
Very Rare Decays in 
Beauty, Charm and 

Strange decays

Flavio Archilli 
on behalf of the ATLAS, CMS and LHCb 

collaborations

LHCP 
Bologna, 4-9 Giugno 2018



Rare decays

• Flavour changing neutral current (FCNC) process cannot proceed at tree level in 
the SM    

• Sensitive to new virtual particles → possibility to probe higher energy scales 
w/ respect to direct searches 

• NP effects can arise at the same level of or larger than SM one
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Rare FCNC decays
• Flavour changing neutral current transitions only occur at loop order 

(and beyond) in the SM. 

!

!

!
• New particles can also contribute:  

!

!

!

Enhancing/suppressing decay rates, introducing new sources of CP 
violation or modifying the angular distribution of the final-state particles. 
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• Several observables appear
di↵erent than SM

• In particular P 0
5

has
significant discrepancy

• Global fits show large
disagreement
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Rare decays overview
Diverse and rich research program on rare decays with b, c and s quarks

Only a minor part will be covered in this talk!

Very rare b decays
LFV searches LFU tests

EW penguins

Radiative decays

Rare charm decays
Rare strange decays

Long lived scalars
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B0s → µ+µ–

• Pure leptonic decays B→l+l− are even 
rarer in the SM due to helicity suppression 

• SM expectation 

• Theoretically clean  

• Sensitive to (pseudo-)scalars mediators 

• Observables such A∆Γ can provide 
additional separation between scalar and 
pseudo-scalar contributions

B0
s , B

0
t Z0

t
W+

b

s,d
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s , B

0
W�

NP

NPt

b

s,d
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In Fig. 2, we illustrate the situation in the observable space
of the R-A!" plane. It will be interesting to complement
these model-independent considerations with a scan of
popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to BsðdÞ ! !þ!$

decays where the polarizations of the ! leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing C" observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently out
of reach from the experimental point of view.

Conclusions.—The recently established width differ-
ence !"s implies that the theoretical B0

s ! #þ#$ branch-
ing ratio in (1) has to be rescaled by 1=ð1$ ysÞ for the
comparison with the experimental branching ratio, giving
the SM reference value of ð3:5% 0:2Þ & 10$9. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of %9% originating from A!" 2 ½$1;þ1(.

The effective Bs ! #þ#$ lifetime !#þ#$ offers a new
observable. On the one hand, it allows us to take into
account the Bs width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, !#þ#$

may reveal large NP effects, especially those related to
(pseudo-)scalar ‘þ‘$ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B0

s ! #þ#$ branching ratio is close to the
SM prediction.

The determination of !#þ#$ appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of Bs ! #þ#$

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
This work is supported by the Netherlands Organisation

for Scientific Research (NWO) and the Foundation for
Fundamental Research on Matter (FOM).
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FIG. 2 (color online). Illustration of allowed regions in
the R-A!" plane for scenarios with scalar or nonscalar NP
contributions.

FIG. 1 (color online). Current constraints in the jPj-jSj plane
and illustration of those following from a future measurement of
the effective Bs!#þ#$ lifetime yielding the A!" observable.
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Foreword to this version16

This version of the analysis note is to be handed to the CMS and LHCb internal reviewers17

in order to continue the review process.18

Improvements with respect to previous version:19

- The free fits of the S

SM

B0

and S

SM

B0

s
and the associated 2D scan have been added.20

- Numerical results and likelihood scan of ratio of branching fractions of the two21

channels have been added.22

- Two new sections on cross-checks asked by the reviewers or other colleagues.23

1 Introduction24

Measurements of low-energy processes can provide indirect constraints on particles that25

are too heavy to be produced directly. This is particularly true for Flavour Changing26

Neutral Current (FCNC) processes which are highly suppressed in the Standard Model27

(SM) and can only occur through higher-order diagrams.28

The B0

(s) ! µ+µ� decays are among the most sensitive FCNC owing to their small29

theoretical uncertainty and clean experimental signature.30

A subtlety arises for the B0

s decay, as discussed in detail in Ref. [1,2]: when comparing31

the experimental branching fraction to its theoretical expectation, the latter has to take32

into account the finite width di↵erence measured in the B0

s system.33

The most up to date SM predictions for the B0

s ! µ+µ� and B0

! µ+µ� time-34

integrated branching fractions are calculated in Ref. [3] and include next-to-leading order35

electroweak corrections and next-to-next-to-leading order QCD corrections. In this work36

the mentioned predictions are used after being updated with the latest combined value37

for the top mass from LHC and Tevatron experiments [4], yielding:38

B(B0

s ! µ+µ�) = (3.66± 0.23)⇥ 10�9 and (1)

B(B0

! µ+µ�) = (1.06± 0.09)⇥ 10�10 . (2)

While the mentioned reference do not quote a value for the ratio of the two branching39

fractions, this can be calculated easily as:40

R =
B(B0

! µ+µ�)

B(B0

s ! µ+µ�)
=

⌧Bd

1/�s
H

✓
fBd

fBs

◆
2

����
Vtd

Vts

����
2 MBd

s

1�
4m2

µ

M2

Bd

MBs

s

1�
4m2

µ

M2

Bs

= 0.0295+0.0028
�0.0025 (3)

where ⌧Bd
and 1/�s

H are the lifetimes of the B0 and of the heavy mass eigenstate of the41

B0

s ; MB0

s
and MB0 are the masses and fB0

s
and fB0 the meson decay constants of the B0

s42

and B0 mesons respectively; Vtd and Vts the elements of the CKM matrix and mµ the mass43

of the muon. The input values for these quanteties are reported in Table 1 and they di↵er44

1
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B0
s → µ+µ– previous results

• First observation of Bs→µµ with 
CMS+LHCb combined analysis from 
full LHC Run1 dataset 

• First evidence of B0→µµ  

• ATLAS result based on full Run1 

• Low statistical significance on the Bs 
mode (1.4 σ), still consistent with the 
SM (2.0 σ) 

• Mild tension among experimental 
results. Excess on B0 intriguing, to 
be investigated

Extended Data Figure 2 | Distribution of the dimuon invariant mass mm1m2

for the best six categories. Categories are ranked according to values of
S/(S 1 B) where S and B are the numbers of signal events expected assuming the
SM rates and background events under the B0

s peak for a given category,
respectively. The mass distribution for the six highest-ranking categories, three

per experiment, is shown. Superimposed on the data points in black are
the combined full fit (solid blue) and its components: the B0

s (yellow shaded)
and B0 (light-blue shaded) signal components; the combinatorial
background (dash-dotted green); the sum of the semi-leptonic backgrounds
(dotted salmon); and the peaking backgrounds (dashed violet).
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Fig. 9 Contours in the plane B(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 for B(B0

s → µ+µ−)

The limit is obtained under the hypothesis of background
only, with B(B0 → µ+µ−) left free to be determined in the
fit. The expected limit is 1.8+0.7

−0.4 × 10−9.
An upper limit based on the CLs method is also set on

B(B0 → µ+µ−). The expected limit obtained from pseudo-
MC samples generated according to the observed amplitudes
of backgrounds and B0

s signal is
(

5.7+2.1
−1.5

)
× 10−10 at a

confidence level of 95 %. The observed limit is:

B(B0 → µ+µ−) < 4.2 × 10−10 (95 % CL).

The observed upper limit is above the SM prediction and also
covers the central value of the combination of the measure-
ments by CMS and LHCb [13]. The expected significance
for B(B0 → µ+µ−) according to the SM prediction is equal
to 0.2 standard deviations.

13 Conclusions

A study of the rare decays of B0
s and B0 mesons into oppo-

sitely charged muon pairs is presented, based on 25 fb−1 of
7 and 8 TeV proton–proton collision data collected by the
ATLAS experiment in Run 1 of LHC.

For B0 an upper limit B(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 uncertainty includes both the statistical and sys-
tematic components. An upper limit B(B0

s → µ+µ−) <

3.0 × 10−9 at 95 % CL is placed, lower than the SM predic-
tion, 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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B0s → µ+µ– update
• Improved analysis using 3fb–1 of Run1 

data + 1.4fb–1 of Run2 

• Unbinned maximum likelihood fit of mµµ 
simultaneously in 5 bins of BDT 

• The measurement of BF(Bs→µµ) 
assumes A∆Γ=1, it increases by 4.6% 
(10.9%) if A∆Γ=0(-1) 

• Main source of systematics: 

• B0s→µ+µ–: knowledge of fs/fd 

• B0→µ+µ–: exclusive backgrounds
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B0
s → µ+µ– effective lifetime

• Similar analysis strategy as for the 
BF, with a simplified BDT>0.55 
requirement 

• τµµ extracted in 2 stages: 
• fit of mµµ in [5320,6000]MeV/c2 

to evaluate the sWeights  
• fit the weighted decay-time 

distribution 
• Acceptance function modelled on 

signal MC and validated with 
B0→K+π– decays
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⌧ (B0 ! µ+µ�) = 2.04± 0.44(stat) ± 0.05(syst) ps
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B0s → τ+τ–

• FCNC process analogous to Bs→µ+µ– but less helicity suppressed 
• expected SM time-integrated BF: 

• tau leptons selected in τ→π+π–π+ ν̅τ. 
• Simulated tau decay model tuned on BaBar 
• 2 missing neutrinos, very challenging for LHCb → Bs and B0 peaks cannot be 

resolved 
• Previous result only on B0 from BaBar: BF(B0→τ+τ−) < 4.1 x 10-3 at 90% CL

B(B0
s ! ⌧+⌧�)hti = (7.73± 0.49) · 10�7

B(B0 ! ⌧+⌧�)hti = (2.22± 0.19) · 10�8

[Bobeth et al, PRL 112 (2014), 101801]

[PRL 96 (2006) 241802]
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B0s → τ+τ–

• Analysis performed on Run1 data 
• Intermediate ρ0(770) resonance exploited 

to tag candidates 
• After a loose preselection a NN built using 

kinematic, geometric and isolation variables  
used for signal/background separation

[PRL 118 (2017) 251802]
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B0s → τ+τ–

• B0→D+(K−π+π+)D−s(K−K+π+) used as 
normalisation channel 

• Result compatible with background only 
hypothesis. 

• Observed upper limit: 

• Assuming signal fully dominated by B0: 

• x4 improvements w.r.t. previous result from 
BaBar 

NobsD−D+s=10629±114
[PRL 118 (2017) 251802]

[PRL 96 (2006) 241802]

B(B0 ! ⌧+⌧�) < 1.6(2.1)⇥ 10�3 @90 (95)% CL
<latexit sha1_base64="UR4HOzds2LMhAcUV46Y4KWI/nCI="></latexit><latexit sha1_base64="UR4HOzds2LMhAcUV46Y4KWI/nCI="></latexit><latexit sha1_base64="UR4HOzds2LMhAcUV46Y4KWI/nCI="></latexit><latexit sha1_base64="UR4HOzds2LMhAcUV46Y4KWI/nCI="></latexit>

B(B0
s ! ⌧+⌧�) < 5.2(6.8)⇥ 10�3 @90 (95)% CL

<latexit sha1_base64="GYlmu5qGMPpEnFBT71oaOQwYaYs="></latexit><latexit sha1_base64="GYlmu5qGMPpEnFBT71oaOQwYaYs="></latexit><latexit sha1_base64="GYlmu5qGMPpEnFBT71oaOQwYaYs="></latexit><latexit sha1_base64="GYlmu5qGMPpEnFBT71oaOQwYaYs="></latexit>
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B0s → K*0µ+µ–

• Several intriguing deviations observed in 
b→sll processes (see T. Humair’s talk) 

• b→dll transitions even more suppressed 
than b→sll transitions  (|Vtd|/|Vts| ∼ 0.2) 

• LHCb already observed the B+→π+µ+µ– 
decay 

• Search performed using 3fb–1 Run1 and 
1.6fb–1 Run2 data outside J/ψ and ψ(2S) 
region 

• Normalise to the decay B0→J/ψ(→ µµ)K*0

[arXiv:1804.07167]

11
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B0s → K*0µ+µ–

• Observed 38±12 signal events 

• First evidence at 3.4 σ for this decay

B(B0

s ! K
⇤0
µ+µ�) = [2.9± 1.9(stat)± 0.2(syst)± 0.3(norm)]⇥ 10

�8

<latexit sha1_base64="F3BBth2zqNi1koknFqiWuantSfk="></latexit><latexit sha1_base64="F3BBth2zqNi1koknFqiWuantSfk="></latexit><latexit sha1_base64="F3BBth2zqNi1koknFqiWuantSfk="></latexit><latexit sha1_base64="F3BBth2zqNi1koknFqiWuantSfk="></latexit>

[arXiv:1804.07167]
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Rare charm
• FCNC process in the up-type quark sector → unique probe for BSM effects 

• SM amplitude dominated by long-distance contribution proceeding through 
intermediate vector resonance in the dimuon spectrum 

• non-resonant contribution expected at 10–9 in the SM  

13



D0→h+h–µ+µ–
• Search for D0→h+h–µ+µ– decays on 2fb–1 of Run1 data 
• Exploited D*+→D0π+ decays to suppress combinatorial background  
• D0→K+π–µ+µ– decay used as normalisation

5.4σ 2.5σ

18σ 23σ

1.3σ

3.1σ

8.1σ

B(D0 ! ⇡+⇡�µ+µ�) = (9.64± 0.48± 0.51± 0.97)⇥ 10�7
<latexit sha1_base64="+26dPfzxh86ghAglClO55WSd2oQ="></latexit><latexit sha1_base64="+26dPfzxh86ghAglClO55WSd2oQ="></latexit><latexit sha1_base64="+26dPfzxh86ghAglClO55WSd2oQ="></latexit><latexit sha1_base64="+26dPfzxh86ghAglClO55WSd2oQ="></latexit>

B(D0 ! K+K�µ+µ�) = (1.54± 0.27± 0.09± 0.16)⇥ 10�7
<latexit sha1_base64="IqTCj7wbQW4dN7olOvgi2sW7UV4="></latexit><latexit sha1_base64="IqTCj7wbQW4dN7olOvgi2sW7UV4="></latexit><latexit sha1_base64="IqTCj7wbQW4dN7olOvgi2sW7UV4="></latexit><latexit sha1_base64="IqTCj7wbQW4dN7olOvgi2sW7UV4="></latexit>

Rarest charm decay ever observed!

[PRL 119 (2017) 181805] 
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D0→hhµµ asymmetries
• Measurement of angular and CP asymmetries 
• Deviation of O(few%) for some NP models 
• Analysis on 5fb–1 (2011-2016)

Decays of charm hadrons into final states containing muon pairs may proceed via the1

short-distance c ! uµ+µ� flavor-changing neutral-current process. In the standard model2

such process can only occur through electroweak-loop amplitudes that are highly suppressed3

by the Glashow-Iliopoulos-Maiani mechanism [1]. The short-distance contribution to4

the inclusive D ! Xµ+µ� branching fraction, where X represents one or more hadrons,5

is predicted to be O(10�9) [2] and can be greatly enhanced by the presence of new6

particles, making these decays interesting for searches for physics beyond the standard7

model. However, long-distance contributions occur through tree-level amplitudes involving8

intermediate resonances, such as D ! XV (! µ+µ�), where V represents a ⇢0, ! or �9

vector meson, that can increase the standard model branching fraction up to O(10�6) [2–5].10

The sensitivity to the short-distance amplitudes is greatest for dimuon masses away from11

the peaks of the resonances, though resonances populate the entire dimuon-mass spectrum12

due to their long tails. Additional discrimination between short- and long-distance13

contributions can be obtained by studying kinematic correlations between final-state14

particles of multibody decays and charge-parity (CP ) conjugation asymmetries, which15

are predicted to be small in the standard model but could be as large as O(1%) in new16

physics scenarios [4–11].17

The semileptonic four-body decays D0 ! ⇡+⇡�µ+µ� and D0 ! K+K�µ+µ� (charge-18

conjugated decays are implied unless stated otherwise) are particularly interesting in this19

respect as they are described by five independent kinematic variables (Fig. 1): the dimuon20

invariant mass, m(µ+µ�); the dihadron invariant mass, m(h+h�) (h = ⇡, K); the angle21
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between the µ+ (µ�) direction and the direction opposite to the D0 (D0) meson in the22

dimuon rest frame; the angle ✓
h

between the h+ (h�) direction and the direction opposite23

to the D0 (D0) meson in the dihadron rest frame; and the angle � between the two planes24

formed by the dimuon and the dihadron systems (the angle � is zero if the two planes25

are parallel). Among all the possible angular observables that can be constructed, the26
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Figure 1: Diagram showing the topology of a D0 ! h+h�µ+µ� decay, with the definition of
the angles that are relevant for the measurement. The vector ~e
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(i = µ, h) is the unit vector
along the momentum of the dihadron or the dimuon system, in the rest frame of the D0 meson.
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Figure 9: Measured values of (left) A
CP

, (center) AFB and (right) A
�

for (top) D0 ! ⇡+⇡�µ+µ�

and (bottom) D0 ! K+K�µ+µ� decays in the dimuon-mass ranges. The uncertainties include
both statistical and systematic sources.
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All asymmetries consistent 
with zero

[JHEP 1304 135 (2013), PRD 87 054026(2013)]
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are considered to be rather promising probes for new physics [4, 5].30

The D0 ! ⇡+⇡�µ+µ� and D0 ! K+K�µ+µ� decays have been recently observed31

by the LHCb collaboration [12] and their branching fractions have been measured to be32

(9.6± 1.2)⇥ 10�7 and (1.54± 0.33)⇥ 10�7, respectively, in agreement with standard model33

predictions [4, 5]. However, angular and CP asymmetries are yet to be measured.34

This Letter reports the first measurements of AFB, A�

and A
CP

in D0 ! ⇡+⇡�µ+µ�
35

and D0 ! K+K�µ+µ� decays using pp collision data collected with the LHCb experiment36

at center-of-mass energies of 7, 8 and 13TeV between 2011 and 2016. The combined37

data set corresponds to a total integrated luminosity of 5 fb�1. The analysis is performed38

using D0 mesons originating from D⇤+ ! D0⇡+ decays, with the D⇤+ meson produced39

directly at the primary pp-collision vertex. The sign of the pion from the D⇤+ decay40

determines the flavor of the neutral D meson at production. The signal is studied in41

regions of dimuon mass defined according to the known resonances following Ref. [12]. The42

regions dominated by the ⇢0/! and the � resonances are further split into two around the43

resonance peak to account for the variation of the strong phase when crossing the resonance44

peak [5, 9, 11]. For D0 ! ⇡+⇡�µ+µ� decays the regions are: (low-mass) < 525MeV/c2,45

(⌘) 525–565MeV/c2, (⇢0/!-low) 565–780MeV/c2, (⇢0/!-high) 780–950MeV/c2, (�-low)46

950–1020MeV/c2, (�-high) 1020–1100MeV/c2, and (high-mass) > 1100MeV/c2. The same47

regions are considered for D0 ! K+K�µ+µ� decays, with the exception that the ⇢0/!48

region is not split in two and the � and high-mass regions are not kinematically accessible.49

The asymmetries are determined only in m(µ+µ�) regions where a significant signal yield50

was previously observed, no measurement is performed in the ⌘ region of both channels51

and in the high-mass region of D0 ! ⇡+⇡�µ+µ� [12]. Furthermore, to avoid potential52

biases on the measured quantities, all asymmetries are shifted by an unknown value and53

examined only after the analysis procedure is finalized.54

The LHCb detector is a single-arm forward spectrometer [13,14]. It includes a high-55

precision tracking system consisting of a silicon-strip vertex detector surrounding the56

pp-interaction region, a large-area silicon-strip detector located upstream of a dipole57

magnet with a bending power of about 4Tm, and three stations of silicon-strip detectors58

and straw drift tubes placed downstream of the magnet. Particle identification is provided59

by two ring-imaging Cherenkov detectors, an electromagnetic and a hadronic calorimeter,60

and a muon system composed of alternating layers of iron and multiwire proportional61

chambers. Events are selected online by a trigger that consists of a hardware stage, which62

is based on information from the calorimeter and muon systems, followed by a software63
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Λc→pµµ
• Rare baryonic c→ull FCNC process 

• SM short distance contribution 
expected to be ∼10–9  

• Previous limit from BaBar at 4x10–5 
@90% CL 

• Search performed on 3fb–1 of Run 1 
data  

• Performed in three region of mµµ: 

• Normalised to the resonant mode 
Λc→pϕ(→µµ) 

• Searches performed in region around 
ρ0/ω invariant mass region, and non-
resonant region  

ϕ→µµρ0/ω→µµ

[PRD 97 (2018) 091101] 
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Λc→pµµ

• No significant excess observed in the 
non-resonant region: 

• factor ∼1000x better than the previous 
limit from BaBar.  

• First observation in the ρ/ω region

B(⇤+c ! pµ+µ�) < 9.6⇥ 10�8 @95% CL
<latexit sha1_base64="pF+1hxJGj2BPBLzg6Ob1GS7LUl4="></latexit><latexit sha1_base64="pF+1hxJGj2BPBLzg6Ob1GS7LUl4="></latexit><latexit sha1_base64="pF+1hxJGj2BPBLzg6Ob1GS7LUl4="></latexit><latexit sha1_base64="pF+1hxJGj2BPBLzg6Ob1GS7LUl4="></latexit>

[PRD 84 (2011) 072006]

B(⇤+c ! p[µ+µ�]⇢/!) = [9.4± 3.2(stat)± 1.0(syst)± 2.0(norm)]⇥ 10

�4

<latexit sha1_base64="8vM4WiX0AdTKN1zHeD9nwBLFvNA="></latexit><latexit sha1_base64="8vM4WiX0AdTKN1zHeD9nwBLFvNA="></latexit><latexit sha1_base64="8vM4WiX0AdTKN1zHeD9nwBLFvNA="></latexit><latexit sha1_base64="8vM4WiX0AdTKN1zHeD9nwBLFvNA="></latexit>

[PRD 97 (2018) 091101] 
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Strange @LHCb

• b/c hadrons τ∼10–12s 
• Flight distance ∼mm 

• Strange hadrons τ∼10–10s 
• Flight distance ∼cm/m 
• Low acceptance compensated by 

a huge production rate @LHCb: 
O(1) per collision

Strange decays at LHCb

• Extremely huge production rate at 
LHCb: O(1) strange hadron per 
collision 

• However, strange particles have 
• large decay time (many decays 

outside of the acceptance) 
• low-momentum final state 

particles (while LHCb trigger is 
designed for higher-
momentum heavy-flavored  
decays) 

• Still there is potential for a rich 
physics program, especially in the 
upgrade(s) era

�4

Introduction: setting the (long) stage

Pythia
Generator levelp
s = 8 TeV

• Huge strange hadrons
production cross-section at
LHCb:
O(1) strange hadron per
minbias event

• Large lifetimes for LHCb...
but the peak of an
exponential is at zero!

F. Dettori Rare strange decays at LHCb UK Flavour 2017 2/27
18



Σ+→pµ+μ–

• Σ+→pµ+µ– decay is s→dll FCNC process 
• dominated by long-distance contribution  
• SM prediction B(Σ+→pµ+µ–) in [1.6,9.0]x10–8 
• Evidence from HyperCP 

• 3 observed events in the same di-muon mass → possible 
existence of a new neutral particle2

FIG. 2: Plan view of the HyperCP spectrometer.

The basic selection cuts discussed below were applied
to the Σ+

pµµ event candidates. Each event was required
to have a track in each muon station and a higher-
momentum track (the proton candidate) with the same
charge sign as the secondary beam. The total momen-
tum of the three tracks had to be within the range 120
to 240 GeV/c. The Σ+ trajectory had to extrapolate to
within 3.5 mm (≈ 3 σ) of the center of the target, where
the nominal target position was determined using well-
reconstructed K+ → π+π+π− decays and the extrapola-
tion resolution was determined from a Monte Carlo (MC)
simulation of Σ+

pµµ decays. The decay vertex of the three
tracks was calculated by the method of distance of closest
approach (DCA), and the z-coordinate of the vertex zv

was required to be more than 68 cm downstream of the
entrance of the vacuum decay region and more than 32
cm upstream of its exit. The average distance between
pairs of tracks in the x–y plane at zv was required to be
less than 0.25 mm. The hits in the multiwire propor-
tional chambers upstream of the analyzing magnets were
refit with a constraint that they share a common vertex.
The resulting χ2/ndf was required to be less than 1.5.

After imposition of the above cuts, three candidate
Σ+

pµµ events were observed in the positive-secondary-
beam data with masses (Mpµµ) within 1 σ (1 MeV/c2)
of the Σ+ mass, as shown in Fig. 3(a) and (b). No other
events were found within ≈ 20 MeV/c2 of the Σ+ mass.

The signal events were verified by applying two addi-
tional cuts that removed almost all of the higher-mass
background events without affecting the three signal
events. The first cut required that the ratio of the pro-
ton momentum to the summed three-track momentum
be larger than 0.68, as MC simulations showed that this
cut preserved 100% of the signal while removing most
of the K+ decay background. The second cut removed
events whose mass was within ±10 MeV/c2 (3 σ) of the
K+ mass when calculated using the π+µ+µ− decay hy-
pothesis to reject K+ → π+µ+µ− decays. The resulting
pµ+µ− invariant mass distribution is shown in Fig 3(c).

Possible background sources were extensively studied,
using both MC and data. Typically 100 times as many

FIG. 3: Mpµµ distribution for the positive-secondary-beam
data, (a) after the standard cuts, (b) within ±15 MeV/c2 of
the Σ+ mass, and (c) after the additional cuts. The arrow
represents the Σ+ mass.

MC events as would be expected for each potential back-
ground source were generated.

Other positively-charged hyperon decays, Ξ+ →

Λπ+ → pπ+π+ and Ω+ → ΛK+ → pπ+K+, were not
significant backgrounds as decays in flight of the daugh-
ter π+ or K+ would produce muons of only one po-
larity, and the probability of misidentifying the sign of
the charge of any of the decay daughters was negligibly
small. Contributions from charged kaon decays such as
K+ → π+π+π−, K+ → π+π−µ+νµ, K+ → π+µ+µ−,
and K+ → µ+µ+µ−νµ were estimated using MC simu-
lations allowing in-flight decay of pions, and found to be
negligible. Muon pair production by photon conversion
in material inside the vacuum decay region was stud-
ied using MC simulation for K+ → π+π0, π0 → γγ,
K+ → π+γγ, Σ+ → pγ, and Σ+ → pπ0, π0 → γγ de-
cays. Such sources of background were also found to be
negligible.

In addition, we used real data to investigate possi-
ble backgrounds otherwise missed, including the unlike-
sign dimuon sample from the negative-secondary-beam
data, as well as a sample of events (single-muon sam-
ple) for which only one muon track was required in ei-
ther the left or right muon station. For the single-muon
sample both the positive- and negative-secondary-beam
data were included, and the non-muon track was re-
quired to be within the fiducial volume of the appropriate
muon station. For the positive-secondary-beam data, the
single-muon sample was one order of magnitude larger
than the unlike-sign dimuon sample. These background
studies showed that after cuts none of these sources con-
tributed in the pµ+µ− invariant-mass region below 1200
MeV/c2. Finally, we relaxed each cut to increase the
background level shown in Fig. 3(c) by an order of mag-

3

nitude. However, there still were no background events
within 8 MeV/c2 of the Σ+ mass.

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 recon-
structed 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 distribution for Σ+

pµµ decays is expected to be broad
unless the form factor has a pole in the kinematically al-
lowed 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 probabil-
ity is 0.8% for the form-factor decay model and 0.7% for
the uniform phase-space decay model. The unexpectedly
narrow dimuon mass distribution suggests a two-body
decay, Σ+ → pP 0, P 0 → µ+µ− (Σ+

pPµµ), where P 0 is an

unknown particle with mass 214.3 ± 0.5 MeV/c2. The
dimuon mass distribution for the three signal candidates
is compared with MC Σ+

pPµµ decays in Fig. 4(b), and
good agreement is found. Distributions of hit positions
and momenta of the proton, µ+, and µ− of the three can-
didate events were compared with MC distributions, and
were found to be consistent with both decay hypotheses.

To extract the Σ+
pµµ branching ratio, the Σ+ →

pπ0, π0 → e+e−γ (Σ+
peeγ) decay was used as the normal-

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

peeγ 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 Σ+

peeγ decays. The reconstructed
mass for the 3π hypothesis was required to be outside
±10 MeV/c2 of the K+ mass. The cuts on χ2/ndf , DCA,

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

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

pPµµ MC
events normalized to match the data.

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 γ momentum was not measured, the x and y positions
of the Σ+ 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 Σ+

peeγ decays.
To significantly reduce contamination from photon-

conversion events, the dielectron mass was required to
be between 50 and 100 MeV/c2. After application 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: Σ+

peeγ decays, K+ → π+π0, π0 → e+e−γ
(K+

πeeγ) decays, and uniform background. From the
fit, the number of observed Σ+

peeγ decays was Nobs
nor =

189.7 ± 27.4 events, where the uncertainty is statistical.
To extract the total number of normalization events, val-
ues of (51.57±0.30)% and (1.198±0.032)% were used re-
spectively for the Σ+ → pπ0 and π0 → e+e−γ branching
ratios [6].

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

peeγ mo-
mentum distributions. The MC Σ+

peeγ decays were gen-
erated using the decay model in Ref. [7] for π0 → e+e−γ
(π0

eeγ) decays, and the π0 electromagnetic form-factor pa-
rameter a = 0.032± 0.004 was taken from Ref. [6]. After
tuning of the parameters, comparisons of the distribu-
tions of the MC events with the data for Σ+

peeγ 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 Σ+
pµµ decays, we used the form-

factor model of Bergström et al. [1], although we found
little difference between results using it and a uniform

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

peeγ , K+
πeeγ decays and a uniform back-

ground, 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).

 [Phys. Rev. Lett. 94, 021801 (2005)]

B(⌃+ ! pµ+µ�) = (8.6+6.6�5.4 ± 5.5)⇥ 10�8
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Σ+→pµ+μ–

• Search performed on 3fb–1 of Run 1 
data 

• Decay Σ+→pπ0 used for normalisation 

• Evidence at 4.1 σ but no structure 
observed in mµµ

[PRL 120, 221803 (2018)]

20

[43]. The peak position and resolution are calibrated using
the control channel Kþ → πþπ−πþ and by comparing
distributions in data and simulation. No bias is seen in
the peak position, while a relative positive correction of
25% with respect to the simulation is applied to the
resolution. A resolution of 4.28" 0.19 MeV=c2 is
obtained for the signal Σþ → pμþμ− distribution and is
used in the fit to define a Gaussian constraint to the width of
the signal distribution. The combinatorial background is
described as a modified ARGUS function with all param-
eters left free with the exception of the threshold, which is
fixed to the kinematic limit. The shape of this background
is also cross-checked with that of p̄μþμþ candidates
in data.
The invariant mass distribution of the Σþ → pμþμ−

candidates in data is shown in Fig. 2. The significance
of the signal is 4.1σ, obtained from a comparison of the
likelihood value of the nominal fit with that of a back-
ground-only fit [44], and with the relevant systematic
uncertainties included as Gaussian constraints to the
likelihood. A signal yield of 10.2þ3.9

−3.5 is observed. The
corresponding branching fraction is BðΣþ → pμþμ−Þ ¼
ð2.2þ0.9

−0.8
þ1.5
−1.1Þ × 10−8, where the first uncertainty is statis-

tical and the second is systematic, consistent with the SM
prediction. As a cross-check, the fit is repeated with tighter
or looser requirements on the BDT or on the particle
identification variables, and the signal yield is found to vary
consistently with the signal efficiency. The fit is also
repeated assuming a linear function for the background,
in place of an ARGUS function, and the signal yield and
significance are found to be stable. Candidates in data are
composed of about 48% Σ̄þ antibaryons in the final sample.
The distribution of the dimuon invariant mass after

background subtraction, performed with the sPlot method
[45], is shown in Fig. 3. A scan for a possible resonant
structure in the dimuon invariant mass is performed,
considering a region within two times the resolution in
the pμþμ− invariant mass around the known Σþ mass. The

distribution of these candidates as a function of the dimuon
invariant mass is shown in the Supplemental Material [46].
Steps of half the resolution on the dimuon invariant mass,
σðmμþμ−Þ, are considered in this scan, following the method
outlined in Ref. [47]. The value of σðmμþμ−Þ varies in the
range ½0.3; 2.3' MeV=c2 depending on the dimuon invari-
ant mass as shown in Ref. [46]. For each step the putative
signal is estimated in a window of"1.5 × σðmμþμ−Þ around
the considered particle mass, while the background is
estimated from the lower and upper sidebands contained
in the range ½1.5 − 4.0' × σðmμþμ−Þ from the same mass.
Only one of the two sidebands is considered when the
second is outside the allowed kinematic range. The local
p-value of the background-only hypothesis as a function of
the dimuon mass is shown in Ref. [46], and no significant
signal is found. The fit to the pμþμ− invariant mass is
then repeated restricting the sample to events within
1.5 times the resolution from the putative particle
(mμþμ− ∈ ½214.3" 0.75' MeV=c2). No significant signal
is found and a yield of 3.0þ1.7

−1.4 is measured corresponding to
30% of the Σþ → pμþμ− yield. An upper limit on the
branching fraction of the resonant channel is thus set with
the CLS method [48] at BðΣþ → pX0ð→ μþμ−ÞÞ < 1.4 ×
10−8ð1.7 × 10−8Þ at 90% (95%) confidence level.
In summary, a search for the Σþ → pμþμ− rare decay is

performed by the LHCb experiment using pp collisions at
center-of-mass energies

ffiffiffi
s

p
¼ 7 and 8 TeV, corresponding

to an integrated luminosity of 3 fb−1. Evidence for the
Σþ → pμþμ− decay is found with a significance of 4.1
standard deviations, including systematic uncertainties. A
branching fraction BðΣþ → pμþμ−Þ ¼ ð2.2þ1.8

−1.3Þ × 10−8 is
measured, consistent with the SM prediction. No signifi-
cant peak consistent with an intermediate particle is found
in the dimuon invariant-mass distribution of the signal
candidates.
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FIG. 2. Invariant mass distribution of Σþ → pμþμ− candidates
in data.
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KS→µ+µ–

• Highly suppressed in the SM: FCNC s→ dll 
process. S-wave even more suppressed due to the 
small CPV. 

• SM prediction at about 5.2x10–12 dominated by 
the long distance contribution 

• Previous best limit from LHCb

Figure 2. Scenario A B(K0
S ! µ+µ�) vs B(K0

L ! µ+µ�) for
�

�LL
d

�

12
6= 0 and (M3 · µ) > 0

(upper left),
�

�LL
d

�

12
6= 0 and (M3 · µ) < 0 (upper right),

�

�RR
d

�

12
6= 0 and (M3 · µ) > 0 (lower

left), and
�

�RR
d

�

12
6= 0 and (M3 · µ) < 0 (lower right). The cyan dots correspond to Aµ

L�� > 0 and
the orange crosses to Aµ

L�� < 0. The vertically hatched area corresponds to the SM prediction for
Aµ

L�� > 0 and the inclined hatched area corresponds to the SM prediction for Aµ
L�� < 0.

we choose D0 = �D and D = 0.5 for simplicity . We find that CP asymmetries can be up
to ⇡ 6 (at D = 1), approximately eight times bigger than in the SM. The largest effects
are found in left-handed scenarios.

– 16 –

example of a SUSY scenario

B(KS ! µ+µ�) < 0.9⇥ 10�8 @90% CL
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Search for KS→µ+µ–

• Similar to KL→µ+µ– (with which can interfere), 
but additionally suppressed by CPV 

• SM branching fraction predicted at about 
5×10–12, dominated by long-distance 
contributions 

• Best limit before LHCb [PLB 44 (1973) 217] 
 

• Improved by LHCb in 2013 using 1/fb of Run 1 
data [JHEP 01 (2013) 090] 
 

• Revived theoretical interest following LHCb 
results [see talk by G. D’Ambrosio]

�5

B(K0
S ! µ+µ�) < 3.1⇥ 10�7 90% CL
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B(K0
S ! µ+µ�) < 0.9⇥ 10�8 90% CL
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Search for K0
S ! µ+µ� decays

• K0

L

! µ+µ� is the “father” of flavour physics
motivating the need for charm quark and GIM mechanism

• K0

S

! µ+µ� in addition suppressed by CPV

• SM prediction B(K0

S

! µ+µ�) = (5.1± 1.5) · 10�12

[Ecker, Pich - Nucl Phys B366 (1991)] [Isidori, Unterdorfer - JHEP 01 (2004) 009]

• Dominated by long distance contributions

• Sensitive to NP, e.g. light scalars with CP-violating Yukawa couplings

• Best limit before LHCb was B(K0

S

! µ+µ�) < 3.1 · 10�7 at 90% CL at CERN
PS in 1973 [S. Gjesdal et al. PLB44(1973)217]

• Recent theoretical interest following LHCb results:
possibility to study the interference of K0

L

and K0

S

to two muons [D’Ambrosio et al.

hep-ph/1707.06999]
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KS→µ+µ–

• New result based on 3fb–1 of Run1 data 

• Normalise w/ respect to KS→π+π– which 
is also the main background 

• Yield extracted from a fit in bins of MVA 
trained against KS→π+π– background 

• New limit on the BF: 

• x11 better than previous result and x400 
respect to pre-LHCb era 

• SM value can be reached at the LHCb 
upgrade

B(KS ! µ+µ�) < 0.8⇥ 10�9 @90% CL
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Conclusions

• FCNC processes provide powerful tools to probe the SM and NP scenarios 

• LHCb is able to strongly impact on a variety of rare decays measurements 

• Vary rare decays have provided stringent constraints on NP models  

• Tantalising anomalies observed in LFU tests (see T. Humair’s talk) 

• Extremely interesting times ahead with new data from LHC and Belle II
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b→sll branching fractions
• Measurements of b→sll decay rates systematically below the SM predictions, 2-3 σ 

depending on the final state

C9 modification?

[JHEP06(2014)133] 

[JHEP11(2016)047] 

[JHEP06(2015)115] 

[JHEP06(2015)115] 

[JHEP06(2014)133] 
[JHEP06(2014)133] 

q2 = four-momentum 
transferred to the di-leptons. 
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B0→K*0µµAngular analysis of B0
d ! K⇤`+`� decays

• b ! s transition with vector in the final state

• Final state described by q2 = m2

µµ and three angles ⌦ = (✓`, ✓K ,�)

• FL, AFB , Si sensitive to C(0)
7

C(0)
9

C(0)
10

d

b̄

d

s̄

B0 K⇤0

`�

`+

t̄

W+

Z0, �

1

d(�+ �̄)/dq2
d3(�+ �̄)

d~⌦
=

9
32⇡

⇥
3

4

(1� F
L

) sin2 ✓K + F
L

cos2 ✓K + 1

4

(1� F
L

) sin2 ✓K cos 2✓`

� F
L

cos2 ✓K cos 2✓` + S
3

sin2 ✓K sin2 ✓` cos 2�

+ S
4

sin 2✓K sin 2✓` cos�+ S
5

sin 2✓K sin ✓` cos�

+ 4

3

A
FB

sin2 ✓K cos ✓` + S
7

sin 2✓K sin ✓` sin�

+ S
8

sin 2✓K sin 2✓` sin�+ S
9

sin2 ✓K sin2 ✓` sin 2�
⇤

F. Dettori Rare decays at LHCb: from beauty to strange Univ. Liverpool 15/11/2017 13/41

Angular analysis of B0
d ! K⇤`+`� decays

• b ! s transition with vector in the final state

• Final state described by q2 = m2

µµ and three angles ⌦ = (✓`, ✓K ,�)

• FL, AFB , Si sensitive to C(0)
7

C(0)
9

C(0)
10

d

b̄

d

s̄

B0 K⇤0

`�

`+

t̄

W+

Z0, �

1

d(�+ �̄)/dq2
d3(�+ �̄)

d~⌦
=

9
32⇡

⇥
3

4

(1� F
L

) sin2 ✓K + F
L

cos2 ✓K + 1

4

(1� F
L

) sin2 ✓K cos 2✓`

� F
L

cos2 ✓K cos 2✓` + S
3

sin2 ✓K sin2 ✓` cos 2�

+ S
4

sin 2✓K sin 2✓` cos�+ S
5

sin 2✓K sin ✓` cos�

+ 4

3

A
FB

sin2 ✓K cos ✓` + S
7

sin 2✓K sin ✓` sin�

+ S
8

sin 2✓K sin 2✓` sin�+ S
9

sin2 ✓K sin2 ✓` sin 2�
⇤

F. Dettori Rare decays at LHCb: from beauty to strange Univ. Liverpool 15/11/2017 13/41

B0 ! K ⇤0µ+µ�

⌘ Differential decay rate of B

0 ! K

⇤0µ+µ�:K⇤0µ+µ� signal can therefore be written as

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

=
9

32⇡

�
3
4(1 � FL) sin2 �K + FL cos2 �K (4)

+1
4(1 � FL) sin2 �K cos 2�l

�FL cos2 �K cos 2�l + S3 sin2 �K sin2 �l cos 2�

+S4 sin 2�K sin 2�l cos � + S5 sin 2�K sin �l cos �

+4
3AFB sin2 �K cos �l + S7 sin 2�K sin �l sin �

+S8 sin 2�K sin 2�l sin � + S9 sin2 �K sin2 �l sin 2�
�
.

Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from FL and S3 through S9. Examples of such “optimised” observables
include the transverse asymmetry A(2)

T [22], where A(2)
T = S3/(1 � FL), and the P 0 series of

observables [23], with, for example, P 0
4,5 = S4,5/

�
FL(1 � FL).

At LHCb, the K⇤0 is reconstructed through the decay K⇤0 ! K+⇡�. In addition to
the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state, the K+⇡� 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 six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K+⇡� system in an S-wave configuration
modifies the angular distribution to

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
S+P

= (1 � FS)
1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

(5)

+
3

16⇡
FS sin2 �` + S-P interference

where FS denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables FL, AFB, and S3 through S9. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2 GeV2/c4 q2 bins and measurements are also made in wider 1.1 < q2 < 6.0 GeV2/c4

and 15.0 < q2 < 19.0 GeV2/c4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < � < 5, designed for the study of particles containing b- or c-quarks. The detector

3

⌘ Fit also for S-wave observables (not shown)
⌘ S

i

terms depend on short- and long-distance parameters

K.A. Petridis (UoB) IPPP September 2017 IPPP UK Flavour 6 / 19

The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V 0 (pseudoscalar to vector-vector)
� Vector K⇤(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P 0
4, P 0

5, P 0
6, P 0

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B

0 to a vector K

⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop

October 21, 2014 1 / 4

• Differential decay rate of B0→K*0µµ as a function of the q2=mℓℓ and three angles (θK,θℓ,φ) 
• Angular coefficients depend on hadronic form factor → significant uncertainty at the leading order

FL = fraction of longitudinally 
polarised K* 
Si = angular coefficients
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Several recents measurements

[Belle - Phys.Rev.Lett. 118 
(2017) no.11, 111801] 

[LHCb - JHEP 02 (2016) 104] 
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B0→K*0µµ results

• Re-parametrisation of the angular coefficients in terms of 
observables with reduced dependency on FF 

• P5' shows a significant discrepancy 

• Global fits shows strong deviation in dilepton vector 
coupling C9 → tension at the level of 4-5 σ

B0
d ! K⇤µ+µ� results

]4c/2 [GeV2q
0 5 10 15

FBA

-0.5

0

0.5

LHCb
SM from ABSZ

• Several observables appear
di↵erent than SM

• In particular P 0
5

has
significant discrepancy

• Global fits show large
disagreement
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent fit to available b !
s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypotheses CNP

9µ , CNP
9µ = �CNP

10µ

and CNP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
briefly discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result in RK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield CNP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46–49] are popular since they do not generate
e↵ects in electron channels. The new fit including
RK⇤ is also very favourable to models predicting
CNP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, a CNP

9µ -like solution
can only be generated by adding two scalar (an SU(2)L
triplet and an SU(2)L doublet with Y = 7/6) or two
vector representations (an SU(2)L singlet with Y = 2/3
and an SU(2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved in Z 0

models with loop-induced couplings [53] or in Z 0 models
with heavy vector-like fermions [54] which posses also
LFUV. Concerning LQs, here a single representation
(the scalar SU(2)L triplet or the vector SU(2)L singlet
with Y = 2/3) can generate a C9µ = �C10µ like solu-
tion [55–60] and this pattern can also be obtained in
models with loop contributions from three heavy new
scalars and fermions [61–63].

I CNP
9µ = �C90µ: This pattern could be generated in

Z 0 models with vector-like fermions. For the Lµ � L⌧
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Figure 13: The measured values of FL , S3, S4, S5, S7, S8 compared with predictions from the theoretical groups
discussed in the text.
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[Altmannshofer et al arXiv:1703.09189, 
Matias et al arXiv:1704.05340]

Matias et al [1704.05340], 
3σ contours of individual 
expts 
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Interpretations
• Combine rare semileptonic decay observables in an 

independent global fit 
• Several attempts to interpret the dataNP searches at LHCb and their (Re)interpretation 15 / 23

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

i

Angular observables
Branching fractions
Combined

b s

µ�

µ+

Z 0

Possible NP

b s

d̄ d̄

c̄c

�

`+

`�SM cc̄ loop

⌅ Combine rare decay observables in model-independent global fits
(In [EPJC 75 (2015) 382] 91 measurements: b ! s`+`�, b ! s�, B0

s ! µ+µ�,. . . )

⌅ Tension (⇠ 3 � 4 �) can be reduced with �Re(C
9

) ⇠ �1

⌅ Possible interpretation of shift in C
9

⌅ NP: Z 0 [Gauld et al. 13] [Buras et al. 13]
[Altmannshofer et al. 13] [Crivellin et al. 15] Leptoquarks

[Hiller et al. 14] [Biswas et al. 14]
[Buras et al. 14] [Gripaios et al. 14]

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

C. Langenbruch (RWTH), (Re)interpreting NP searches Data and likelihood release in LHCb
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⌅ SM: hadronic charm loop contributions [Jäger et al.] [Lyon et al.] [Ciuchini et al.]

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

W. Altmannshofer et al.,
 

EPJC 75 (2015) 382 

New vector Z', leptoquarks ... cc ̅contribution can mimic vector-like NP 
effect (corrections to C9)

Buttazzo et al [1604.03940] 
Bauer et al [PRL116,141802(2016)] 
Crivellin et al [PRL114,151801(2015)] 
Altmannshofer et al[PRD89(2014)095033]

Lyon,Zwicky [1406.0566] 
Altmannshofer Straub [1503.06199]
Ciuchini et al [1512.07157]29



Prospects: Bs → µ+µ–

• By the end of Run 4 (50 fb-1):  

𝜎(𝑅) ∼22% 
𝜎(𝜏𝐵𝑠→𝜇𝜇) ∼ 0.08 ps  

• After hypothetical phase-II (300 fb-1):  
𝜎(𝑅) ∼10% 

𝜎(𝜏𝐵𝑠→𝜇𝜇) ∼ 0.03 ps 

these estimates are based on the 2017 
analysis performance assuming SM central 
values 

https:/cds.cern.ch/record/2244311/
submitted to LHCC this year 

LHC era HL-LHC era

Run1 
(2010-12)

Run2 
(2015-18)

Run3 
(2021-23)

Run4 
(2026-29)

Run5+ 
(2032+)

3fb-1 8fb-1 ➞ 50fb-1 *300fb-1

* assumes Phase-II upgrade runs with L = 2x1034 cm−2s−1

R =
B(B0 ! µ+µ�)
B(B0

s ! µ+µ�)
<latexit sha1_base64="LSI2Raq9BAz/zCVwFvUgUIKqa+Q="></latexit><latexit sha1_base64="LSI2Raq9BAz/zCVwFvUgUIKqa+Q="></latexit><latexit sha1_base64="LSI2Raq9BAz/zCVwFvUgUIKqa+Q="></latexit><latexit sha1_base64="LSI2Raq9BAz/zCVwFvUgUIKqa+Q="></latexit>
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Bs → µ+µ– LHCb update
• New measurement in 2017 using 3fb–1 

of Run1 data + 1.4fb–1 of 2015+2016 
• Improved analysis:  

• new BDT effective on 
combinatorial background 

• tighter PID selection → reduced 
physics background 

• more accurate estimate of 
background yields 

• First measurement of Bs→µ+µ– 
effective lifetime

[PRL 118, 191801 (2017) ]
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Bs → µ+µ–

Bobeth et al. 
[PRL 112 (2014) 101801]

αs

CKM

Mt

αs

non-param.

fBq

CKM

τHq

Mt

τHq
non-param.

error budgets

B 0s B 0
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Bs → µ+µ– (LHCb+CMS)
• First observation of Bs→µµ with 

CMS+LHCb combined analysis from 
full LHC Run1 dataset 

• First evidence of B0→µµ 

Extended Data Figure 2 | Distribution of the dimuon invariant mass mm1m2

for the best six categories. Categories are ranked according to values of
S/(S 1 B) where S and B are the numbers of signal events expected assuming the
SM rates and background events under the B0

s peak for a given category,
respectively. The mass distribution for the six highest-ranking categories, three

per experiment, is shown. Superimposed on the data points in black are
the combined full fit (solid blue) and its components: the B0

s (yellow shaded)
and B0 (light-blue shaded) signal components; the combinatorial
background (dash-dotted green); the sum of the semi-leptonic backgrounds
(dotted salmon); and the peaking backgrounds (dashed violet).

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved
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Bs → µ+µ– Atlas

• Data from full Run1 dataset 
• Low statistical significance on the Bs 

mode (1.4 σ), still consistent with 
the SM (2.0 σ) 

• Result still in agreement with CMS
+LHCb result 

• <result>

Eur. Phys. J. C (2016) 76 :513 Page 17 of 31 513
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Fig. 9 Contours in the plane B(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 for B(B0

s → µ+µ−)

The limit is obtained under the hypothesis of background
only, with B(B0 → µ+µ−) left free to be determined in the
fit. The expected limit is 1.8+0.7

−0.4 × 10−9.
An upper limit based on the CLs method is also set on

B(B0 → µ+µ−). The expected limit obtained from pseudo-
MC samples generated according to the observed amplitudes
of backgrounds and B0

s signal is
(

5.7+2.1
−1.5

)
× 10−10 at a

confidence level of 95 %. The observed limit is:

B(B0 → µ+µ−) < 4.2 × 10−10 (95 % CL).

The observed upper limit is above the SM prediction and also
covers the central value of the combination of the measure-
ments by CMS and LHCb [13]. The expected significance
for B(B0 → µ+µ−) according to the SM prediction is equal
to 0.2 standard deviations.

13 Conclusions

A study of the rare decays of B0
s and B0 mesons into oppo-

sitely charged muon pairs is presented, based on 25 fb−1 of
7 and 8 TeV proton–proton collision data collected by the
ATLAS experiment in Run 1 of LHC.

For B0 an upper limit B(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 uncertainty includes both the statistical and sys-
tematic components. An upper limit B(B0

s → µ+µ−) <

3.0 × 10−9 at 95 % CL is placed, lower than the SM predic-
tion, 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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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the three intervals of continuum-BDT
output. Superimposed is the result of the maximum-likelihood fit, obtained imposing the boundary of non-negative
signal contributions. The total fit is shown as a black continuous line, the filled area corresponds to the observed
signal component, the blue dashed line to the SS+SV background, and the green dashed line to the combinatorial
background.

The normalisation terms include external inputs for the B+ branching fraction and the relative hadron-
isation probability. The first is obtained from world averages [23] as the product of B(B+ → J/ψK+) =
(1.027±0.031)×10−3 and B(J/ψ→ µ+µ−) = (5.961±0.033)%. The second is equal to one for B0, while
for B0s it is taken from the ATLAS measurement fs/ fd = 0.240 ± 0.020 [37], assuming fu/ fd = 1 [32].

The efficiency- and luminosity-weighted number of events for the normalisation channel enters in Eq. (1)
with the denominatorDnorm (Eq. (2)). The valuesDnorm = (2.88±0.17)×106 for B0s and (2.77±0.16)×106
for B0 are obtained using Tables 3 and 4 for each category, together with the combined uncertainty from
Table 5, and including the +4% correction to the B0s → µ+µ− efficiency due to the lifetime difference
between Bs,H and B0s .
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