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Beauty Charm Strange

B0
(s) → µ+µ−

• BF precisely predicted by SM • Sensitive to BSM physics

Exp. results from Run I consistent with SM

B(B
0
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+
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−

) B(B
0 → µ

+
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−

)

CMS (3.0
+1.0
−0.9)× 10

−9
< 1.1× 10

−9
(95% CL) [PRL 111 101804 (2013)]

LHCb (2.9
+1.1
−1.0)× 10

−9
< 7.4× 10

−10
(95% CL) [PRL 111 101805 (2013)]

ATLAS (0.9
+1.1
−0.8)× 10

−9
< 4.2× 10

−10
(95% CL) [arXiv:1604.04263]

CMS+LHCb (2.8
+0.7
−0.6)× 10

−9
(3.9

+1.6
−1.4)× 10

−10
[Nature 522 (2015) 68]

SM (3.66± 0.23)× 10
−9

(1.06± 0.09)× 10
−10

[PRL 112, 101801 (2014)]
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Figure 9: Contours in the planeB(B0
s → µ+µ−),B(B0 → µ+µ−) for intervals of−2∆ ln(L) equal to 2.3, 6.2 and

11.8 relative to the absolute maximum of the likelihood, without imposing the constraint of non-negative branching
fractions. Also shown are the corresponding contours for the combined result of the CMS and LHCb experiments,
the SM prediction, and the maximum of the likelihood within the boundary of non-negative branching fractions,
with the error bars covering the 68.3% confidence range forB(B0

s→ µ+µ−).

13 Conclusions

A study of the rare decays ofB0
s andB0 mesons into oppositely charged muon pairs is presented, based

on 25 fb−1 of 7 TeV and 8 TeV proton–proton collision data collected by the ATLAS experiment in Run 1
of LHC.

For B0 an upper limitB(B0 → µ+µ−) < 4.2 × 10−10 is placed at the 95% confidence level, based on the
CLs method. The limit is compatible with the predictions based on the SM and with the combined result
of the CMS and LHCb experiments.

For B0
s the result isB(B0

s → µ+µ−) =
(
0.9+1.1
−0.8

)
× 10−9, where the errors include both the statistical and

systematic uncertainties. An upper limitB(B0
s → µ+µ−) < 3.0 × 10−9 at 95% CL is placed, lower than

the SM prediction, and in better agreement with the measurement of CMS and LHCb.

A p-value of 4.8% is found for the compatibility of the results with the SM prediction.
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Beauty Charm Strange

B0
(s) → µ+µ−

LHCb prospects for B decays calculated assuming

• same efficiency and signal-to-background ratio

• σbb (14 TeV) ≈ 2σbb (7 TeV)

• LHCb upgrade collects 50 fb−1 and 300 fb−1 at LHC-HL

• CMS collects 3 ab−1

• Systematics: 5% fs/fd , 3% B+ → J/ψK+ (normalisation channel)

σ
(
B(B

0
s → µ

+
µ
−

)
)
σ

(
B(B

0
s→µ

+
µ
−

)

B(B
0→µ+

µ
−

)

)

LHCb Run I 1× 10
−9

80% [Nature 522 (2015) 68]

LHCb 8 fb
−1

0.49× 10
−9

39%

LHCb 50 fb
−1

0.25× 10
−9

16%

LHCb 300 fb
−1

0.19× 10
−9

8%

CMS 3 ab
−1

(barrel)
1
0.3× 10

−9
21% [CMS-PAS-FTR-14-015]

Theory 0.3× 10
−9

5% [PRL 112, 101801 (2014)]

1
Actually 11%, shown as absolute value assuming current BF result.
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B0
(s) → µ+µ−

Future data gives access to further observables, e.g.:

• Effective lifetime τµµ (A∆Γ)

→ Scalar and pseudo-scalar/-vector contribution
differentiation

→ ∆τ/τ̄ ≈ 12%, need σ(τµµ) < 2.5% to
distinguish between A∆Γ = ±1 at 5σ

→ σ(τµµ) ≈ 5% for 50 fb−1, 2% for 300 fb−1

→ Study with Run I and 2015 data ongoing

PRL 109, 041801 (2012)

• Time-dependent CP violation, Sµµ
→ Assuming LHCb tagging efficiency of 4%, σ(Sµµ) = 0.3 with 300 fb−1

B0
s mode expected to be systematics dominated

• fs/fd ratio ≈ 5%

• B+ → J/ψK+ ≈ 4% – to be improved by
Belle II (both BF and Υ(4S) production asymetry)
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Beauty Charm Strange

B0
(s) → τ+τ−

B0
(s) → τ+τ− sensitive to BSM

physics from leptoquarks, W’/Z’
and two-Higgs-doublet models

SM predictions [PRL 112, 101801 (2014)]

BSM(B0 → τ+τ−) = (2.22± 0.19)× 10−8

BSM(B0
s → τ+τ−) = (7.73± 0.49)× 10−7

LHCb with 3 fb
−1

LHCb-CONF-2016-011
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Figure 6: CLs as function of BR(B0
s → τ+τ−). Expected (observed) values are shown by a

dashed (plain) black line. The green (yellow) band covers the regions of 68% and 95% confidence
for the expected limit. The red horizontal line corresponds to the limit at 95% CL.
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Experimental precision far from theoretical
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B0
(s) → µ+µ−µ+µ−

• Excess of events in the low-dimuon-mass range found by HyperCP for
Σ+ → pµ+µ− [PRL 94 (2005) 021801] (more on this later in the talk)

• Potentially pointing towards new resonance X [µµ], M(X ) ≈ 214 MeV/c2

LHCb-PAPER-2016-043

• BSM(B0
(s) → µ+µ−µ+µ−) ∼ O(10−11) (non-resonant) [PLB 556 (2003) 169]

• Sensitive to scalar (S) and pseudo-scalar (P) sgoldstinos:

BF up to O(10−4)/(10−7) for B0
s/B0

[PRD 85, 077701 (2012)]

• Search for non-resonant B0
(s) → µ+µ−µ+µ− with 3 fb−1

B(B0
s → µ+µ−µ+µ−) < 2.5× 10−9

B(B0 → µ+µ−µ+µ−) < 6.9× 10−9

Sensitivity of few 10−10 possible with 300 fb−1

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 7

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.94.021801
http://www.sciencedirect.com/science/article/pii/S037026930300131X
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.077701


Beauty Charm Strange

Outline

1 Very rare beauty decays

2 Very rare charm decays

3 Very rare strange decays

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 8
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Very rare charm decays

, ,

Introduction

Why charm rare decays?

• Different type of physics channels, from forbidden to not-so-rare

LFV
• Strictly forbidden in the SM B ∼ 0

• Many extensions of the SM predict
such processes

FCNC
• Short distance contributions to c → u

tiny B ∼ 10−9, dominated by long
distance contributions

• Predictions well below current
experimental sensitivities

M. Fontana (INFN Cagliari and CERN) Rare charm @LHCb 06-09-2016 3 / 20
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• LHCb particularly good at measuring modes with muons

LFV

• Strictly forbidden in SM, SM extensions predict LFV

FCNC

• Dominated by long-distance contributions

• Short-distance in general B < 10−9 (mode-dependent)

• Predictions still below current experimental sensitivities
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Latest results from rare D0 decays

LHCb PLB 754 (2016) 167

• Large LFV expected in numerous NP models
(SUSY, Extra Dimension, Little Higgs)

• Previous result Belle [PRD 81, 091102(R) (2010)]

B(D0 → e±µ∓) < 2.6× 10−7 at 90% CL

• LHCb with 3 fb−1,
B(D0 → e±µ∓) < 1.3× 10−8 at 90% CL

— D
0 → e

±
µ
∓

— D
0 → π

+
π
−

misID

LHCb PLB 757 (2016) 558-567

• LHCb analysis of B(D0 → K−π+µ+µ−) with 2 fb−1 in ρ − ω region

→ Used as a normalisation channel for four-body decays

• First observation
B(D0 → K−π+µ+µ−) = (4.17± 0.12(stat)± 0.40(syst))× 10−6

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 10

http://www.sciencedirect.com/science/article/pii/S0370269316000411
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.091102
http://www.sciencedirect.com/science/article/pii/S0370269316301022


Beauty Charm Strange

Prospects of other rare charm decays

Projection of branching fractions assuming, short-distance

• same efficiency and signal-to-background ratio

• an upgrade trigger efficiency ∼ 2 times better

• σcc (14 TeV) ≈ 2σcc (7 TeV)

Mode 8 fb−1 50 fb−1 300 fb−1

D0 → µ+µ− fewer 10−9 few 10−10 fewer 10−10

D0 → e+µ− few 10−9 fewer 10−9 few 10−10

D+ → π+µ+µ− fewer 10−8 few 10−9 fewer 10−9

D+
s → K+µ+µ− fewer 10−7 few 10−8 fewer 10−8

D0 → hhµ+µ− fewer 10−7 few 10−8 fewer 10−8

• Getting close to the SM predictions in some modes

• Other modes foreseen, e.g. D0 → e+e−, Λc → p``, D0 → h(h′)``, ` = e, µ

• Also observables such as

→ aCP , upgrade uncertainties O(1− 10%)

→ forward-backward asymetry

→ ...

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 11
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K0
S → µ+µ−

• BSM(K0
S → µ+µ−) = (5.0± 0.2)× 10−12

[NPB366 (1991) 189], [JHEP 01 (2004) 009]

• BF of K0
S → µ+µ− sensitive to new light scalars

• Previous results (90% CL)

B(K
0
S → µ

+
µ
−

) < 3.1×10
−7

CERN PS [PLB 44 (1973) 217]

B(K
0
S → µ

+
µ
−

) < 9.0× 10
−9

LHCb [JHEP 01 (2013) 090]

LHCb-CONF-2016-012

• Measurement with 2 fb−1 combined
with previous LHCb result (1 fb−1)

• B(K0
S → µ+µ−) < 5.8× 10−9, 90% CL

• Good prospects to enter the most
interesting region in the future

Conclusions

• A preliminary result for K0
S → µ+µ− analysis

using the whole Run-I data has been shown.

• The limit has been measured to be

B
(
K0
S → µ+µ−

)
< 6.9(5.8)× 10−9

at 95(90)% CL

• Many efforts are being made to optimize the
LHCb detector to study strange physics.

• Most interesting results are expected to
appear in Run-II data and after the upgrade.

Stay tuned for the Run-II results!

Miguel Ramos Pernas (KAON 2016) Search for K0
S → µ+µ− at LHCb September 14, 2016 14 / 14

• Significant efficiency improvement thanks to upgrade full software trigger
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K0
S → π0µ+µ−

LHCb-PUB-2016-017

• K0
L → π0`` sensitive to NP (Extra Dimensions models)

• B(K0
L → π0µ+µ−) SM prediction unprecise due to a factor originating

from B(K0
S → π0µ+µ−)

• NA48 B(K0
S → π0µ+µ−) = (2.9+1.5

−1.2)× 10−9 50% relative error
[PLB 599 (2004) 197]

• K0 → π0µ+µ− sensitive to C9 [1601.00970v3]

• Good prospects for the LHCb upgrade

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 14
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K0
S → π+π−e+e−

LHCb-PUB-2016-016

• B ∼ 10−5, important background for K0
S → 4` (sensitive to NP)

• K0
S → π+π−e+e− interesting for light dark matter searches

[PRD 92, 115017 (2015)]

• Expected yield: Nsig/1 fb−1 ∼ 100 for Run II, up to 5× 104 for the upgrade

• Evidence/observation feasible with the LHCb Run I dataset
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Σ+ → pµ+µ−

• Evidence found by HyperCP [PRL 94 (2005) 021801]

B(Σ+ → pµ+µ−) = (8.6+6.6
−5.4)× 10−8

• 3 observed signal events with M(µµ) ≈ 214 MeV/c2

⇒ Intermediate resonance Σ+ → pX 0(→ µµ)?

Figure 4(a) compares the dimuon mass distribution of
the three signal candidates with that expected in the SM
with the form factors described below. The reconstructed
dimuon masses for the three candidates, 214.7, 214.3, and
213:7 MeV=c2, all lie within the expected dimuon mass
resolution of � 0:5 MeV=c2. The dimuon mass distribu-
tion for ��

p�� decays is expected to be broad unless the
form factor has a pole in the kinematically allowed range
of dimuon mass.

The expected SM distribution was used to estimate the
probability that the dimuon masses of the three signal
candidates be within 1 MeV=c2 of each other anywhere
within the kinematically allowed range. The probability is
0.8% for the form-factor decay model and 0.7% for the
uniform phase-space decay model. The unexpectedly nar-
row dimuon mass distribution suggests a two-body decay,
�� ! pP0; P0 ! ���� (��

pP��), where P0 is an un-
known particle with mass 214:3� 0:5 MeV=c2. The di-
muon mass distribution for the three signal candidates is
compared with MC ��

pP�� decays in Fig. 4(b), and good
agreement is found. Distributions of hit positions and
momenta of the proton, ��, and �� of the three candidate
events were compared with MC distributions, and were
found to be consistent with both decay hypotheses.

To extract the ��
p�� branching ratio, the �� !

p�0; �0 ! e�e�� (��
pee�) decay was used as the normal-

ization mode, where the �was not detected. (HyperCP had
no � detectors.) The trigger for the ��

pee� events was the
Left-Right trigger prescaled by 100. The proton and two
unlike-sign electrons were required to come from a single
vertex, as were the three tracks of the signal mode.

The proton was selected to be the positively-charged
track with the greatest momentum, and the event was
discarded if the proton candidate did not have at least
66% of the total three-track momentum, as determined
by a MC simulation of ��

pee� decays. The reconstructed
mass for the 3� hypothesis was required to be outside
�10 MeV=c2 of the K� mass. The cuts on �2=ndf,
DCA, and the total momentum were the same as for the

signal mode. However, the decay vertex had to be more
than 168 cm downstream of the entrance of the vacuum
decay region and more than 32 cm upstream of its exit.
Since the � momentum was not measured, the x and y
positions of the �� trajectory at the target were determined
using only the three charged tracks, and those positions had
to be consistent with that expected from a MC simulation
of ��

pee� decays. To significantly reduce contamination
from photon-conversion events, the dielectron mass was
required to be between 50 and 100 MeV=c2. After appli-
cation of the above selection criteria, a total of 211 events
remained, as shown in Fig. 5. We performed a binned
maximum-likelihood fit for the mass distributions for
data and three MC samples: ��

pee� decays, K� ! ���0,
�0 ! e�e�� (K�

�ee�) decays, and uniform background.
From the fit, the number of observed ��

pee� decays was
Nobs

nor � 189:7� 27:4 events, where the uncertainty is sta-
tistical. To extract the total number of normalization
events, values of �51:57� 0:30�% and �1:198� 0:032�%
were used, respectively, for the �� ! p�0 and �0 !
e�e�� branching ratios [6].

The kinematic parameters for �� production at the
target were tuned to match the data and MC ��

pee� mo-
mentum distributions. The MC ��

pee� decays were gener-
ated using the decay model in Ref. [7] for �0 ! e�e��
(�0

ee�) decays, and the �0 electromagnetic form-factor
parameter a � 0:032� 0:004 was taken from Ref. [6].
After tuning of the parameters, comparisons of the distri-
butions of the MC events with the data for ��

pee� decays,
the decay vertex positions, momentum spectra, recon-
structed mass, hit positions of each charged particle, etc.
showed good agreement.

In the simulation of the ��
p�� decays, we used the form-

factor model of Bergström et al. [1], although we found
little difference between results using it and a uniform
phase-space decay model. The form-factor model uses

FIG. 4. Real (points) and MC (histogram) dimuon mass dis-
tributions for (a) ��

p�� MC events (arbitrary normalization) with
a form-factor decay (solid histogram) and uniform phase-space
decay (dashed histogram) model, and (b) ��

pP�� MC events
normalized to match the data.

FIG. 5. The reconstructed pe�e� mass distribution for the
normalization mode after all cuts. The histogram is the sum of
MC samples of ��

pee�, K�
�ee� decays and a uniform background,

where the relative amounts of each were determined by a fit, and
the number of MC events was normalized to match the number
of data events. The hatched area shows the main background
source (uniform background).

PRL 94, 021801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
21 JANUARY 2005

021801-3

LHCb-CONF-2016-013

• First LHCb analysis, 3 fb−1

• Evidence with 4σ for Σ+ → pµ+µ−, an upper limit set:

B(Σ+ → pµ+µ−) < 6.3× 10−8 at 95% CL

• No significant structure in M(µµ)

F. Dettori (CERN)
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(b)

• Excess of events w.r.t. background with a significance of 4.0σ

• Fitted signal yield: 12.9+5.1
−4.2

• No excess of events in the TIS sub-sample

• Upper limit with CLS method: B(Σ+ → pµ+µ−) < 6.3× 10−8 at 95% CL

Evidence for the rare decay Σ+ → pµ+µ− at LHCb 15/09/2016 - KAON2016 17/20

L
H

C
b
-C

O
N

F
-2

0
1
6
-0

1
3

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 16

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.94.021801
 https://cds.cern.ch/record/2224468


Beauty Charm Strange

Conclusion and outlook

• Very rare decays particularly sensitive to new physics

Beauty

• Various modes sensitive to NP, adding modes and observables, e.g.
effective lifetime and time-dependent CP asymmetry

Charm

• Upgrade data will allow for measurements of short-distance contributions

• Able to measure aCP , FB asymmetries; modes with electrons

Strange

• Upgrade software trigger a game changer for rare strange decays

• Allows to add many new modes, e.g. charged decays and K0 → µ+µ−N
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BACKUP
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B0
(s) → µ+µ−

Future data gives access to further observables such as

• Effective lifetime τµµ and thus A∆Γ

Study with Run I and 2015 data ongoing

τµµ differentiates between scalar (S)
and pseudo-scalar/pseudo-vector (P)
contributions [PRL 109, 041801 (2012)]

τµµ helps to resolve differences between
theoretical and experimental BF
[PRD 86, 014027 (2012)]

For σ(τµµ) ≈ 5% 50 fb−1, 2% for 300 fb−1
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Beauty Charm Strange

B0
(s) → µ+µ−

Future data gives access to further observables such as

• Time-dependent CP violation, Sµµ
A (rough) sensitivity estimate from sKK [JHEP 10 (2013) 183]

Assuming LHCb tagging efficiency of 4%, σ(Sµµ) = 0.3

JHEP 1307 (2013) 77
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R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)
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Beauty Charm Strange

B0
(s) → τ+τ−
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Figure 4: Distribution of the NN output in the signal region NNSR
data (black points), overlaid

with the total fit result (blue), and the background component (green). The signal template can
not be shown as it has a negative yield.

as in Ref. [35]. The resulting fit is shown in Fig. 5 and gives a yield of Nobs
D−D+

s
=10629±114.

Uncertainties on αs arise from the B0 → D−D+
s fit model, the statistics of the simulated

samples, the uncertainty from the corrections to the simulation, and external inputs, which
include the branching fraction and hadronization fractions of Eq. 3. This last contribution
gives a relative uncertainty of 13% on αs and is the dominant one. The B0 → D−D+

s fit
model is varied using a double Crystal Ball function [36] instead of the Hypatia function
for the signal, a second-order Chebychev polynomial instead of an exponential function
for the combinatorial background, and adding two other background components from
B0
s → D−D∗+s and B0 → a−1D

∗+
s decays. The difference in signal yield with the nominal fit

is taken as a systematic uncertainty, adding the contributions from the four comparisons
in quadrature. The overall uncertainty on αs due to Nobs

D−D+
s

(including the fit uncertainty)

is 1.6%. The corrections to the simulated efficiencies include tracking [37], PID [38]
and hadronic trigger [39] corrections determined from J/ψ → µ+µ− and D0 → K−π+

control samples. The associated uncertainties correspond to the precision with which they
are determined. The relative uncertainty on αs due on the selection efficiencies is 2.5%,
taking into account both the limited size of the simulated samples and the systematic
uncertainties. Possible effect of misalignment leading to wrong mass calibration are
studied and found to be negligible. The resulting normalisation factor is found to be
αs = (3.16± 0.43)× 10−5.

6

• LHCb measurement with 3 fb−1

[LHCb-CONF-2016-011]

Partial reconstruction via τ → πππντ
⇒ B0

s mass not a fit variable

Instead, fit to NN output
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Beauty Charm Strange

D0 → K−π+µ+µ−

• Short-distance contribution to D0 → X [K−π+]µ+µ−: B ≈ 10−9

• Long-distance D0 → X [K−π+]V [µ+µ−], V = φ, ρ, ω : B ≈ 10−6

→ Region away from resonances most sensitive to NP

→ ρ − ω region used as a normalisation channel, e.g. for D0 → hhµµ

• Previous measurements:

B(D0 → K−π+µ+µ−) < 35.9× 10−5 (90% CL), E791 [PRL 86, 3969 (2001)]

PLB 757 (2016) 558-567

• LHCb analysis with 2 fb−1,
ρ − ω region

• First observation

B(D0 → K−π+µ+µ−) =
(4.17±0.12(stat)±0.40(syst))×10−6

, ,

D0 → K−π+µ+µ−

D0 → K−π+µ+µ−

• The D0 → K−π+π+π− is used as normalisation, that is also a peaking background

• Selection differs only for the muon identification criteria

• A BDT is used to reduce the combinatorial background

• The number of events is determined by means of a maximum likelihood fit

N = 2357± 67 N = 83575± 334

First observation

M. Fontana (INFN Cagliari and CERN) Rare charm @LHCb 06-09-2016 10 / 20

PLB 757 (2016) 558-567

Total PDF
D0 → K−π+µ+µ−

D0 → K−π+π+π−

Combinatorial
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Beauty Charm Strange

Very rare charm decays

Projection of aCP assuming

• same efficiency and signal-to-background ratio

• an upgrade trigger efficiency ∼ 2 times better

• σcc (14 TeV) ≈ 2σcc (7 TeV)

Mode 8 fb−1 50 fb−1

D+ → π+µ+µ− 0.6% (30K) 0.2% (300K)

D0 → π+π−µ+µ− 3% (1.5M) 1% (15M)

D0 → K−π+µ+µ− 1% (10K) 0.3% (100K)

D0 → K−π−µ+µ− 40% (30K) 12%(300K)

D0 → K+K−µ+µ− 11% (150K) 4% (1500K)
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