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Introduction: rare and very rare decays

@ The Standard Model (SM)

Standard Model of Elementary Particles
— very successful, but... incomplete

oo [o|[0|f@® H
up charm top electron muon tau gluon Z b higgs
‘oo e | | |'@ W
down strange | bottom Slactron uon au
@ New Physics (NP) beyond SM

— direct searches = observe new real

— indirect searches = test SM predictions to look for
particles created in high energy collisions possible contributions from new virtual particles

w/z Neutral weak Possible new
\ force boson, Z [ particle, Z'

; )

q

®
/ B

@ Rare (B < 107°) and very rare (B < 107?) decays = sensitive tool to explore NP
— Flavour Changing Neutral Currents (FCNC) — highly suppressed in SM, like 37 — putp™
— Forbidden decays
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LHCb: the experiment
Large Hadron Collider beauty (LHCb)

@ Located at the LHC (CERN)

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

@ pp collisions at
V/s=7/8 TeVin Run 1
v/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 < n < 5

LHCb Detector )
Weight: 5,600 tonnes Electromagnetic
Height: 10 m
Length: 20 m

Calorimeter

Locator

Tracking
Station Muon
Dipole - Hadronic Stations
Magnet Tracking Calorimeter

Stations

@ tracking system + particle identification

Daniele Provenzano

system

IFAE 2025

10 Aprile 2025



-
LHCb: strange hadrons production

10

Z
S .
s
é 10!
@ Huge strange-hadrons production .
(kaons and hyperons A°/33) —— KK
0
100 A
@ About one strange-hadron per event .
(compared to one B meson every 1000 events) o
10 e =-=0
@ Statistics necessary for b
— precision measurements of strange decays -2
— searches for rare strange decays
— L
03— J/

Figure: Multiplicity of particles produced
in a single pp interaction
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YT — putp~ : motivation

o X1 = uus, mg = 1189.37 MeV/c?

o X" — puTp~ is a very rare FCNC
1.2x 1078 < B(E' = ppTp™ )M <78 x 1078

105 v 2
=
@ First evidence found by HyperCP 104 %‘
— 3 events in absence of background N%j ) = " o
— Measured branching fraction B = (S.Gfg"i) x 1078 =10° M, oo M, (e
g
Z102
@ The "HyperCP anomaly”
— All the 3 signal events had the same dimuon invariant mass 1 l s
mx, = 214.3 0.5 MeV/c? 1 h E——wre ]
- Possible =t — pXO0(— pTp~) decay Al ‘ :
1200 1300 1400 1500
M. (MeV/c?)

o
Daniele Provenzano IFAE 2025

10 Aprile 2025



¥+ — putp : beyond-SM hypothesis and search for X

@ Many possible interpretations of the HyperCP anomaly: ut
— “Sgoldstino interpretation of HyperCP events” <
X() , ' .
— "On the possibility of a new boson X° (214 MeV) in &1 — putp™ " ) 2 4

— “Does the HyperCP Evidence for the Decay ¥* — put ™ indicatea  y+/ ¢ u Ly
Light Pseudoscalar Higgs Boson?” ., ,

— “U-boson and the HyperCP exotic events”

. B » utumptum x
5 BA BA R Y(25,35) - yutu- X Cb [Phys. Rev. Lett. 110 (2013) 211801]

- [Phys. Rev. Lett. 103 (2009) 081803] B® = Kutu~ X
@ Many experimental ﬁ [Phys. Rev. Lett 115 (2019) 1618021

0 D> 04—
attempts to search for X BY ~ Kot 1 yutum X
@ BY = Oty I = yutp
[Phys. Rev. Lett. 105 (2010) 091801] [Phys. Rev. D 93 (2016) 052005]
BELLE

@ No other search in ¥ — putu~ decays
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¥* — putp~ : Run 1 and Run 2 analysis

o Analysis with Run 1 data (2011-2012) L
— ~ 10 observed events s L
— Stronger evidence with 4.10 ; 8;
— Measured branching fraction & e
B= (2275341 x 107 s L
consistent with SM prediction ga E

2

;T

————

St oputu LHCb

e Data

— Full model

—- T pptu”
Background

1im

e

@ Analysis with Run 2 data (2016-2018)
— Integrated luminosity of 5.4 fb~!

= paper " Observation of the X — pu™ ™ very rare decay”

o Improvements Run 2 w.r.t. Run 1

— Increase in statistics = factor ~ 4 larger
— Increase in performances = factor ~ 13 larger
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https://arxiv.org/abs/2504.06096

YT — putu~ : Run 2 analysis NEW! [LHCb-PAPER-2025-002]
12000 LHCb unofficial b

@ Selection of events 10000~ pefore event selection fI g
= Reject background and isolate signal 8000 - A

g . ]

6000 - o T 4

o Background sources ool i E
— Combinatorial (random associations) o / ]

C 4 f

— A% — pr~ decays where of e ‘ L]
misID m — p with accidental p 1200 mo’”pwu’ [M;é,(}gz]

T
—— = .puu smulation

@ No other background sources

- small g-value (~ 40 MeV/c?)
e.g. ¥ — prtx™ kinem. forbidden

,,,,,,, Combinatorial background

A background

Arbitrary units

@ Selection strategy
© Preselection on kinematic/PID variables
@ Multivariate selection (output=BDT) 1

0 05 1
BDT output
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E——————————————————————————————
YT — putpu~ : observation

Fit to the pu*u~ invariant mass distribution = fitted yield Ns+_,,, 1, = 237 £ 16
1% putp

FIRST OBSERVATION WITH OVERWHELMING SIGNIFICANCE

ﬁ\ F T T T T T T T
2 100F LHCb ]
> + -1 ]
— - Data _
0 80: —Fullmodel 1
o8 t X DU
NEW! - 60—~ I e Background
LHCh-PAPER-2025-002 g ]
arXiv:2504.06096 g - 1
& [ 3
o “F ]

T160 1180 1200 1220 1240 1260 1280 1300
m, -, [MeVic?]
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https://arxiv.org/abs/2504.06096

E——————————————————————————————
YT — putp~ : scan in the ut ™ invariant mass

@ Search for resonances in the dimuon invariant mass distribution NEW!

@ No evidence of resonant structures found = HyperCP anomaly excluded LHCb-PAPER-2025-002
arXiv:2504.06096

@ Distribution compatible with SM prediction

40 —————————————— —

16

T uf LHCb & & © LHCb  ©
MR
T jgﬁ Jﬁm I 7
T e 14 bt L
Of 20 w0 ‘zﬁj ++ ‘2éo‘f : ;mH m Hi\oH MM !ﬂ M hmﬁﬁ Jﬁﬂio

m,. - [Mev/c?] m,. - [Mev/c?]
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https://arxiv.org/abs/2504.06096

YT — putp~ : branching fraction

NEW!
LHCb-PAPER-2025-002
arXiv:2504.06096

Number of signal candidates converted into a branching fraction
through a normalisation to the X1+ — pw® decay

B(Zt s putp™) =

€norm

€aig

Nsig

Nnorm

B (E"‘ — pTrO)

The resulting branching fraction is:

RUN 2

Bt - putp

~) = (1.08 £ 0.17) x 10~

In agreement

with SM

RUN 142

Bt - pputp~) = (1.09£0.17) x 1078

predictions

THIS IS THE RAREST BARYON DECAY EVER OBSERVED
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https://arxiv.org/abs/2504.06096

e
Conclusions and outlook

LHCb paper " Observation of the ¥+ — put ™ very rare decay”
= First observation of the decay with overwhelming significance

@ Investigated the dimuon spectrum for New Physics resonances
e No significant peak structure
e HyperCP anomaly excluded

@ Branching fraction measurement using Run 2 pp collision data:

B(=t — pptp~) = (1.08£0.17) x 1078
=> Rarest baryon decay ever observed

Future prospects (Run 2 but also Run 3) = new accessible measurements

o Charge-Parity symmetry violation
o Forward-backward asymmetries
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E——————————————————————————————
LHCb acceptance

LHCb MC
Vs=14 TeV

/2
6, [rad]

3n/4

Figure 2.3: Production cross-section of bb pairs as a function of their polar angle with
respect to the beam axis, for pp collisions simulated with PYTHIA at a center of mass
energy of 14 TeV. The LHCb acceptance is displayed in red [41].
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E——————————————————————————————
LHCb luminosity

current LHCb — Upgrade | —— Upgrade Il—»

&2 20 P s :_e
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Figure 2.2: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II
experiments as a function of time. The red points and the left scale indicate the anticipated
instantaneous luminosity during each period, with the blue line and right scale indicating
the integrated luminosity accumulated.
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YT — putp~ : motivation

o X1 = wus, my = 1189.37 MeV/c?

@ X" — puTp~ is a very rare FCNC , Z;\<‘fﬁ’ N T
S o+ ~
— Short-distance contribution (penguin/box diagrams) B ~ O(10~12) "ﬁ%fi%l )
— Long-distance contribution (from the decay ¥+ — py*) sl U W v o L, !
1.2 x 1078 < B(t — putp=)SM < 7.8 x 10~8

~

@ First evidence found by HyperCP

Events/0.5 MeV/c? |

(b)
o Data

— 3 events in absence of background (%J, sy 2is o
— Measured branching fraction B = (8. 6+6 6) x 10~8 E e
102
@ The "HyperCP anomaly”
10 4

— All the 3 signal events had the same dimuon invariant mass
mx, = 214.3 + 0.5 MeV/c2

- P055|b|e St = pXO(— ptp™) decay

T T
1200 1300 142100 1500
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E——————————————————————————————
Additional theory interest

III. SM LONG-DISTANCE CONTRIBUTIONS . . . .
implying a partial width I,

Gpe 2R[ab”]

eG v
Lagrangian of ¥ — py depends on two form-factors £ = Tpﬂp[u + byslow g ust Yy vp
RN

r= (a® +0*) B3

4-fold ambiguity on the a and b form-factors needed as input for X" — pu™ ™~

where E, denotes the photon’s energy in the rest frame of the L* and & is the angle between its polarization and the proton’s three-momentum in this frame.

possible branching fractions

Relativistic baryon
Rea (MeV)  Reb (MeV) || 105B,,
° P ] Z1215+ 024  478+042) 27402
26 26 —4.784+0.42 12.15+0.24f 7.8+0.3
§ ;3 - | 4784042 —12.15+0.24] 4.24+0.2
w Lo IN / ] 12.15+£0.24  —4.78 4042 1.2+0.1
32 - 22 - ' Rea (MeV)  Reb (MeV) || 108B,,
. — of — —974+054  6.17+0.74 |[3.7+05
-0 -5 0 5 10 -0 -5 0 5 10 6174074  9.74+0.54 || 6.1+05
Rea/MeV Re b/Mev 617074 —9.74+054 || 3.2+£0.3
9.74+054 —6.17+0.74 [ 1.9+£0.2

Heavy baryon
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EEEEEE————SS
BDT

@ Variables
— the impact parameter x2 of the £1 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 1 from the PV divided by its uncertainty;
— the angle between the 7 momentum and the lines joining the PV and the SV;
— the X2 of the 1 vertex fit;
— the transverse momentum of the final-state particles tracks;

LHCb | ‘ —‘ Z‘pr*;}"simu‘lation‘

-1
54 fb ------- Combinatorial background

]

A background

Arbitrary units
g

10

=
O T

0.5

1
BDT output
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Optimisation

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

N,
§= 1
VN, + Ng )

where Ng is the expected signal and Np the expected background yield.
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E——————————————————————————————
YT — putpu~ : 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 ¥ — pu™u~ decay channel.

»  Run 2 improvements for strange physics [LHCb-PUB-2017-023]:
HLT1: Complementary forward tracking lowered down to 80 MeV for muon tracks
Generic HIt1DiMuonNoLO for soft dimuons not requiring only LOMuon or LODimuon triggered events in input
HLT2: Generic HIt2DiMuonSoft for soft dimuons
Dedicated HIt2RareStrangeSigmaPMuMu for X+ — pu*u~ decays

Efficiency S—putp~
Lo 0.269 + 0.006
Run 1 Run 2

H1t1Global| LO 0.191 + 0.011 0.459 + 0.014
H1t1DiMuonNoLO | LO - 0.325+ 0.013
H1t2Global | H1t1Global 0.162 £ 0.023  0.901 + 0.012
H1t2DiMuonSoft | Hlt1Global - 0.8044 0.016
H1t2SigmaPMuMu | H1t1Global - 0.4854+ 0.020
Total 0.0083 & 0.0013 0.111 £ 0.004
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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)

Triggered
event
Signal candidate
tracks (S)

Figure 1: Diagram explaining the logic behind categorizing events into Trigger On Signal (TOS),
Trigger Independent of Signal (TIS) and Trigger On Both (TOB) trigger categories. Note that
an event can be both TIS and TOS simultaneously.

yes Triggered events

Trigger?

All events
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pputu~ o signal fit
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Figure: Distribution of the invariant mass of

ST = putp
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YT — putp~ : normalisation

NEW! Number of signal candidates converted into a branching fraction
LHCb-PAPER-2025-002 through a normalisation to the 1 — p#® decay

B(Zt = putp~) = —=r=oe Netoputu= (Bt — pn0)

€E+—>pu+u_ NE+—>p7r0

a F T T T T ]

.. . S 12000 LHCb 3

@ not trivial as no fully charged final states 2 £ 54" ]
of the X7 are available o 10000 — Data 3
et — Full model ]

g s [P\ Topn® ]

e X — pnO highest branching fraction I Background
kel - -

B~ 52% EL ]

© 4000 F -

o Fit to corrected mass 2000 3

_ PDG
Meorr = Mpyy — My + Mo

1150 1200 1250
e, [MeV/c?]
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Normalisation

= 77— = T
S} - ] S o ]
S 1400 = LHCb - = 12000 - LHCb -
Q F —1 b ] L -1 ]
= 1200 - 541b 3 = 10000 = 54 1fb E
< F —+ Data E s L -+ Data i
C 1000 — Full model c L — Full model ]
8 R A R Stopa® e S A Sepr®
g 800 P e Background ] 3 P e Background 7
ke o ] 5 6000 - ]
5 600 |- ] 5 E ]
400 :— _: 4000 :— _:
200 : bt 2000 e J
0 b e e ol S T 2 O T

1150 1200 1250 1150 1200 1250
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Figure: Distribution of the invariant mass of pr® TOS  Figure: Distribution of the invariant mass of pr® TIS
candidates. candidates.
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YT — putp~ : branching fraction

NEW!
LHCb-PAPER-2025-002 B(S* — putp”) = meem Mot g5ty pr0)
arXiv:2504.06096 ! '

The resulting branching fraction is:

B(Zt - putp~) = (1.08 £0.17) x 1078
RUN 2 ( putpT) = ( ) In agreement
with SM
RUN 1+2 B (3t — pptp~) = (1.09 £0.17) x 10~8 predictions

THIS IS THE RAREST BARYON DECAY EVER OBSERVED

Daniele Provenzano IFAE 2025 10 Aprile 2025 B13


https://arxiv.org/abs/2504.06096

	Appendix

