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Physics at the energy frontier

Universe scales in metres
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The Standard Model
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The part that matches

ATL-PHYS-PUB-2024-011

Status: June 2024
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The part that doesn’t match too well




The part that doesn’t match too well
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Exploring the unknown
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m(z ) [GeV]

Samples of our exploration
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1903.04497

Long-lived particles
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https://arxiv.org/abs/1903.04497

Long-lived mechanisms
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1806.07396

What makes them worth pursuing
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https://arxiv.org/abs/1806.07396

Massive dark photons

w 1072

107

10—
1073 102 10! 1 10 10? 10°
M., [GeV]

1074\ / 100 MeV
T ~Y
Yd € m’Yd

| F. Meloni | Particle Physics Seminar, Universitat Bonn | 24/10/2024

1412.0018
2005.01515

Small
couplings

Dark matter v ()

12


https://arxiv.org/abs/1412.0018
https://arxiv.org/abs/2005.01515
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Minimal dark matter
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https://arxiv.org/abs/hep-ph/0512090

IN THIS SEMINAR:

The searches: everything is “non-standard”
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Searches at the LHC

PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: April 8, 2021

REVISED: May 30, 2021
ACCEPTED: June 24, 2021
PUBLISHED: July 23, 2021

LATE DECAYS UNUSUAL SHOWERS DISPLACED VERTICES . .
A search for the decays of stopped long-lived particles

at /s = 13 TeV with the ATLAS detector
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https://arxiv.org/abs/2104.03050

The energy frontier today
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The energy frontier today
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The energy frontier today

Recorded Luminosity [pb "0.1]
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The energy frontier today
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A completely different strategy (D
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A completely different strategy (D
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ATL-PHYS-PUB-2019-019 ()

Estimating stopped signal yields
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The result (D
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Searches at the LHC

PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: June 27, 2022
ACCEPTED: October 3, 2022
PUBLISHED: June 23, 2023

Search for light long-lived neutral particles that decay
to collimated pairs of leptons or light hadrons in pp
collisions at /s = 13 TeV with the ATLAS detector

LATE DECAYS UNUSUAL SHOWERS DISPLACED VERTICES
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https://arxiv.org/abs/2206.12181

Dark photons in Higgs boson decays
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Separating dark photon jets from QCD e 2
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Separating dark photon jets from QCD e 2
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Extending sensitivity to low masses
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Searches at the LHC

PUBLISHED FOR SISSA BY £) SPRINGER

RECEIVED: February 2, 2023
ACCEPTED: June 3, 2023
PUBLISHED: June 29, 2023

Search for long-lived, massive particles in events with

LATE DECAYS UNUSUAL SHOWERS \ DISPLACED VERTICES ) . R .
displaced vertices and multiple jets in pp collisions at
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NON-POINTING DISAPPEARING
PARTICLES TRAJECTORIES The ATLAS collaboration

v/8 = 13 TeV with the ATLAS detector
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Reconstruction effiency

ATL-PHYS-PUB-2017-014
ATL-PHYS-PUB-2019-013

Displaced vertex reconstruction
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The backgrounds

There are no SM processes producing high-mass displaced vertices
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Displaced vertex selections
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2308.00515

Beyond the LHC
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Technical Design Report for the LUXE experiment
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https://arxiv.org/abs/2308.00515

The LLP community
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The focus on LLP searches has only grown in the past ~decade

Significant programme beyond the LHC
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LUXE
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LUXE-NPOD: experimental setup
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Expected signal yields

EMCal
Magnet
149 g
Photon beam dump 2 R
E D
'<: ' 5
> =]
L E
IP chamber -
< 7S 3 >
S D >Z

dN., (e_%«% _e_ﬁp%s)A

dE

1073 E
Ny & Leg | dE,——2
= 107 E
> —
3 E_=16.5GeV
._-Q‘ e
<
=S || N_=1.5x10°
_ 7
[ LUXE-NPOD 1 NBX =10
phase—0 ’ -
10-5F 9 Eu.XFEL parameters
5<102  10°! ' 5x10-1
mg 4[GeV]

oesv. | F. Meloni | Particle Physics Seminar, Universitat Bonn | 24/10/2024

Dump depth L, =1.0m
Decay path L, =2.5m
Ry=1.0m

Experimental design
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LUXE-NPOD: detection 1<
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The journey ahead
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Beyond the beampipe
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Future 0 - ATLAS potential not exhausted! »
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https://arxiv.org/abs/1704.08207

Future | - LLP searches at LUXE R
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Future Il - Future colliders

2303.08533 @
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https://arxiv.org/abs/2303.08533

Summary

Long-lived particle searches are a particularly creative field:
 Non-standard data collection and analysis =

e Dedicated detectors

! g

* New reconstruction
techniques ﬁ

1 ‘




Thank you!

X Contact

Federico Meloni
DESY-FH/ATLAS
federico.meloni@desy.de
https://www.desy.de/~fmeloni


mailto:federico.meloni@desy.de
https://www.desy.de/~fmeloni/

Re-interpretation

Real-life experiment Simple reinterpretation framework

Truth-level
Selection

Geant4 | Response | Experiment
[} . provides these
~ Complex Trigger 5 : . Truth level
TriggerMenu ’ S S e R o i i
v ' ' \ Reco level
: — ]
Athena |Reconstruction | ‘
. Approximately :
) . equivalentfor Tty
Analysis . . the given ]
Framew);rk Relactons . Signal Region N, S1g
(8) ~ S) tot
Image credit : Nsig,i =~ (A; - (5))( ' (£ * 0'1'0 )

H.Oide

Plots and Tables of HEPDATA information

Look for this in
the public pages
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Exotic Higgs boson decays

2107.06092
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Fraction of R-Hadrons
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© o
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R-hadron generation and simulation
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ATL-PHYS-PUB-2019-019

Stopping R-hadrons
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Cosmic-ray background

DESY.

Leading jet
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Beam-induced background (D
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Number of gluinos

2104.03050

Estimating stopped signal yields

Nito, = D% Ogg X2 X R fstopping X (live fraction)
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2104.03050

ATLAS stopped particles
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CMS stopped particles
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Reconstructing tracks with large displacement

Standard Largﬁ_lidius
Maximum dyp (mm) 10 300
Maximum zp (mm) 250 @

Maximum |7| 2.7 9
Maximum shared silicon modules )| 2
Minimum unshared silicon hits 6 5
Minimum silicon hits i 7

Seed extension Combinatorial ~ Sequential
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Displaced vertexing

Pixel Layer-2 Track ® Secondary Vertex
® Required Hits
O Allowed Hits

Pixel Layer-1 _ _
+ Forbidden Hits

Pixel B-Layer Tram

IBL e
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Accidental crossings

Extract crossing factor from data
exploiting K_ decays

Take crossing tracks to build template
of (n+1)-tracks DV mass
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Observations

Strong RPV: m(g) = 1.8 TeV, m(}) = 200 GeV, T = 0.1 ns
o72 2D Il

Number of vertices

10 s

T ATLAS

9 2 Vs=13TeV, 139 b

1 High-pT jet selection
87,15, 2, | | L !

2 3 456 10 20 30

DV nTracks
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CMS summary plots

Overview of CMS long-lived particle searches

CMS Preliminary March 2024
UDD, §-tbs, mg = 2500 GeV § 2104.13474 (Jets with displaced vertices) [I0I0006=0109]| 140 fb~*
UDD, §-tbs, mg = 2500 GeV § 2012.01581 (Displaced jets) [ o003 =1 1321b7}
UDD, -dd, m; =1600 GeV t 210413474 (Jets with displaced vertices) [III0100035=0/0811 140 fo~*
UDD, E-dd, m; =1600 GeV i 2012.01581 (Displaced jets) [ o002 =1s20)| 132fb~*
LQD, E=bl, m; = 600 GeV t 36 fb!
LQD, Ebl, m; =460 Gev i 211004809 (Displaced leptons)  0.0001-10m 18 o
LQD, E-bl, m; = 1600 GeV t 2012.01581 (Displaced jets) [IIN0005=0241 132 b~
GMSB, §~gG, mg = 2450 GeV g 2012.01581 (Displaced jets) [/ 0.006=0.55'm 132fb?
GMSB, -G, m; = 2100 GeV § 1906.06441 (Delayed jet+MET) [ 0:32-34m 137 fp~?
Split SUSY, §-qx?, mg = 2500 GeV § 2012.01581 (Displaced jets) [/ 0007036 m) 132 b1
Split SUSY, §-qqx?, m; = 1300 GeV § 36 fb~!
Split SUSY (HSCP), fo = 0.1, m; = 1600 GeV § 13 b7
mGMSB (HSCP) tan =10, u>0 , m; = 247 GeV i 13 b~
Stopped £, t-+ty), m; =700 GeV t 1801.00359 (Delayed jet) 39!
Stopped g, §-qdx?, fzo=0.1, mz= 1300 GeV g 1801.00359 (Delayed jet) 39 bt
Stopped §, G-qax3(uux?), fzo = 0.1, mg =940 GeV § 1801.00359 (Delayed pp) 39 fb!
AMSB, x* xS, my- =700 GeV X 2004.05153 (Disappearing track) | 07-30m 140 fb~?
§-qax] or q,,G,X5 X =xin=, mj=1600GeV,my; =1575GeV y 1909.03460 (Disappearing tracks + jets with My) [ 011-10m 137 fb?
G-qx$ or g'xi, Xt =x3n*, m;=2000 GeV, m; =1000 GeV  yz 1909.03460 (Disappearing tracks + jets with Mr;) | 026=2'm 137 fp!
totxf or byit, xit=xin*, mi=1100 GeV, my; =1000 GV x* 1909.03460 (Disappearing tracks + jets with M) = 025-9m 137 fo?
GMSB, x?-HG(50%)/ZG(50%), mye = 600 GeV x° 2212.06695 (Trackless jets+ MET) [ 0.04-12m 138 fot
GMSB, x?-HG(50%)/ZG(50%), e = 300 GeV X0 2212.06695 (Trackless jets+MET) | 0.05-24m 138 fo~*
GMSB SPS8, Y?-YG, Mg =400 GeV x° 1909.06166 (Delayed y(y)) [ 02=6m 77 o7
GMSB, co-NLSP, 1=IG, mj =270 GeV i 211004809 (Displaced leptons) | 5e05-265m 11877
HoZo2Z0(0.1%), Zomp, my = 125 GeV, my =20 GeV x 220508582 (Displaced dimuon)  5e05-5m 98!
H=ZpZp(0.1%), Zo-pp(15.7%), my = 125 GeV, my =5 GeV X 2112.13769 (Displaced dimuon scouting) | 0.0001-0.25 Ml 101 o2
HoXX(10%), X-ree, my = 125 GeV. my = 20 GeV . 14116977 (Displaced dielectron)  000012-25m 20167 @TeV)
H-XX(0.03%), X-ll, my; =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) [/ 0.001=0:12 W 118672
H=XX(10%), X-bb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) [ 0.001=0.53 m 13217}
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X 2110.13218 (Displaced jets +2) [ 0.004-0248 m 117 fo?
H=XX(10%), X~bb, my =125 GeV, my =40 GeV X 2107.04838 (Hadronic decays in €SCs) [ 02450 M) 137 fo!
H-XX(10%), X>TT, my =125 GeV, mx =7 GeV X 2107.04838 (LLP decays in €SCs) [ 002-23m 137 fb?
dark QCD, my,,, = 1500 GeV, my,,, =10 GeV, agonstic Xaa 2403.01556 (Emerging jet + jet) [/ 0.003=0.3'm! 138 fb~!
dark QCD, my,,, = 1500 GeV, my,, =10 GeV, GNN Xaai 138 fb™!
H-XX(10%), X-bb, my =125 GeV, my =40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [/ 0,0005-2.5 M) 35! (13.6 Tev)
H-XX(10%), X~dd, my =125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [ 0/0005-2.5m 35 b (13.6 TeV)
H-XX(10%), X=TT, my =125 GeV, mx =40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) | 0.001-05m 35 fb~1 (13.6 TeV)
1077 107° 1073 107! 10! 10°
ct [m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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Observations

Data-driven “ABCD” background estimation

A
' A\
Selection Search channel CRB CRC CRD SR expected SR observed
2/ 55 61 389 317 £+ 47 269
gl c+ 169 471 301 108 £+ 13 110
2¢ 97 1113 12146 1055 + 82 1045
C 1850 3011 155 93 +12 103
WH c+p 30 49 31 19 £ 8 20
2¢ 79 155 27 14+5 15
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Long-lived staus

July 2024
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The ATLAS tracking detector
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2107.13554

LUXE’s “transparent dump”
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The LUXE experiment

v-laser setup
(Not in scale)

Calorimeter

Pixel tracker

Laser pulse

Photon beam

(Bremsstrahlung y’s) 5
oY

o0

y dump  [—
Backscattering calorimeter
—_—
Shielding
B y-profiler
Scint. screen l_ |
€
y-converter Dipole magnet 3
Calorimeter

Pixel tracker

Dipole magnet 2 y

)

Electron beam du(r:l:r Shielding
Dipole magnet 17 =2 v, monitor: Cherenkov counter behind a Scint. screen

VB convertyZ(
Electron beam from XFEL
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Backgrounds I'<

MCal -
Magnet -E
: < R
L :  Photon beam dump 5 D
- - S E
/4
>0 — =
4
IP chamber
L Ly ™ "
S D e,u,mK,p,...
>Z

Initial estimation of the backgrounds emerging from the dump with GEANT4:
» charged particles — bent by a magnetic field (1.5 T of 1 m)
« real photons — N, =8x 107

- fake photons — N, =5x10°
N, =1x10°
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LUXE QED

16.5 GeV electron, 800 nm laser, 17.2° crossing angle
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|_Simulated sig
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Exploit timing and
/" // inter-layer correlations.



2105.09116

BIB characteristics

Particle (E;,, MeV) | MARS1525 m | FLUKA 25 m | FLUKA 250 m
Photon (0.2) 8.3107 4.3107 5.1107
Neutron (0.1) 2.4107 5.4107 5.910’

Electron/positron (0.2) 7.210° 2.210° 2.310°

Ch. Hadron (1) 3.110* 1.510* 210
Muon (1) 1.5103 1.2103 3.4103
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BIB rejection: timing
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BIB rejection: stub tracks
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Expected signal production rates
At the MuC 10

s =10 TeV
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Event selection

— Total background
— W, m(x*) = 2.7 TeV

Normalised events/GeV

—

—9 1 1 1 I L 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 L 1 I 1 1 1 I 1 L L I 1 L 1 I 1 L 1
107" " 200 400 600 800 1000 1200 1400 1600 1800 2000

Leading tracklet P [GeV]

3
lllll'm] llllmll llllm‘ TTIT

_]_|_|_L||MI IIlI|_|l|I Illll,lll LI

DESY | F. Meloni | Particle Physics Seminar, Universitat Bonn | 24/10/2024 77



Expected sensitivity
Pure higgsino models at MuC 10
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Kinematically forbidden
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