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Introduction: rare and very rare decays

New Physics (NP) beyond SM ⇒ indirect searches: test SM predictions to look for possible

contributions from new virtual particles

Rare (B < 10−5) and very rare (B < 10−8) decays ⇒ sensitive tool to explore NP

How would NP manifest? What to measure?

1) Modification of the decay rates ( ↑ or ↓ ) → Branching Fractions (B)
2) Modification of the angular distributions → CP asymmetries and angular observables
3) New sources of CP violation

Why rare?

O(10−50)

LFV
LNV
BNV

b → sℓℓ′

O(10−11)

B∗
s → µµ

O(10−9)

Bs → µµ
Λ+
c → pµ+µ−

Helicity suppressed
GIM mechanism

O(10−7)

b → sℓℓ
s → dℓℓ

FCNC

O(10−5 − 10−6)

b → sγ
b → dγ

RARE

O(10−2)

b → cℓν

FCCC

NOT SO RARE

Branching Fractions
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LHCb: the experiment

Large Hadron Collider beauty (LHCb)

Located at the LHC (CERN)

∼ 1200 authors, from 120 institutes
in 26 countries

Dedicated experiment for precision
measurements on flavour physics
(CP violation, rare decays, ...)

pp collisions at
√
s = 7/8 TeV in Run 1

√
s = 13 TeV in Run 2

√
s = 13.6 TeV in Run 3
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LHCb: the detector

single-arm forward spectrometer pseudorapidity 2 < η < 5

tracking system + particle identification system
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Selected results:

1) Σ+ → pµ+µ− ⇒ FCNC STRANGE PRL 135, 051801 (2025)

2) B0 → K∗0τ±e∓ ⇒ LFV BEAUTY arXiv 2506.15347 Sub. to JHEP

3) Λ+
c → pµ+µ− ⇒ FCNC + GIM CHARM

PRD 110 (2024) 052007
PRD 111 (2025) L091102

LHCb-PAPER-2025-002

Published in PRL on 29th July
PRL 135, 051801 (2025)
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LHCb: strange hadrons production

Huge strange-hadrons production

(kaons and hyperons Λ0/Σ)

About one strange-hadron per event
(compared to one B meson every 1000 events)

Statistics necessary for
→ precision measurements of strange decays
→ searches for rare strange decays

[JHEP 05 (2019) 048]
Figure: Multiplicity of particles produced

in a single pp interaction
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Σ+ → pµ+µ− : motivation

Σ+ → pµ+µ− is a very rare FCNC

– Short-distance contribution (penguin/box diagrams) B ∼ O(10−12)

– Long-distance contribution (from the decay Σ+ → pγ∗)
1.2× 10−8 < B(Σ+ → pµ+µ−)SM < 7.8× 10−8

[Phys. Rev. D72 (2005) 074003]

[JHEP 1810 (2018) 040]

[Phys. Rev. D111 (2025) 013003]

First evidence found by HyperCP (2005)

– 3 events in absence of background

– Measured branching fraction B = (8.6+6.6
−5.4)× 10−8

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

The ”HyperCP anomaly”

– All the 3 signal events had the same dimuon invariant mass
mX0

= 214.3± 0.5 MeV/c2

– Possible Σ+ → pX0(→ µ+µ−) decay

s

u

u

u
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Σ+ → pµ+µ− : motivation

Σ+ → pµ+µ− is a very rare FCNC

– Short-distance contribution (penguin/box diagrams) B ∼ O(10−12)

– Long-distance contribution (from the decay Σ+ → pγ∗)
1.2× 10−8 < B(Σ+ → pµ+µ−)SM < 7.8× 10−8

[Phys. Rev. D72 (2005) 074003]

[JHEP 1810 (2018) 040]

[Phys. Rev. D111 (2025) 013003]

First evidence found by HyperCP (2005)

– 3 events in absence of background

– Measured branching fraction B = (8.6+6.6
−5.4)× 10−8

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

The ”HyperCP anomaly”

– All the 3 signal events had the same dimuon invariant mass
mX0

= 214.3± 0.5 MeV/c2

– Possible Σ+ → pX0(→ µ+µ−) decay

(c)

Daniele Provenzano Rencontres du Vietnam, Flavour Physics Conference 2025 ICISE, Quy Nhon - 18 August 2025 7 / 20



Σ+ → pµ+µ− : analysis

Analysis with Run 1 data (2011–2012) ⇒ L = 3 fb−1, evidence with 4.1σ [PRL 120 (2018) 221803]

Analysis with Run 2 data (2016–2018) ⇒ L = 5.4 fb−1 [PRL 135, 051801 (2025)]

Improvements Run 2 w.r.t. Run 1

– Increase in statistics – Increase in performances ⇒ factor ∼ 13 larger

Run 2 analysis

Background sources

– Combinatorial (random associations)
– Λ0 → pπ− decays where misID π → µ with accidental µ

No other background sources

– small q-value (∼ 40 MeV/c2), e.g. Σ+ → pπ+π− forbidden
– misID decays with higher mass peak, e.g. K+ → πππ excluded

Selection strategy
1 Preselection on kinematic/PID variables
2 Multivariate selection (output=BDT)
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Σ+ → pµ+µ− : observation

Fit to the pµ+µ− invariant mass distribution ⇒ fitted yield NΣ+→pµ+µ− = 237± 16

FIRST OBSERVATION WITH OVERWHELMING SIGNIFICANCE

PRL 135, 051801 (2025)

1160 1180 1200 1220 1240 1260 1280 1300
]2c [MeV/−µ+µpm

0

20

40

60

80

100

)2 c
C

an
di

da
te

s 
/ (

2.
5 

M
eV

/

1−5.4 fb
LHCb

Data
Full model

−µ+µp →+Σ
Background

Daniele Provenzano Rencontres du Vietnam, Flavour Physics Conference 2025 ICISE, Quy Nhon - 18 August 2025 9 / 20

https://doi.org/10.1103/r3v2-kmmp


Σ+ → pµ+µ− : scan in the µ+µ− invariant mass

Search for resonances in the dimuon invariant mass distribution

No evidence of resonant structures found ⇒ HyperCP anomaly excluded

Distribution compatible with SM prediction

PRL 135, 051801 (2025)

220 230 240 250
]2c [MeV/−µ +µm

0

5

10

15

20

25

30

35

40)2 c
Y

ie
ld

 / 
(2

 M
eV

/

−µ+µp→+Σ

Data

Simulation PHSP

Simulation SM

1−5.4 fb
LHCb

Distribution of background-
subtracted dimuon invariant mass
for Σ+ → pµ+µ− candidates in
data compared with simulation
(PHSP blue line, SM amplitude
red band).
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Σ+ → pµ+µ− : branching fraction

PRL 135, 051801 (2025)

Number of signal candidates converted into a branching fraction
through a normalisation to the Σ+ → pπ0 decay

B
(
Σ+ → pµ+µ−)

= εnorm

εsig

Nsig

Nnorm
B
(
Σ+ → pπ0

)

The resulting branching fraction is:

RUN 2 B
(
Σ+ → pµ+µ−)

= (1.08 ± 0.17) × 10−8 In agreement with
SM predictions

THIS IS THE RAREST BARYON DECAY EVER OBSERVED
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Selected results:

1) Σ+ → pµ+µ− ⇒ FCNC STRANGE PRL 135, 051801 (2025)

2) B0 → K∗0τ±e∓ ⇒ LFV BEAUTY arXiv 2506.15347 Sub. to JHEP

3) Λ+
c → pµ+µ− ⇒ FCNC + GIM CHARM

PRD 110 (2024) 052007
PRD 111 (2025) L091102
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LFV searches at LHCb

Neutrino oscillations lead to charged-LFV

cLFV highly suppressed (mν/mW )4 ∼ O(10−50)
and their observation will constitute an
unambiguous sign of NP

Some NP models (LQ, SUSY, ...) predicts B close
to current experimental limit

B factories and LHCb set stringent LFV bounds

LHCb has carried out several searches for cLFV
decays with eµ and τµ final states

Till now, τe coupling has only been tested by
BaBar and Belle

PhD Thesis Tommaso Fulghesu
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B0 → K∗0τ±e∓ [arXiv 2506.15347]

First search in LHCb for τe (Run 2)

τ+e− and τ−e+ treated independently

τ → π+π−π+(π0)ντ

No significant signal contribution
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method as a function of the BR. The red line corresponds to

the 95% CL.

B(B0 → K∗0τ−e+) < 5.9 (7.1)× 10−6

B(B0 → K∗0τ+e−) < 4.9 (5.9)× 10−6

at 90% (95%) CL

Most stringent limit on b → sτ l so far!
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Λ+
c → pµ+µ−

[PRD 110 (2024) 052007]

Λ+
c → pµ+µ− is a very rare FCNC + GIM mechanism

Short-distance contribution B ∼ O(10−8)
Long-distance contribution B ∼ O(10−6) from Λ+

c → pX(→ µ+µ−) where X = η, ρ, ω, ϕ
LHCb data from Run 2 (L = 5.4 fb−1)
B in six regions of dimuon mass: resonant (η, ρ, ω, ϕ) and non-resonant (low and high mass)

Normalised to ϕ resonant region: Λ+
c → pϕ(→ µµ)
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Λ+
c → pµ+µ− : resonant regions [PRD 110 (2024) 052007]

Λ+
c → pω(→ µµ)

significance > 7σ
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Λ+
c → pρ(→ µµ)

significance > 5.6σ
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Λ+
c → pµ+µ− : non resonant regions [PRD 110 (2024) 052007]

No evidence for Λ+
c → pµ+µ− decays in the non-resonant regions
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limit to date
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Λ+
c → pµ+µ− : CP and angular asymmetries [PRD 111 (2025) L091102]

Study of CP asymmetry of the decay rate (ACP ) and the CP average (ΣAFB) and
CP asymmetry (∆AFB) of the Forward-Backward asymmetry

No significant deviation from the SM are observed

Daniele Provenzano Rencontres du Vietnam, Flavour Physics Conference 2025 ICISE, Quy Nhon - 18 August 2025 19 / 20

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.L091102


Λ+
c → pµ+µ− : CP and angular asymmetries [PRD 111 (2025) L091102]

Study of CP asymmetry of the decay rate (ACP ) and the CP average (ΣAFB) and
CP asymmetry (∆AFB) of the Forward-Backward asymmetry
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Conclusions and outlook

(Very) Rare and forbidden decays constitute a unique environment to look for NP

Many LHCb measurements are world’s best: beauty, charm and strange sectors

LHCb is giving a major contribution:

– Σ+ → pµ+µ− : first observation and rarest baryon decay ever observed, compatible with SM

– B0 → K∗0τ±e∓ : most stringent limit in b → sτl so far, no significant signal contribution

– Λ+
c → pµ+µ− : most stringent limit to date, all results compatible with SM

Prospects:

– 9.5 fb−1 data collected in 2024, and Run 3 still ongoing

– exploit the larger Run 3 dataset with improved efficiency from the fully software trigger to achieve
unprecedented precision in these measurements

– new searches, new observations and new more stringent limits increasingly closer to the ranges of
interest for NP
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Thank you for your attention!
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Backup
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LHCb acceptance
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LHCb luminosity
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Experimental observables

from M.Atzeni’s talk at LHCP 2025 ”Rare decays and lepton flavour studies at the LHC”
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Why rare?

O(10−50)

LFV
LNV
BNV

b → sℓℓ′

O(10−11)

B∗
s → µµ

O(10−9)

Bs → µµ
Λ+
c → pµ+µ−

Helicity suppressed
GIM mechanism

O(10−7)

b → sℓℓ
s → dℓℓ

FCNC

O(10−5 − 10−6)

b → sγ
b → dγ

RARE

O(10−2)

b → cℓν

FCCC

NOT SO RARE

Branching Fractions

Flavour-Changing Charged Currents

Tree-level in the SM

Flavour-Changing Neutral Currents

Loop-level in the SM

Sensitive to effects of NP in the loops

FCNC can be further suppressed for helicity
and GIM mechanism

Lepton Flavour Violating

Lepton Number Violating

Baryon Number Violating

Not allowed in SM

Beyond-SM theories could
predict BR up to O(10−7)
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Σ+ → pµ+µ− : Additional theory interest [Phys. Rev. D111 (2025) 013003]
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Σ+ → pµ+µ− : Additional theory interest

from F.Dettori’s talk at EPS 2025 ”Rare strange decays at LHCb”
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Σ+ → pµ+µ− : Additional theory interest

from F.Dettori’s talk at EPS 2025 ”Rare strange decays at LHCb”
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Σ+ → pµ+µ− : BDT

Variables
– the impact parameter χ2 of the Σ+ and of the final-state particles tracks with respect to the best PV;
– the maximum distance of closest approach between any pair of the three daughter tracks;
– the flight distance of the Σ+ from the PV divided by its uncertainty;
– the angle between the Σ+ momentum and the lines joining the PV and the SV;
– the χ2 of the Σ+ vertex fit;
– the transverse momentum of the final-state particles tracks;
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Σ+ → pµ+µ− : Optimisation

The final selection is based on the BDT output, the muon and proton particle- identification variables,
and the width of the Λ veto window. Criteria on these four variables are optimised, on a four-dimensional
grid, to have the largest significance, defined as

S =
Ns√

Ns +NB

(1)

where NS is the expected signal and NB the expected background yield.
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Σ+ → pµ+µ− : Run 2 trigger

Since 2016, two inclusive dimuon trigger selections have been added at the two software trigger stages
specifically designed to retain low transverse-momentum pT combinations whilst remaining within the
strict time constraints imposed for the software trigger. In addition, an exclusive trigger selection has
been introduced for the Σ+ → pµ+µ− decay channel.
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TISTOS method [S. Tolk et al. LHCb-PUB-2014-039]

Triggered events can be Triggered On the Signal (TOS) (the signal is sufficient to trigger), Triggered
Independently of the Signal (TIS) (the signal is not necessary to trigger), Triggered on both (TIS&TOS)
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Σ+ → pµ+µ− : signal fit
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Figure: Distribution of the invariant mass of
Σ+ → pµ+µ− TOS candidates.
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Figure: Distribution of the invariant mass of
Σ+ → pµ+µ− TIS candidates.
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Σ+ → pµ+µ− : normalisation

NEW!
LHCb-PAPER-2025-002

Number of signal candidates converted into a branching fraction
through a normalisation to the Σ+ → pπ0 decay

B
(
Σ+ → pµ+µ−)

=
ε
Σ+→pπ0

ε
Σ+→pµ+µ−

N
Σ+→pµ+µ−

N
Σ+→pπ0

B
(
Σ+ → pπ0

)

not trivial as no fully charged final states
of the Σ+ are available

Σ+ → pπ0 highest branching fraction
B ∼ 52%

Fit to corrected mass
mcorr = mpγγ −mγγ +mPDG

π0
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Σ+ → pµ+µ− : Normalisation
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Figure: Distribution of the invariant mass of pπ0 TOS
candidates.
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Figure: Distribution of the invariant mass of pπ0 TIS
candidates.
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B0 → K∗0τ±e∓

First search in LHCb for τe coupling

LHCb data from Run 2 (L = 5.4 fb−1)

Analysis strategy:

– τ+e− and τ−e+ final states treated independently:
different sensitivity and experimental backgrounds

– Signal model including hadronic τ → π+π−π+(π0)ντ

– B0 → D−(K+π−π−)D+
s (K+K−π+) as a

normalisation channel (abundant and similar topology)

Analysis challenges:

– Missing neutrinos: mass refitted including missing neutrino
momentum and kinematic constraints

– Electrons: bremsstrahlung photon recover (when possible)
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Test the Lepton Flavour Universality at LHCb

Relative rates of b → sµ+µ− and b → se+e−:

– clean: QCD uncertainties cancels out in the
ratio

– predicted by the SM with very high precision

B0 → K0
Sℓ

+ℓ−, B0
s → ϕ ℓ+ℓ−

B+ → K(∗)+ℓ+ℓ−, B0 → K∗0ℓ+ℓ−

B+ → K+π+π−ℓ+ℓ−

Λ0
b → pK−ℓ+ℓ−
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