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Motivations

+ In the Standard Model (SM), 3 lepton flavours (L,, L, L,) carried by charged mes (= 0.si1Mev |
leptons and their associated neutrinos. 2pin |1 ‘ :
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» Lepton flavour violation (LFV): transitions that do not conserve the lepton electron
flavour number. ) ————
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o Neutrino oscillations provide LFV evidence in the neutral lepton sector. E-_' ’
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o Charged LFV (cLFV) possible in the SM via neutrino oscillations only,
with extremely small branching fractions [1,2]:
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https://arxiv.org/pdf/2305.04759.pdf#cite.0@ref:SM_cLFV
https://arxiv.org/pdf/2305.04759.pdf#cite.0@ref:tau_lfv
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Current status of ™ — ¢u™ searches

« Previous searches conducted at ete™ machines: Belle (2.3 X 10~° @90 % CL best limit), Belle I, BaBar, CLEOQ.

« Why e*e™ machines are typically favorite environments where to look for LFV 7 decays?
(e.9.7 = 3u,t->nut— Kf,u, ...)
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Current status of ™ — ¢u™ searches

 Previous searches conducted at ete™ machines: Belle (2.3 X 107°@90 % CL best limit), Belle II, BaBar, CLEO.

« Why e*e™ machines are typically favorite environments where to look for LFV 7 decays?
e.9.7 = 3u,tr->nut— Kf,u, ...)

Hadron environment very cfowded
Irreducible physical backgrounds

eTe” — 71~ extremely clean environment

with or e™ :
W/o $(1020) — ; Lower selection efﬂmency O(1%)

Liag

BaBar and Belle ~ 10° z-pairs LHCb Run2 ~ 6x 10! ¢

* Additional goal: demonstrate the search capabilities of high-intensity proton—proton colliders.
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LHCDb detector

e Single arm spectrometer in the forward region.
* Focus on CP violation and rare decays of b and ¢ hadrons, complemented by a broader physics program.

e Excellent momentum and vertex resolution, with ~ 98 % muon identification efficiency.
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https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05065
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Trigger selections in Run 3

30 MHz

HLT1 HLT?2
R ‘_. 1.5 MHz L ‘_.
1st software trigger. > 2nd software trigger
partial reco full reco

!. ...................................................... s T e ettt et e eeeeeeeeeee e )

 New trigger architecture deployed for LHCb Run 3.

O(100kHz)

Storage

* Full event reconstruction at 30 MHz pp bunch-crossing rate for the first High-Level Trigger stage (HLT1).
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Trigger selections in Run 3

4 )
HLT1 HLT2
BOMHzZ | o LS IMHZ et .| 6(100kHz) 4
> | {1st software trigger: > 2nd software trigger > | Storage
' partial reco full reco
\ ...................................................... ; R J

 New trigger architecture deployed for LHCb Run 3.
* Full event reconstruction at 30 MHz pp bunch-crossing rate for the first High-Level Trigger stage (HLT1).

e Not™ - ¢p(KK)u™ dedicated trigger in Run 2 = Signal selection efficiency ~ 1 % (including also analysis

selections)
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Trigger selections in Run 3

4 )
HLT1 HLT2
BOMHzZ | o LS IMHZ et .| 6(100kHz) 4
> | {1st software trigger: > 2nd software trigger > | Storage
' partial reco full reco
\ ...................................................... ; R J

 New trigger architecture deployed for LHCb Run 3.
* Full event reconstruction at 30 MHz pp bunch-crossing rate for the first High-Level Trigger stage (HLT1).

e Not™ - ¢p(KK)u™ dedicated trigger in Run 2 = Signal selection efficiency ~ 1 % (including also analysis
selections)

o |DEA: develop a dedicated HLT1 trigger to enhance LHCb sensitivity on this very rare decay.

° First-ever exclusive trigger for a rare 7 decay mode implemented at LHCDb.

o Proof of concept of the exclusive trigger strategy for rare decay searches, paving the way for future new
triggers in the high-intensity era.

INFN WIFAI 2025, D. Riccardi | Search for 7 — ¢u decay Wed, 12 Nov 2025
~ PISA



Implementation of the t™ — ¢u™ HLT1 trigger

* New trigger strategy to select candidates with:

o Two oppositely charged tracks forming a neutral vertex with invariant mass consistent with the ¢(1020).
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Implementation of the t™ — ¢u™ HLT1 trigger

* New trigger strategy to select candidates with:

o Two oppositely charged tracks forming a neutral vertex with invariant mass consistent with the ¢(1020).
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Implementation of the t™ — ¢u™ HLT1 trigger

* New trigger strategy to select candidates with:

o Two oppositely charged tracks forming a neutral vertex with invariant mass consistent with the ¢(1020).

o A third track identified as a muon by the muon system.

* Final combination requiring compatibility with the 7 mass, a minimal distance between the ¢ and u candidates
to select the closest pair, and additional kinematic selections.

—
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Implementation of the t™ — ¢u™ HLT1 trigger

* New trigger strategy to select candidates with:

o Two oppositely charged tracks forming a neutral vertex with invariant mass consistent with the ¢(1020).

o A third track identified as a muon by the muon system.

* Final combination requiring compatibility with the 7 mass, a minimal distance between the ¢ and u candidates
to select the closest pair, and additional kinematic selections.

* Decay-specific features enforced an exceptionally tight selection.
° Trigger running at only few %o of the total HLT1 output rate ~ 1.7kHz. L !

° Large selection efficiency gain achieved = 6 times higher than Run 2.

Run 2 5
(2016-2018) & 5.4 fb~! dataset
Run 3
(2025)

2.3% 4.7% 7.0%
Signal selection efficiency

INFN WIFAI 2025, D. Riccardi | Search for © — ¢y decay Wed, 12 Nov 2025



Analysis strategy

» Search for a peak at the 7 mass (m_ = 1776.93 =+ 0.09 MeV, PDG) ii"Sig”a' | B 9

4 *@
in the invariant mass distribution of the ¢(KK)u system.

 Mass spectrum divided into:
o Signal region (blinded): [1755, 1795] MeV/c?
o Sideband regions: [1630, 1755] and [1795, 2020] MeV/c?

dNIm(p)

1755 1799
m(¢pp) [MeV/c’]
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Analysis strategy

« Search for a peak at the 7 mass (m_ = 1776.93 = 0.09 MeV, PDG)
in the invariant mass distribution of the ¢p(KK)u system.

 Mass spectrum divided into:

o Signal region (blinded): [1755, 1795] MeV/c?
o Sideband regions: [1630, 1755] and [1795, 2020] MeV/c?

 Main irreducible and non-peaking physics background:
D — ¢uv, = Used as normalization channel.

SB region {4

u

. Signal region |

dNIm(p)

1755 1799
m(¢pp) [MeV/c’]

WIFAI 2025, D. Riccardi | Search for 1 — ¢u decay

Wed, 12 Nov 2025


https://pdglive.lbl.gov/Particle.action?node=S035&init=0

Analysis strategy

« Search for a peak at the 7 mass (m_ = 1776.93 = 0.09 MeV, PDG)
in the invariant mass distribution of the ¢p(KK)u system.

 Mass spectrum divided into:
o Signal region (blinded): [1755, 1795] MeV/c?
o Sideband regions: [1630, 1755] and [1795, 2020] MeV/c?

dNIm(p)

 Main irreducible and non-peaking physics background:
D} — ¢uv, = Used as normalization channel. 1755 1799

m(¢pp) [MeV/c?]

« DT — ¢ and D — ¢pr" expected in data: used to check fit procedure and selections.
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Analysis strategy

« Search for a peak at the 7 mass (m_ = 1776.93 = 0.09 MeV, PDG)
in the invariant mass distribution of the ¢p(KK)u system.

 Mass spectrum divided into:
o Signal region (blinded): [1755, 1795] MeV/c?
o Sideband regions: [1630, 1755] and [1795, 2020] MeV/c?

dNIm(p)

 Main irreducible and non-peaking physics background:
D} — ¢uv, = Used as normalization channel. 1755 1799

m(¢pp) [MeV/c?]

« D" — ¢r"and D — ¢ expected in data: used to check fit procedure and selections.

 Exponential combinatorial component.
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Analysis strategy

i
il

« Search for a peak at the 7 mass (m_ = 1776.93 = 0.09 MeV, PDG) i§'3i9”a' ||
in the invariant mass distribution of the ¢(KK)u system.

 Mass spectrum divided into:
o Signal region (blinded): [1755, 1795] MeV/c?
o Sideband regions: [1630, 1755] and [1795, 2020] MeV/c?

dNIm(p)

 Main irreducible and non-peaking physics background:
D} — ¢uv, = Used as normalization channel. 1755 1799

m(¢p) [MeV/c?]

« D" — ¢r"and D — ¢ expected in data: used to check fit procedure and selections.

 Exponential combinatorial component.

o Background suppression to improve signal sensitivity ( o esig/\/ﬁ) using multivariate classifiers.
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m(¢u) with MC simulations for Run 2 analysis
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 To study signhal and background channels,

millions events with full detector response
simulated.

e 7 production dominated by D — 771,

decays.
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* Joy dataset fitted with the main bkg shapes derived from MC, including the signal component.
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Conclusions and future prospects

 Main takeaways:
() First search fort™ — ¢u™ ever conducted at a hadron collider.

(i) First exclusive HLT1 trigger for 7% — ¢u™ selection at 30 MHz in Run 3.

e LHCb analysis ongoing — Final results expected soon.

e Preliminary blind analysis on Run 2 sets an upper limitof a % 1 X 107° @ 90 % CL [CERN-THESIS-2022-221].

 Thanks to the new dedicated trigger, fully operational since the start of 2025 data-taking, expect much higher
sensitivity with Run 3 (and Run 4) data.

o Selection efficiency improved by a factor 6 compared to Run 2.

« UL projection with 2025 data (simple extrapolation with no optimization) reaches ~ 2.5 x 10~/ @ 90 % CL,
already improving Run 2 expectation by a factor ~ 4.
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Conclusions and future prospects

 Main takeaways:
() First search fort™ — ¢u™ ever conducted at a hadron collider.

(i) First exclusive HLT1 trigger for 7% — ¢u™ selection at 30 MHz in Run 3.

e LHCb analysis ongoing — Final results expected soon.

e Preliminary blind analysis on Run 2 sets an upper limitof a % 1 X 107° @ 90 % CL [CERN-THESIS-2022-221].

 Thanks to the new dedicated trigger, fully operational since the start of 2025 data-taking, expect much higher
sensitivity with Run 3 (and Run 4) data.

o Selection efficiency improved by a factor 6 compared to Run 2.

« UL projection with 2025 data (simple extrapolation with no optimization) reaches ~ 2.5 x 10~/ @ 90 % CL,
already improving Run 2 expectation by a factor ~ 4.

Exclusive triggers: paradigm shift unlocking new sensitivity to rare
decay searches at the high-intensity frontier
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Additional material

Backup slides




NP beyond the Standard Model for t* — ¢u*

» Several scenarios beyond Standard Model predict LFV at branching fraction approaching the current
experimental sensitivity.

« New mediators included to make the process possible also at the tree level.

° For instance, leptoquark model formulated by Gino Isidori et al. predict 8(z" — ¢u™) in the range from
107" to few times 107° [1].
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https://link.springer.com/article/10.1007/JHEP08(2021)050

Why look for LFV in 7 decays?

 The 7 is the only lepton massive enough to decay both into leptons and hadrons.
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Candidate selection strategy @ HLT

* Events selected combining a neutral vertex with a third track.

. . Object Variable Requirement Unit
° $(1020) mass used to select VO candidate + other selections. m@ngﬁgg) : -
min mm
, : : . Tracks to make ¢ min(pr) 450 MeV /c
o is muon requirement exploited for the third track + other min(p) 30 GeV/e
selections. L 1 IR .
max(DOCA) 0.2 mm
_ _ vertex z position [—200, 650] mm
° No 3-tracks vertex fit required = 7 mass requested + minEIP)) w.r.t. best PV 0 mm
in(dz) w.r.t. best PV 0
DOCA(¢, 1) to select the closest u to ¢ + PT and cx. 5(1020)  min(dp) wrt. best PV 0 o
min(DIRA) w.r.t. best PV 0.9986 —
min(pr) 900 MeV/c
vertex max(x?) 10 —
min(x%p) 10 -
o |mK+K— — mpp(;| <_30 MeV/C
- min(x%,) 9 -
min(/P) 0 mm
: min(pr) 350 MeV/c
Third Track mln(pf 3.0 GeV/c
n 2, 5] —
is_muon() true —
- min(pr) 25  GeV/c
m € [1620,2050] MeV/c?
$(1020) + 4 mii(DOCA) 0.2 mm
cT € [0.07,1] mm

7" — ¢u* candidate found
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