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Long-lived Particles
(In the Standard Model)

SM particle lifetimes span
>30 orders of magnitude

Experiments measure
“detector-stable” particles

Reconstruct unstable
particles from detector-
stable decay products

103

Particle mass m [GeV /c?]
= —
- - — —
| | - )
) - —_ - ro

—
3
w

L||||||||||||||||||||||||||||||||||
=  Detector-prompt I Displaced | Detector-stable g _1
= t 0 . vertex 110
L a H ! J
—_— | | | |
= el | | PR
EW I | | _ §
L T | | | E
= —9 =
= J/l‘) | —B | =L S
— — | i
= | _ﬁlooD :/\ no p:i:: D)
E W Ul T =9 K= — = @)
- o =l — 10 S
| 0 | 4 a
- C T | T N Yo
3 S T 05 |
5 | | =10
r | | | . Q.
E g1 E | - <
= Aot S q10°
— Il 1 1N [l i
gl - 5 5
E 1 T I T T T T T T T O O Lt v v v by 105

10720 1071 1071 10°

|
1
Decay length L = vBcr (pc = 1-50 GeV) [m]

10° 1019 101°

Jonathan Kriewald 29/10/2025 4



Long-lived Particles
(In the Standard Model)

\ \\\\\

S

Silicon - -7
Tracker

Experiments measure
“detector-stable” particles

Electromagnetic
Calorimeter

Hadron
Calorimeter Superconducting
Solenoid Iron return yoke interspersec
with mucn chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) = ----. Photon
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Long-lived Particles
(In the Standard Model)
Reconstruct unstable

particles from detector-
stable decay products

e.g. jet-tagging:
b (or c) jet

(Displaced) Vertex finding/
fitting crucial step in any
event reconstruction

light (1, d, s, 2) jet
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Long-lived Particles
(In the Standard Model) e.g. jet-tagging:

Reconstruct unstable
particles from detector-
stable decay products

b (or c) jet

PV

light (1, d, s, 2) jet

(Displaced) Vertex finding/
fitting crucial step in any
event reconstruction

Invariant B0 mass with sel solutions and natural number of event
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Long-lived Particles

(In the Standard Model) e.g. jet-tagging:

Reconstruct unstable
particles from detector-
stable decay products

(Displaced) Vertex finding/
fitting crucial step in any
event reconstruction

eg. B—-> K¥( > Ktn )z~

T

Jonathan Kriewald

b (or c) jet

PV

light (1, d, s, 2) jet

Precision of BF measurement as function of the resolution

061 ® SVand TV longitudinal smearing : 20 gm o
*  IDEA baseline FCC
*  50% reduced material budget in VXD layers N, = 6 x 1012
30% better SH resolution .
0.51 50% reduced material budget in VXD layers and BP
L
0.4 1
<
—
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_________________________________ AT
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¢ Observation (50)
O Bttt
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SV and TV transverse smearing in gm

Tristan Miralles & Stéphane Monteil: FCC Ana note March 2025
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Long-lived Particles
(Beyond the Standard Model)

SM particle lifetimes span
>30 orders of magnitude

Experiments measure
“detector-stable” particles

Reconstruct unstable
particles from detector-
stable decay products
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Long-lived Particles
(Beyond the Standard Model)
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LLPs appear in many BSM theories, dedicated LLP searches emerge as powerful
Cut on lifetime and reconstructed mass = low to no SM backgrounds
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LLP Signatures

— charged disolaced (— BSM |
--- neutral HSCP l_Sp ace — lepton
dilepton = quark et
[CMS detector layou ’ .
—— anything
disappearing displaced
track lepton
A
displaced : displaced
dijet : photon
-\
|
u
|
‘ [
displaced ; displaced_ [from https://tikz.net/bsm longlived/]

vertex conversion
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https://tikz.net/bsm_longlived/%5D

LLP Signatures

Focus here on Displaced
Vertex searches

(with or without jets)

displaced
vertex

[from https://tikz.net/bsm longlived/]
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https://tikz.net/bsm_longlived/%5D

LLP Signatures

Focus here on Displaced
Vertex searches

(with or without jets)

e.g. heavy neutral leptons (HNL) /V:

Cut on lifetime and reconstructed
mass = low to no SM backgrounds
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LLP searches in a nutshell:

HNL &V from W decay with leptonic final state

0.) Reconstruct tracks/

energy flow

1.) ldentify and fit

decay vertex

5 0.6 — e —
« [ ATLAS Simulation ——my=2GeV -
0.5 Vs=13TeV, 140 fb” my=5GeV
- Cty=10mm —=— m, =10GeV ]
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ATLAS [arXiv:2503.16213]
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2.) Reconstruct vertex

kinematics
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3.) Reconstruct LLP
kinematics
(constrained fit)
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LLP pheno in a nutshell:
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3.) Simulate Events &
analyse
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o/fb

LLP pheno in a nutshell:
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Simulation/reconstruction

Event generation: MadGraph — Pythia — Detector Sim. — analysis code

Full Geant4 detector sim. too slow/unnecessary — fast sim. with e.g. Delphes

. DELPHES
But no vertexing in Delphes! fast simulation

Jonathan Kriewald 29/10/2025



Simulation/reconstruction

Event generation: MadGraph — Pythia — Detector Sim. — analysis code

Full Geant4 detector sim. too slow/unnecessary — fast sim. with e.g. Delphes

. DELPHES
But no vertexing in Delphes! fast simulation

Public vertexing software stacks:

CMS software/RAVE: FCCAnalyses: ACTS/ATLAS:

s e o
COLLIDER a‘\ S,

2 Too experiment specific
2 Too complicated to deploy for pheno pipeline

2 Vertexing optimised for primary vertex/close secondaries (flavour tagging)
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Simulation/reconstruction

Event generation: MadGraph — Pythia — Detector Sim. — analysis code

Full Geant4 detector sim. too slow/unnecessary — fast sim. with e.g. Delphes

DELPHES
But no vertexing in Delphes! fast simulation
Public vertexi a B
We (hep-ph) can and should do better! §/x7 as-
CMS software/ . '

FUTURE

CMS >
CIRCULAR (1S
COLLIDER &/

2 Too experiment specific
2 Too complicated to deploy for pheno pipeline

2 Vertexing optimised for primary vertex/close secondaries (flavour tagging)
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Tracking in a nutshell

Charged particle trajectory in a (homogeneous) magnetic field & helix curve

Fit track parameters to hit positions in tracker —Dy sin g + 56 (sin(yp + po) — sin ¢p)
. , _ Z(p) = | Docospo — 565 (cos(p + @) — cos ¢o)
(e.g. combinatorial Kalman Filter) 20+ f;(go

Ay L pop

Track fitting 2/ / -1

|

./.»
afts
See e.g. Fruhwirth & Strandlie

(hardest part is pattern recognition, runs in real-time i.e. at 40 MHz) 2010 & 2020 tor reviews
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Vertex fitting ~Dosin o + 5 (sin(e + o) — sin o) 2C
#(p) = | Docosipo — s (cos(ip + o) — cos o) @(s) = )
20+ 210 V' 1+ cot2d
Ntracks
Fit tracks to a common vertex, minimise: F({s:},7 [ > (T— ()" Wils) (7 - Zi(s:))

(+ prior, e.g. beamspot)
P o= N s Rl (5, =

a —xa

s, p(s) ™

Find common origin = vertex

Jonathan Kriewald 29/10/2025



Vertex fitting ~Dosin o + 5 (sin(e + o) — sin o) 2C
#(p) = | Docosipo — s (cos(ip + o) — cos o) @(s) = )
20+ 210 V14 cot2d
Ntracks
Fit tracks to a common vertex, minimise: F({s:},7 [ > (T— ()" Wils) (7 - Zi(s:))

(+ prior, e.g. beamspot)
P o= N s Rl (5, =

a —xa

Gauss-Newton algorithm: solve A = — g, # = Hessian, g = gradient

Inverting the Hessian scales as O((N + 3)7) :(

H’U’U H’US AQ—J’ . g’U _ 0 =0
(Hsv H) (Asz) B (g) 9o = {Z Wi

Z WO + W’ Hgs = dlag( Wl %O,TWZO 5’20’ R FJ(\)T,TWJ(\)/' 597)

T — — ’L _ _’O,T O—»O
W(to —Up), gs=—t;" Wi

H’U’U

Hyy = HT = — (WOE, WO R0, .. WO i%) .
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Vertex fitting ~Dosin o + 5 (sin(e + o) — sin o) 2C
#(p) = | Docosipo — s (cos(ip + o) — cos o) @(s) = )
20+ 210 V14 cot2d
Ntracks
Fit tracks to a common vertex, minimise: F({s:},7 [ > (T— ()" Wils) (7 - Zi(s:))

(+ prior, e.g. beamspot)

Gauss-Newton algorithm: solve A« = — g, # = Hessian, g = gradient

Inverting the Hessian scales as O((N + 3)°) :(

H’U’U H’US Aﬁ g’U
Split system into vertex & phases: = —
2 WY Hsv Hss Asi gs
AWS=R) =,
Vo ~ initial guess HVN o diag, HVS, HPS
1.) Optimise phases: scales as O(N) :) 2.) Then vertex:  scales as O(3%)
—1
Asi = ~H;\(g} + Hy Ao) r = (Wesme) (e Swtac)

[see Billoir, Fruhwirth, Regler 1985, Billoir & Qian 1992]
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vertex flttlng —Dosmgoo—i—w(sm(go—i—gag) smgog)
f(cp)— Dy cos g — 5¢(cos(p + o) — coscpo) (S) =
20 + 2520 \/1 =13 CO'[ZH
Ntracks
Fit tracks to a common vertex, minimise: F({si},?) = [ Z (V= &i(si))” Wils) (V- wz(sz))]
scales as O(N?) :(
Gauss-Newton =alaonrithm:+ cenlva WA — — o F = Hoccian o = aradjent
Vertex fitting has been conclusively
: v
oupeysted solved in the 80’s... gs>
Vo ~ initial guess HYN o diag, HVS, HP3

1.) Optimise phases: scales as O(N) :) 2.) Then vertex:  scales as 0(3°)
~1
As; = —HNg" + Hyp Av) = (W + Z WL> (v‘ifap +3° Wz-l@-(sg’)>

[see Billoir, Fruhwirth, Regler 1985, Billoir & Qian 1992]
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vertex flttlng —Dosmgoo-i—zc(sm(go—i—goo) smgog)
Z(p) = Do c0s o — 5 (cos(ip + o) — 008900) @(s) =
ol B0 \/ 1 + cot? 9
Ntracks
Fit tracks to a common vertex, minimise: F({s;},? [ Z (T — Zi(s:))" Wis) (7 — wz(sz))]

scales as O(N?) :(
Gauss-Newton algorithm: solve Ao = — g, # = Hessian, g = gradient

Split system ‘ Are you SCHUR? Zv

Ayl =y

Vo ~ initial guess HYN o diag, HVS, H3X
1.) Optimise phases: scales as O(N) :) 2.) Then vertex:  scales as O(3%)
—1
As; = —H Mg + Hsy Av) = (W + Z WL> (v‘vap +y° Wz-l@-(sg’)>

[see Billoir, Fruhwirth, Regler 1985, Billoir & Qian 1992]
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Initialisation-free vertex fitting  Jk [arxiv:2510.0085¢]

Splitting the Hessian ~ Sch l t Hoy Hos) (A0 _ (90
plitting the Hessian ~ Schur complemen H., H.. As; 7,
Alternative:
1.) Eliminate vertex: 2.) Solve for phases: scales as O(N°) :
AV = — H; !(g, + H,As) (5 Pl tingt T (o N Fa -
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Initialisation-free vertex fitting  Jk [arxiv:2510.0085¢]

Splitting the Hessian ~ Sch l t Hoy Hos ) (B0 _ (90
plitting the Hessian ~ Schur complemen H., H.. As; 7,
Alternative:
1.) Eliminate vertex: 2.) Solve for phases: scales as O(N°) :
Av = — H\X/I(gv T HVSAS) (HSS N HSVH\X/IHVS)NXNAS S, (gs NG \;zlgv)

“Diagonal + Rank-3 update”
= Use Woodbury identity:

scales also as O(N) !!!
(Hss T Hs'qu;)les)_l — Hs_sl + Hs_sle'u(Hv'u T HvsH;ngsv)_lesH;gl
Traditional method: 1.) profile the phases (nuisance parameters), 2.) get the vertex

New method: 1.) profile the vertex, 2.) optimise the phases

Schur complements of the same Hessian = stat. & algebraic equivalence (of MLE)

Jonathan Kriewald 29/10/2025 27




Initialisation-free vertex fitting  Jk [arxiv:2510.0085¢]

Splitting the Hessian =~ Sch lement How Hos ) (87 (90
plitting the Hessian ~ Schur complemen H. H.. As, 70
Alternative:
1.) Eliminate vertex: 2.) Solve for phases: scales as O(N°) :
1 1 P ——
Av =—H (g, + H,As) (H,— H H'H )YNAs = —(g.— H H;'g)
“Diagonal + Rank-3 update”
= After eliminating the vertex: no need for initial guess! T ({s}) = (WWZW%)
F({s:}, 7 ({s:}) = 5 L33 #)" (W:S™'W; + W;S7'W;) (& — 7))
1<J

Traditional: guess the vertex, check track compatibility, move the vertex, repeat
New method: tracks determine the vertex as mutual closest point

Jonathan Kriewald 29/10/2025



Initialisation-free vertex fitting  Jk [arxiv:2510.0085¢]

Splitting the Hessian =~ Sch l t s e ) () =
pUttINg the Aessian = scnur compliemen Hsv Hss Asi Js

Alternative:

1.) Eliminate vertex: 2.) Solve for phases: scales as O(N°) :
AV = — H; !(g, + H,As) (5 Pl tingt T (o N Fa -
“Diagonal + Rank-3 update”
= After eliminating the vertex: no need for initial guess! T ({s}) = (WWZW%)
F({s:},7*({s:})) 42 #)" (W:S™'W; + W;S7'W;) (& — 7))
1<J

Traditional: guess the vertex, check track compatibility, move the vertex, repeat
New method: tracks determine the vertex as mutual closest point

Both converge near-quadratically, but new method has practically global basin

Jonathan Kriewald 29/10/2025




Vertex finding

Find common origin = vertex

= just fit the tracks

Use weighted fit for outlier detection

Jonathan Kriewald 29/10/2025 30



Vertex finding

Find common origin = vertex

= just fit the tracks

Use weighted fit for outlier detection

e.g. B, - ¢p(—> K"K )eTe™:

7T doesn’t belong and get’s down-weighted/removed

Jonathan Kriewald 29/10/2025 31



Vertex finding

>

Need to determine a set of tracks to be fitted = pattern recognition

But real events look like this:
O(100 — 1000) tracks / event!

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST

Jonathan Kriewald 29/10/2025 32



Vertex finding

Need to determine a set of tracks to be fitted = pattern recognition

Traditional (iterative) methods: optimised for PV finding in high pile-up
close secondaries for flavour tagging

(recently also optimised graph and

= not suitable for exotic LLP topologies GNN methods by ATLAS & CMS)

Jonathan Kriewald 29/10/2025



Vertex finding

Need to determine a set of tracks to be fitted = pattern recognition

Traditional (iterative) methods: optimised for PV finding in high pile-up
close secondaries for flavour tagging

(recently also optimised graph and

= not suitable for exotic LLP topologies GNN methods by ATLAS & CMS)

Graph-based approach: tracks are nodes of compatibility graph  JK [arXiv:2510.00856]
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Vertex finding

Need to determine a set of tracks to be fitted = pattern recognition

Traditional (iterative) methods: optimised for PV finding in high pile-up
close secondaries for flavour tagging

(recently also optimised graph and

= not suitable for exotic LLP topologies GNN methods by ATLAS & CMS)

Graph-based approach: tracks are nodes of compatibility graph  JK [arXiv:2510.00856]

Build edges if )(2 <9 (Edge score = pair-fit )
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Vertex finding

Need to determine a set of tracks to be fitted = pattern recognition

Traditional (iterative) methods: optimised for PV finding in high pile-up
close secondaries for flavour tagging

(recently also optimised graph and

= not suitable for exotic LLP topologies GNN methods by ATLAS & CMS)

Graph-based approach: tracks are nodes of compatibility graph  JK [arXiv:2510.00856]

Build edges if )(2 <9 (Edge score = pair-fit )

Erase edges w/o triplet support
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Vertex finding

Need to determine a set of tracks to be fitted = pattern recognition

Traditional (iterative) methods: optimised for PV finding in high pile-up
close secondaries for flavour tagging

5 " . tly al timised h and
= not suitable for exotic LLP topologies ‘“Efﬁn nfeatﬁgdzpb;nz\%sgéagms)n

Graph-based approach: tracks are nodes of compatibility graph  JK [arXiv:2510.00856]
Build edges 1f)(2 9

(Edge score = pair-fit )(2)
Erase edges w/o triplet support

X More pruning/safeguards: timing
consistency, mutual kNN, bridge
finding/pruning, tests for intra-

connectedness,...

Extract connected components

= 4 vertex candidates to be fitted (+ 1 outlier track)

Jonathan Kriewald 29/10/2025




Vertexing performance
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Use IDEA detector concept as benchmark
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Vertexing performance
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Use IDEA detector concept as benchmark

Muon System Solenoid Dual-readout Fiber HCAL Dual-readout Crystal ECAL Drift Chamber Silicon Wrapper

Beampipe LumiCal Endplate Absorber Vertex Detector

[arXiv:2502.21223]
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Vertexing performance

Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’
Use IDEA detector concept as benchmark

—_ A
£
~
L

Muon chambers _ |

Return yokes

DR Fibre Calo __|

Coll ,,

DR Crystal Calo
Silicon Wrapper :.

Vertex Detector || | | —

Jonathan Kriewald

z(m)

29/10/2025
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Vertexing performance
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Use IDEA detector concept as benchmark

Vertex Detector: single hit resolution of 3 — 7 ym, Drift Chamber: ~ 100 ym

Silicon wrapper: timing resolution =~ 30 ps /

Silicon Wrapper :.

= I E—

0.5 1.0 1.5 2.0

Vertex Detector

[arXiv:2502.21223]
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Vertexing performance
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Use IDEA detector concept as benchmark: fast sim. with Delphes

DELPHES

fast simulation

Reconstruct two vertices simultaneously, m, = 45 GeV

ct = 10 mm

1.00 1.0 ct = 1000 mm
® o o ® °
o
0.98- ¢ g “ee o,y ln
s 0.9 1 .
s & ® % ¢ i i
> ® ® 2
©"0.96 - } O
3 S
= ® g3 0.8
& 0.94 5
0.7 1
0.92 1 o
JK [arXiv:2510.00856] JK [arXiv:2510.00856]
0.90- ! | ' | | 067 500 1000 1500 2000
0 10 20 30 40 50

Lig* [ Ea”

Efficiency > 90% over the entire fiducial volume!
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Vertexing performance
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Use IDEA detector concept as benchmark: fast sim. with Delphes

DELPHES

fast simulation

Reconstruct two vertices simultaneously, m, = 45 GeV

ct = 10 mm

50 1.0 2000 ct = 1000 mm 1.0
40 - 0.8
— 1500
= 30 0.6 & = 06 &
El 5 - 1000 g
~ =
Sk 0.4 <) 048
10 0.2 200° 0.2
0 JK [arXiv:2510.00856] . 0.0 0 JK [arXiv:2510.00856] | 0.0
0 20 40 ' 0 500 1000 1500 2000
Lz [mm] Lize [mm]

Efficiency > 90% over the entire fiducial volume!
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Vertexing performance
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Use IDEA detector concept as benchmark: fast sim. with Delphes

DELPHES

fast simulation

Reconstruct two vertices simultaneously, m, = 45 GeV

cr =10mm er = 100 mm

12 — | 95 : _ cr = 1000 mm
gredicte.d Oz i s — predicted o, : : I predicted o
—== Beam pipe === Beam pipe Il 1 :: — ==~ Beam pi ez
10 --- Inner Vertex Detector i i i i i 204 =" Inner \I;eitex Detector 1 i : : § i i 80 ! . Elner \P;e]:tex Detector 3
® measured o (Az) | : Outer Vertex Detector : ! i :: Outer Vertex Detector
—n ] P J — - node B ' --

A I R A | S /] zo |
— | : : : : 3- ® measured o(Az) [ : : = ® measured o(Az) :
5 0 N : B i o o 5 .

d B | | A 104itl, /N . 1 50 .
5 4 I : ) T |iij~e | ¢ o 'l < . *
SRERIND i i i W1l AT
b e dit T >
Lo | | p ! ] ‘
0 } 1 —1 . L T 0 :l : : ! | ! : : . —~ T T T
0 10 20 30 40 50 0 100 200 300 400 500 500 1000 1500 2000
true t
Lzy® [mm] JK [arXiv:2510.00856] Lz [mum] Ly [mu]

Resolution < 2 um in the inner vertex Detector!

Uncertainty model agrees well with MC-data (within 5-10%)
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Long-lived Particle reconstruction
Match reconstructed vertices to leptons and jets to reconstruct LLP kinematics

Define p, —weighted track overlap score:

1\«
. 2 Zz’éshared (pT ) — p'u' — E pu
icjet \PT ieDV\PT 1€jets, leptons
5000 - 1 MC truth
1 reco
4000
1044
8 8 3000-
£ £
[ €3
10%- 2000
1000 -
102 = - - - - - 01— . - . . -
0 20 40 60 80 100 0 20 40 60 80 100
JK [arXiv:2510.00856] my [GeV] JK [arxiv:2510.00856]  pr(IV) [GeV]
2 mass proxies: pELP & m. .. = \/ mfis Sy pi +p Very good agreement of reconstructed p;
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Long-lived Particle reconstruction
Match reconstructed vertices to leptons and jets to reconstruct LLP kinematics

Reconstruct parent kinematics (¢te~™ — Zh,h — NN)

8000 - [ MC truth
[T reco
40000 1
6000 -
7 30000 - %
5 & 4000
/20000 - =]
10000 1 /FJ 20001 L
. . . L . (O . . . . .
0 50 100 150 200 0 20 40 60 80
JK [arXiv:2510.00856] mp° |GeV] JK [arXiv:2510.00856]  pr(h) [GeV]

= Allows to reconstruct the entire production & decay topology!
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Full analysis
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Scan over wide range of masses and lifetimes my & c7y

Possible SM backgrounds: heavy flavour

Event (pre-)selection: (b, ¢ hadrons, 7-decays)
? 4 reconstructed jets (exclusive durham k,, remove isolated leptons from jets)

? Reconstructed primary vertex with < 2 (lepton) tracks (from Z — ¢, ub)

Mitigates most V|, backgrounds &
material interactions

2 2 reconstructed vertices with at least 3 tracks each

P Transverse displacement L., 2 500 ym
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Full analysis
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Scan over wide range of masses and lifetimes my & c7y

Possible SM backgrounds: heavy flavour

Event (pre-)selection: (b, ¢ hadrons, 7-decays)

? 4 reconstructed jets (exclusive durham k,, remove isolated leptons from jets)

? Reconstructed primary vertex with < 2 (lepton) tracks (from Z — ¢, ub)

Mitigates most V|, backgrounds &
material interactions

2 2 reconstructed vertices with at least 3 tracks each

P Transverse displacement L., 2 500 ym

Additional kinematic cuts: = reduce SM backgrounds to < 1 Event

? .
Window cut on m1_ ..

€ [0.8my, 1.5 my]

Remaining (rare) backgrounds: y
conversions, miss-ID, BIB, cosmic

p Window cut on m;;eco [ [100 ] 150] GeV rays, (can all be vetoed/mitigated)
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Full analysis
Example process at FCC-ee: ete™ — Zh,h — NN with N — £*qq’

Scan over wide range of masses and lifetimes my & c7y

Event (pre-)selection: Additional kinematic cuts:

104 1.0

103 0.8
& = 102 0.6 &
= = 2
9 — O
5 S 10! 045

10° 0.2

- ~1
20 40 60 10 20 10 gy 00
JK [arXiv:2510.00856] my [GeV] JK [arXiv:2510.00856] mn [GeV]

= very high selection/reconstruction efficiencies over wide range of my & c7y
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Results: upper limits on BR(/# — NN)

Set upper limits at 95 % CL: at least 3 reconstructed events

1073 1073 4
] ] — mpy =5 GeV
— mpy = 10 GeV
— mN=30 GeV
E — mpy = 50 GeV
— mpy = 60 GeV
=z 1077
T
X
5 1077
an ] ct = 0.1 mm ct = 100 mm
ct = 0.5 mm = c7 = 1000 mm
ct =1 mm === c1 = 5000 mm
cr = 10 mm = c7 = 10000 mm
1076 L— | . . | 1078 el
10 20 30 40 50 60 101 10° 101 102 10° 10
JK [arXiv:2510.00856] my [GeV] JK [arXiv:2510.00856] cT(N) [mm]

= FCC-ee sensitive to BR(h —> NN) <6 —7 x 107°
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Conclusions

2 Long-lived particles common to many BSM theories

= Rich hep-ph and hep-ex programs

= FCC-ee strongly sensitive to many interesting signatures

2 No suitable tools for pheno available :(
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Conclusions

2 Long-lived particles common to many BSM theories

= Rich hep-ph and hep-ex programs

= FCC-ee strongly sensitive to many interesting signatures
2 Developed LLP-dedicated vertex fitting and vertex finding algorithms

Entire track-to-LLP-kinematics pipeline implemented in
Delphes (plug & play)

Check it out: https://github.com/jkriewald/delphes-LLP

T — R

Jonathan Kriewald 29/10/2025



https://github.com/jkriewald/delphes-LLP

Conclusions

2 Long-lived particles common to many BSM theories

= Rich hep-ph and hep-ex programs

= FCC-ee strongly sensitive to many interesting signatures
2 Developed LLP-dedicated vertex fitting and vertex finding algorithms

Entire track-to-LLP-kinematics pipeline implemented in

Delphes (plug & play)

Check it out: https://github. com/1krlewald/dt‘ ﬁo‘
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https://github.com/jkriewald/delphes-LLP

l Bonus content l
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Weighted fit (IRLS)

Assign (sigmoid) weights based on single track )(2

1

2 2

1 _|_ eXp( X EXC )

w; = P(x7) =

Minimise weighted likelihood:

1 "N, tracks

Fu({si},0) = > wi(@— Ti(s:))T Wils) (T — Zi(s:))

Outlier weights — 0, inlier weights 0.5 < w, < 1
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Vertex timing st — s,
Simplified track timing model: Tz’(si) — T;

Add to likelihood:

e ) -3 )

7h)?

1

(Approximately) decoupled from spatial fit: (o, > o5)
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Purity
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Longitudinal resolution

cr = 10 mm cr = 100 mm
1 1 1 1 [T 1 11
predicted o, : : v predicted o, : :
1 === Beam pipe 1 I | === Beam pipe i
6 === Inner Vertex Detector : : i 150 === Inner Vertex Detector ® : il F E
® measured o(A2) : : [ - I } i i Outer Vertex Detector ' ] li}/*
— ! ' 1 I — e DCH AnOde Il
5 i i i i = -~~~ DCH | ]
.3. 4 1 : : : : [ -3- 100 - ® measured 6(Az) | : :
£ . ! ! £ i [ 1
<] i I i < i B
5 L : T |u i
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S N ] i |
1@ 1 I nii 11
e ; 4 |
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0 10 20 30 40 50 0 100 200 300 400
Lz, [mm] Lz, [mm]
cr = 1000 mm
T
T ¢
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Pseudo-rapidity reconstruction

Entries
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1 MC truth
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