,6]
K⇤ = 0.96+0.45

�0.29 ± 0.11 , (2)

R
[15,19]
K⇤ = 1.18+0.52

�0.32 ± 0.10 .

Our treatment for the Belle observables within the
global fit follows the same strategy as described in Ref. [1]
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All LFUV

1D Hyp. Best fit 1 �/2 � PullSM p-value Best fit 1 �/ 2 � PullSM p-value

CNP
9µ -1.03

[�1.19,�0.88]
6.3 37.5% -0.91

[�1.25,�0.61]
3.3 60.7%

[�1.33,�0.72] [�1.63,�0.34]

CNP
9µ = �CNP

10µ -0.50
[�0.59,�0.41]

5.8 25.3% -0.39
[�0.50,�0.28]

3.7 75.3%
[�0.69,�0.32] [�0.62,�0.17]

CNP
9µ = �C90µ -1.02

[�1.17,�0.87]
6.2 34.0% -1.67

[�2.15,�1.05]
3.1 53.1%

[�1.31,�0.70] [�2.54,�0.48]

CNP
9µ = �3CNP

9e -0.93
[�1.08,�0.78]

6.2 33.6% -0.68
[�0.92,�0.46]

3.3 60.8%
[�1.23,�0.63] [�1.19,�0.25]

TABLE VII. Most prominent 1D patterns of NP in b ! sµ+µ� transitions (state-of-the-art fits as of March 2020). Here,
PullSM is quoted in units of standard deviation and the p-value of the SM hypothesis is 1.4% for the fit “All” and 12.6% for
the fit LFUV.

All LFUV

2D Hyp. Best fit PullSM p-value Best fit PullSM p-value

(CNP
9µ , CNP

10µ) (-0.98,+0.19) 6.2 39.8% (-0.31,+0.44) 3.2 70.0%

(CNP
9µ , C70) (-1.04,+0.01) 6.0 36.5% (-0.92,-0.04) 3.0 57.4%

(CNP
9µ , C90µ) (-1.14,+0.55) 6.5 47.4% (-1.86,+1.20) 3.5 81.2%

(CNP
9µ , C100µ) (-1.17,-0.33) 6.6 50.3% (-1.87,-0.59) 3.7 89.6%

(CNP
9µ , CNP

9e ) (-1.09,-0.25) 6.0 36.5% (-0.72,+0.19) 2.9 54.5%

Hyp. 1 (-1.10,+0.28) 6.5 48.9% (-1.69,+0.29) 3.5 82.4%

Hyp. 2 (-1.01,+0.07) 5.9 33.7% (-1.95,+0.22) 3.1 64.3%

Hyp. 3 (-0.51,+0.10) 5.4 24.0% (-0.39,-0.04) 3.2 69.9%

Hyp. 4 (-0.52,+0.11) 5.6 26.4% (-0.46,+0.15) 3.4 77.9%

Hyp. 5 (-1.17,+0.23) 6.6 51.1% (-2.05,+0.50) 3.8 91.9%

TABLE VIII. Most prominent 2D patterns of NP in b ! sµ+µ� transitions (state-of-the-art fits as of March 2020). The last
five rows correspond to Hypothesis 1: (CNP

9µ = �C90µ, CNP
10µ = C100µ), 2: (CNP

9µ = �C90µ, CNP
10µ = �C100µ), 3: (CNP

9µ = �CNP
10µ, C90µ =

C100µ), 4: (CNP
9µ = �CNP

10µ, C90µ = �C100µ) and 5: (CNP
9µ , C90µ = �C100µ).

2. Updated 1D, 2D and 6D global fits to b ! s``
flavour anomalies in March 2020

Tabs. VII, VIII and IX collect the updated results for
the most prominent LFUV NP scenarios. These tables
(updated using March 2020 data) supersede the ones pre-
sented in the main text, i.e. Tabs. I, II and III, respec-
tively. A discussion on the most relevant NP scenarios
can be found in the main text. Figs. 6 provide a graphical
account of the most remarkable results.

Tab. X collects the updated NP scenarios combining
LFUV and LFU, thus superseding the results presented
in the main text (Tab. V) and those presented in Ref. [2].
Among the scenarios presented in this table, we find one
of the most significant solutions in terms of sigmas (sce-
nario 8) as can also be seen in Figures 8 and 9.

We observe an excellent consistency between the pre-
vious and the new data. This is a remarkable fact since
almost 50 angular observables have been updated in the
most recent LHCb collaboration analysis with uncer-
tainty reductions of 30 � 50% or more (in particular for
the bins [1.1, 2.5] and [2.5, 4]). The consistency between
all observables previously observed is confirmed with a
slightly increased tension (bin by bin) compared to the
SM in basically all angular observables. New tensions
with respect to the SM appear in hP3i[1.1,2.5], hP

0
6i[6,8]

and hP
0
8i[1.1,2.5]. The tension in the first bin of P 0

5 has
decreased and it is now more similar in size with respect
to other tensions [15] (with the caveat that the exper-
imental analysis relies on an expression of the angular
distribution holding in the massless limit, which might
bias the analysis in this first bin). The pull of hP

0
4i[4,6]

13

Scenario Best-fit point 1 � 2 � PullSM p-value

Scenario 5
CV
9µ �0.54 [�1.06,�0.06] [�1.68,+0.39]

6.0 39.4%CV
10µ +0.58 [+0.13,+0.97] [�0.48,+1.33]

CU
9 = CU

10 �0.43 [�0.85,+0.05] [�1.23,+0.67]

Scenario 6
CV
9µ = �CV

10µ �0.56 [�0.65,�0.47] [�0.75,�0.38]
6.2 41.4%

CU
9 = CU

10 �0.41 [�0.53,�0.29] [�0.64,�0.16]

Scenario 7
CV
9µ �0.84 [�1.15,�0.54] [�1.48,�0.26]

6.0 36.5%
CU
9 �0.25 [�0.59,+0.10] [�0.92,+0.47]

Scenario 8
CV
9µ = �CV

10µ �0.34 [�0.44,�0.25] [�0.54,�0.16]
6.5 48.4%

CU
9 �0.80 [�0.98,�0.60] [�1.16,�0.39]

Scenario 9
CV
9µ = �CV

10µ �0.66 [�0.79,�0.52] [�0.93,�0.40]
5.7 28.4%

CU
10 �0.40 [�0.63,�0.17] [�0.86,+0.07]

Scenario 10
CV
9µ �1.03 [�1.18,�0.87] [�1.33,�0.71]

6.2 41.5%
CU
10 +0.28 [+0.12,+0.45] [�0.04,+0.62]

Scenario 11
CV
9µ �1.11 [�1.26,�0.95] [�1.40,�0.78]

6.3 43.9%
CU
100 �0.29 [�0.44,�0.15] [�0.58,�0.01]

Scenario 12
CV
90µ �0.06 [�0.21,+0.10] [�0.37,+0.26]

2.1 2.2%
CU
10 +0.44 [+0.26,+0.62] [+0.09,+0.81]

Scenario 13

CV
9µ �1.16 [�1.31,�1.00] [�1.46,�0.83]

6.2 49.2%CV
90µ +0.56 [+0.27,+0.83] [�0.02,+1.10]

CU
10 +0.28 [+0.08,+0.49] [�0.11,+0.70]

CU
100 +0.01 [�0.19,+0.22] [�0.40,+0.42]

TABLE X. Most prominent patterns for LFU and LFUV NP contributions from Fit “All” (state-of-the-art as of March 2020).
See Table V for more detail.

which calls for NP and they support the scenarios
already favoured to explain the deviations.

• There is a reduction of the internal tensions be-
tween some of the most relevant observables of the
fit, in particular, between the new averages of RK

and P
0
5. This leads to an increase in consistency

between the di↵erent anomalies. This is illustrated
in Fig. 7 (left) showing a better agreement be-
tween the predictions for P

0
5 in the most relevant

NP scenarios and its updated measurement. Fur-
thermore, in Fig. 7 (right), the best-fit points for
the three favoured NP scenarios C

NP
9µ (Ref. [45]),

{C
NP
9µ , C90µ = �C100µ} (main text of this paper) and

{C
V
9µ = �C

V
10µ, C

U
9 } (Ref. [2]) can explain two of

the most relevant anomalies, hP
0
5i[4,6] and RK , in

a perfect way. On the contrary, we see that the
scenarios of NP in C10µ only or in C

NP
9µ = �C

NP
10µ do

not provide such a good agreement (this holds for
any value of the NP contribution).

• The reduced uncertainties of the B ! K
⇤
µµ data

and its improved internal consistency sharpen sta-
tistical statements on the hypotheses considered.
There is a significant increase of the statistical ex-
clusion of the SM hypothesis as its p-value is re-
duced down to 1.4% (i.e. 2.5�). The PullSM of the
6D fit is now higher (5.8�).

• Finally, we have updated the figures corresponding
to specific simplified models in Fig. 7. In partic-
ular, our scenario 8 can still be interpreted in an
EFT framework explaining b ! c`⌫ and b ! s``

through correlated singlet and triplet dimension-
6 operators combining quark and lepton bilinears.
Both b ! s`` and b ! c`⌫ show a very good agree-
ment with this interpretation (see the right-hand
side of Fig. 7) which indicates that scenario 8 is
compatible with the tensions in RD(⇤) if one as-
sumes that the only significant contributions come
from the operators O

2333 and O
2322 in the language

of Ref. [24]. The pull of this scenario reaches 7.4�
taking into account the deviations also observed in
RD(⇤) .

The updated measurements of the B ! K
⇤
µµ angular

observables give also further possibilities to cross check
the stability of our fits regarding internal inconsisten-
cies within the data or underestimated hadronic e↵ects
by examining the q

2-dependence of our extraction (see
Fig. 11). We perform fits testing 1D hypotheses selecting
only the available LHCb data for B ! K

⇤
µµ branching

ratios and angular observables [8, 39, 46] in a given bin
in q

2, together with data on Bs ! µµ, B ! Xsµµ and
b ! s� processes. We consider 1) the scenario with NP
only in C9µ, 2) the scenario with NP in C

NP
9µ = �C

NP
10µ, 3)

the scenario 8, where we fix the LFUV part C
V
9µ = �C

V
10µ

13

Scenario Best-fit point 1 � 2 � PullSM p-value

Scenario 5
CV
9µ �0.54 [�1.06,�0.06] [�1.68,+0.39]

6.0 39.4%CV
10µ +0.58 [+0.13,+0.97] [�0.48,+1.33]

CU
9 = CU

10 �0.43 [�0.85,+0.05] [�1.23,+0.67]

Scenario 6
CV
9µ = �CV

10µ �0.56 [�0.65,�0.47] [�0.75,�0.38]
6.2 41.4%

CU
9 = CU

10 �0.41 [�0.53,�0.29] [�0.64,�0.16]

Scenario 7
CV
9µ �0.84 [�1.15,�0.54] [�1.48,�0.26]

6.0 36.5%
CU
9 �0.25 [�0.59,+0.10] [�0.92,+0.47]

Scenario 8
CV
9µ = �CV

10µ �0.34 [�0.44,�0.25] [�0.54,�0.16]
6.5 48.4%

CU
9 �0.80 [�0.98,�0.60] [�1.16,�0.39]

Scenario 9
CV
9µ = �CV

10µ �0.66 [�0.79,�0.52] [�0.93,�0.40]
5.7 28.4%

CU
10 �0.40 [�0.63,�0.17] [�0.86,+0.07]

Scenario 10
CV
9µ �1.03 [�1.18,�0.87] [�1.33,�0.71]

6.2 41.5%
CU
10 +0.28 [+0.12,+0.45] [�0.04,+0.62]

Scenario 11
CV
9µ �1.11 [�1.26,�0.95] [�1.40,�0.78]

6.3 43.9%
CU
100 �0.29 [�0.44,�0.15] [�0.58,�0.01]

Scenario 12
CV
90µ �0.06 [�0.21,+0.10] [�0.37,+0.26]

2.1 2.2%
CU
10 +0.44 [+0.26,+0.62] [+0.09,+0.81]

Scenario 13

CV
9µ �1.16 [�1.31,�1.00] [�1.46,�0.83]

6.2 49.2%CV
90µ +0.56 [+0.27,+0.83] [�0.02,+1.10]

CU
10 +0.28 [+0.08,+0.49] [�0.11,+0.70]

CU
100 +0.01 [�0.19,+0.22] [�0.40,+0.42]

TABLE X. Most prominent patterns for LFU and LFUV NP contributions from Fit “All” (state-of-the-art as of March 2020).
See Table V for more detail.

which calls for NP and they support the scenarios
already favoured to explain the deviations.

• There is a reduction of the internal tensions be-
tween some of the most relevant observables of the
fit, in particular, between the new averages of RK

and P
0
5. This leads to an increase in consistency

between the di↵erent anomalies. This is illustrated
in Fig. 7 (left) showing a better agreement be-
tween the predictions for P

0
5 in the most relevant

NP scenarios and its updated measurement. Fur-
thermore, in Fig. 7 (right), the best-fit points for
the three favoured NP scenarios C

NP
9µ (Ref. [45]),

{C
NP
9µ , C90µ = �C100µ} (main text of this paper) and

{C
V
9µ = �C

V
10µ, C

U
9 } (Ref. [2]) can explain two of

the most relevant anomalies, hP
0
5i[4,6] and RK , in

a perfect way. On the contrary, we see that the
scenarios of NP in C10µ only or in C

NP
9µ = �C

NP
10µ do

not provide such a good agreement (this holds for
any value of the NP contribution).

• The reduced uncertainties of the B ! K
⇤
µµ data

and its improved internal consistency sharpen sta-
tistical statements on the hypotheses considered.
There is a significant increase of the statistical ex-
clusion of the SM hypothesis as its p-value is re-
duced down to 1.4% (i.e. 2.5�). The PullSM of the
6D fit is now higher (5.8�).

• Finally, we have updated the figures corresponding
to specific simplified models in Fig. 7. In partic-
ular, our scenario 8 can still be interpreted in an
EFT framework explaining b ! c`⌫ and b ! s``

through correlated singlet and triplet dimension-
6 operators combining quark and lepton bilinears.
Both b ! s`` and b ! c`⌫ show a very good agree-
ment with this interpretation (see the right-hand
side of Fig. 7) which indicates that scenario 8 is
compatible with the tensions in RD(⇤) if one as-
sumes that the only significant contributions come
from the operators O

2333 and O
2322 in the language

of Ref. [24]. The pull of this scenario reaches 7.4�
taking into account the deviations also observed in
RD(⇤) .

The updated measurements of the B ! K
⇤
µµ angular

observables give also further possibilities to cross check
the stability of our fits regarding internal inconsisten-
cies within the data or underestimated hadronic e↵ects
by examining the q

2-dependence of our extraction (see
Fig. 11). We perform fits testing 1D hypotheses selecting
only the available LHCb data for B ! K

⇤
µµ branching

ratios and angular observables [8, 39, 46] in a given bin
in q

2, together with data on Bs ! µµ, B ! Xsµµ and
b ! s� processes. We consider 1) the scenario with NP
only in C9µ, 2) the scenario with NP in C

NP
9µ = �C

NP
10µ, 3)

the scenario 8, where we fix the LFUV part C
V
9µ = �C

V
10µ
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Outlook 

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 203+ 

Run III Run IV Run V 
LS2 ? LS3 LS4 
LHCb 40 MHz 
UPGRADE I 

L = 2 x 1033 LHCb  
Consolidate: Upgr Ib 
 

L = 2 x 1033 
50 fb-1 

LHCb  
UPGRADE II 

L=1-2x 1034 

300 fb-1 

ATLAS 
Phase I Upgr 

 
L = 2 x 1034 

ATLAS  
Phase II UPGRADE 

HL-LHC 
L = 5 x 1034 

ATLAS HL-LHC 
L = 5 x 1034 

CMS 
Phase I Upgr 

300 fb-1 CMS   
Phase II UPGRADE 

CMS 3000 fb-1 

Belle 
II 

5 ab-1 
 

L = 8 x 1035 50 ab-1 
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LHC schedule: Frederick Bordry, 2019 
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm 
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron and
muon modes with (left) Run 3 and (right) Upgrade II data sets. The 3� regions are shown for
the SM (blue), for a vector-axial-vector new physics contribution (red) and for a purely vector
new physics contribution (green).

In the existing LHCb detector, electron modes have an approximately factor five lower2796

e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose2797

a significant fraction of their energy through bremsstrahlung radiation in the detector. This2798

loss impacts on the ability to reconstruct, trigger and select the electron modes. The precision2799

with which observables can be extracted therefore depends primarily on the electron modes2800

and not the muon modes. In order for RX measurements to benefit from the large Upgrade II2801

data samples, it will be necessary to reduce systematic uncertainties to the percent level. These2802

uncertainties can be controlled by taking a double ratio between RX and the decays B! J/ X,2803

where the J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with2804

very large data sets.2805

Other sources of systematic uncertainty can be mitigated through design choices for the2806

upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to2807

find the relevant photons in the ECAL (over significant backgrounds) and by the energy2808

resolution. A reduced amount of material before the magnet would reduce the amount of2809

bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the2810

electron momentum resolution. Higher transverse granularity would aid signal selection and2811

help reduce the backgrounds. With a large number of primary pp collisions, the combinatorial2812

background will increase and will need to be controlled with the use of timing information.2813

However, the Run 1 data set indicates that it may be possible to tolerate a factor increase in2814

combinatorial backgrounds without destroying the signal selection ability.2815

7.3.6 Time-dependent analysis of B0
s ! �µ+µ� and B0 ! ⇢0µ+µ�

2816

Time dependent analyses of rare decays into CP -eigenstates can deliver orthogonal experimental2817

information to time-integrated observables. So far, no time-dependent measurement of the2818

B0
s ! �µ+µ� decay has been performed due to the limited signal yield of 432 ± 24 candidates2819

in the Run 1 data sample [294]. However, the larger data samples available in Upgrade II will2820

enable time-dependent studies. The framework describing B and B ! V l+l� transitions to a2821
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Conclusions 
  Precision measurements to scrutinize the Standard Model 
  Precision measurements reach very high mass scales 
  Precision measurements are not yet precise enough 
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

[Charles et al., 1309.2293]

CKM fit in 10 years
[Charles et al., 1309.2293]

Stage II: 

- 50 fb-1 of LHCb data

- 50 ab-1 of Belle II data

- δfBq = O(1%),          
δVub= O(2%)

Lattice QCD improvements crucial to obtain such tight constraints  
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statistical (treated as Gaussian) and the second one is
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ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,
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What NP could it be? 

 
  Anomalous measurements: 

–  FCNC: bàsll 
–  LFNU: bàsll and bàclν 

 
  What are the interpretations? 

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

If these LFU anomalies were confirmed, it would be a fantastic discovery, with 
far-reaching implications

If interpreted as NP signals, both set of anomalies are not in contradiction 
among themselves & with existing low- & high-energy data. 

Taken together, they point out to NP coupled mainly to 3rd generation, with a 
flavor structure connected to that appearing in the SM Yukawa couplings

UV completions with LQ states seem to be favored, but to early to draw 
definite conclusions [still a lot of work on the model-building side...]

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

Or maybe it is not...

G. Isidori, Implications workshop, CERN, 10 Nov 2017 
https://indico.cern.ch/event/646856/timetable/  
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Model building 
  Most popular models: Z’ or Leptoquark 

W ′
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c

SM SU(2)’ Leptoquark 

LQb
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LQb

µ+

µ−
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Model building 
  Step 1: Effective theory 

 
  Step 2: Simplified models 

LQb

µ+

µ−

s

Buttazzo, Greljo, Isidori, Marzocca,  
B-physics anomalies: a guide to combined explanations  

JHEP 1711 (2017) 044  

the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

Le↵ = LSM �
1

v2
�q

ij
�`

↵�

h
CT (Q̄i

L�µ�
aQj

L
)(L̄↵

L�
µ�aL�

L
) + CS (Q̄i

L�µQ
j

L
)(L̄↵

L�
µL�

L
)
i
, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi

L =

✓
V ⇤
ji
uj
L

di
L

◆
, L↵

L =

✓
⌫↵
L

`↵
L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:

5

Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2

 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ

1 ⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents

LU = �
1

2
U †
1,µ⌫U

1,µ⌫ +M2
UU

†
1,µU

µ

1 + gU (J
µ

U
U1,µ + h.c.) , (7)

Jµ

U
⌘ �i↵ Q̄i�

µL↵ . (8)

Here �(0)
i↵

= �3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour
structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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, (9)

where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U
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j

L
)(L̄�

L
�µL↵

L)
i
, (9)

where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but

12

1σ

2σ

3σ

W'

B'
U1U1U3

S1S3

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

CT

C S

Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative

11

Observable Experimental bound Linearised expression

R⌧`

D(⇤) 1.237± 0.053 1 + 2CT (1� �q
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V ⇤
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/V ⇤

ts)(1� �`
µµ/2)

�Cµ

9 = ��Cµ

10
�0.61± 0.12 [36] �

⇡

↵emVtbV
⇤
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�`
µµ�

q

sb
(CT + CS)

Rµe

b!c
� 1 0.00± 0.02 2CT (1� �q

sb
V ⇤
tb
/V ⇤

ts)�
`
µµ

B
K(⇤)⌫⌫̄

0.0± 2.6 1 + 2
3

⇡

↵emVtbV
⇤
tsC

SM
⌫

(CT � CS)�
q

sb
(1 + �`

µµ)

�gZ⌧L
�0.0002± 0.0006 0.033CT � 0.043CS

�gZ⌫⌧ �0.0040± 0.0021 �0.033CT � 0.043CS

|gW⌧ /gW
`
| 1.00097± 0.00098 1� 0.084CT

B(⌧ ! 3µ) (0.0± 0.6)⇥ 10�8 2.5⇥ 10�4(CS � CT )2(�`
⌧µ)

2

Table 1: Observables entering in the fit, together with the associated experimental bounds
(assuming the uncertainties follow the Gaussian distribution) and their linearised expressions in
terms of the EFT parameters. The full expressions used in the fit can be found in Appendix B.

1. The factorised flavour structure in Eq. (1) is not the most general one; however, it is general
enough given that the available data are sensitive only to the flavour-breaking couplings
�q

sb
and �`

µµ (and, to a minor extent, also to �`
⌧µ). By construction, �q

bb
= �`

⌧⌧ = 1.

2. The choice of basis in Eq. (2) to define the U(2)q ⇥U(2)` singlets (i.e. to define the “third
generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects itself in the
values of �q

sb
, �`

µµ, and �`
⌧µ, that, in absence of a specific basis alignment, are expected to

be
�q

sb
= O(|Vcb|) , �`

⌧µ = O(|V⌧µ|) , �`

µµ = O(|V⌧µ|
2) . (3)

3. A particularly restrictive scenario, that can be implemented both in the case of LQ or
colour-less mediators, is the so-called pure-mixing scenario, i.e. the hypothesis that there
exists a flavour basis where the NP interaction is completely aligned along the flavour
singlets. For both mediators, in this specific limit one arrives to the prediction �`

µµ > 0.

In order to reduce the number of free parameters, in Eq. (1) we assume the same flavour
structure for the two operators. This condition is realised in specific simplified models, but it
does not hold in general. The consequences of relaxing this assumption are discussed in Section 3
in the context of specific examples. Finally, motivated by the absence of deviations from the SM
in CP-violating observables, we assume all the complex phases, except the CKM phase contained
in the Vq spurion, to vanish (as shown in Appendix A, this implies �q

bs
= �q

sb
and �`

⌧µ = �`
µ⌧ ).

2.2 Fit of the semi-leptonic operators

To quantify how well the proposed framework can accommodate the observed anomalies, we
perform a fit to low-energy data with four free parameters: CT , CS , �

q

sb
, and �`

µµ, while for

simplicity we set �`
⌧µ = 0.1 The set of experimental measurements entering the fit, together

1We explicitly verified that a nonzero �⌧µ has no impact on the fit results.
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Model building 

  Many models! See e.g.: 
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B-decay anomalies and BSM models
ØThe rare B-decay anomalies in recent experimental results. 

ØPossible BSM models 
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→ 3.46 discrepency with the vector coupling ∆C>= −1.04 ± 0.25.
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LHCb: 2.66 tension in [1 − 6]5GeVI bin
LHCb: 
2.1-2.36 tension in [0.045 − 1.1]5GeVI;
2.4-2.56 tension in  [1.1 − 6]5GeVI bins.

LHCb [JHEP 08 (2017) 055]
BaBar [PRD 86 (2012) 032012] 
Belle [PRL 103 (2009) 171801] 

SM [PRL 113 (2014) 151601] 

With the vector coupling ∆C# = −1.04 ± 0.25Logical possible BSM models
"Possible models to explain the anomalies: 
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•Heavy  Z. model
•SU(2)L singlet or 
triplet
•arXiv:1403.1269, 
1501.00993, 
1503.03477, 
1611.02703, ... 

•Leptoquark model
•Spin 0 or 1
•arXiv:01511.01900, 
1503.01084, 
1704.05835, 
1512.01560, 
1511.06024, 
1408.1627, ... 

•Other new heavy 
scalars/vectors 
also leptoquark 
possible
•arXiv:01509.05020, 
1608.07832, 
1704.05438, 
1607.01659, 
1704.07845, 
hep-ph/0610037, ...

Courtesy, Geng CHEN, ICHEP 2018 , 7 July 2018 
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Model building 

  Ingredients 
–  NP: large coupling b!cτν 

•  Large coupling to 3rd gen leptons 
•  Left-handed coupling (no RH neutrino) 

–  NP: small (non-vanishing) coupling b!sµµ 
•  Small coupling to 2nd gen leptons 
•  Left-handed coupling (from C9) 

EFT-type considerations

R(D) and R(D*)  consistent with a 
universal enhancement (~30%) of the 
SM bL → cL τL νL amplitude 

(RH or scalar amplitudes disfavored) 

Recent data show some convincing evidences of Lepton Flavor Universality  
violations 

b → c charged currents: τ vs. light leptons (μ, e)  [RD, RD*]

b → s neutral currents: μ vs. e [RK, RK*  (+ P5 et al.) ] 

 bL           cL

W

τL , ℓL  νL

 bL           cL

τL                 νL

NP

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

→ talks Thursday 
     morning

EFT-type considerations

Recent data show some convincing evidences of Lepton Flavor Universality  
violations 

b → c charged currents: τ vs. light leptons (μ, e)  [RD, RD*]

b → s neutral currents: μ vs. e [RK, RK*  (+ P5 et al.) ] 

Altmannshofer, Stangl, Straub '17

 bL           sL

NP

 bL           sL

SM

μ μμ, e μ, e

All effects well described by NP only 
in b→sμμ and (& not in ee)

LH structure on the quark side
largely favored

Helicity structure on the lepton side 
less clear

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

→ talks Wednesday
     morning
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  Ingredients 
–  NP: large coupling b!cτν 

•  Large coupling to 3rd gen leptons 
•  Left-handed coupling (no RH neutrino) 

–  NP: small (non-vanishing) coupling b!sµµ 
•  Small coupling to 2nd gen leptons 
•  Left-handed coupling (from C9 ) 

 
  Experimental constraints 

–  High pT searches  (No ττ resonance: no s-channel Z’) 

–  Radiative constr. τ!µνν                     Vector LQ favoured  
–  Bs

0 mixing  (No tree level NP: small bs implies large τν)  over 
–  Bc

+ lifetime  (Scalar LQ increases BR(Bc
+!τ+ν))          Scalar LQ or Z’ 

EFT-type considerations

R(D) and R(D*)  consistent with a 
universal enhancement (~30%) of the 
SM bL → cL τL νL amplitude 

(RH or scalar amplitudes disfavored) 

Recent data show some convincing evidences of Lepton Flavor Universality  
violations 

b → c charged currents: τ vs. light leptons (μ, e)  [RD, RD*]

b → s neutral currents: μ vs. e [RK, RK*  (+ P5 et al.) ] 

 bL           cL

W

τL , ℓL  νL

 bL           cL

τL                 νL

NP

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

→ talks Thursday 
     morning

EFT-type considerations

Recent data show some convincing evidences of Lepton Flavor Universality  
violations 

b → c charged currents: τ vs. light leptons (μ, e)  [RD, RD*]

b → s neutral currents: μ vs. e [RK, RK*  (+ P5 et al.) ] 

Altmannshofer, Stangl, Straub '17

 bL           sL

NP

 bL           sL

SM
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All effects well described by NP only 
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LH structure on the quark side
largely favored
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less clear
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EFT-type considerations [The main problems]

I. high-pT constraints

Three main problems identified in the recent literature (driven mainly by RD...):   

 

b

b

τ

τ

b

b

τ

τ

Faroughy, Greljo, Kamenik '16

Z' exclusion

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

Z'(W')
LQ

Naïve EFT scale 
[from RD - setting g, λ → 1 ]:  Λ ~ 700 GeV 

EFT-type considerations [The main problems]

II. radiative constraints

τ

ν ν

μ

Feruglio, Paradisi, Pattori '16

I. high-pT constraints

Three main problems identified in the recent literature (driven mainly by RD...):   
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EFT-type considerations [The main problems]

II. radiative constraints

τ

ν ν

μ

I. high-pT constraints

Three main problems identified in the recent literature (driven mainly by RD...):   
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III. flavor bounds
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Greljo, GI, Marzocca '15
Calibbi, Crivellin, Ota, '15
(+many others...)

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

LQ
Z'(W')

Z'

LQ

The constraint of the Bc-lifetime

B ! D⇤⌧⌫ receives a contribution from ✏P

✏P hD⇤(k, ✏)|c̄�5b|B̄(p)i=� 2✏P mD⇤
mb+mc

A0(q
2)✏⇤·q

Bc ! ⌧⌫ also receives a helicity-enhanced contribution from ✏P !

Br(B�
c !⌧⌫̄⌧ )

Br(B�
c !⌧⌫̄⌧ )SM

=

�����1+✏L+
m2

Bc
m⌧ (mb+mc )

✏P

�����

2

⌧Bc makes implausible ANY
“scalar solution”

(e.g. 2HDM) to the RD⇤ anomaly!

Alonso, Grinstein&JMC, arXiv: 1611.06676

(see also Xin-Qiang Li et al., JHEP 1608 (2016) 054)

J. Martin Camalich (CERN) EFT analysis of B-decay anomalies January 16th 2018 4 / 18

G.Isidori      J.M.Camalich 
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Model building 

  Many more experimental handles; predictions can be checked! 

  Universal for all bàcτν: 
–  Accurate R(D*), R(J/ψ), … 

  Strong coupling to τau’s: 
–  Measure e.g. B0!K*ττ 

  LFNU linked with LFV: 
–  Look for e.g. B0!K*τµ 
–  BR(τ!µµµ)~10-9 

 
  c, u symmetry: 

–  Study suppressed semileptonic 

Bs mixing 
–  O(1-10%) effect on Δms 

b → s

μμ (ee) ττ

b → d

s → d

νν

Bd → μμ

B → π μμ

Bs → K(*) μμ

K → π νν

B → K(*) νν

B → π νν

B → K(*) ττ

B → π ττ

τμ μe 

O(20%)

RK, RK*

O(1)

O(1)

O(1)

→ 100×SM

→ 100×SM

long-distance 
pollution

NA NA

B → K τμ

→ ~10-6

B → π τμ

→ ~10-7

B → K μe

???

B → π μe

???

K → μe

???

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

If the anomalies are due to NP, we should expect to see several other BSM effects 
in low-energy observables

Implications for low-energy measurements

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

O(20%) [RK=Rπ]

A similar table can be made also for charged currents, and in this case the 
predictions of the EFT are more simple/robust: 

Implications for low-energy measurements

 =                                =                                 =                                 = ...

I) LH operators [ universality of all Rτ/μ(b→c) ratios ]:  

II) U(2) symmetry [ Rτ/μ(b→c)=Rτ/μ(b→u) universality ]:

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

Any mode for which we can predict well the LFU ratio is good for such tests... 
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Γ(Bc→ψτν)/ΓSM
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Γ(Λb→Λcτν)/ΓSM

Γ(Λb→Λcμν)/ΓSM

RD

(RD)SM

 =                                 =                                 = … =
Γ(B→π τν)/ΓSM

Γ(B→π μν)/ΓSM

Γ(Λb→p τν)/ΓSM

Γ(Λb→p μν)/ΓSM

Γ(Bs→K*τν)/ΓSM

Γ(Bs→K*μν)/ΓSM

RD

(RD)SM

A similar table can be made also for charged currents, and in this case the 
predictions of the EFT are more simple/robust: 

Implications for low-energy measurements

 =                                =                                 =                                 = ...

I) LH operators [ universality of all Rτ/μ(b→c) ratios ]:  
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G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

Any mode for which we can predict well the LFU ratio is good for such tests... 

Γ(B→D*τν)/ΓSM

Γ(B→D*μν)/ΓSM

Γ(Bc→ψτν)/ΓSM

Γ(Bc→ψμν)/ΓSM

Γ(Λb→Λcτν)/ΓSM

Γ(Λb→Λcμν)/ΓSM

RD

(RD)SM

 =                                 =                                 = … =
Γ(B→π τν)/ΓSM

Γ(B→π μν)/ΓSM

Γ(Λb→p τν)/ΓSM

Γ(Λb→p μν)/ΓSM

Γ(Bs→K*τν)/ΓSM

Γ(Bs→K*μν)/ΓSM

RD

(RD)SM

B
uttazzo, G

reljo, Isidori, M
arzocca,  

B
-physics anom

alies: a guide to com
bined explanations  

JH
EP 1711 (2017) 044  

ZU-TH-18/17

B-physics anomalies: a guide to combined explanations

Dario Buttazzo
a
, Admir Greljo
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a
, David Marzocca
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(a) Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland

(b) Faculty of Science, University of Sarajevo, Zmaja od Bosne 33-35,

71000 Sarajevo, Bosnia and Herzegovina

Abstract

Motivated by additional experimental hints of Lepton Flavour Universality violation
in B decays, both in charged- and in neutral-current processes, we analyse the ingre-
dients necessary to provide a combined description of these phenomena. By means of
an E↵ective Field Theory (EFT) approach, based on the hypothesis of New Physics
coupled predominantly to the third generation of left-handed quarks and leptons,
we show how this is possible. We demonstrate, in particular, how to solve the prob-
lems posed by electroweak precision tests and direct searches with a rather natural
choice of model parameters, within the context of a U(2)q ⇥ U(2)` flavour symme-
try. We further exemplify the general EFT findings by means of simplified models
with explicit mediators in the TeV range: coloured scalar or vector leptoquarks and
colour-less vectors. Among these, the case of an SU(2)L-singlet vector leptoquark
emerges as a particularly simple and successful framework.
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Model building 

  Many more experimental handles; predictions can be checked! 
  High pT signatures? 

–  LQ pairs 

 
–  LQ t-channel in bb!ττ 
Reachable 
during HL-LHC 

 
–  Single production channel  
(dominant?) 

B
uttazzo, G

reljo, Isidori, M
arzocca,  

B
-physics anom

alies: a guide to com
bined explanations  

JH
EP 1711 (2017) 044  

Also as far as direct searches are concerned, 3rd gen. LQ are in good shape:
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Implications for high-pT physics
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N.B.: The single production (for which so far there are no dedicated searches) 
might be the dominant prod. channel
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The	need	for	more	precision
# “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

# “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)
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