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Searching for long-lived particles at the LHC and beyond

Outline

 LHCb experiment

« Search for massive long-lived particles decaying semileptonically at \/E = 13 TeV

e Conclusions
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JINST 3 (2008) S08005
Int. J. Mod: Phys. A 30, 1530022 (2015)

L H C b expe ri m ent CERN-LPCC-2018-04

A General Purpose Forward Detector

* LHCDb, originally designed for b- and c-hadron physics, is now considered a general purpose forward detector

« Unique phase space region (2 < # < 5) complementary to General Purpose Detectors (ATLAS & CMS)

Trackin _—
Statiansg SPD Calorimeters

two RICH detectors

e Excellent track momentum resolution: 0.4% at 5 GeV to 1.0% at 200 GeV r

« Impact Parameter resolution o;p, = 20 um for high-p tracks, lifetime resolution of 6. = 0.2 ps

2
Ssss muon system
hadron PID
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tracking
lumi counters

 Muon ID efficiency: 97% with 1-3% ¢ — & misidentification

« Electron ID efficiency: 90% with 5% h — e misidentification

Search for massive long-lived particles decaying semileptonically at \/E = 13 TeV


https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
https://arxiv.org/pdf/1902.00134.pdf

Searching for long-lived particles at the LHC and beyond

LHCb experiment JINST 13 (2018) 06, PO6008
VELO material map

 Material map of VErtex LOcator (VELO) is fundamental for LLP searches:
 Displacement up to 20 cm
 Thin VELO envelope (RF foil) - background dominated by
 heavy flavour decays at < 5 mm
 material interactions at > 5 mm

 Precise material VELO map by secondary interactions of hadrons produced in beam-gas collisions
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= - b\/" ‘ | _ Track with
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 So far only performed analyses on Run 1 and Run 2 data with LLPs decaying within the VELO

 Searches could be extended to LLPs decaying downstream of the VELO (displacement up to 200 cm)
— much worse momentum resolution
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LLPs searches at LHCDb so far...

* Displaced leptons:

e Dark phOtOn PRL 124(2020) 041801
 Low-mass di-muon resonances LHCD-PAPER-2020-013
° Majorana neutrinO PRL 112 (2014) 131082
. + T
 |LLPs decaying to e U +y EPJC 81 (2021) 261
» Light boson from b — s decays PRD 95 (2017) 071101
* Displaced jets: T b
: Wi +,,*; B ,Y- -
* HNLIn — U U et EPJC 81 (2021) 248 - - b
e LLP — jet et EPJC 77 (2017) 812

e ILLP — u +jets  HCb-PAPER-2021-028
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101
https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
https://link.springer.com/article/10.1140/epjc/s10052-021-08973-5
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Search for massive long-lived particles Theory

decaying semileptonically at \ﬁ = |3 TeV context

 Supersymmetry (SUSY) is one of the most popular extension of Standard Model (SM)

 Solves the hierarchy problem
 Unifies gauge couplings at Planck scale
 Dark Matter candidates
 Subset of models for Minimal Supersymmetric Standard Model (MSSM) addresses long-lived particles
 Main signature: measurable flight distance and displaced vertices

* If considering R-patrity violation (RPV) processes a MSSM long-lived particle can decay into SM particles

* In this analysis the minimal SUper GRAvity mMSUGRA) theoretical model has been considered, with RPV

« A "neutralino” )"('(1) can decay into a muon and two quarks: ;"('(1) — /ﬁqlqj(,u q,-q]-)
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Search for massive long-lived particles LLPs

decaying semileptonically at \ﬁ = |3 TeV production mode

* In this analysis two productions mode have been considered:

X
Direct production

2 g ,
Higgs-like boson decay },ﬁ N >
(a) 2 b)) X

 The Higgs-like decay analysis covers h" masses from 30 to 200 GeV/c?

0
1

e LLPs masses are in the range [10, ~ m(ho)/2] GeV/c? and lifetimes in the range [5,200] ps

 The direct production mode address LLPs masses in the range [10, 90] GeV/c? and lifetimes in the range [5,200] ps

« Lifetime range well above b-hadron lifetime and vertices still within LHCb VELO

« Mass range to avoid SM b-quark states and to consider LHCb forward acceptance

 Relevant backgrounds: bb and c¢ direct production and Z, W, Higgs and top decays
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Search for massive long-lived particles Signal

decaying semileptonically at \ﬁ = |3 TeV Selection

« The LLP signature is a displaced vertex (charged particles tracks) + isolated muon with high p+

 Muons are expected to be more isolated than muons in hadron decays (high LLP masses)

e PV selection:

« Small radial distance from beam axis, ny < 0.3 mm

e Muon selection:

Online trigger selects muon with p;- > 10 GeV/c
« Offline selection: impact parameter IP# > 0.25 mm and p; > 12 GeV/c
« Isolation: sum of energy tracks around muon (with muon) in a cone of radius Rn(ﬁ = 0.3

e LLP selection:

 Once PVs are found, geometric veto on displaced vertices (remember VELO material map)

(LLP) > 4.5 GeV/c?

 ALLP candidate is formed by 3 or more tracks + muon, and m,,
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Search for massive long-lived particles Signal

decaying semileptonically at1/s = 13 TeV Selection
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Search for massive long-lived particles MVA

decaying semileptonically at \ﬁ = |3 TeV analysis

A multivariate analysis (MVA) based on Boosted Decision Trees is used to further purify the data sample

 Ten MVA input variables are selected to perform signal-background separation

 prand IP of the muon
 Ratio of energies released in ECAL and HCAL normalized to muon energy
 prandn of the LLP candidate

 Number of tracks forming the LLP candidate

- Vertex distance R,

« Uncertainties of the vertex: op, o,

 Muon-isolation variable and reconstructed LLP mass are used to get the LLPs yield
 Signal MVA training samples are obtained from simulation
 Background training sample is obtained from data

 No bias on MVA performance
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Search for massive long-lived particles Signal

decaying semileptonically at1/s = 13 TeV Extraction

. . Q) " Lmcp  cbwm ] g " LHCb |+ Data (background).
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& N 1 & ' ¢t
 Muon isolation is used to find a signhal and a background region: 10° N E I
. . _ _. . . 10_2 s 1 l\\x, [P | | 10_2 PR B Y SR DU TS R NI B
 Signal region = muon-isolation variable < 1.2 I X N
* Background region = muon-isolation variable > 1.2 0 [T "TLHCD |+ Dl (ackground)
© ' = 107 54fb! Fitted background
S 10 ! - :?ckaglround ! ) 9”
 80% of signal events are included in the signal region = OE 2 10 iy (d)
. . é L 11 _ é 1 Tl . l ! !
* Fit to reconstructed LLP mass from background region 2 TE N a
; 1IN ] 10"
 (Constraints on fit on signal region e, o e b b
20 40 60 80 20 40 60 80
LLP mass [GeV/c?] LLP mass [GeV/c?]
g wep 020¢ Dam :,J . T P 'Da‘ta (iJaci( r'our;d)
3 10 gg ?bb“l " packground | é 1521 ?bb"l Fitted backgg(f%")nd
o) e gignal © 10 T.H»*
s ()] < [ i
o 1 E L o1 T*u.. l
£ 1 £
63 S3)
10”! E 107"
1072 bl li.nJ..LL..j- e—_——
2 LL419 mass °0 [GeV?gz] ? Lfg mass ” [Ge‘}g/ocz]

Davide Zuliani Search for massive long-lived particles decaying semileptonically at \/E = 13 TeV 10/ 15



Searching for long-lived particles at the LHC and beyond

Search for massive long-lived particles Efficiencies and

decaying semileptonically at1/s = 13 TeV systematics

Direct production mode

 Detector efficiency is estimated from simulations Mgo TR  Epresel € Ny N x*/ndf
| 10 10 0.61 0.13 2767.9 + 88.2 —141.8 +69.7  1.69
« Several factor to be taken into account: 20 10 0.66 023 439 + 40.1 ~42 + 50  0.67
o . _ _ 30 10 229 047 157 + 5.8 33 £ 52  0.90
 [Efficiency increases with LLP mass (more particles are 40 10 249  0.52 1.1 + 14 59 + 2.8  0.96
60 10 381 197 451 + 56  —80 4+ 43  0.80
produced) 90 10 252 168 308 + 22  —98 + 50  1.04
» Loss of particles outside the detector when LLPs come 00 o lad 02l L0 e 25 =10k 2 0.67
. 30 20 264 066 138 + 44 3.2 + 42 065
from heavier states 30 30 252 074 56 + 22 24 + 21 041
. . . 30 50 225 0.81 165 + 16.1 ~1.8 + 32  0.69
 Lower boost of heavier LLPs results in shorter flight 30 100 168  0.61 00 + 74  —17 + 31 110
 With increasing LLPs lifetime — material region VETO Source Contribution [%)]
: . : Integrated luminosity 2.0
* Lossin efficiency due to MVA selection Parton luminosity gluons fusion (quarks) 6.0 (3.0)
Simulation statistics 2.0-4.0
Muon reconstruction 2.0-3.7
 Systematic uncertainties take into account several aspects f}’i }8
e Muon reconstruction Vertex reconstruction 2:0
_ Beam line uncertainty (Ryy) 0.9
‘ Vertex reconstruction Muon isolation 1.7
S MVA 1.7-16
o MVA discrimination Mass calibration 1.4
Total 7.3-18.9
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Search for massive long-lived particles 95% CL

decaying semileptonically at \ﬁ = |3 TeV upper limits

e No excess is found

»  95% CL upper limits are computed on o(LLPs) X AB(LLPs — ggu) for both production modes

e Statistical and systematic uncertainties are included as nuisance parameters
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Search for massive long-lived particles 95% CL

decaying semileptonically at1/s = 13 TeV upper limits

e No excess is found

»  95% CL upper limits are computed on o(LLPs) X AB(LLPs — ggu) for both production modes

e Statistical and systematic uncertainties are included as nuisance parameters
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Search for massive long-lived particles 95% CL

decaying semileptonically at1/s = 13 TeV upper limits

e No excess is found

»  95% CL upper limits are computed on o(LLPs) X AB(LLPs — ggu) for both production modes

e Statistical and systematic uncertainties are included as nuisance parameters
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Conclusions
Wrap up

« LHCDb is by all means a general purpose forward detector

« LHCDb is a unique place to study LLPs:
 Detection of low-mass particles and soft signatures
e Studies on b- and c-decays
 Phase space region complementary to ATLAS and CMS

 Here we studied massive LLPs decaying semileptonically into a muon and two quarks
 Two production modes (direct production and Higgs like boson decay)

 Different mass and lifetime ranges

e Upper limits on 6(LLPs) X A (LLPs — gqgu) with sensitivity of the order O(1 pb)

 If you’re interested in LLPs searches at LHCb go check yesterday’s presentation
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https://indico.cern.ch/event/1042226/contributions/4600201/attachments/2342590/3994022/LLP2021_LHCb_zuliani.pdf

Thank you for
your attention!




