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The LHCb experiment

➤ Large Hadron Collider beauty (LHCb)
v Experiment dedicated to study differences between

matter and antimatter
v Focus on 𝑏 and 𝑐 physics

(Precision measurements of CKM matrix elements, CP
violation, rare decays, …)

➤ Designed to detect forward particles using a series of
subdetectors
v Detects those particles boosted after the collision in the

forward direction

➤ About 1400 scientists, engineers and technicians from 18
countries partecipate in the collaboration
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The HyperCP anomaly

➤ Σ! → 𝑝𝜇!𝜇" is a very rare Flavour Changing Neutral Current (FCNC) process
➤ Short distance in the SM ℬ~𝒪 10"#$
➤ Dominated by long distance constributions:

1.2 × 10"% < ℬ Σ! → 𝑝𝜇!𝜇" < 10.2 × 10"%
[Xiao-Gang He et al. Phys.Rev. D72 (2005) 074003]
[Xiao-Gang He et al. – JHEP 1810 (2018) 040]

➤ 3 events observed by the HyperCP experiment in absence of background
➤ Measured branching fraction is:

ℬ 𝛴! → 𝑝𝜇!𝜇" = 8.6"&.(!).) ± 5.5 × 10"%
[Phys. Rev. Lett. 94 (2005) 021801]

➤ All the 3 observed signal events have the same dimuon invariant mass
pointing towards a 𝛴! → 𝑝𝑋*(→ 𝜇!𝜇") decay with
𝑚+! = 214.3 ± 0.5 𝑀𝑒𝑉
ℬ 𝛴! → 𝑝𝑋*(→ 𝜇!𝜇") = 3.1"#.,!$.( ± 1.5 × 10"%
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https://arxiv.org/abs/hep-ph/0506067
https://arxiv.org/abs/1806.08350
https://arxiv.org/abs/hep-ex/0501014
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Theoretical interpretations and experimental tests before LHCb

➤ Several interpretations were proposed
v Light Higgs boson

[He, Tandean Valencia, PRL.98081802 (2007)]
v Sgoldstino

[Gorbunov, Rubakov PRD 73 035002 ]
v Many others
v In general pseudoscalar favoured over scalar and lifetime

of order 10"#( s

➤ Many experimental searches for low mass resonances in
dimuons
v CLEO, E391a, D0, BaBar, Belle, KTeV, BESIII
v Searched also at LHCb in 𝐵* → 𝜇!𝜇"𝜇!𝜇" and 𝐵* →

𝐾∗!𝜇!𝜇"
v 𝑋* particle not confirmed

➤ No other search for 𝛴! → 𝑝𝜇!𝜇" decays
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𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑀𝑜𝑑𝑒𝑙 𝑑𝑖𝑎𝑔𝑟𝑎𝑚𝑠

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.081802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.035002


6

Run 1 search for 𝜮! → 𝒑𝝁!𝝁" at LHCb

➤ Based on full Run1 (3 𝑓𝑏"#)

➤ Excess of events at 𝑚$! w.r.t. background with a significance of 4.1𝜎

➤ Fitted signal yield: 10.2"%.'!%.( events

➤ Measured branching fraction:
ℬ 𝛴! → 𝑝𝜇!𝜇" = 2.2"#.%!#.) × 10")
Consistent with the SM prediction

➤ No significant peak found in the dimuon mass:
ℬ 𝛴! → 𝑝𝑋*(→ 𝜇!𝜇") < 1.4 × 10") at 90% 𝐶𝐿
HyperCP result excluded
[Phys. Rev. Lett. 120 (2018) 221803]
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Background subtracted distribution

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.221803
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Observables in Run2

➤ Based on statistics, expect an improvement due to dedicated trigger:
1) Observation of the channel (eventually hints for new physics beyond SM)
2) Repeat search for dimuon resonances in the decay spectrum
3) More precise measurement of its branching fraction
4) “Direct” CP violation measurement:

𝒜+, =
ℬ Σ! → 𝑝𝜇!𝜇" − ℬ >Σ! → 𝑝̅𝜇!𝜇"

ℬ Σ! → 𝑝𝜇!𝜇" + ℬ >Σ! → 𝑝̅𝜇!𝜇"

5) Differential branching fraction vs dimuon mass
6) Forward-backward asymmetry in the decay

➤ For the moment we focus on 1) to 3), but we build our analysis ready to perform 4)

Gabriele Martelli - XXXVI Cycle of PhD in Physics27/10/22
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Run 2 analysis strategy

➤ Dedicated triggers implemented in Run 2 since 2016: good gain expected (near a factor 10) in efficiency

➤ Use 2016-2018 data, 5.6 𝑓𝑏"#(No 2015 due to the lack of triggers)
Factor ~4 in statistics just from luminosity and cross-section

➤ Soft preselection to produce the data samples

➤ Hard selection on Multivariate discriminant against combinatorial background and PID against Λ → 𝑝𝜋"

➤ Search optimised for the observation of the channel minimizing the background

➤ Develope analysis not to create structures in 𝑚-.. or 𝑚.!."

➤ Normalised to 𝛴! → 𝑝𝜋*

➤ Study dimuon mass and measure branching fraction

➤ 𝒜+, measurement after publishing the other results, it will be part of a second paper eventually
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Signal selection
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➤ Current soft preselection
Blind region mass
Loose 𝜇 PID (final cut optimised at the end)
Fiducial decay volume

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙



Background
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➤ Out of stripping line
Combinatorial background
“Λ background”, from Λ → 𝑝𝜋" decays with an misidentified (or decaying) pion and additional muon track
Nothing else seems to contribute due to very tight phase space

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙



Optimisation of the final cuts
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➤ Build multivariate discriminant (BDT)

➤ Trained on data sidebands

➤ Apply trigger, and Λ veto to train only on combinatorial
background

➤ Original plan: BDT against combinatorial, some other cut
(PID, pointing, veto...) against Λ background

➤ Optimising we realised Λ efficiently removed by BDT
Similar distribution to combinatorial

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙



Normalization

➤ In order to measure the 𝛴! → 𝑝𝜇!𝜇" branching
fraction a normalization is required

➤ No fully charged final state available in the 𝛴! to
normalize
v Finding a suitable normalization is far from

trivial …

➤ Only the 𝛴! → 𝑝𝜋* and 𝛴! → 𝑝𝛾 decays are
reconstructible in the final state

➤ Use high Branching Fraction 𝛴! → 𝑝𝜋*
v ℬ 𝛴! → 𝑝𝜋* = 51.77 ± 0.30 %

Gabriele Martelli - XXXVI Cycle of PhD in Physics27/10/22 13
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𝜮! → 𝒑𝝅𝟎(𝝅𝟎 → 𝜸𝜸) as normalization

➤ The 𝛴! → 𝑝𝜇!𝜇" branching fraction estimate follows the formula

ü 𝜀+/01123: 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
ü 𝑁+/01123: 𝑌𝑖𝑒𝑙𝑑
ü 𝛼: 𝑆𝑖𝑛𝑔𝑙𝑒 𝑒𝑣𝑒𝑛𝑡 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

➤ 𝛴! → 𝑝𝜋* is reconstructed as a charged track plus a 𝜋* → 𝛾𝛾 in the electromagnetic calorimeter (ECAL)
v The 𝜋* reconstruction is possible at LHCb as "resolved" i.e. as reconstructed from the two photon clusters

in the ECAL, or "merged" i.e. 𝛾𝛾 are reconstructed as a single cluster

➤ Selection for 𝛴! → 𝑝𝜋* with 𝜋*reconstructed as resolved for this analysis

Gabriele Martelli - XXXVI Cycle of PhD in Physics27/10/22 14

ℬ 𝛴! → 𝑝𝜇!𝜇" =
𝜀$!→-52
𝜀$!→-.!."

ℬ 𝛴! → 𝑝𝜋*

𝑁$!→-52
𝑁$!→-.!."

= 𝛼𝑁$!→-.!."



Stripping and offline selection
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➤ Current stripping and offline selection
𝑝𝑟𝑜𝑡𝑜𝑛 and 𝜋* PIDs
Various kinematic variables

➤ The 𝑚66 as reconstructed from the energy deposit in the
calorimeter has poor energy resolution

➤ A modified invariant mass is defined for the 𝛴! candidates

𝑀344
5677 = 𝑀8

5677 = 𝑚344
9:5 −𝑚44

9:5 +𝑚;!
<=>

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙 - stripping
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙 - stripping
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙
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Estimate of the 𝜮! → 𝒑𝝅𝟎 yield
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➤ Estimate of the 𝛴! → 𝑝𝜋* yield made with an extended maximum likelihood fit using RooFit
➤ 𝛴! → 𝑝𝜋* parametrized by double-sided Crystal Ball function
➤ Background by second degree Chebyshev polynomial function
➤ Observed 1.63 ± 0.02 ×107 events on Data
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𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙

Offline selection

𝑝𝑟𝑜𝑡𝑜𝑛_𝑃𝑟𝑜𝑏𝑁𝑁𝑝 > 0.9
𝑝𝑖𝑧𝑒𝑟𝑜_𝐶𝐿 > 0.3

𝑝𝑟𝑜𝑡𝑜𝑛_𝑃𝑟𝑜𝑏𝑁𝑁𝑘 < 0.5
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Estimate efficiencies

➤ Efficiencies are split into the following factors, each including the previous

1) Acceptance - 𝜀.//
2) Filtering - 𝜀0123|.//
3) Selection - 𝜀562|0123
4) PID correction - 𝜀789|562/:;;

5) Tracking correction - 𝜀<;=/>|562/:;;

6) MVA calibration - 𝜀?@.|562/:;;

7) Trigger - 𝜀<;1A|789 = 𝜀<;1A|789B* U 𝜀<;1A|789CB<# U 𝜀<;1A|789CB<$

➤ The overall efficiency is written as a product

𝜀<:3 = 𝜀.// U 𝜀0123|.// U 𝜀562|0123 U 𝜀789|562/:;; U 𝜀<;=/>|562/:;; U 𝜀?@.|562/:;; U 𝜀<;1A|789

➤ At this stage everything is taken from MC for a preliminary estimate
➤ 𝜀789|562/:;; , 𝜀<;=/>|562/:;; , 𝜀?@.|562/:;; , 𝜀<;1A|789 will all be calibrated from Data

Gabriele Martelli - XXXVI Cycle of PhD in Physics 17

ℬ 𝛴! → 𝑝𝜇!𝜇" =
𝜀D"→FG!
𝜀D"→FH"H#

ℬ 𝛴! → 𝑝𝜋*

𝑁D"→FG!
𝑁D"→FH"H#

= 𝛼𝑁D"→FH"H#
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Efficiencies for 𝚺! and Σ! fluxes
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Sample 𝜺𝑭𝒊𝒍𝒕𝑺𝒆𝒍|𝑨𝒄𝒄 𝜺𝑻𝒓𝒊𝒈|𝑷𝑰𝑫𝑳𝟎 𝜺𝑻𝒓𝒊𝒈|𝑷𝑰𝑫𝑯𝒍𝒕𝟏 𝜺𝑻𝒓𝒊𝒈|𝑷𝑰𝑫𝑯𝒍𝒕𝟐 𝑵𝜮"→𝒑𝝅𝟎

𝑅𝑢𝑛2_𝑎𝑙𝑙 0.050 ± 0.003 0.032 ± 0.001 0.90 ± 0.01 7.10 ± 0.10 ×10W

𝑅𝑢𝑛2_𝑎𝑙𝑙 0.064 ± 0.004 0.037 ± 0.001 0.78 ± 0.02 7.96 ± 0.05 ×10W

𝑅𝑢𝑛2 𝑀𝑎𝑔𝐷𝑜𝑤𝑛 0.051 ± 0.007 0.027 ± 0.002 0.95 ± 0.01 3.55 ± 0.09 ×10W

𝑅𝑢𝑛2 𝑀𝑎𝑔𝐷𝑜𝑤𝑛 0.064 ± 0.007 0.036 ± 0.002 0.75 ± 0.02 4.30 ± 0.20 ×10W

𝑅𝑢𝑛2 𝑀𝑎𝑔𝑈𝑝 0.051 ± 0.010 0.033 ± 0.002 0.71 ± 0.03 3.58 ± 0.05 ×10W

𝑅𝑢𝑛2 𝑀𝑎𝑔𝑈𝑝 0.064 ± 0.010 0.037 ± 0.002 0.80 ± 0.02 3.97 ± 0.04 ×10W

➤ 𝐻𝐿𝑇2 work in progress!!!
➤ Need also 𝜀899, 𝜀,:;|=239>?? , 𝜀@A8|=239>?? and 𝜀B?09C|=239>?? to evaluate single event sensitivity
➤ Samples splitted also by charge and magnet polarity in order to measure a “Direct” CP violation in the future

Next time!!!



Expected signal
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➤ While the calibration of the normalization channel is difficult, the signal is reliable from MC

➤ Rescale the number of observed signals to the luminosity, cross-section and efficiency of Run 2

𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙



Conclusion and outlook for the analysis
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➤ Where are we?

v Analysis performed blind to estimate expected signal
v We believe we are in a clear situation: we expect a large signal over a small background
v Efficiencies are from MC, exact numbers will change but not dramatically
v This is not unexpected: we have a factor 10 increase in statistics and a factor 10 increase in signal trigger

efficiency

➤ What to do next? Where do we go from here?

v We plan to unblind the 𝑚-.. mass region very soon
v We will keep the dimuon mass blind for the moment
v After unblinding the next steps will be

1) Check if data description in 𝑚-.. and/or 𝑚-5 has any problem
2) Calibrate residual trigger, PID, BDT efficiencies from Data
3) Decide publication strategy depending on the amount of signal
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LHCb activities: Run 3 data taking
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➤ I am actively contributing to the data taking
participating with shifts in control room

➤ My shifter roles are
v Shift leader (responsible of the control room)
v Data manager (assistant to the shift leader)
v RICH piquet (expert on call 24/7)

➤ Up today I spent 80 hours as a data manager/shift
leader and 1 week as RICH piquet
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LHCb activities: Test beam
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➤ Perugia has joined the LHCb RICH group over the last two years

➤ Up today I partecipated at three test beams for the future upgrade
of the LHCb RICH at SPS

➤ The group is composed by many institutes from all around the
world:
v Cambridge
v Bucharest
v Ferrara
v Perugia
v Ljubljana
v Edinburgh
v Krakow
v Genova
v CERN
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Educational activities
Courses
• Introduction to Space Physics (Perugia)
• Flavour Physics (Perugia)

Schools
• ML-INFN-Hackathon 2021 (Online)
• INFN School of Statistics 2022 (Paestum)

Seminars:
• Progress Towards the realization of a Plasma Based FEL
• Spintronic logic gates based on spin waves
• The role of INFN in the development and modeling of ECR ion

sources and their applications
• Il pi greco delle sarte
• Conferenza Istituzionale. La complessita' dal punto di vista di un

fisico
• First Science Results from the LUX-ZEPLIN (LZ) Experiment
• On the tracks of elementary particles. Special focus: silicon trackers

for High Energy Physics
• High Energy Neutrinos from Cosmic Accelerators

Workshops and LHCb weeks:
• First FCC-Italy Workshop (Rome)
• 102th LHCb Week 6-10 December 2021 (Cern)
• 103th LHCb Week 28 February - 4 March 2022 (Cern)
• 104th LHCb Week 13-17 June 2022 (Cern)
• 105th LHCb Week 5-9 September 2022 (Dortmund)
• LHCb Italia Collaboration meeting (LNF)

Other activities
• Tutor per il corso di Fisica1 a.a. 2021/2022
• LHCb@International Masterclass 2021
• LHCb Commissioning, Analysis, Technical meetings

(Analysis/Technical meetings every 7 days)

[Updated to 27/10/2022]
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Offine selection for 𝜮! → 𝒑𝝅𝟎
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Offline selection: 𝛴! → 𝑝𝜋*(𝜋* → 𝛾𝛾)
𝑝𝑟𝑜𝑡𝑜𝑛_𝑃𝑟𝑜𝑏𝑁𝑁𝑝 > 0.9

𝑝𝑖𝑧𝑒𝑟𝑜_𝐶𝐿 > 0.3
𝑝𝑟𝑜𝑡𝑜𝑛_𝑃𝑟𝑜𝑏𝑁𝑁𝑘 < 0.5

𝑝𝑟𝑜𝑡𝑜𝑛_𝐿0𝐻𝑎𝑑𝑟𝑜𝑛𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛_𝑇𝑂𝑆 == 1
𝑝𝑟𝑜𝑡𝑜𝑛_𝐻𝑙𝑡1𝑇𝑟𝑎𝑐𝑘𝑀𝑉𝐴𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛_𝑇𝑂𝑆 == 1

Plot normalized

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙



Data and MC for 𝜮! → 𝒑𝝅𝟎

Gabriele Martelli - XXXVI Cycle of PhD in Physics27/10/22 28

➤ Original plan: Fit the MC first then parametrize the fit on Data using the results coming from MC

➤ Since the MC does not faithfully reproduce the shape of both signal and background on Data, we decided to use
the MC only for the estimation of efficiencies (for now …)

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙

MCData
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Filtering and Selection - 𝜺𝑭𝒊𝒍𝒕𝑺𝒆𝒍|𝑨𝒄𝒄

➤ 𝜀DE3F|899 is the filtering efficiency and contains reconstruction and stripping as these samples need to be
produced filtered

➤ 𝜀=23|G29 is the offline selection efficiency

➤ 𝜀DE3F|899 and 𝜀=23|DE3F are estimated together as

𝜀DE3F=23|899 = 𝜀DE3F|899 e 𝜀=23|DE3F =
𝑁DE3F=23
𝑁H21

➤ 𝑁DE3F=23: 𝑁$!→-52 evaluated from the fit
➤ 𝑁H21: MC generated events
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➤ 𝜀B?EI|,:; is the trigger efficiency

➤ The following trigger lines are used
1) 𝑝𝑟𝑜𝑡𝑜𝑛_𝐿0𝐻𝑎𝑑𝑟𝑜𝑛𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛_𝑇𝑂𝑆 at L0
2) p𝑟𝑜𝑡𝑜𝑛_𝐻𝑙𝑡1𝑇𝑟𝑎𝑐𝑘𝑀𝑉𝐴𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛_𝑇𝑂𝑆 at Hlt1
3) Hlt2work in progress

➤ 𝜀B?EI|,:; is estimated as

𝜀B?EI|,:; =
𝑁J*

𝑁DE3F=23
e
𝑁K3F#
𝑁J*

e
𝑁K3FL
𝑁K3F#

➤ 𝑁J*, 𝑁K3F#, 𝑁K3FL: 𝑁$!→-52 evaluated from the fit after the corresponding trigger line
➤ 𝑁DE3F=23: see previous slides
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Trigger - 𝜺𝑻𝒓𝒊𝒈|𝑷𝑰𝑫
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Proton and antiproton 𝒑𝑻 spectra

➤ Before applying the trigger request we observe that the 𝑝B spectrum of antiproton is more populated at high
values respect to the proton one (small effect)

➤ Such difference is enough to favour antiprotons with respect to protons once the offline TOS request is applied

➤ Data (left) and MC (right) proton/antiproton spectra comparison

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙

𝑅𝑢𝑛2_𝑀𝑎𝑔𝐴𝑙𝑙
𝑈𝑛𝑜𝑓𝑓𝑖𝑐𝑖𝑎𝑙


