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- Rarer than ‘rare’: BR < 10-6


- Test fundamental assumptions about the SM: 
Symmetries, new forces/scalars, flavour structure, …


- Indirect sensitivity to New Physics (quantum loops)


- 3rd generation relatively unexplored 

- Are in principle ‘straightforward’  
(but maximal sensitivity —> push detector to extremes)


- Forbidden signal event = New Physics*


- No signal —> constrain coefficients in EFT


Extremely rare decays
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Define trigger

Topological/kinematic 
selection

Study backgrounds, 
apply PID, BDT

Model parameter of 
interest (usually Minv)

Unblind & fit,

set limit with CLs / FC



Very rare menu
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Baryon number violation


Lepton flavour violation


Dilepton decays


3-body dileptons


Multibody decays


Radiatives


Exotics

Disclaimers

- BR in LHCb normalised  
   to channels known precisely 
   from external measurements 

- Limits stated are at 95% CL



Baryon number violation
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- Sakharov conditions for (EW) Baryogenesis


- Empirical symmetry that explains proton stability


- BSM models e.g. GUT add gauge bosons X and Y with B/LNV


- Search for  , BR < (4.3-5.7) x 10-7


- Search for  , BR < 3.1 (14.0) x 10-9


- Limited by statistics, partially reconstructed  
/ misID’d backgrounds 

τ− → pμμ−

B0
(s) → pμ− arXiv:2210.10412 

Phys. Lett. B 724, 36-45

2022

https://doi.org/10.48550/arXiv.2210.10412
http://dx.doi.org/10.1016/j.physletb.2013.05.063


Lepton flavour violation I
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- Neutrino oscillations -> LFV in charged sector (BR < 10-40)


- BSM models enhanced cLFV, some focus on 3rd generation 
(eg extended Higgs sectors)


- LF vs Lepton Universality: ‘accidental’ symmetries of SM 
New mediators to violate universality (eg LQ, Z’) also do LFV. 
  (see e.g.                                                    ) 


- LHCb’s Flavour anomaly measurements  
(see talk by Marie-Hélène Schune) -> LFV test in orthogonal way

LFV/LFU Snowmass 2021 

Phys. Rev. Lett. 114, 091801 

pkoppenb/anomalies 

R. Bernstein (RdV 2016) 

https://www.slac.stanford.edu/econf/C210711/papers/2207.01851.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.091801
https://www.nikhef.nl/~pkoppenb/anomalies.html
https://indico.cern.ch/event/452998/contributions/2184888/attachments/1306687/1958605/PASCOScLFV_Bernstein.pdf


Lepton flavour violation II
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- Search for                                     BR < (0.1-1.2) x 10-6


-                                                        BR < (1.9-11.7) x 10-9


-                                                        BR < 19.8 x 10-9


-  


-                                                       BR < 10-6 - 10-7    
 
                                                       


- Tau reconstruction tau->3pi (pi0), missing energy.  
Utilise tau flight distance  and  decay kinematics 
Fit corrected mass with missing pT. 


- Electron reconstruction with Bremsstrahlung recovery 
Background from SL D(*) and misID 

χ2 a0

J/ψX
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Lepton flavour violation III
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- Same b->sll’ but different topology, no form factors, 
different backgrounds / systematics


- Search for   , BR < (1.4-4.2) x 10-5


- Search for   , BR < (1.3-7.2) x 10-9


- LQ enhancement of BR( ) up to 10-5, Pati-Salam 10-4  
BR( ) mode up to 10-11.


-  , BR < 1.3 x 10-8 (@90% CL) 

Using . BR Could be up to 10-6 in mSUSY. 


-  , BR < 4.6 x 10-8 
3rd gen, lepton-lepton 
 

B0
(s) → τ±μ∓

B0
(s) → e±μ∓

τμ
eμ

D0 → e±μ∓

D* → D0π+

τ− → μ+μ−μ−

Phys. Rev. Lett. 123 211801 

JHEP 03 (2018) 078 

Update WIP

<latexit sha1_base64="p9kIYrAa6x6xZ7z7Gu57sYq2GcI=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZDKUiWI11iVhbFI9CE1aeS4TmvVTiLbQaqi7Cz8CgsDCLHyA2z8DU6bAVqOdKXjc+7V9T1+zKhUlvVtrKyurW9slrbK2zu7e/vmwWFHRonApI0jFomejyRhNCRtRRUjvVgQxH1Guv7kJve7D0RIGoX3ahoTl6NRSAOKkdKSZ1aaA8tLa/I0g46KdKFkkDox10+eMx5nnlm16tYMcJnYBamCAi3P/HKGEU44CRVmSMq+bcXKTZFQFDOSlZ1EkhjhCRqRvqYh4kS66eyWDJ5oZQiDSOgKFZypvydSxKWccl93cqTGctHLxf+8fqKCazelYZwoEuL5oiBhUF+dBwOHVBCs2FQThAXVf4V4jATCSsdX1iHYiycvk85Z3b6sX9ydVxvNIo4SOAYVUAM2uAINcAtaoA0weATP4BW8GU/Gi/FufMxbV4xi5gj8gfH5AznvmpU=</latexit>

B0
(s) ! ⌧±µ⌥

Phys. Lett. B 754, 167 

JHEP 02 (2015) 121
Update WIP

LHCb

http://dx.doi.org/10.1103/PhysRevLett.123.211801
http://dx.doi.org/10.1007/JHEP03(2018)078
http://dx.doi.org/10.1016/j.physletb.2016.01.029
http://dx.doi.org/10.1007/JHEP02(2015)121


Dileptons
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Theory
• Pure leptonic decays  are even rarer in the SM due to helicity suppression


• 


• 


• SM prediction:


• 


•

B0
s → ℓ+ℓ−

ℬ ∝ |VtbVtq |2 [(1 −
4m2

μ

M2
B

) |CS − C′ 

S |2 + | (CP − C′ 

P) +
2mμ

MB
(C10 − C′ 

10) |2 ]
ℬ ∝ const ×

ℬ(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

W
γ/Z0

b

s
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µ

W

W
ν

b
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µ

µ

χ

Z0

b

s

µ

µ

χ
A0/H0

b
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µ

µ 2

Error Budget

fBq fBq

CKMCKMmt

mt

αs
αs

LCDA LCDA

non-prm

non-prm

B0
s B0

Beneke, Bobeth, Szafron, JHEP10(2019)232

 

4 

 
 
 
 
 
 
 
 
 
 
 
 
 
In Fig.1 (right), the green dashed bump slightly left of the Bs signal peak hints at the even rarer decay of Bd to two 
muons. A first observation of this extremely rare process is the goal for the next run. This highly anticipated result 
comes with the world's first measurement of the ratio of the decay rates of the Bd and Bs, which provides additional 
information on the properties of the new particles involved [12,13]. 
 
In order to collect more data and at a higher rate, the LHCb experiment is currently undergoing an upgrade [14]. With 
this Veni, I will lead the flagship analysis of the Bd- and Bs decays to two muons using the data taken with the upgraded 
detector. In addition, I will take a leading role in the preparation of the upgraded detector for collecting these decays. 
My experience with operating the tracking detector during phase-1 and writing the simulation software for the 
upgraded tracker, my experience with machine learning applications, and my expertise from the phase-1 data analysis 
of B to two muon decays, puts me in a unique position to accomplish this challenge. 
 
The flavour anomalies and electrons 
 
The decays of B to two leptons (muons or electrons) belongs to the family of b->sll transitions, a topic in which a lot of 
excitement in the community has occurred in the last years. Intriguing measurements include the ratio of decays 
involving a kaon and two muons or electrons (RK, RK*). Fig. 3 (right) displays the model-independent combination of 
these so-called 'flavour anomaly' measurements, compared to the standard model predictions - which lie more than 3 
standard deviations away [5].  
 
The decays of Bs mesons to two leptons (indicated in grey in Fig. 3) has a unique sensitivity to the exact type of new 
particles - (axial) vector or scalar - that could play a role in these processes [9]. In the scenario that the new particles 
are of scalar form, helicity suppression is lifted and it is actually the decay of B to two electrons that is the most 
sensitive probe. Taking into account recent experimental constraints [2], this can result in a probability for the decay of 
Bs to two electrons that is as large as that of the recently observed decay to two muons (Fig.3, left).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B̄0
(s) W,χ+

t

t

Z, h0, A0

b

s, d

µ

µ

B̄0
(s) t, d̃

W,χ0

W,χ0

ν, l̃

b

s, d

µ

µ

Fig. 2: Example of two Feynman diagrams contributing to the decay of B to two muons. Standard model particles are 
indicated in black, while potential contributions from new particles are indicated in red. 
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B. Fits to RK , RK⇤ and Bs ! µµ

We now add BR(Bs ! µµ) to the data set.4 It is theoretically similarly clean to the LUV observables, with NNLO QCD
and NLO electroweak corrections known [53], and the sole hadronic parameter, the decay constant fBs , having been precisely
computed by different lattice QCD collaborations [54]. To simplify the fit, we consider the ratio

R =
BR(Bs ! µµ)

BR(Bs ! µµ)SM
=

����
Cµ

10

CSM
10

����
2

, (16)

in which theory uncertainties cancel and which, among the set (C`
9, C

`
10), only depends on the coefficient Cµ

10, such that it is
natural to add it to the fit of muon-specific Wilson coefficients. The experimental value is Rexp = 0.83(16), where the results
from CMS and LHCb including run I and run II data are averaged as in ref. [55]. The error includes, in quadrature, the theory
uncertainty on the SM rate, which is small compared to the experimental ones.

Including R increases the SM p-value marginally to 3.7 10�4 (3.56�). We next perform the same fits as in the previous
subsection, but to the extended data set. The results are shown in Tab. III and, for the fit of (�Cµ

9 , �C
µ
10) fit, in Fig. 4.

TABLE III: Best fit values, goodness of fit, SM exclusion level, and confidence intervals for fits of single or pairs of Wilson coefficient, to
RK , RK⇤ and Bs ! µ+µ� data, similar to Table II.

Coeff. best fit �2
min p-value SM exclusion [�] 1� range 3� range

�Cµ
9 -1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]

�Cµ
10 0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]

�Cµ
L -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]

Coeff. best fit �2
min p-value SM exclusion [�] parameter ranges

(�Cµ
9 , �C

µ
10) (-0.76, 0.54) 3.31 0.191 3.76 Cµ

9 2 [-1.50, -0.16] Cµ
10 2 [0.18, 0.92]

FIG. 4: Fits to RK , RK⇤ and BR(Bs ! µµ). The band for RK⇤ includes only the [1.1,6] GeV2 bin

Again, all four scenarios considered provide good fits. The main impact on the two-parameter fit is that the allowed region is
narrowed down considerably, with large positive correlated values of �Cµ

9 and �Cµ
10 no longer allowed. We note, in particular,

4 The overline refers to the fact that the experiments access the time-integrated branching ratio, which depends on the details of BsB̄s mixing [52].

Fig.3: (left) Illustration of the Bs -> l+l- branching ratios from Ref.[2]. Current experimental status is in blue, while new 
theoretical possibilities are highlighted in red. (right) Bounds on new particles in vector (δC9) or axial vector (δC10) 
contributions, from experimental results of b->sll transitions [5]. The (0,0) point indicates the standard model expectation, 
while the orange (red) mass represents the average of flavour anomaly measurements at 1 (3) sigma significance. 

arXiv:1704.05446 (2017)

3

helicity suppression!

Algueró et al, arXiv:2304.07330

Bs → e+e- even  
more suppressed!

10-16

10-13

10-10

10-7

10-4

0.1

- b → sll transitions in two-body decays: 
extremely suppressed! 
 
 

- Sensitive to (pseudo)scalar and axial vector (C10) contributions
J. High Energ. Phys. 05, 156 (2017)

4 

B meson to two lepton decays 
 
The decay of a B(d,s) meson - particles containing b-quarks - into two muons or electrons are highly suppressed 
("forbidden") in the Standard Model due to an effect called 'helicity suppression'. This effect depends on the relative 
lightness of the leptons involved: a Bs decay to two muons happens about once in 109 cases [11], and the decay to two 
electrons is even further suppressed to about 1 in 1013. Models including new particles promise a significant 
modification. As such, these decays act as a 'magnifying glass' for new particles in quantum world (Fig.2). Their 
predicted rate of occurrence is mostly free from theoretical uncertainty and hence they are widely recognized as one 
of the most promising channels in the search for new particles [5,13,14]. Due to their decay topology they are only 
sensitive to the axial-vector component of the flavour anomalies, thus providing a unique angle on a potential 
leptoquark type (Fig. 3, right).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The observation of the decay of Bs to two muons by the LHCb experiment in 2015 was the rarest decay ever to be 
observed at the Large Hadron Collider and is generally considered as one of the greatest recent achievements in 
particle physics (Fig.1, right). [7,8] In the past years I coordinated the Dutch contribution to the latest LHCb result using 
the full LHCb Run 1+2 dataset, together with the PhD student I supervise. [9,10] However, the statistical uncertainty of 
the measurement is still too large to conclude on the occurrence of quantum effects of new particles in this process. 
That is why I will take data with the upgraded LHCb detector [12] starting early 2022 - where we expect to double the 
existing dataset in just two years of data-taking - and lead the LHCb Run 3 high-profile analysis of B mesons decaying to 
two muons, with the aim to make the first observation of the Bd decay, which is about 5 times smaller than the Bs 
counterpart. Note that even the non-observation of an anomaly in this decay, directly implies the absence of an axial-
vector-like leptoquark contribution to the flavour anomalies. In addition, the ratio of Bd/Bs decays provides unique 
sensitivity to the minimal flavour violation hypothesis, common among many models beyond the SM.[21] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3: (left) Illustration of the Bs -> l+l- branching ratios, edited from Ref.[13]. Current experimental status is in blue, while 
new theoretical possibilities are highlighted in red. (right) Bounds on new particles in vector (ɷC9) or axial vector (ɷC10) 
contributions, from experimental results of the LHCb muon anomalies [14]. The (0,0) point indicates the standard model 
expectation, while the orange (red) mass represents the average of anomaly measurements at 1 (3) sigma significance. 

Fig. 2: Example of two Feynman diagrams contributing to the decay of B to two muons. Standard model particles are 
indicated in black, while potential contributions from new particles and forces, such as leptoquarks (LQ) or an additional 

(scalar) Higgs particle (h0) are indicated in red. 

�3 �2 �1 0 1 2 3
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NP
9µ

�3

�2

�1

0

1

2

3

C
N

P
10

µ

ABCDMN‘23

SM

Bs ! µµ + B ! Xs�� Fit

Bs ! �µµ Fit

B ! K�� Fit

B ! K⇤�� Fit

RK(⇤) & Q4,5 Fit

b ! sµµ Fit

Global Fit

Figure 1: Full update. 1� (dark-shaded) and 2� (light-shaded) confidence regions for

(CNP
9µ , C

NP
10µ) (left) and (CNP

9µ , C
NP
9e ) scenarios (right). Distinct fits are performed separating

each of the b ! s`
+
`
� modes (short-dashed contours), the LFUV observables and the

combined b ! sµ
+
µ
� modes (long-dashed contours), and the global fit (solid contours).

The colour code is provided in the individual captions. Notice that some fits (for instance

the B ! K
(⇤)

`
+
`
� Fit(s) and the LFUV Fit) share a number of observables and thus are

not completely uncorrelated.

excluding these observables is negligible for both “All” and “LFUV” fits, as we checked

explicitly.

Fig. 1 displays the 1 and 2� contours for the 2D scenarios (CNP
9µ , C

NP
10µ) and (CNP

9µ , C
NP
9e )

with regions corresponding to the constraints from individual modes, the LFUV observ-

ables, the combined b ! sµ
+
µ
� modes and the global fit.

For the (CNP
9µ , C

NP
10µ) scenario, the grey contour (obtained from B(Bs ! µ

+
µ
�) and

B(B ! Xs`
+
`
�)) is consistent with C

NP
10µ = 0, driven mainly by the consistency of the

current global average of B(Bs ! µ
+
µ
�) with the corresponding SM estimate. While the

combined b ! sµ
+
µ
� observables do prefer a slightly positive value for C

NP
10µ, the LFUV

observables and the specific B ! K
(⇤)

`
+
`
� observables prefer a more negative value, with

the final outcome being that C
NP
10µ is consistent with zero at 1� but has a slightly negative

central value in the global fits. All the constraints are consistent at 1� with a value of

C
NP
9µ = �1.

For the (CNP
9µ , C

NP
9e ) scenario, the e↵ect of the new R

K(⇤) measurements from LHCb is

visible, leading to a constraint corresponding to C
NP
9µ = C

NP
9e at 1� throughout the parameter

space, hinting towards a lepton-universal NP contribution to the semileptonic O9 operator.

Obviously, the combination of the b ! sµ
+
µ
� modes cannot put any constraints on C

NP
9e .

The B ! K`
+
`
� observables prefer negative values for both C

NP
9µ,e and are consistent with

the relation (CNP
9µ = C

NP
9e ) at 1�. This stems from the fact that RK is the only B ! K`

+
`
�

observable that contributes to C
NP
9e . The B ! K

⇤
`
+
`
� observables also prefer negative

values for both Wilson coe�cients, but with negligible correlation.
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- , BR = (3.1 +- 0.5) x 10-9


-  , BR < (3.0-11.2) x 10-9 

-   , BR < (2.1-6.8) x 10-3 

-   , BR < 3.4 x 10-8 
 

 ,  BR < 7.6 x 10-9 

-  , BR < 2.4 x 10-10 

 

B0
(s) → μ+μ−

B0
(s) → e+e−

B0
(s) → τ+τ−

D*0 → μ+μ−

D0 → μ+μ−

K0
S → μ+μ−

Dileptons - results

9
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3-body dileptons
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- FCNC with flavour anomalies observed: 
R-ratio measurements, BR, angular…


- Rarer searches supplement, add additional sensitivity,  
test QCD assumptions 

- :  BR = (2.9 +- 1.1) x 10-8 (3.4 ) 

- :   BR = (1.8 +- 0.3) x 10-8 

-  :     BR = (2.2 +- 1.8) x 10-8 (4.1 ) 

- :   BR < (2.5-8.3) x 10-8 

- :      BR < 9.6 x 10-8


 

B0
s → K̄*0μ+μ− σ

B± → π±μ+μ−

Σ+ → pμ+μ− σ

D+ → h+μ+μ−

Λ+
c → pμ+μ−
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Figure 1. Distribution of reconstructed K−π+µ+µ− invariant mass of candidates outside the
J/ψ and ψ(2S) mass regions, summing the three highest neural network response bins of each run
condition. The candidates are shown (left) over the full range and (right) over a restricted vertical
range to emphasise the B0

s → K∗0µ+µ− component. The solid line indicates a combination of the
results of the fits to the individual bins. Components are detailed in the legend, where they are
shown in the same order as they are stacked in the figure. The background from misidentified
B0→ K∗0µ+µ− decays is included in the B0→ K∗0µ+µ− component.

Candidates in the least signal-like bin are not included. This bin has a much higher level

of combinatorial background and would visually obscure any B0
s signal. The dominant

contribution in the fit is the B0 → K∗0µ+µ− decay. Figure 2 shows the fit to the mass-

constrained candidates in the J/ψ mass region, also with the three highest neural network

response bins for each data taking period combined. In this fit, a small background com-

ponent from B0→ K∗0µ+µ− decays is included. This background has the same final state

but is constrained to the wrong dimuon mass and becomes a broad component in the fit.

The fit results in individual bins of neural network response are shown in the appendix in

figures 5 and 6. Summing over the bins of neural network response and data-taking periods,

the yields are: 627 244± 837 for the B0→ J/ψK∗0 decay, 5730± 94 for the B0
s → J/ψK∗0

decay, 4157 ± 72 for the B0 → K∗0µ+µ− decay, and 38 ± 12 for the B0
s → K∗0µ+µ− de-

cay. No correction has been made to these yields to account for cases where the K−π+

system does not originate from a K∗(892)0 decay. Contamination from non-K∗0 decays

is discussed further in section 5. Using Wilks’ theorem, and a likelihood ratio test be-

tween the signal-plus-background and the background-only hypothesis, the significance of

the B0
s → K∗0µ+µ− yield is determined to be

√
−2 log(LS+B/LB) = 3.4 standard devia-

tions. The signal significance has been validated using pseudoexperiments generated under

the null hypothesis. This includes the systematic uncertainties on the yield discussed in

section 6. Figure 3 shows the variation of the log-likelihood of the simultaneous fit as a

function of the B0
s → K∗0µ+µ− yield.

– 6 –
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J
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P
1
0
(
2
0
1
5
)
0
3
4

N (B±→ π±µ+µ−) N (B+ → π+µ+µ−) N (B− → π−µ+µ−)

92.7 ± 11.5 51.7± 8.3 41.1± 7.9

Table 2. The measured total yield from the simultaneous fit to the charge separated data, and the
inferred yields of B+→ π+µ+µ− and B− → π−µ+µ− decays.
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Figure 3. The fit to the invariant mass distribution of (left) selected B+ → π+µ+µ− candidates
and (right) selected B− → π−µ+µ− candidates, with the total model and separate components as
described in the legend.

yield between this fit and that given in table 1 is due to the systematic effect of separating

the background distributions by charge. Consistent results are obtained from datasets split

between the two magnet polarities.

The choice of models used for the partially reconstructed backgrounds, the semileptonic

backgrounds, the misidentified K+µ+µ− background, and the combinatorial background

could all contribute as potential sources of systematic uncertainty. The dependence of the

fitted yields on these models is assessed by replacing the relevant component with an alter-

native model, as follows, and evaluating the change in yield in simulation studies and in the

fits to data. The largest change in yield is assigned as the systematic uncertainty. Changing

the models for the B+ → ρ+(π+π0)µ+µ− and B0 → ρ0(π+π−)µ+µ− decays to an expo-

nential function with a Gaussian high-mass endpoint contributes 0.6% uncertainty to the

measured B+→ π+µ+µ− yield, and using an analogous shape for the B0
s → f0(π+π−)µ+µ−

decays contributes 0.7%. The parameters of the models are fixed to values obtained from

a fit to the simulation. The systematic uncertainty of the model used for the semileptonic

backgrounds is evaluated by allowing the exponent in the model to vary within the un-

certainties produced by a fit to the simulation. This change contributes 0.3% uncertainty

to the measured B+ → π+µ+µ− yield. There is a negligible contribution from altering

the model of the misidentified decays or combinatorial background, and from changing the

upper mass end-point of the fit range from 6000MeV/c2 to either 5500 or 7000MeV/c2.
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Multibody final states
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- Rare FCNC modes, can generically be enhanced by  
various BSM physics


- , BR < (1.8-26) x 10-10 

-  , BR < 5.1 x 10-12 (@90% CL) 

-  , BR < 3.2 x 10-9 (@90% CL) 

- First observations at 10-7, limits at 10-8 for semi-hadronic modes, 
probing flavour structure, hadronic resonances, CPV… 

 ,  

 , 

B0
(s) → μ+μ−μ+μ−

K0
S → μ+μ−μ+μ−

B0
d → ϕμ+μ−

B0(+) → (K+)π+π−μ+μ−

D0 → {π−π+, K−π+, K−K+}μ−μ+

Λb → p{π−, K−}μ+μ−

Update WIP
JHEP 2203 (2022) 109 
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Figure 1. Standard Model Feynman diagrams for the decay B0 → φµ+µ−. (a), (b), (c) represent
the weak annihilation contributions, while (d) represents the contribution from ω − φ mixing.

Assuming a dominant ω− φ contribution [6] and scaling the B0 → ρ0µ+µ− branching
fraction measured by the LHCb experiment [8], the B0 → φµ+µ− branching fraction is
predicted to be between 10−11 and 10−10. The decay B0 → φµ+µ− has not yet been
observed, but may be accessible at high luminosity flavour physics experiments such as the
LHCb experiment and its upgrade, where it can be reconstructed with high efficiency.

This article presents a search for the decay B0 → φµ+µ− performed using proton-
proton (pp) collision data collected with the LHCb detector, corresponding to a total inte-
grated luminosity of 9 fb−1, comprising 3 fb−1 collected at centre-of-mass energies of 7 and
8TeV during 2011 and 2012 (denoted Run 1) and 6 fb−1 collected at 13TeV from 2015 to
2018 (denoted Run 2). The search is performed in the kinematically allowed range of q2, the
squared invariant mass of the dimuon system, excluding the φ region of 0.98–1.1GeV2/c4,
the J/ψ region of 8.0–11.0GeV2/c4, and the ψ(2S) region of 12.5–15.0GeV2/c4. The decay
B0

s → φµ+µ− is used as the normalization channel; its branching fraction in the same q2

regions has already been measured by the LHCb experiment [9]. The more copious decay
B0

s → J/ψφ with J/ψ → µ+µ− has identical final-state products and similar kinematic
distributions as B0

(s) → φµ+µ− decays. A high purity sample of B0
s → J/ψφ decays is used

to develop a multivariate event classifier and determine the mass model for nonresonant
B0

(s) → φµ+µ− decays, where nonresonant refers to the µ+µ− pair.
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Radiatives
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- Varying  topologies, probing photon coupling C7(‘).


- Reconstruction challenging


-  
First observation, BR = (7.1 +- 1.8) x 10-6 

-  , BR < 1.3 x 10-4 

- , BR < 2.0 x 10-9 

ISR large photon momentum


 

- Testing QCD factorisation 
:  BR < (1.5-7.3) x 10-6 (@90% CL) 

 
 ( ): BR < 6.5 x 10-4 (2.1 x 10-3) 

b → sγ

Λ0
b → Λγ

Ξ−
b → Ξ−γ

B0
(s) → μ+μ−γ

B0
(s) → J/ψγ

W+ → D+
s γ Z → D0γ

Phys. Rev. Lett. 123 031801 

JHEP 2201 (2022) 069 
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Exotics
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- Search for ‘BSM’ decay signatures directly, 
set limits as mass vs decay time / coupling


- Hidden-Sector Bosons in long-lived dimuon resonances: 
 

 
 

- Long-lived particles in  , 


- Heavy Neutral Leptons in 


- Majorana neutrino’s in   
‘ ’, limits at BR < 4.0 x 10-9 for  < 1 ps. 


- Strong CP Violation in , 
BR < 1.6 x 10-5 (@90% CL)


- (long-lived) dimuon resonances at low mass,  mass, dark photons

B0(+) → K*0(+)μ+μ−

e±μ∓ν μ±qiqj

W+ → μ+μ± jet

B− → π+μ−μ−

0νββ τN

η → π+π−

Υ
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Conclusions
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LHCb is an excellent laboratory for very rare decays


Very rare decays provide an extensive physics programme, 
- testing SM assumptions, searching for BSM physics

- Model (in-)dependent contributions


Many limits close to NP expectations,  
many observations statistically limited for further studies 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