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• Charm physics (mostly direct CPV).


• New physics with rare decays.


• The NA62 experiment.


• Search for the ultra rare decay Bs0—>µµ


• Semileptonic b—>sll transitions
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CPV in charm decays
• While CPV in B mesons/kaons has long been established, it had never been seen in charm quarks.
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• The tree and penguin sizes were too different: 
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• While CPV in beauty quark decays had been long established, it had 
never been seen in charm quarks.

CPV in charm decays

• Fortunately, have millions of signal.

• The tree and penguin amplitude sizes were too different: AT >> AP.
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• Therefore expect CPV to 
be very small.

• Can detect very small CPV signals.
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• Therefore expect CPV to 
be very small.

• Can detect very small CPV signals.

• Fortunately have millions of signal.

 PHYS. REV. LETT. 122 (2019) 211803 

https://doi.org/10.1103/PhysRevLett.122.211803
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Aside: Detection asymmetries
• If we had a perfect detector, the CP asymmetry would be given by

3

!2

ACP = N − N̄
N + N̄

• In reality, there is a different efficiency for the two CP states

!3

Araw = ϵN − ϵ̄N̄
ϵN + ϵ̄N̄

!4

≈ ACP + Adet

Araw = ϵN − ϵ̄N̄
ϵN + ϵ̄N̄

Mika Vesterinen

Detection asymmetries

Negatively 
charged muon

Positively 
charged muon

Dipole !
magnet

B-field

Muon  
chambers

MV, “Considerations on the LHCb dipole magnet 
polarity reversal”, LHCb-PUB-2014-006.
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• Where does this come from?

Mika Vesterinen

Muon  
chambers

Dipole !
magnet

Detection asymmetries

Positively 
charged muon

Negatively 
charged muon

B-field

Reversed magnet polarity

MV, “Considerations on the LHCb dipole magnet 
polarity reversal”, LHCb-PUB-2014-006.

26• Controlled with a combination of data and simulation. We are interested in CP asymmetries at the 10-4 
level - the details really matter here.
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LHCb analysis
• In early 2019, we analysed our full dataset and looked for CP violation in D0—>h+h- decays.

4

• In order to control detection asymmetries, compare two decays: D0—>K+K- and D0—>π+π-.

• The flavour of the D meson is determined from:


• The charge of the excited D*+ state.


• The charge of an accompanying muon.
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• In early 2019, we analysed our full 9fb-1 dataset in D—>hh decays.

LHCb analysis
• In order to control experimental uncertainties, compared two decays D—

>KK and D—>ππ.
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� 

∆ACP ≡ Araw (KK) − Araw (ππ) = ACP (KK) − ACP (ππ)

• This helps cancel experimental 
effects due to reconstructing 
particles with opposite charges.
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Those interested can look at Angelo Carbone’s CERN seminar

https://cds.cern.ch/record/2668391
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Discovery of CPV in charm 
• We measured this difference to be non-zero by 5.3 standard deviations.
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• We measured this difference to be non-zero by 5.3 standard deviations.

A recent discovery
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Interpretation

For+the+full+LHCb data+set+(9 fb$%):
& ' /) *+ = 0.115 ± 0.002

' /) *+ =+1.71 ± 0.10

Using+the+LHCb averages:

345 = 5.7 ± 1.5 ×10$8

9: = −2.8 ± 2.8 ×10$= ≃ −?45@AB

CDEFGHI = −JK. L ± M. N ×JO$P

Δ945 mostly sensitive to direct CP violation

LHCb=PAPER=2019=006

JHEP+04+(2012)+129

Phys.+Rev.+Lett.+122+(2019)+011802

JHEP+04+(2015)+043

Phys.+Rev.+Lett.+118+(2017)+261803,
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CP#violation#key#dates

1956
Parity violation
T. D. Lee,
C. N. Yang and
C. S. Wu et al.

1964
Strange particles:
CP violation in !
meson decays
J. W. Cronin,
V. L. Fitch et al.

2001
Beauty particles:
CP violation in "#
meson decays
BaBar and Belle 
collaborations

1963
Cabibbo Mixing
N. Cabibbo

1973
The CKM matrix
M. Kobayashi and 
T. Maskawa

2019
Charm particles:
CP violation in $#
meson decays
LHCb collaboration

TODAY

• The conference organisers provided a 
celebratory drink to the LHCb 
members.

First time discovered!

• The conference organisers were kind 
enough to provide a celebratory drink to 
the LHCb members.
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TODAY

• The conference organisers provided a 
celebratory drink to the LHCb 
members.

First time discovered!

• Presented at Moriond 2019 for the first time.

 PHYS. REV. LETT. 122 (2019) 211803 

https://doi.org/10.1103/PhysRevLett.122.211803
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Interpretation
• Interpretation is complicated by QCD uncertainties (size depends on strong phase).


• The charm quark is not very heavy - QCD is strong. Non-perturbative techniques are needed.

6
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• Interpretation of this measurement is complicated by QCD uncertainties. 

• The charm quark is light so QCD is strong: non-peterbative techniques needed.

Interpretation

New physics explanation QCD explanation

• Direct CPV often has interpretation issues 
due to the strong part needed to generate 
such effects. 

• Other CPV in mixing more theoretically 
‘clean’.
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The road to discovery is often not straight
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ΔA#$ history(in(LHCb [201222019]

Phys.(Rev.(Lett.(108((2012)

Phys.(Lett.(B723(33((2013)

JHEP(07(041((2014)

Phys.(Rev.(Lett.(116((2016)

%2tagged((0.62(fb21)

%2tagged((3(fb21)

&2tagged((3(fb21)

&2tagged((1(fb21)

%2tagged((6(fb21)

&2tagged((6(fb21) LHCb2PAPER220192006

LHCb2PAPER220192006
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Indirect CPV in charm

8

CERN, 2021–02–16 T. Pajero, University of Oxford | CP violation in charm at LHCb

Flavoured neutral mesons

5

Flavour quantum numbers are not conserved by the weak interaction 
→ neutral mesons oscillate:

i
d
dt (D0(t)

D0(t)) = (M − i
2 Γ) (D0(t)

D0(t))

ad
f ≡

|Af|2 − |Āf̄|2

|Af|2 + |Āf̄|2

D0 D0
 

(FCNC)
ΔC = 2

off-shell 
transitions. NP?

on-shell 
transitions The oscillation probability is determined 

by the size of the transition amplitudes:

x12 ≡ 2|M12|
Γ , y12 ≡ 2|Γ12|

Γ
“mixing 
 parameters”

Mixing provides additional interfering amplitudes. CPV is classified as:

1. CPV in the decay 
 

2. CPV in the mixing 
 

3. CPV in the interference 
(of mixing and decay)

ϕ12 ≡ arg(M12 /Γ12) ≠ 0
P(D0 → D 0) ≠ P(D 0 → D0)

• Reminder of types of CPV:

1 Introduction

The breaking of the invariance of fundamental interactions under the combined charge
conjugation (C) and parity (P ) transformation, commonly named CP violation, is a
necessary condition to explain the much larger abundance of matter with respect to
antimatter in the universe [1]. Within the standard model (SM) of particle physics, the
weak interaction provides a source of CP violation through a single complex phase in
the Cabibbo–Kobayashi–Maskawa (CKM) matrix that governs the interaction of quarks
with the W boson [2, 3]. This CKM paradigm has been tested successfully in the decays
of down-type quarks (s or b) in K and B mesons. However, the measured size of CP
violation is too small to explain the aforementioned matter–antimatter asymmetry [4],
suggesting the existence of additional sources of CP violation beyond the SM.

Hadrons containing charm quarks are the only ones where CP violation and flavour-
changing neutral currents (FCNC) involving up-type quarks (u, c or t) can be studied,
and provide a unique opportunity to detect new interactions beyond the SM that leave
down-type quarks una↵ected [5]. Within the SM both CP violation and FCNC for
charm hadrons are predicted to be smaller than for kaons and beauty hadrons. The
Glashow–Iliopoulos–Maiani mechanism is more e↵ective owing to the smaller mass of
the beauty with respect to the top quark and to the smallness of the CKM matrix
elements connecting the first two generations of quarks with the third. Furthermore, the
contributions from the strange and down quarks cancel in the U -spin limit, where U -spin
is the SU(2) subgroup of SU(3)F relating the down and strange quarks. In particular,
the combination of CKM matrix elements responsible for CP violation in charm decays in
the SM is Im(VcbV

⇤
ub/VcsV

⇤
us) ⇡ �6⇥ 10�4, corresponding to CP asymmetries typically of

the order of 10�4 to 10�3 [5].
The LHCb collaboration reported the first observation of CP violation in the decay

of D0 mesons in 2019 [6]. However, theoretical uncertainties on nonperturbative e↵ects
of the strong interaction do not allow a rigorous assessment of its compatibility with
the SM [5,7–11]. This has prompted a renewed interest of the theory community in the
field [12–20]. Complementary searches for time-dependent CP violation in D0 decays,
which has not been observed so far, have the potential to clarify this picture [21].

Cabibbo-suppressed D0 ! f decays, where the final state f = K+K� or ⇡+⇡� is
common to D0 and D0 mesons, provide one of the most sensitive tests of time-dependent
CP violation through the measurement of the time-dependent asymmetry between the
D0 and D0 decay rates,

ACP (f, t) ⌘
�(D0! f, t)� �(D0! f, t)

�(D0! f, t) + �(D0! f, t)
, (1)

where �(D0! f, t) indicates the decay rate of an initial D0 meson decaying into the final
state f at time t. The dependence of the asymmetry on decay time is due to the oscillation
of D0 into D0 mesons. This process is parametrised through the mixing parameters x12

and y12, defined as x12 ⌘ 2|M12/�| and y12 ⌘ |�12/�| [22], where H ⌘ M � i
2� is the

e↵ective Hamiltonian governing the time evolution of the D0–D0 system and � is the
average decay width of the mass eigenstates. Since both mixing parameters are smaller
than 1% [23–29], the asymmetry can be expanded to linear order in the mixing parameters
as

ACP (f, t) ⇡ adf +�Yf
t

⌧D0
, (2)

1

• Similarly to sin(2β), measure CP asymmetry as a function of time.
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Direct CPV

• Also parameterised as AΓ, is sensitive to CPV in mixing and the decay.

Table 1: Summary of the systematic uncertainties, in units of 10�4. The statistical uncertainties
are reported for comparison.

Source �YK+K� [10�4] �Y⇡+⇡� [10�4]

Subtraction of the m(D0⇡+
tag) background 0.2 0.3

Flavour-dependent shift of D⇤-mass peak 0.1 0.1
D⇤+ from B-meson decays 0.1 0.1
m(h+h�) background 0.1 0.1
Kinematic weighting 0.1 0.1

Total systematic uncertainty 0.3 0.4
Statistical uncertainty 1.5 2.8

⇡+
tag mesons; the D0 flight distance in the plane transverse to the beam; the position of the

PV along the beamline; and the number of PVs in the event. No significant dependencies
of �Yh+h� on any of these variables are found. The measurement is repeated for the
signal channels, assigning a zero weight in the weighting procedure of Sect. 5 only to
the candidates in the tridimensional-space intervals for which the corresponding intervals
of the K�⇡+ sample have fewer than 40 candidates or an asymmetry greater than 20%.
In this way, the choice of the zero weights is made independent of the value of �Yh+h� .
The stability of the measurement is further checked as a function of the threshold of the
minimum number of candidates and of the maximum asymmetry per interval. The results
of all these tests are compatible with the baseline one within the statistical uncertainty.
Finally, possible biases due to the decay-time resolution, approximately 0.11 ⌧D0 , are
determined in simulation to be less than 0.01⇥ 10�4, and thus are neglected.

8 Results

The time-dependent asymmetries of the D0! K+K� and D0! ⇡+⇡� channels, after the
kinematic weighting and the subtraction of the contribution from B-meson decays, are
displayed in Fig. 12. Linear fits are superimposed, and the resulting slopes are

�YK+K� = (�2.3± 1.5± 0.3)⇥ 10�4,

�Y⇡+⇡� = (�4.0± 2.8± 0.4)⇥ 10�4,

where the first uncertainties are statistical and the second are systematic. Assuming that
all systematic uncertainties are 100% correlated, except those on the m(h+h�) background,
which are taken to be uncorrelated, the di↵erence of �Yf between the two final states is
equal to

�YK+K� ��Y⇡+⇡� = (1.7± 3.2± 0.1)⇥ 10�4,

and is consistent with zero. Neglecting final-state dependent contributions to �Yf , the
two values are combined using the best linear unbiased estimator [69, 70]. The result,

�Y = (�2.7± 1.3± 0.3)⇥ 10�4,

21

Incredible precision! Consistent with no CPV 

ARXIV:2105.09889 

http://arxiv.org/abs/2105.09889
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Flavour changing neutral currents

9

• Decays which are either highly suppressed or forbidden in the SM are highly sensitive to new physics.


• The canonical example are flavour changing neutral currents (FCNCs). Examples that we will look at 
are s—>d and b—>s transitions.


• FCNCs have played a big part in our construction of the SM.

• The smallness of KL0—>µ+µ- led to the GIM mechanism and the prediction of the charm 
quark years before it was discovered. 

• Can FCNCs do the same again but with new physics?
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B mesons vs Kaons
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• Let’s compare FCNCs between B meson decays and kaons

• Kaons much more suppressed due to CKM elements involved.

1.1.2 The K ! ⇡⌫⌫̄ decay
The K+

! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄ transitions, in the Standard Model, arise from an
s ! d⌫⌫̄ process at quark level. This transition happens through a Flavour Chang-
ing Neutral Current (FCNC) which is forbidden at tree level within the Standard
Model. The K ! ⇡⌫⌫̄ decays can proceed through either one of the two penguin or
a box Feynman diagrams, involving the exchange of W and Z bosons, as shown in
Figure 1.3.
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FIG. 1 The penguin and box diagrams contributing to K+ � �+��̄. For KL � �0��̄ only the spectator quark is changed from
u to d.

the scheme dependence only removed by considering higher order electroweak e�ects in K ! ���̄. An analysis of such
e�ects in the large mt limit (Buchalla and Buras, 1998) shows that in principle they could introduce a ±5% correction
in the K ! ���̄ branching ratios but with the MS definition of sin2 �w, these higher order electroweak corrections
are found below 2% and can also be safely neglected. Similar comments apply to �. This pattern of higher order
electroweak corrections is also found in the B0

d,s � B̄0
d,s mixing (Gambino et al., 1999). Yet, in the future, a complete

analysis of two-loop electroweak contributions to K ! ��̄� would certainly be of interest.
The apparent large sensitivity of Br(K+

! �+��̄) to � is spurious as Pc(X) ⇠ ��4 and the dependence on � in
(II.3) cancels the one in (II.2) to a large extent. However, basically for aesthetic reasons it is useful to write first these
formulae as given above. In doing this it is essential to keep track of the � dependence as it is hidden in Pc(X) (see
(II.13)) and changing � while keeping Pc(X) fixed would give wrong results. For later purposes we will also introduce

�̄+ =
�+

�8
= (7.87± 0.04) · 10�6. (II.5)

The function X(xt) relevant for the top part is given by

X(xt) = X0(xt) +
�s(mt)

4�
X1(xt) = �X ·X0(xt), �X = 0.995, (II.6)

where

X0(xt) =
xt
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describes the contribution of Z0 penguin diagrams and box diagrams without the QCD corrections (Buchalla et al.,
1991; Inami and Lim, 1981) and the second term stands for the QCD correction (Buchalla and Buras, 1993a,b, 1999;
Misiak and Urban, 1999) with
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Figure 1.3 – Feynman diagrams of the K+
! ⇡+⌫⌫̄ decay [14]. The KL ! ⇡0⌫⌫̄

process is described by the same diagrams, where the spectator quark is changed
from u to d.

Each diagram consists in the sum of three different terms: the interaction can be
mediated by each one of the up-type quarks (up, charm or top). The contribution of
a quark flavour q = u, c, t to the decay amplitude can be written in the approximate
form

Aq '
m2

q

m2
W

V ⇤
qs
Vqd (1.15)

The ratio between the quark and the W boson squared masses is the leading term in
the definition of the quark flavour hierarchy in the decay. The diagrams containing
an up quark are therefore strongly suppressed, while those with a top quark are
the dominant contributors. Loops with charm provide a small, but non-negligible
contribution to the total decay rate.
The K ! ⇡⌫⌫̄ decay amplitudes are, hence, dominated by the short range interac-
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Figure 2.3: The B0
! K⇤0µ+µ� decay in the lowest order SM diagrams. The left is the penguin diagram,

which contributes to the Wilson coe�cients C7,9,10. The right is the box diagram, which
contributes to C9,10.

where e and g are the coupling strengths of the electromagnetic and weak forces, �µ⌫ are the

Pauli spin matrices, F µ⌫ is the electromagnetic field strength tensor and PL,R are the left- and

right-handed projection operators. The operator O7 is the electromagnetic operator, corresponding

to the emission of a photon from the loop. The operators O9 and O10 are the semi-leptonic vector

and axial-vector operators and correspond to the Z penguin and W box diagrams. The primed

operators are those with opposite chirality whose Wilson coe�cients are suppressed by the factor

ms/mb in the SM, relative to the unprimed ones.

Another set of operators can be defined as

O
q

1
= (s̄iqj)V�A(q̄jbi)V�A O

q

2
= (s̄iqi)V�A(q̄jbj)V�A

O3 = (s̄ibi)V�A

X

q

(q̄jqj)V�A O4 = (s̄ibj)V�A

X

q

(q̄jqi)V�A

O5 = (s̄ibi)V�A

X

q

(q̄jqj)V+A O6 = (s̄ibj)V�A

X

q

(q̄jqi)V+A

O8 = �
gsmb

8⇡2
s̄� ·G(1 + �5)b (2.20)

• Why do we reconstruct charged leptons for B meson decays but neutrinos for the kaon?

• Unfortunately decays such as 
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K+ ! ⇡+`+`� are dominated by long distance contributions.

• B decays still mostly short distance, even with charged leptons.

• The decay can be predicted with good precision in the SM.

Motivations for K+� π+νν	

2 

ü High sensitivity to New Physics  
ü FCNC process forbidden at tree level 
ü  Highly CKM suppressed (BR ~ |Vts*Vtd|2) 
ü Extraction of Vtd with minimal (few %) 
non-parametric uncertainty 

Im 

Re charm 

Box & Penguin (one-loop) diagrams 

Theoretically very clean:   
ü  dominant short-distance contribution 
ü  hadronic matrix element extracted from precisely measured BR(K+ � π0e+ν) 
 

Independent determination of unitary triangle for K meson system (with neutral mode) 

BR(K+ � π+νν) = (8.4 ± 1.0) × 10−11  
[Buras et al., JHEP 1511 (2015) 033] 

error: CKM parametric, dominated by Vcb 

Indirect searches of NP with 
high precision studies of rare K decays  

Angela Romano, EPS-HEP, 28-07-2021 
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B(K+ ! ⇡+⌫⌫̄) = (8.4± 1.0)⇥ 10�11
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• Experiment dedicated to a precise measurement of the                      branching fraction.
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Figure 3: Layout of the NA62 experiment. KTAG: Cerenkov threshold counter; GTK: Si pixel
beam tracker; CHANTI: ring stations of scintillator slabs; LAV: lead glass ring calorimeters;
STRAW: straw magnetic spectrometer; RICH: ring imaging Cerenkov counter; MUV0: o�-
acceptance plane of scintillator pads; CHOD: planes of scintillator pads and slabs; IRC: inner
ring shashlik calorimeter; LKr: electromagnetic calorimeter filled with liquid krypton; MUV1,2:
hadron calorimeter; MUV3: plane of scintillator pads for muon veto; HASC: near beam lead–
scintillator calorimeter; SAC: small angle shashlik calorimeter.

data quality monitoring system, and they will be used during the 2018 data taking, thanks
also to the installation of additional online computing power. Quality checks are performed on
three di�erent time scales: hit maps are obtained from scalers (implemented electronically in
the TEL62 boards) for every burst and displayed for the shift crew within 15 s after the burst
was written to disk; full reconstruction is ran over one in thirty events and hit maps, energy
reconstructions, time resolutions, etc are displayed within 3 minutes. At this step, also checks
for known hardware problems (like the before mentioned “swaps”) are performed and messages
are sent to the shift crew. Finally, on the timescale of one day, most runs are fully reconstructed
and a physics analysis is performed to measure in particular the �0 and µ+ rejection for the
K+

! �+��̄ analysis.

4 K+
! ⇡+⌫⌫̄ Analysis

The first K+
! �+��̄ analysis (later noted as ���) has been performed on a sample of data

taken from mid-September to mid-October 2016. This is the first set of data declared good
for ���. It has been acquired at an average intensity of 35–40% of the nominal one. In 2016
the spill structure of the SPS beam was irregular, with intensity spikes causing NA62 to sustain
running conditions even above nominal intensity and lasting for several ms. Beam fluctuations
have been reduced in 2017, making possible to run at an average intensity of 60–65%.

The description of the ��� analysis given below makes use of acronyms to indicate the
NA62 sub-detectors, following the conventional naming scheme shown in Figure 3. A detailed
description of the NA62 detector can be found in [1].

Data for ��� have been collected with a two-level trigger stream (PNN). A hardware-based
trigger (L0) used RICH, CHOD, LKr and MUV3 to veto µ+ and � while keeping �+. A
software-based trigger (L1) exploited K+ identification with KTAG, � rejection with LAV and
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Figure 2.3 – Scheme of the NA62 apparatus [21].

• Upstream detectors dedicated to beam kaon identification and measurement.

• Downstream detectors providing the characterization of the kaon decay prod-
ucts.

The beginning of the Downstream region, between the CHANTI and the first station
of the spectrometer, is the fiducial decay region for the event selection corresponding
to [105, 165] m after the target. In order to obtain the best measurement of the event
kinematics and, at the same time, limit the amount of beam particle scattered into
the detector acceptance, the beam tube and the decay region up to the last station
of the STRAW spectrometer is kept in vacuum (about 10

�5
� 10

�6 mbar).

2.3.1 Upstream Detectors: Beam Characterization
The measurement of the beam particles direction and momentum is a crucial point
for NA62. However, since only 6% of the beam particle rate is due to kaons, the
identification of K+ with an excellent time resolution is indispensable to correctly
classify the events. Three systems, integrated in the K12 beam line, are considered
as upstream detectors:

• KTAG

• GTK

• CHANTI

17
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K+ ! ⇡+⌫⌫̄

• Key features:


• Huge beam intensity from SPS: 1012 pot/sec.


• 100ps timing to match beam/decay particles.


• Precise kinematic constraints.


• Efficient photon detection.


• Excellent PID.

• Main backgrounds:

Background rejection relies on Kinematics (15GeV/c < Pπ < 35GeV/c ; m2
miss) 

used in conjunction with Particle ID, Veto systems and sub-ns timing 

K+� π+νν Signal & Backgrounds 
Signal K+� π+νν: 
m2

miss = (PK – Pπ)2 
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Sign & Bkg control regions kept 
blind throughout the analysis 

Process Branching 
ratio 

Κ+→ µ+νµ(γ)	 63.5% 
Κ+→ π+π0(γ)	 20.7% 
Κ+→ π+π+π�	 5.6% 
Κ+→ π+π�e+νe 4.3 × 10-5 

Main kaon decay backgrounds 

K+ decay-in-flight technique 
θπK

P
K

Pπ

Pν

Pν

Figure 5: Kinematics of the decay under study.

is constrained to a line at m2
miss = m2

⌅0 ; the m2
miss of the three-pion decays shows a lower

bound. The m2
miss of Kµ2 does not appear as a line at m2

miss = 0 because it is wrongly

evaluated, under the assumption that the track is a pion. For this decay the shape depends

on the momentum of the particle in the final state and has m2 = 0 as the upper boundary.

In conclusion, about 92% of the kaon decays are kinematically limited and their rejection

relies on the reconstruction of the kinematics.
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Figure 6: Distribution of the missing mass squared for the signal and the most frequent kaon

decays.

Because the line of the K+ ⇥ ⌅+⌅0 decays lies within the signal region, we are forced to

divide the signal acceptance into two di⌧erent regions:

• Region I: 0 < m2
miss < m2

⌅0
� (.m)2

• Region II: m2
⌅0

+ (.m)2 < m2
miss < min m2

miss(⌅
+⌅+⌅�) � (.m)2

The .m term depends on the m2
miss resolution.
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Decay mode Branching fraction
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Figure 1: Expected theoretical distributions of the m2
miss variable relevant to the K+

!

⇡+⌫⌫̄ measurement, before applying acceptance and resolution e↵ects. The m2
miss is computed

under the hypothesis that the charged particle in the final state is a ⇡+. The K+
! ⇡+⌫⌫̄ signal

(red line) is multiplied by 1010 for visibility. The hatched areas include the signal regions.

The decay-in-flight configuration has two main advantages:

• the selection ofK+
! ⇡+⌫⌫̄ decays with a ⇡+ momentum lower than 35GeV/c to facilitate

the background rejection by ensuring at least 40GeV of missing energy, and to exploit the
capability of the RICH for ⇡+/µ+ separation; and

• the achievement of su�cient ⇡0 suppression by using photon detection coverage up to
50mrad with respect to the K+ direction, and by e�ciently detecting photons of energy
above 1 GeV.

The experimental layout and the data-taking conditions are reviewed in section 3. The recon-
struction algorithms are described in section 4. After the K+

! ⇡+⌫⌫̄ selection (section 5), the
analysis proceeds through the evaluation of the single event sensitivity, defined as the branching
ratio equivalent to the observation of one SM signal event (section 6). The number of signal
decays is normalized to the number of K+

! ⇡+⇡0 decays, whose branching ratio is accurately
known [7]. This allows the precise determination of the single event sensitivity without relying
on the absolute measurement of the total number of K+ decays. The final step of the analysis
is the evaluation of the expected background in the signal regions (section 7). To avoid biasing
the selection of K+

! ⇡+⌫⌫̄ events, the analysis follows a “blind” procedure, with signal re-
gions kept masked until completion of all the analysis steps. Finally, the result is presented in
section 8.
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP11%25282020%2529042&v=27964815


Patrick Owen - HCPSS2021

Latest results

12

• Observation of 20 events with 7 background expected.

• Evidence for signal at the level of 3.4σ.

• Most precise value to date: 

Result: 2016+2017+2018 

11 

Ø  20 events observed in signal regions 
Ø  P(only bkg) = 3.4 x 10-4 
Ø  corresponding to 3.4σ significance  

Angela Romano, EPS-HEP, 28-07-2021 

[JHEP 06 (2021) 093] 

10.1007/JHEP06(2021)093
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Figure 2: Reconstructed m2

miss
as a function of p⇡+ for minimum-bias events selected without

applying ⇡+ identification and photon rejection, assuming the K+ and ⇡+ mass for the parent
and decay particle, respectively. Signal regions 1 and 2 (hatched areas), as well as 3⇡, ⇡+⇡0,
and µ⌫ background regions (solid thick contours) are shown. The control regions are located
between the signal and background regions.

4 Event selection

The signal and normalization channels both require the presence of a downstream charged
particle track identified as a ⇡+ and of a parent K+ track that forms a vertex in the fiducial
volume. After these common selection criteria, specific requirements define the normalization
and signal events.

Downstream charged particle: One or two isolated STRAW tracks are allowed in an
event. If two STRAW tracks are present, the one closest to the trigger time is selected.
Events with a negatively-charged STRAW track are rejected to remove K+

! ⇡+⇡+⇡� and
K+

! ⇡+⇡�e+⌫ decays. The selected track must be within the RICH, CHOD, NA48-CHOD,
LKr, and MUV3 sensitive regions and must be spatially associated to signals in the RICH,
CHOD, NA48-CHOD, and LKr. The track angle measured after the spectrometer magnet must
be geometrically compatible with the centre of the reconstructed RICH ring. Time constraints
are imposed on the associated signals in the RICH, CHOD and LKr using the NA48-CHOD
time as a reference. A STRAW track with associated signals in CHOD, NA48-CHOD, RICH
and LKr defines a downstream charged particle.

Parent K+: The parent K+ of a selected downstream charged particle is defined by the
signal in KTAG with time TKTAG closest in time and within 2 ns of the downstream particle,
and a beam track in GTK with time TGTK within 600 ps of the KTAG signal and associated in
space with the downstream track in the STRAW. The association between the GTK, KTAG and
STRAW signals relies on a discriminant built from the time di↵erence �T = TGTK – TKTAG

and the closest distance of approach (CDA) of the downstream charged particle to the GTK
track. The templates for the �T and CDA distributions of K+ decays are obtained from a
dedicated sample of K+

! ⇡+⇡+⇡� decays, where the K+ is fully reconstructed using the
pion momenta and directions measured by the STRAW. The GTK track with the largest value

9

• Select signal region kinematically to avoid main backgrounds.

Background Subset S1 Subset S2

⇡+⇡0 0.23± 0.02 0.52± 0.05

µ+⌫ 0.19± 0.06 0.45± 0.06

⇡+⇡�e+⌫ 0.10± 0.03 0.41± 0.10

⇡+⇡+⇡� 0.05± 0.02 0.17± 0.08

⇡+�� < 0.01 < 0.01

⇡0l+⌫ < 0.001 < 0.001

Upstream 0.54+0.39
�0.21 2.76+0.90

�0.70

Total 1.11+0.40
�0.22 4.31+0.91

�0.72

Figure 6: Background predictions. Left: Reconstructed m2

miss
as a function of ⇡+ momentum

after applying the signal selection to the S1 and S2 subsets. Events in the background regions
are displayed as light grey dots. The control regions, populated by the solid black markers, are
adjacent to the background regions. The numbers next to these regions are the expected num-
bers of background events (in brackets) and the observed numbers (without brackets). Right:
Expected numbers of background events summed over Regions 1 and 2 in the 2018 subsets.

7 Results

After unmasking the signal regions, four events are found in Region 1 and thirteen in Region 2,
as shown in Figure 7, left. In total, combining the results of the K+

! ⇡+⌫⌫̄ analyses performed
on the 2016, 2017 and 2018 data, 20 candidate events are observed in the signal regions. The
combined SES, and the expected numbers of signal and background events in the 2016–2018
data set are:

SES = (0.839± 0.053syst)⇥ 10�11,

N exp

⇡⌫⌫̄ = 10.01± 0.42syst ± 1.19ext,

N exp

background
= 7.03+1.05

�0.82.

The statistical uncertainties in the SES and N exp

⇡⌫⌫̄ are negligible. The above SES corresponds
to about 2.7 ⇥ 1012 e↵ective K+ decays in the fiducial volume. The external error in N exp

⇡⌫⌫̄

stems from the uncertainty in the SM prediction of BR(K+
! ⇡+⌫⌫̄). The uncertainty in the

background estimate is dominated by the statistical uncertainty in the upstream background
contribution.

A background-only hypothesis test is performed using as a test statistic the likelihood ratio
for independent Poisson-distributed variables as prescribed in [33]. A p-value of 3.4 ⇥ 10�4 is
obtained, corresponding to a signal significance of 3.4 standard deviations.

The K+
! ⇡+⌫⌫̄ branching ratio is determined using a binned maximum log-likelihood fit to

the observed numbers of events in the nine categories comprising the NA62 data set (Figure 7,
right). The parameter of interest is the signal branching ratio. The nuisance parameters are the
total expected numbers of background events in the signal regions and the single event sensitiv-
ities and corresponding uncertainties, obtained separately for each of the nine categories. For
each category, the number of background events is constrained to follow a Poisson distribution
while the SES follows a Gaussian distribution with mean and sigma as estimated. The resulting
branching ratio is

BR(K+
! ⇡+⌫⌫̄) = (10.6+4.0

�3.4|stat ± 0.9syst)⇥ 10�11 at 68% CL, (4)

17

and compatible with SM.

• Run II will be important for even more precise determination.

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP06%25282021%2529093&v=bf8f305a
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b—>s transitions
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• The first b—>s transition was discovered in 1993 by the CLEO collaboration.

A historical example – B0→K*0γ 
•  In SM : occurs through a dominating W-t loop  
•  Possible NP diagrams : 
•  Observed by CLEO in 1993, two years before 

the direct observation of the top quark 
–  BR was expected to be (2-4)×10-4  
 → measured BR = (4.5±1.7) ×10-4    
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• At LHCb we focus more on Bs0 and Λb0 decays: 


• time-dependent CP asymmetry of Bs0—>ɸ𝛾


• Branching fraction of Λb0—> Λ0𝛾

 PHYS. REV. LETT. 118 (2017) 021801  PHYS. REV. LETT. 123 (2019) 031801 

• b—>s𝛾 transitions difficult at hadron collider due to neutral photon.

https://doi.org/10.1103/PhysRevLett.118.021801
https://doi.org/10.1103/PhysRevLett.123.031801
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• The idea is that because these are loop suppressed, NP can compete quite easily with the 
SM decay amplitude.
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b ! s`` transitions
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Figure 1: Feynman diagrams in the Standard Model for the two classes of processes examined in this article. Top:

charged-current b ! c`+⌫` tree-level transition. Bottom: neutral-current b ! s`+`� loop-level transition

Very recently, LHCb has produced another R(D⇤) measurement by exploiting the decay of the ⌧ lepton
into three charged pions and a neutrino. This measurement was considered to be unfeasible due to the large
backgrounds from B decays into the same visible final state as signal and the apparent lack of discriminating
variables. Nevertheless, the presence of a ⌧ decay vertex significantly detached from the b-hadron decay vertex
allows to suppress the most abundant backgrounds. The residual background, due to b-hadron decaying to a
D⇤ and another charm meson that subsequently gives three pions in a detached vertex topology, is reduced
by exploiting the di↵erent resonant structure of the three-pion system. The resulting measurement of R(D⇤)
is larger than, although compatible with, the SM prediction, and consistent with previous determinations.
The combined world average (Fig. 2) of R(D⇤) and R(D) measurements, known at 5% and 10% respectively,
remains in tension with the SM prediction at a level of four standard deviations. This provides solid motivation
for further LU tests in semitauonic decays of b hadrons.

The LHCb collaboration will therefore continue performing measurements in this sector, by extending the
already performed R(D⇤) measurements on the datasets collected in Run2, and by studying the decays of
other b hadrons. For example, the first measurement of R(J/ ) has been performed, that tests LU in the
Bc sector. Again, a value higher than the SM expectation has been found, even though the uncertainties
are still significant and the SM prediction not firm yet. An important extension of this already rich physics
program will regard the study of observables other than branching fractions, such as polarization and angular
distributions of the final state particles, that will give crucial insight in the interpretation of the current
anomaly, if confirmed, in terms of new physics models.

In contrast to tree-level semileptonic decays, b ! s`` transitions are highly suppressed as there are no FCNC
in the SM. This suppression increases the sensitivity to the possible existence of new particles. The presence
of such particles could lead to a sizeable increase or decrease in the rate of particular decays, or change the
angular distribution of the final-state particles. Tests of LU in these decays involve measurements of ratios of
branching fractions between electron and muon decay modes RK(⇤) = B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�).

2

SM NP

• If NP couples strongly and is light enough, it will significantly alter the behaviour compared to the 
SM expectation.
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Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S)! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B
+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as

dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S)! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss =E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).
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typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e
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� !° (4S)! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m
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Figure 4: Example of Feynman diagrams of leptoquark-mediated b ! c`⌫ and b ! s`` transitions.
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momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.
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mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.
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The decays B
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state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
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can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
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The ultra rare decay

15

• When LHCb started taking data   

• The initial focus on new physics was on scalar NP breaking the helicity suppression (e.g. 
2HDM with large tan(β)).

• Suppressed to the level of rare kaon decays, and very well predicted, a golden channel for new physics.

<latexit sha1_base64="+GLAK9+ak1/UjsW56V7Jy12x/AI=">AAACBnicbVBLSwMxGMzWV62vVY8iBIsgiGVXinos9eKxgn1Ad7tk02wbmmSXJCuUZU9e/CtePCji1d/gzX9j+jhodSBkmPk+kpkwYVRpx/myCkvLK6trxfXSxubW9o69u9dScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxxdT/z2PZGKxuJOjxPiczQQNKIYaSMF9mG9lzl5kKkcejqGHk972Wk+u8/ywC47FWcK+Je4c1IGczQC+9PrxzjlRGjMkFJd10m0nyGpKWYkL3mpIgnCIzQgXUMF4kT52TRGDo+N0odRLM0RGk7VnxsZ4kqNeWgmOdJDtehNxP+8bqqjKz+jIkk1EXj2UJQyaAJPOoF9KgnWbGwIwpKav0I8RBJhbZormRLcxch/Seu84l5UqrfVcq0+r6MIDsAROAEuuAQ1cAMaoAkweABP4AW8Wo/Ws/Vmvc9GC9Z8Zx/8gvXxDYNNmIc=</latexit>

B0
s ! µ+µ�
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B0
s ! µ+µ�was THE flagship measurement of the experiment.

Marco Santimaria /22LHC seminar 03/2021

 decays in the SMB0
(s) → μ+μ−

5

[JHEP 10 (2019) 232]

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

single Wilson coefficient & single hadronic constant (known at !)≃ 0.5 %

• In the SM,  and  decays to two muons are FCNC and helicity suppressed :B0 B0
s

• Very clean prediction in the SM:

branching ratio. Similar e↵ects are not significant for B0
! µ+µ� decays due to the39

negligible decay width di↵erence of the B0 mass eigenstates.40

The B0

s ! µ+µ�� decay is similarly rare in the SM. Compared to the B0

s ! µ+µ�
41

amplitude, the additional suppression arising from the photon is compensated by the lift42

of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43

groups of amplitudes contribute to this decay: those where the photon is emitted from44

the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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Figure 1: Possible SM diagrams mediating (top) the B0
s ! µ+µ� and (bottom) the B0

s ! µ+µ��
processes. Subpanels show (a) the so-called “penguin” diagram and (b) the “box” diagram for
B0

s ! µ+µ�, and (c) an ISR contribution and (d) an FSR contribution to B0
s ! µ+µ��.
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the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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Figure 1: Possible SM diagrams mediating (top) the B0
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ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

Single Wilson coefficient

Single hadronic constant
known at !≃ 0.5 %

1.2.4 The Standard Model branching fraction400

From the e↵ective Hamiltonian (1.22), the time-integrated, untagged and helicity-
summed branching fraction (1.23) can be worked out by evaluating the ampli-
tude (1.20). Within the SM, the only non-negligible contribution to B

0

d,s
! µ

+
µ
�

decays comes from the operator O10, whose magnitude in the e↵ective Hamiltonian
is represented by the real Wilson coe�cient CSM

10
. Scalar (OS) and pseudo-scalar

(OP ) contributions are in fact absent in the SM, with the only exception of the
Higgs penguin process, which is however negligible due to the smallness of the
muon mass. The left-handedness of the charged current also implies that the Wil-
son coe�cients C 0

i
corresponding to the O0

i
operators are suppressed by O(mq/mb),

where q = d, s. The SM branching fraction can therefore be expressed as [44]:

B(B0

q
! µ

+
µ
�)SM

exp
=

⌧Bq
G

4

F
M

4

W
sin4

✓W

8⇡5
|CSM

10
VtbV

⇤
tq
|2

⇥ f
2

Bq
mBq

m
2

µ

s

1�
4m2

µ

m
2

Bq

1 + yq

1� y2
q

, (1.34)

where, as stated in Sec. 1.2.2, the mixing e↵ect correction (1 + yq)/(1 � y
2

q
) is401

sizeable only in the B
0

s
! µ

+
µ
� case (q = s).402

C
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comprises the contributions from Z penguin and W box diagrams of Fig. 1.4,403

and has a value of ⇠ �4.1 [44]. Since Higgs boson couplings are proportional404

to the fermion masses (Eq. (1.8)), its only substantial contributions are those in405

which H
0 is coupled at both end of its propagator to the top quark. The main406

processes for such contributions appear at two-loop level in EW interactions and407

can be safely neglected [42].408

The Hadronic Matrix Element409

As the final state of B0

q
! µ

+
µ
� is purely leptonic, the hadronic sector of the410

decay can be expressed in terms of a single non-perturbative decay constant fBq
,411

defined by the matrix element [50]412
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= ipµfBq
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The decay constant used to be the largest source of uncertainty in the amplitude
calculation, but recent advances in lattice QCD calculations brought this error
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• In the SM, B decays to two muons are FCNC and helicity suppressed :

299

Unlike charged currents, weak neutral currents are not a↵ected by the base change300

(1.10), so that no flavour mixing terms are present. Therefore, Flavour Changing301

Neutral Current (FCNC) processes are only possible at higher orders, meaning that302

direct transitions between down or up type quarks are highly suppressed within303

the SM, as shown in Sec. 1.2.304

1.2 B
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+
µ
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are especially interesting and extremely rare in the SM.307

Given the quark compositions of the B0
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and B
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mesons, their dimuon decay implies308

a weak transition between two down-type quarks, b ! d or b ! s, which is309

forbidden at the tree level in the SM (Fig. 1.4a), as deduced in 1.1.2.

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ
� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(a) Tree

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ
� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.

2

(b) Z penguin

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
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+
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� decay is expected to be very small compared to
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s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(c) W box

Figure 1.4: Dominant Feynman diagrams for B0

d,s
! µ

+
µ
� decays

310

Nevertheless, B0

d,s
! µ

+
µ
� can occur in the SM in higher order processes, the311

dominant ones being Z penguin with top loop (75%) and W box (24%) [40], as312

depicted in Fig. 1.4. In addition to being loop and CKM suppressed, B
0

d,s
!313

µ
+
µ
� decays su↵er significant helicity suppression. The neutral B mesons are314

pseudoscalars (JP = 0�), so that the two muons in the final state are forced to315

have the same helicity. The helicity state of one of the two muons is therefore316

always disfavoured by a factor (mµ/MB)2 ⇠ 4⇥ 10�4 with respect to the other.317

1.2.1 An E↵ective Field Theory for B decays318

The main obstacle in evaluating amplitudes for hadronic weak decays such as319

B
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! µ

+
µ
� is strong interaction. Conversely to QED, where higher order pro-320

cesses are suppressed by powers of ↵EM ' 1/137, the strong coupling of QCD321

largely depends on the transferred momentum scale of the process. At su�ciently322
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• Clean prediction in the SM:
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ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

single Wilson coefficient & single hadronic constant (known at !)≃ 0.5 %

• In the SM,  and  decays to two muons are FCNC and helicity suppressed :B0 B0
s

• Very clean prediction in the SM:

branching ratio. Similar e↵ects are not significant for B0
! µ+µ� decays due to the39

negligible decay width di↵erence of the B0 mass eigenstates.40

The B0

s ! µ+µ�� decay is similarly rare in the SM. Compared to the B0

s ! µ+µ�
41

amplitude, the additional suppression arising from the photon is compensated by the lift42

of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43

groups of amplitudes contribute to this decay: those where the photon is emitted from44

the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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Figure 1: Possible SM diagrams mediating (top) the B0
s ! µ+µ� and (bottom) the B0

s ! µ+µ��
processes. Subpanels show (a) the so-called “penguin” diagram and (b) the “box” diagram for
B0

s ! µ+µ�, and (c) an ISR contribution and (d) an FSR contribution to B0
s ! µ+µ��.
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branching ratio. Similar e↵ects are not significant for B0
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negligible decay width di↵erence of the B0 mass eigenstates.40
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of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43
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in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46
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included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

Single Wilson coefficient

Single hadronic constant
known at !≃ 0.5 %

1.2.4 The Standard Model branching fraction400

From the e↵ective Hamiltonian (1.22), the time-integrated, untagged and helicity-
summed branching fraction (1.23) can be worked out by evaluating the ampli-
tude (1.20). Within the SM, the only non-negligible contribution to B

0

d,s
! µ

+
µ
�

decays comes from the operator O10, whose magnitude in the e↵ective Hamiltonian
is represented by the real Wilson coe�cient CSM

10
. Scalar (OS) and pseudo-scalar

(OP ) contributions are in fact absent in the SM, with the only exception of the
Higgs penguin process, which is however negligible due to the smallness of the
muon mass. The left-handedness of the charged current also implies that the Wil-
son coe�cients C 0

i
corresponding to the O0

i
operators are suppressed by O(mq/mb),

where q = d, s. The SM branching fraction can therefore be expressed as [44]:
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where, as stated in Sec. 1.2.2, the mixing e↵ect correction (1 + yq)/(1 � y
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sizeable only in the B
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comprises the contributions from Z penguin and W box diagrams of Fig. 1.4,403

and has a value of ⇠ �4.1 [44]. Since Higgs boson couplings are proportional404

to the fermion masses (Eq. (1.8)), its only substantial contributions are those in405

which H
0 is coupled at both end of its propagator to the top quark. The main406

processes for such contributions appear at two-loop level in EW interactions and407

can be safely neglected [42].408

The Hadronic Matrix Element409

As the final state of B0

q
! µ

+
µ
� is purely leptonic, the hadronic sector of the410

decay can be expressed in terms of a single non-perturbative decay constant fBq
,411

defined by the matrix element [50]412

⌦
0|q̄�µ�5b|B̄q(p)

↵
= ipµfBq

, (1.35)

which contracted with p
µ on both sides gives413

⌦
0|q̄�5b|B̄q(p)

↵
= �ifBq

M
2

Bq

mb +ms

. (1.36)

The decay constant used to be the largest source of uncertainty in the amplitude
calculation, but recent advances in lattice QCD calculations brought this error
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• In the SM, B decays to two muons are FCNC and helicity suppressed :
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Unlike charged currents, weak neutral currents are not a↵ected by the base change300

(1.10), so that no flavour mixing terms are present. Therefore, Flavour Changing301

Neutral Current (FCNC) processes are only possible at higher orders, meaning that302

direct transitions between down or up type quarks are highly suppressed within303

the SM, as shown in Sec. 1.2.304
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d
(b̄d) and B
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(b̄s) decays into a pair of oppositely charged muons, B0

d,s
! µ

+
µ
�,306

are especially interesting and extremely rare in the SM.307

Given the quark compositions of the B0

d
and B

0

s
mesons, their dimuon decay implies308

a weak transition between two down-type quarks, b ! d or b ! s, which is309

forbidden at the tree level in the SM (Fig. 1.4a), as deduced in 1.1.2.

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ
� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(a) Tree

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ
� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(b) Z penguin

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
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+
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� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(c) W box

Figure 1.4: Dominant Feynman diagrams for B0

d,s
! µ

+
µ
� decays

310

Nevertheless, B0

d,s
! µ

+
µ
� can occur in the SM in higher order processes, the311

dominant ones being Z penguin with top loop (75%) and W box (24%) [40], as312

depicted in Fig. 1.4. In addition to being loop and CKM suppressed, B
0

d,s
!313

µ
+
µ
� decays su↵er significant helicity suppression. The neutral B mesons are314

pseudoscalars (JP = 0�), so that the two muons in the final state are forced to315

have the same helicity. The helicity state of one of the two muons is therefore316

always disfavoured by a factor (mµ/MB)2 ⇠ 4⇥ 10�4 with respect to the other.317

1.2.1 An E↵ective Field Theory for B decays318

The main obstacle in evaluating amplitudes for hadronic weak decays such as319

B
0

d,s
! µ

+
µ
� is strong interaction. Conversely to QED, where higher order pro-320

cesses are suppressed by powers of ↵EM ' 1/137, the strong coupling of QCD321

largely depends on the transferred momentum scale of the process. At su�ciently322
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• Clean prediction in the SM:

[PRD 98 (2018) 074512]

(tree) (penguin) (box)

q = d, sℬ(B0
q → μ+μ−)SM =

τBq
G4

FM4
W sin4 θW

8π5 |CSM
10 VtbV*tq |2 f 2

Bq
mBq

m2
μ 1 −

4m2
μ

m2
Bq

1
1 − yq

[PRD 98 (2019) 074512]

Marco Santimaria /22LHC seminar 03/2021

 decays in the SMB0
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[JHEP 10 (2019) 232]

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

single Wilson coefficient & single hadronic constant (known at !)≃ 0.5 %

• In the SM,  and  decays to two muons are FCNC and helicity suppressed :B0 B0
s

• Very clean prediction in the SM:

branching ratio. Similar e↵ects are not significant for B0
! µ+µ� decays due to the39

negligible decay width di↵erence of the B0 mass eigenstates.40

The B0

s ! µ+µ�� decay is similarly rare in the SM. Compared to the B0

s ! µ+µ�
41

amplitude, the additional suppression arising from the photon is compensated by the lift42

of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43

groups of amplitudes contribute to this decay: those where the photon is emitted from44

the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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Figure 1: Possible SM diagrams mediating (top) the B0
s ! µ+µ� and (bottom) the B0

s ! µ+µ��
processes. Subpanels show (a) the so-called “penguin” diagram and (b) the “box” diagram for
B0

s ! µ+µ�, and (c) an ISR contribution and (d) an FSR contribution to B0
s ! µ+µ��.
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the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0
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[JHEP 10 (2019) 232]

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

Single Wilson coefficient

Single hadronic constant
known at !≃ 0.5 %

1.2.4 The Standard Model branching fraction400

From the e↵ective Hamiltonian (1.22), the time-integrated, untagged and helicity-
summed branching fraction (1.23) can be worked out by evaluating the ampli-
tude (1.20). Within the SM, the only non-negligible contribution to B

0

d,s
! µ

+
µ
�

decays comes from the operator O10, whose magnitude in the e↵ective Hamiltonian
is represented by the real Wilson coe�cient CSM

10
. Scalar (OS) and pseudo-scalar

(OP ) contributions are in fact absent in the SM, with the only exception of the
Higgs penguin process, which is however negligible due to the smallness of the
muon mass. The left-handedness of the charged current also implies that the Wil-
son coe�cients C 0

i
corresponding to the O0

i
operators are suppressed by O(mq/mb),

where q = d, s. The SM branching fraction can therefore be expressed as [44]:
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where, as stated in Sec. 1.2.2, the mixing e↵ect correction (1 + yq)/(1 � y
2

q
) is401

sizeable only in the B
0

s
! µ

+
µ
� case (q = s).402

C
SM
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comprises the contributions from Z penguin and W box diagrams of Fig. 1.4,403

and has a value of ⇠ �4.1 [44]. Since Higgs boson couplings are proportional404

to the fermion masses (Eq. (1.8)), its only substantial contributions are those in405

which H
0 is coupled at both end of its propagator to the top quark. The main406

processes for such contributions appear at two-loop level in EW interactions and407

can be safely neglected [42].408

The Hadronic Matrix Element409

As the final state of B0

q
! µ

+
µ
� is purely leptonic, the hadronic sector of the410

decay can be expressed in terms of a single non-perturbative decay constant fBq
,411

defined by the matrix element [50]412

⌦
0|q̄�µ�5b|B̄q(p)

↵
= ipµfBq

, (1.35)

which contracted with p
µ on both sides gives413
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The decay constant used to be the largest source of uncertainty in the amplitude
calculation, but recent advances in lattice QCD calculations brought this error
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• In the SM, B decays to two muons are FCNC and helicity suppressed :
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Unlike charged currents, weak neutral currents are not a↵ected by the base change300

(1.10), so that no flavour mixing terms are present. Therefore, Flavour Changing301

Neutral Current (FCNC) processes are only possible at higher orders, meaning that302

direct transitions between down or up type quarks are highly suppressed within303

the SM, as shown in Sec. 1.2.304
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are especially interesting and extremely rare in the SM.307

Given the quark compositions of the B0
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and B

0

s
mesons, their dimuon decay implies308

a weak transition between two down-type quarks, b ! d or b ! s, which is309

forbidden at the tree level in the SM (Fig. 1.4a), as deduced in 1.1.2.

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
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+ ! µ
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⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0
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and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
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The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(a) Tree

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B
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s
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+
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� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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through charged-current process; b, B+ meson decay through the charged-current process; c, a
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s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(b) Z penguin
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alter the decay rate.
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(c) W box

Figure 1.4: Dominant Feynman diagrams for B0

d,s
! µ

+
µ
� decays

310

Nevertheless, B0

d,s
! µ

+
µ
� can occur in the SM in higher order processes, the311

dominant ones being Z penguin with top loop (75%) and W box (24%) [40], as312

depicted in Fig. 1.4. In addition to being loop and CKM suppressed, B
0

d,s
!313

µ
+
µ
� decays su↵er significant helicity suppression. The neutral B mesons are314

pseudoscalars (JP = 0�), so that the two muons in the final state are forced to315

have the same helicity. The helicity state of one of the two muons is therefore316

always disfavoured by a factor (mµ/MB)2 ⇠ 4⇥ 10�4 with respect to the other.317

1.2.1 An E↵ective Field Theory for B decays318

The main obstacle in evaluating amplitudes for hadronic weak decays such as319

B
0

d,s
! µ

+
µ
� is strong interaction. Conversely to QED, where higher order pro-320

cesses are suppressed by powers of ↵EM ' 1/137, the strong coupling of QCD321

largely depends on the transferred momentum scale of the process. At su�ciently322

10

• Clean prediction in the SM:

[PRD 98 (2018) 074512]

(tree) (penguin) (box)

q = d, sℬ(B0
q → μ+μ−)SM =

τBq
G4

FM4
W sin4 θW

8π5 |CSM
10 VtbV*tq |2 f 2

Bq
mBq

m2
μ 1 −

4m2
μ

m2
Bq

1
1 − yq

[PRD 98 (2019) 074512]
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• All branching fraction measurements in LHCb are normalised to a known decay mode.


• The most precise branching fractions are measured by the B-factories - B+ and B0 decays.


• Measuring Bs0 decays therefore requires the production fraction ratio fs/fd. Two ways:

1 Introduction

To test the Cabibbo-Kobayashi-Maskawa (CKM) sector of the Standard Model (SM), it
is crucial to perform accurate measurements of the quark-mixing matrix elements. Any
discrepancy among the numerous measurements of CKM matrix elements could reveal
e↵ects from new particles or forces beyond the SM. The knowledge of the magnitude of the
matrix element Vub governing the strength of b! u transitions is key in the consistency
checks of the SM and its naturally motivated extensions [1, 2].

The hadronic B0! D+
s ⇡

� decay1 proceeds in the SM through the b! u transition as
shown in Fig. 1. Its branching fraction is proportional to |Vub|2,

B(B0! D+
s ⇡

�) = �|Vub|2|Vcs|2|F (B0 ! ⇡�)|2f 2
D+

s
|aNF|2, (1)

where � is a phase-space factor, F (B0 ! ⇡�) is a form factor, fD+
s
is the D+

s decay
constant, Vcs is the CKM matrix element representing c ! s transitions, and |aNF|
encapsulates non-factorisable e↵ects. The form factor and the decay constant can be
obtained from light-cone sum rules [3, 4] and lattice QCD calculations [5, 6], and since
|Vcs| is known to be close to unity, the B0 ! D+

s ⇡
� branching fraction can be used to

probe the product |Vub||aNF|. The assumption of factorisation is expected to hold, i.e.
|aNF| is close to unity, for B meson decays into a heavy and a light meson, where the W
emission of the decay corresponds to the light meson and the spectator quark forms part
of the heavy meson. This is not the case for the B0! D+

s ⇡
� decay, as shown in Fig 1,

and consequently |aNF| may be significantly di↵erent from unity [7].
The measurement of the B0! D+

s ⇡
� branching fraction can also be used to estimate

the ratio of the amplitudes of the Cabibbo-suppressed B0 ! D+⇡� and the Cabibbo-
favoured B0! D�⇡+ decays,

rD⇡ =

����
A(B0! D+⇡�)

A(B0! D�⇡+)

���� , (2)

which is necessary for the measurement of charge-parity (CP ) asymmetries in B0! D⌥⇡±

Figure 1: Tree diagram of the B0! D+
s ⇡

� decay, in which a B0 meson decays through the weak
interaction to a D+

s meson and a charged pion. This diagram represents the only (leading order)
process contributing to this decay. Strong interaction between the D+

s meson and the pion lead
to a non-factorisable contribution to the decay amplitude.

1Inclusion of charge-conjugate modes is implied unless explicitly stated.

1

decays [8–13]. Assuming SU(3) flavour symmetry, Eq. (2) can be written as [14, 15]

rD⇡ = tan ✓c
fD+

fD+
s

s
B(B0! D+

s ⇡
�)

B(B0! D�⇡+)
, (3)

where ✓c is the Cabibbo angle and fD+ is the decay constant of the D+ meson. SU(3)
symmetry breaking is caused by di↵erent non-factorisable e↵ects in in B0! D+

s ⇡
� and

B0! D+⇡� decays.
This article presents measurements of B(B0! D+

s ⇡
�) and rD⇡ using proton-proton

(pp) collision data collected with the LHCb detector at centre-of-mass energies of 7, 8
and 13 TeV corresponding to an integrated luminosity of 5 fb�1. The data samples
recorded in the years 2011 and 2012 (2015 and 2016) at 7 and 8 (13) TeV will be referred
to as Run 1 (Run 2). The B0 ! D+

s ⇡
� branching ratio is measured relative to the

B0! D�⇡+ normalisation channel, which is well measured and experimentally similar to
the B0! D+

s ⇡
� decay. The B0! D+

s ⇡
� (B0! D�⇡+) candidates are reconstructed via

the D+
s ! K+K�⇡+ (D�! K+⇡�⇡�) decay. The branching fraction of the B0! D+

s ⇡
�

decay is determined by

B(B0! D+
s ⇡

�) = B(B0! D�⇡+)
NB0!D+

s ⇡�

NB0!D�⇡+

✏B0!D�⇡+

✏B0!D+
s ⇡�

B(D�! K+⇡�⇡�)

B(D+
s ! K+K�⇡+)

, (4)

where NX denotes the selected candidate yield and ✏X the related e�ciency for the decay
mode X. In this measurement, extended maximum-likelihood fits to unbinned invariant
mass distributions are performed in order to obtain the yields, while the e�ciencies are
obtained from simulated events and using calibration data samples.

The relative production of B0
s and B0 mesons, described by the ratio fs/fd where fs

and fd are the B0
s and B0 hadronisation fractions, is shown to slightly depend on the pp

collision energy [16]. The e�ciency-corrected yield ratio R,

R ⌘
NB0

s!D+
s ⇡�

NB0!D�⇡+

✏B0!D�⇡+

✏B0
s!D+

s ⇡�
/ fs

fd
, (5)

is proportional to the relative production ratio and its dependence on the centre-of-mass
energy is also reported here. This is measured using B0

s ! D+
s ⇡

� and B0 ! D�⇡+

decays. Accurate knowledge of fs/fd is a crucial input for every B0
s branching fraction

measurement, e.g. B(B0
s ! µ+µ�), since it dominates in most cases the systematic

uncertainty [17]. Following the method described in Ref. [18], the value of fs/fd can be
calculated as

fs
fd

= 0.982
⌧Bd

⌧Bs

R
NaNFNE

B(D� ! K+⇡�⇡�)

B(D+
s ! K+K�⇡+)

, (6)

where R is defined in Eq. (5), the numerical factor takes phase-space e↵ects into account,
Na describes non-factorisable SU(3) breaking e↵ects, NF is the ratio of the form factors,
NE takes into account the contribution of the W -exchange diagram in the B0! D�⇡+

decay, and ⌧Bd
(⌧Bs) is the B0 (B0

s ) lifetime.

2 Detector and simulation

The LHCb detector [19, 20] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or

2

Semileptonic decays Hadronic decays

• Use equality of partial widths (from HQET) and 
compare semileptonic decay rates from Bs and 
B0/+ decays.
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B-fractions analysis, Phys.Rev. D100 (2019) 
no.3, 031102

• Compare Bs0—>Ds+π- and B0—>D-π+ decays

• Ratio assuming SU(3) is

10.1140/epjc/s10052-020-08512-8

• Perhaps there is also a puzzle here too:

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-020-08512-8&v=2fe88c6f
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BDT calibration

11

• Events are categorised into 6 "BDT bins" : 
flat signal BDT and decreasing combinatorial

• We measure the branching fractions with a 
simultaneous mass fit in 10 categories (2 
Runs X 5 BDT bins)

• (The first bin  is excluded since it's 
background-dominated)
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Figure 7: Expected BDT distribution calibrated using corrected simulated B0
s ! µ+µ� candidates

(black) and combinatorial background from high-mass sidebands (blue circles) in (top) Run1
and (bottom) Run2 data.
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Preliminary

• The signal BDT output is calibrated on 
data-corrected simulation

• Cross-checked on  data
• Shape determined by PID and trigger 

efficiencies
• BDT-lifetime correlations accounted for in 

the  signals (see  backup)

B0 → K+π−

B0
s → μ+μ−(γ) →
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Figure 6: Expected BDT distribution calibrated using simulated B0! µ+µ� candidates (black)
and B0! K+⇡� control channel (red) in (top) Run1 and (bottom) Run2 data.
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Preliminary

• Main background arises from so-called combinatorial background: Accidental combinations of 
two muons from different decays.B0(s)→µ+µ– discrimination

B

µ+

µ-

B

B

µ+

µ-

Signal: 2 muons from a single 
well reconstructed background 

Dominant combinatorial background 
from bb̅→µ+µ−X decays

New multivariate classifier trained on simulated events using 7 variables 
including 2 new isolation variables.

15

B0(s)→µ+µ– discrimination

B

µ+

µ-

B

B

µ+

µ-

Signal: 2 muons from a single 
well reconstructed background 

Dominant combinatorial background 
from bb̅→µ+µ−X decays

New multivariate classifier trained on simulated events using 7 variables 
including 2 new isolation variables.

15

Combinatorial Signal

• Other specific backgrounds include b—>u semileptonic decays and misidentified charmless 
decays.
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• Latest results with full run II data includes precise fs/fd combination

• Results consistent with SM, but combination with ATLAS/CMS ~ 2 σ below SM prediction.


• Combination to be updated with new fs/fd and latest LHCb result.
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Normalisation: results 
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4.4 Normalisation

One can count the number of B0

d,s
! µ

+
µ
� events via an invariant mass fit of

the candidates and calculate the branching fraction of the process via the basic
equation (2.3), as:

B(B0

d,s
! µ

+
µ
�) =

NB
0
d,s

!µ+µ�

Lint ⇥ �pp!bb̄ ⇥ 2⇥ fd,s ⇥ ✏B0
d,s

!µ+µ�
, (4.6)

i.e. the number of B0

d,s
! µ

+
µ
� events divided by the total number of produced

B
0

d,s
(or B̄

0

d,s
), given by the product of the number of produced bb̄ pairs and the

hadronisation fractions fd,s, times the total e�ciency and geometrical acceptance
of the B

0

d,s
! µ

+
µ
� channel. Although feasible, Eq. (4.6) is a↵ected by large

uncertainties stemming from the measurements of the cross section and the inte-
grated luminosity.
To improve the precision, a normalisation channel is used: the number of events of
a well-known process is measured so that the branching fraction can be expressed
as the ratio between the observed B

0

d,s
! µ

+
µ
� candidates and the normalisation

candidates, as

B(B0

d,s
! µ

+
µ
�) =

↵sz }| {
Bnorm

Nnorm

⇥ ✏norm

✏sig| {z }
↵d

⇥fnorm

fd,s
⇥NB

0
d,s

!µ+µ� , (4.7)

where ↵d and ↵s are called normalisation factors for B0

d
! µ

+
µ
� and B

0

s
! µ

+
µ
�,

respectively.
The approach of Eq. (4.7) requires to calculate the normalisation channel yield

and e�ciency, but avoids to use the absolute number of produced B mesons. To
minimise the systematic error, the normalisation channel has to be similar to the
signal as far as trigger, reconstruction and selection are concerned. To this purpose,
two normalisation channels are employed in the present analysis:

1. B
+ ! J/ K

+, with J/ ! µ
+
µ
�, which has a very similar muon trigger

selection with respect to B
0

d,s
! µ

+
µ
�,

2. B
0

d
! K

+
⇡
�, which is a two-body B decay and therefore exhibits a similar

reconstruction and topology with respect to B
0

d,s
! µ

+
µ
�.

Both channels have large yields and precisely measured branching fractions.5 The
resulting normalisation factors are then combined, as described in Sec. 4.4.1.

5 B(B+ ! J/ K+) = (1.026 ± 0.031) ⇥ 10�3, B(J/ ! µ+µ�) = (5.961 ± 0.033)% and
B(B0

d
! K+⇡�) = (1.96± 0.05)⇥ 10�5 [158].

108

• Combining the two normalisation channels we 
obtain the following "single-event 
sensitivities" :

•  BF and yield of the normalisation channel
•  Signal/normalisation efficiency ratio

•  Ratio of hadronisation fraction (for the )                                                                             
Very recent LHCb combination  ,                                                                

B0
s

fs /fd (7 TeV) = 0.239 ± 0.008 fs /fd (13 TeV) = 0.254 ± 0.008

• The observed signal yield is converted into a BF according to:

[LHCb-PAPER-2020-046]

αB0→μ+μ− = (6.52 ± 0.11) × 10−12

αB0s →μ+μ− = (2.49 ± 0.09) × 10−11

αB0s →μ+μ−γ = (2.98 ± 0.11) × 10−11

• Assuming SM signals we expect:

N(B0 → μ+μ−)SM = 16 ± 1

N(B0
s → μ+μ−)SM = 147 ± 8

N(B0
s → μ+μ−γ)SM ≈ 3

[LHCB-PAPER-2021-007]
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B0
s

fs /fd (7 TeV) = 0.239 ± 0.008 fs /fd (13 TeV) = 0.254 ± 0.008

• The observed signal yield is converted into a BF according to:

[LHCb-PAPER-2020-046]

αB0→μ+μ− = (6.52 ± 0.11) × 10−12

αB0s →μ+μ− = (2.49 ± 0.09) × 10−11

αB0s →μ+μ−γ = (2.98 ± 0.11) × 10−11

• Assuming SM signals we expect:

N(B0 → μ+μ−)SM = 16 ± 1

N(B0
s → μ+μ−)SM = 147 ± 8

N(B0
s → μ+μ−γ)SM ≈ 3

[LHCB-PAPER-2021-007]
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Experimental measurements

7

•  

•  away from the SM
•

•

ℬ(B0
s → μ+μ−) = (2.69+0.37

−0.35) × 10−9

2.1σ

τμ+μ− = 1.91+0.37
−0.35 ps

ℬ(B0 → μ+μ−) < 1.9 × 10−10 (95 % CL)
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Figure 1: In the left-hand plot, the two-dimensional likelihood contours of the results for
the B0

s
! µ+µ� and B0 ! µ+µ� decays for the three experiments are shown together with

their combination. The dataset used was collected from 2011 to 2016. The red dashed line
represents the ATLAS experiment, the green dot-dashed line the CMS experiment, the
blue long-dashed line the LHCb experiment and the continuous line their combination.
For each experiment and for the combination, likelihood contours correspond to the values
of �2�lnL = 2.3, 6.2, and 11.8, respectively. In the right-hand plot, the combination
of the three experiments is shown with contours of di↵erent shades. Likelihood contours
correspond to the values of �2�lnL = 2.3, 6.2, 11.8, 19.3, and 30.2, represented in order
by darkest to less dark colour. In both plots, the red point shows the SM predictions
with their uncertainties. The published results from the three experiments are detailed
in Ref. [1–3].

account. The resulting curve is shown in Fig. 3. The value of the ratio is determined to
be

R = 0.021+0.030
�0.025 (13)

and its upper limit at 90% (95)% CL isR < 0.052 (0.060). The upper limit is computed in
the same manner as for B(B0 ! µ+µ�), by integrating the likelihood only in the positive
region.

The CMS and LHCb experiments also measured the e↵ective lifetime of the observed
B0

s
! µ+µ� candidates. The LHCb B0

s
! µ+µ� e↵ective lifetime is measured from a

fit to the background-subtracted decay-time distribution of signal candidates. The CMS
measurement is determined with a two-dimensional likelihood fit to the proper decay
time and dimuon invariant mass; the model introduced in the likelihood fit adopts the
per-event decay time resolution as a conditional parameter in the resolution model. For
both experiments, the measurement is fully dominated by its statistical uncertainty, hence
the two results are uncorrelated. Two variable-width Gaussian likelihoods are used to
describe the CMS and LHCb original likelihoods and the value of �2�lnL obtained from
these functions (shown in Fig. 4) is then minimised to obtain the combined value and the

6

[ATLAS-CONF-2020-049]
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• 1984 The search begins at CLEO

• 2015 First observation of  with CMS + 
LHCb (Run 1 data)

• 2017 First observation of  with a single 
experiment by LHCb ( ) 

ℬ(B0
s → μ+μ−) < 2 × 10−4 (90 % CL)

B0
s → μ+μ−

B0
s → μ+μ−

4.4 fb−1

ℬ(B0
s → μ+μ−) = (3.0 ± 0.6+0.3

−0.2) × 10−9

[PRL 118 (2017) 191801]

• Only experimental limit today on: 
 from BaBar 

at 
ℬ(B0 → μ+μ−γ) < 1.6 × 10−7

90 % CL [PRD 77 (2008) 011104]

• 2020 combination of ATLAS, CMS and LHCb:

[PRD 30 (1984) 11]

[Nature 522 (2015) 68–72]

http://arxiv.org/abs/2108.09284
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A long history - still room for NP!
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Conclusions
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• The legacy measurement of 
 represents an 

important milestone for LHCb and 
a crucial input for the "flavour 
anomalies"

• Achieved the most precise single-
experiment measurement of the 

 with  error 

B0
(s) → μ+μ−

ℬ(B0
s → μ+μ−) ∼ 15 %
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Zoom on LHC

• Most precise measurement of 

• First limit on  ISR at high 

•  limit at 2.5X the SM prediction: its observation in Run 3 heavily relies on the PID
• Paper will appear soon!

• That's it for , now more rare decays with Kostas

τμ+μ−

B0
s → μ+μ−γ mμ+μ−

ℬ(B0 → μ+μ−)

B0
(s) → μ+μ−
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• Example decays should result in low energy hadrons in order to get good theory predictions.

20

Semileptonic 

• Get spikes in the distribution, typically we veto these so that we are dominated by the 
semileptonic decay.

› Differential branching fractions of B0→K(*)0µµ, B+→K(*)+µµ, Bs→fµµ,
B+→p+µµ and Lb→Lµµ
» Presence of hadronic uncertainties in theory predictions

› Angular analyses of B→K(*)µµ, Bs→fµµ, B0→K*0ee and Lb→Lµµ
» Define observables with smaller theory uncertainties

› Test of Lepton Flavour Universality in B+→K+ll and B0→K*0ll
» Cancellation of hadronic uncertainties in theory predictions

Shopping List

CERN SeminarSimone Bifani 5

Different q2 regions probe 
different processes

In the OPE framework the  
short-distance contribution is 

described by Wilson coefficients 

B+ ! K+µ+µ�

• e.g. 

•      

•       

•       

•      B0 ! K⇤0µ+µ�

B0
s ! �µ+µ�

⇤0
b ! ⇤0µ+µ�

b ! s``
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Branching fraction 
• Is NP affecting the rate of these decays?

• Measure the branching fraction as a function of q2.

21

• Take the most experimentally appealing signature (muons and charged hadrons).

Theoretical overview 11

Figure 2.3: The B0
! K⇤0µ+µ� decay in the lowest order SM diagrams. The left is the penguin diagram,

which contributes to the Wilson coe�cients C7,9,10. The right is the box diagram, which
contributes to C9,10.

where e and g are the coupling strengths of the electromagnetic and weak forces, �µ⌫ are the

Pauli spin matrices, F µ⌫ is the electromagnetic field strength tensor and PL,R are the left- and

right-handed projection operators. The operator O7 is the electromagnetic operator, corresponding

to the emission of a photon from the loop. The operators O9 and O10 are the semi-leptonic vector

and axial-vector operators and correspond to the Z penguin and W box diagrams. The primed

operators are those with opposite chirality whose Wilson coe�cients are suppressed by the factor

ms/mb in the SM, relative to the unprimed ones.

Another set of operators can be defined as

O
q

1
= (s̄iqj)V�A(q̄jbi)V�A O

q

2
= (s̄iqi)V�A(q̄jbj)V�A

O3 = (s̄ibi)V�A

X

q

(q̄jqj)V�A O4 = (s̄ibj)V�A

X

q

(q̄jqi)V�A

O5 = (s̄ibi)V�A

X

q

(q̄jqj)V+A O6 = (s̄ibj)V�A

X

q

(q̄jqi)V+A

O8 = �
gsmb

8⇡2
s̄� ·G(1 + �5)b (2.20)
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• At LHCb we normalise to the corresponding J/ψ decay mode.

22

Normalisation

5 Branching fraction normalisation

Each signal mode is normalised with respect to its corresponding B! J/ K(⇤) channel,
where the J/ resonance decays into two muons. These normalisation channels have
branching fractions that are approximately two orders of magnitude higher than those
of the signal channels. Each normalisation channel has similar kinematic properties and
the same final-state particles as the signal modes. This results in an almost complete
cancellation of systematic uncertainties when measuring the ratio of branching fractions of
the signal mode with the corresponding normalisation channel. Separate normalisations for
the long and downstream K0

S reconstruction categories are used to further cancel potential
sources of systematic uncertainty.

Corrections to the IP resolution, PID variables and B candidate kinematic properties
are applied to the simulated events, such that the distributions of simulated candidates from
the normalisation channels agree with the data. The simulation samples are subsequently
used to calculate the relative e�ciencies as functions of q2. The q2 dependence arises
mainly from trigger e↵ects, where the muons have increased (decreased) pT at high (low)
q2 and consequently have a higher (lower) trigger e�ciency. Furthermore, at high q2, the
hadrons are almost at rest in the B meson rest frame and, like the B meson, points back
to the PV in the laboratory frame. The IP requirements applied on the hadron have a
lower e�ciency for this region of q2. The K0

S channels have an additional e↵ect due to the
di↵erent acceptance of the two reconstruction categories; K0

S mesons are more likely to be
reconstructed in the long category if they have low momentum, which favours the high q2

region. The momentum distributions of the K0
S mesons in B0

! J/ K0
S and B+

! J/ K⇤+

decays in data and simulation for both K0
S categories are in good agreement, indicating

that the acceptance is well described in the simulation.
The measured di↵erential branching fraction averaged over a q2 bin of width q2max�q2min

is given by

dB

dq2
=

N(B! K(⇤)µ+µ�)

N(B! J/ K(⇤))
·
"(B! J/ K(⇤))

"(B! K(⇤)µ+µ�)
·
B(B! J/ K(⇤))B(J/ ! µ+µ�)

(q2max � q2min)
, (2)

where N(B! K(⇤)µ+µ�) is the number of signal candidates in the bin, N(B! J/ K(⇤))
is the number of normalisation candidates, the product of B(B! J/ K(⇤)) and
B(J/ ! µ+µ�) is the visible branching fraction of the normalisation channel, and
"(B! K(⇤)µ+µ�)/"(B! J/ K(⇤)) is the relative e�ciency between the signal and nor-
malisation channels in the bin.

6 Systematic uncertainties

The branching fraction measurements of the normalisation modes from the B-factory
experiments assume that the B+ and B0 mesons are produced with equal proportions at
the ⌥(4S) resonance [32–34]. In contrast, in this paper isospin symmetry is assumed for the
B! J/ K(⇤) decays, implying that the B+

! J/ K+ (B+
! J/ K⇤+) and B0

! J/ K0

6

• This vastly simplifies systematic uncertainties, as both signal and normalisation have the same 
final state.

• But: we are limited by the uncertainty on 

• Good information for B+ and B0 mesons from B-factories, for Bs0 and Λb0 branching fractions we 
have to do a bit more work.

B(B ! J/ K(⇤))
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• Everything is below the SM, with the 
notable exception of 

23

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

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

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

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

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

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

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

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

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

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

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

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

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

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

12

JHEP 02 (2016) 104

19

0 5 10 15 20

q2 [GeV2]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

dB

dq2
[10�7 GeV�2]

FIG. 8. ⇤b ! ⇤ µ
+
µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq2i hFLi hA`
FBi hA⇤

FBi hA`⇤
FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci

[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤µ
+
µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q
2) are negligible

compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T

= 2CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11Nc �

2Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q

2. At low q
2,

B0
s ! �µ+µ�B0 ! K⇤0µ+µ�

⇤0
b ! ⇤0µ+µ�

⇤0
b ! ⇤0µ+µ�

B+ ! K+µ+µ�

However, this one appears to be a problem with the 
normalisation: 10.1103/PhysRevD.101.035023
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Figure 2: Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [24, 26, 27] at low q2 and Lattice calculations [28, 29] at high q2.
The results from the LHCb Run 1 analysis [1, 22] are shown as green solid boxes.

is performed. The B0
s ! f 0

2µ
+µ� signal decay is modeled using the sum of two Gaussian119

functions with a power-law tail on opposite sides in m(K+K�µ+µ�) and a relativistic120

Breit–Wigner function in m(K+K�). The mass model parameters are determined from121

data using fits to the B0
s ! J/ f 0

2 control mode and are fixed for the rare signal mode.122

Contributions from the S-wave and P-wave resonances are described with a linear function123

in m(K+K�) and use the same model as the signal in m(K+K�µ+µ�). Interference124

between di↵erent components is neglected as these e↵ects were found to be small in125

Ref. [30]. The combinatorial background is modeled using a single exponential function in126

both the reconstructed B0
s mass and the mass of the dikaon system. Backgrounds from127

B0! K+⇡�µ+µ� and ⇤0
b! pK�µ+µ� decays are found to be non-negligible in the wide128

m(K+K�) window, and are included in the fit model using a kernel density estimate129

determined on simulated events.130

The branching fraction of the B0
s ! f 0

2µ
+µ� decay is determined in a simultaneous131

fit of the data samples. The branching fraction of the signal and the S- and P-wave132

contributions are shared between the data samples. Figure 3 shows the reconstructed B0
s133

mass and the dikaon mass in the B0
s signal region within 50MeV/c2 of the known B0

s mass,134

overlaid with the fit projections. The significance of the signal is determined using Wilks’135

theorem comparing the logarithmic likelihood with and without the signal component.136

The B0
s ! f 0

2µ
+µ� decay is observed with a statistical significance of 9�. Systematic137

e↵ects on the significance due to the choice of fit model are small.138

The dominant systematic uncertainties for the relative branching fraction of the139

decay B0
s ! f 0

2µ
+µ� originate from the uncertainty of the branching fraction ratio140

B(�! K+K�)/B(f 0
2 ! K+K�), the modeling of the parameters of the Breit–Wigner141

function describing the f 0
2 resonance, and the simplified fit model for the m(K+K�)142

distribution. The e↵ect of the simplified fit model is evaluated using high statistics143

pseudoexperiments, in which events are generated using the amplitude model in Ref. [30]144

and fit with the simplified nominal model. The observed di↵erence in the determined145

yield is taken as a systematic uncertainty.146

The fraction of signal events which lie in the considered q2 region is calculated using the147

5

2σ
2σ

3σ
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Beyond branching fractions
• If NP is indeed changing the branching fractions of these decays, expect it also to change 

the angular distribution.

24

• The main decay is                      ,  why not                     or                    ?B ! K⇤µ+µ� B ! Kµ+µ� B0
s ! �µ+µ�

K+

⇡�
K⇤0 ✓K

µ+

µ�

B0

✓`

(a) ✓K and ✓` definitions for the B0 decay

µ�

µ+

K+

⇡�
B0

K⇤0
�

K+ ⇡�

n̂K⇡

�p̂K⇡

µ�

µ+

n̂µ+µ�

(b) � definition for the B0 decay

⇡+

K�
K⇤0

µ�

µ+

B0

�

K� ⇡+

n̂K⇡

� p̂K⇡

µ�

µ+

n̂µ�µ+

(c) � definition for the B0 decay

Boost into the rest frame of the B, 
and measure these angles for every 

signal candidate.
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First we write down the PDF
• The                      angular distribution can be written down as follows

25

for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K⇤0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
k |2 + |AR

k |2 + |AL
?|2 + |AR

?|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4S6s. The CP -averaged angular distribution of the B0! K⇤0µ+µ�

decay can then be written as
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(4)

Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A(2)

T [23], where A(2)
T = 2S3/(1 � FL), and the P (0)

i series of
observables [24]. In this paper the notation used is

P1 =
2S3

(1� FL)
= A(2)

T ,

P2 =
2

3

AFB

(1� FL)
,

P3 =
�S9

(1� FL)
,

P 0
4,5,8 =

S4,5,8p
FL(1� FL)

,

P 0
6 =

S7p
FL(1� FL)

.

(5)

The definition of the P 0
i observables di↵ers from that of Ref. [24], but is consistent with

the notation used in the LHCb analysis of Ref. [8].
In addition to the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state,

the K+⇡� system can also be in an S-wave configuration. The addition of an S-wave
component introduces two new complex amplitudes, AL,R

S , and results in the six additional

3

B0 ! K⇤0`+`�

Probe observables such as the forward-backward asymmetry 
(AFB) and and the fraction of longtitundal polarisation of the K* (FL)
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Need to correct for angular acceptance
• The requirements that the decay is reconstruction will bias the angular distribution.

26

lθcos 
-1 -0.5 0 0.5 1

R
el

at
iv

e 
ef

fic
ie

nc
y

0

0.5

1

simulation
LHCb

K+

⇡�
K⇤0 ✓K

µ+

µ�

B0

✓`

(a) ✓K and ✓` definitions for the B0 decay

µ�

µ+

K+

⇡�
B0

K⇤0
�

K+ ⇡�

n̂K⇡

�p̂K⇡

µ�

µ+

n̂µ+µ�

(b) � definition for the B0 decay

⇡+

K�
K⇤0

µ�

µ+

B0

�

K� ⇡+

n̂K⇡

� p̂K⇡

µ�

µ+

n̂µ�µ+

(c) � definition for the B0 decay

• This is corrected using simulation.

High q2

Low q2
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Then we fit the distribution
• Fit the 4D distribution of mass, three angles in bins of q2.
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Angular discrepancy
• Cancel leading form factor uncertainties by constructing ‘optimised observables’ (P observables).
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for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K⇤0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
k |2 + |AR

k |2 + |AL
?|2 + |AR

?|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4S6s. The CP -averaged angular distribution of the B0! K⇤0µ+µ�

decay can then be written as

1

d(�+ �̄)/dq2
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+S8 sin 2✓K sin 2✓l sin�+ S9 sin
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i
.

(4)

Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A(2)

T [23], where A(2)
T = 2S3/(1 � FL), and the P (0)

i series of
observables [24]. In this paper the notation used is

P1 =
2S3

(1� FL)
= A(2)

T ,

P2 =
2

3

AFB

(1� FL)
,

P3 =
�S9

(1� FL)
,

P 0
4,5,8 =

S4,5,8p
FL(1� FL)

,

P 0
6 =

S7p
FL(1� FL)

.

(5)

The definition of the P 0
i observables di↵ers from that of Ref. [24], but is consistent with

the notation used in the LHCb analysis of Ref. [8].
In addition to the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state,

the K+⇡� system can also be in an S-wave configuration. The addition of an S-wave
component introduces two new complex amplitudes, AL,R

S , and results in the six additional
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• Discrepancy just below the J/ψ peak. Combined significance is around 3.3σ.
• People wrongly assume this only comes from P5’. Tensions in AFB and FL all point in the same direction.

 PHYS. REV. LETT. 125 (2020) 011802 

https://doi.org/10.1103/PhysRevLett.125.011802
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Coherent pattern?

• Something appears to be negatively interfering with the SM 
b->sll decay amplitude, with a vector like coupling to the 
leptons.

29

• If the P5’ discrepancy is due to NP, it would also cause the branching fractions to be 
lower than the SM.
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

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

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

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

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

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

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

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

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

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

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

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

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

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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Figure 2: Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [24, 26, 27] at low q2 and Lattice calculations [28, 29] at high q2.
The results from the LHCb Run 1 analysis [1, 22] are shown as green solid boxes.

is performed. The B0
s ! f 0

2µ
+µ� signal decay is modeled using the sum of two Gaussian119

functions with a power-law tail on opposite sides in m(K+K�µ+µ�) and a relativistic120

Breit–Wigner function in m(K+K�). The mass model parameters are determined from121

data using fits to the B0
s ! J/ f 0

2 control mode and are fixed for the rare signal mode.122

Contributions from the S-wave and P-wave resonances are described with a linear function123

in m(K+K�) and use the same model as the signal in m(K+K�µ+µ�). Interference124

between di↵erent components is neglected as these e↵ects were found to be small in125

Ref. [30]. The combinatorial background is modeled using a single exponential function in126

both the reconstructed B0
s mass and the mass of the dikaon system. Backgrounds from127

B0! K+⇡�µ+µ� and ⇤0
b! pK�µ+µ� decays are found to be non-negligible in the wide128

m(K+K�) window, and are included in the fit model using a kernel density estimate129

determined on simulated events.130

The branching fraction of the B0
s ! f 0

2µ
+µ� decay is determined in a simultaneous131

fit of the data samples. The branching fraction of the signal and the S- and P-wave132

contributions are shared between the data samples. Figure 3 shows the reconstructed B0
s133

mass and the dikaon mass in the B0
s signal region within 50MeV/c2 of the known B0

s mass,134

overlaid with the fit projections. The significance of the signal is determined using Wilks’135

theorem comparing the logarithmic likelihood with and without the signal component.136

The B0
s ! f 0

2µ
+µ� decay is observed with a statistical significance of 9�. Systematic137

e↵ects on the significance due to the choice of fit model are small.138

The dominant systematic uncertainties for the relative branching fraction of the139

decay B0
s ! f 0

2µ
+µ� originate from the uncertainty of the branching fraction ratio140

B(�! K+K�)/B(f 0
2 ! K+K�), the modeling of the parameters of the Breit–Wigner141

function describing the f 0
2 resonance, and the simplified fit model for the m(K+K�)142

distribution. The e↵ect of the simplified fit model is evaluated using high statistics143

pseudoexperiments, in which events are generated using the amplitude model in Ref. [30]144

and fit with the simplified nominal model. The observed di↵erence in the determined145

yield is taken as a systematic uncertainty.146

The fraction of signal events which lie in the considered q2 region is calculated using the147

5

ARXIV:2105.14007 

https://doi.org/10.1007/JHEP06(2014)133
http://arxiv.org/abs/2105.14007
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A SM complication
• Unfortunately, there is also a SM contribution which can negatively interfere with the 

semileptonic amplitude.

30

The problem
• Additional diagrams contribute to b—>sll decays.
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These diagrams cannot be factorised - large uncertainties in 
the size and phase w.r.t short distance.

These diagrams interfere with penguin diagram and can 
mimic NP.

dB(B!K``)
dq2

J/  (2S)

 (3770)
 (4040)

 (4160)
 (4415)

D̄D-theshold

q2[GeV2]

K slow: 
- high-q2 “OPE”  

-endpoint relations

K fast: 
- light-cone methods  
LCSR, QCDF/SCET

O
2
7,9-dominates

O2-O7,9-interference

narrow resonances
(O2)2-e↵ect

O
2
9-dominates

O2-O9-interference

diagnostic shape  
for charm 

 Charm resonances as a function of dilepton-pair momentum q2 

.
whole zoo of
JPC = 1��

cc̄�states

electroweak penguin (also O7..) 4-quark operators (also O3..6)

O9(10)

V (A)

lo
ng

 d
ist

an
ce

 
(L

D)

sh
or

t 
di

st
an

ce
 

(SD
)

at microscopic level
c

4

decays

• This contribution is very difficult to calculate as it is fully hadronic.

Effect on angular observables
⌘ Scan over all values of ✓0

j (bands), accounting for FF uncertainties
(width of band)

Figure 3: Distributions of the angular observables P �
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for �0j = 0 (hatched band) and �0j = � (dark band). The measured
values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

is shown in Fig. 2), the tension of the prediction with the measured value of P �
5 cannot be

explained solely through hadronic e�ects.

4.1 Sensitivity to CP violation

The model of the hadronic resonance contributions to B0! K⇤0µ+µ� decays described
in this paper provides a prediction for the strong phase di�erences involved in these
transitions. Direct CP violation will arise when there are interfering amplitudes that have
di�erent weak phases as well as di�erent strong phases, as discussed within the context of
B�! K�µ+µ� and B�! ��µ+µ� decays in Refs. [21, 50]. Therefore, it is interesting to
study the e�ect that potential weak phases beyond the SM have on angular observables
such as the direct CP asymmetry ACP , defined as

ACP =

d�(B ! K⇤µ+µ�)

dq2
� d�(B ! K⇤µ+µ�)

dq2

d�(B ! K⇤µ+µ�)

dq2
+

d�(B ! K⇤µ+µ�)

dq2

, (12)

9

⌘ S7 is extremely sensitive to strong phases and even with Run1 data can
already rule out certain configurations

K.A. Petridis (UoB) b2s`` February 2018 b2s`` 2018 6 / 9

Blake et al, Eur. Phys. J. C (2018) 78: 453
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Handles with data
• We have tried experimentally to control this in                     decays. 
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• No big effect from charmonium resonances seen, but model does have some assumptions 
which are being tested for next round.
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• Other approaches to be tested soon (e.g. arXiv:1707.07305) will help clarify this issue.

https://doi.org/10.1140/epjc/s10052-017-4703-2
https://arxiv.org/abs/1707.07305
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What if it can’t be solved?
• If we can’t figure out these hadronic effects, can we cancel them somehow?
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Test lepton universality!!!


