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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

ATLAS Preliminary

[£dt=(3.6-139) b Vs =13 TeV

Why Long-Lived Particles?

miss -1 .
Model t,y Jetst ET™ [Ldii) Limit Reference
T T T T T T T T T T T LA | T T T
. ADD Gkk +g/q Oepm,y 1-4]  Yes 139 | Mp 11.2TeV| n=2 2102.10874
0:) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
IS ADD QBH - 2j - 139 M, 94TeV n=6 1910.08447
3 ADD BH multijet - >3 - 3.6 M 9.55TeV n=6, Mp =3TeV,rotBH 1512.02586
© RS1 Gkk — yy 2y - - 139 Gk mass 4.5 TeV k/Mp; = 0.1 2102.13405
X | BulkRS Gkx - WW/zZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp; = 1.0 1808.02380
w Bulk RS gk — tt lepu =21b >1J2] Yes 36.1 gkk Mass 3.8 TeV I/m=15% 1804.10823
2UED/ RPP leu 22b,23] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD — ¢t) =1 1803.09678
SSM Z" — ¢t 2epu - - 139 Z’ mass 5.1 TeV 1903.06248
. @ SSM Z' - 17 27 - - 36.1 Z' mass 2.42 TeV 1709.07242
. = Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
9, Leptophobic Z’ — tt Oe,u  21b,22J Yes 139 Z’ mass 4.1 TeV Mm=12% 2005.05138
S  ssMwW -y Teu - Yes 139 | W’ mass 6.0 TeV 1906.05609
o
) SSM W'’ — tv 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S  SSMW' —tb - 21b,21J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
© HVT W’ — WZ model B 0-2e,nu  2j/1J  Yes 139 | W’ mass 4.3 TeV gv=3 2004.14636
S HVT W/ — WZ — v {'¢’ model C 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,g =0 2207.03925
HVT Z’ - WW model B lepu 2j/1J  Yes 139 Z’ mass 3.9 TeV gv=3 2004.14636
LRSM Wk — uNg 2pu 1J - 80 Wg mass 5.0 TeV m(Ng) = 0.5TeV, g1 = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
- Cl ttqq 2e,u - - 139 A 35.8 TeV m 2006.12946
. O Cl eebs 2e 1b - 139 A 1.8 TeV g =1 2105.13847
Cl uubs 2u 1b - 139 A 2.0 Tev g =1 2105.13847
. O r S O a r aS e e I | U g e W I I I O C U e ye Cl tttt 2leu 21b,21) Yes 36.1 A 2.57 TeV |Cae| = 4n 1811.02305
LI I |
Axial-vector med. (Dirac DM) - 2j - 139 Mmed 3.8 TeV £4=0.25, gy=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mmed 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mz 3.0 Tev tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 | LQmass 1.7 TeV B=1 2006.05872
Scalar LQ 3™ gen 17 2b Yes 139 | LQ] mass 1.49 TeV B(LQ§ — br) =1 2303.01294
Q| Scalar LQ 3 gen Oeu 22),22b Yes 139 | LQ; mass 1.24 TeV B(LQ§ — tv) =1 2004.14060
= Scalar LQ 3" gen >2e,u,21721j,21b - 139 LQg mass 1.43 TeV B(LQY - tr) =1 2101.11582
. ' ' ' Scalar LQ 3™ gen Oe,u,2170-2},2b Yes 139 LQ; mass 1.26 TeV B(LQ§ — bv) =1 2101.12527
. Vector LQ mix gen multi-channel 21 j, 21b  Yes 139 LQY mass 2.0 TeV B(Uy - tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2e,u,71 >1b Yes 139 LQ; mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
® VLQTT - Zt+ X 2e/2u/>3e,u =1 Db, >1j - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
. X g VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
T TS VLQT53Tss3|Tsz » We+ X 2(SS)/23 e 21b,21]  Yes 36.1 Ts/3 mass 1.64 TeV B(Tsy3 > Wt)=1, c(Ts3Wt)=1 1807.11883
S & VLQT — Ht/Zt leu 21b,23] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
y 8 :q:_) VLQ Y — Wh leu 21b,21] Yes  36.1 Y mass 1.85 TeV B(Y — Wh)=1, cr(Wh)=1 1812.07343
> \ViN R  Hhk Nau SO >1i >1.1 120 DR mnca 2N TAV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
SU(2) doublet 2303.05441
. . . v preliminary Overview of CMS EXO results warch 2024 only u* and o, A — m(q") 1910.08447
. String resonance ” 05:7:91911.03947 (2j) 137/} only u” and d*, A = m(q") 1709.10440
’ 2y resonance " 035-40171203143 (21 + 1y; 2e + 1y; 2j+ Ly 36 fb'11 1910.08447
Wy resonanc » 15:8.02106.10509 (1j +1y) 137"
H:;;s w:sa;me ™ 072-3.251808.01257 (1j+ 1y} e 36 bt A=4.6TeV 2303.09444
Color Octect Scalar, k2 =12 v 0537191103047 (2)) 137 !
Scalar Diquark M 05575 191103047 (2j) 137! 2202.02039
. 46, preud “ 001520075 191104968 (3¢, = A1) o 37 fbj m(Wg) =4.1TeV, g1 = gr 1809.11105
i z:f'zﬁfmm' (scala : 0108:0:38 191104968 (3¢, = &) 2005 (pp+ 1 pp 4 %;1;‘_’1 DY production 2101.11961
X-99, Mg =0.02Mx, §~{yy) merged diphoton pair . 137 ﬂ)’i DY production 2211.07505
iy Resonance leptonic I 03200M 21017 (L4 pF=* +y)) 138 fb~ i —
;uzp Offiine, rg[e:; GV, me =3 GeV, BriA'nm) : 02200M 2 :(su:pomi:e): 138! oY prOdUCI!on' lql = 5e . ATLAS-CONF-2022-034
Spit SUSY, HSCP ghino with infinite lifetime, " (0-18-002 (dE/dx) 101 fo~? DY production, |g| = 1gp, spin 1/2 1905.10130
stau pair production, HSCP with infinite lifetime " D069 CMS-PAS-EXO-18-0 01m! T | " " 1 1
n n n n Doubly-charged tau’, HSCP infinite lifetime, DY production e 0.0-146C -18-002 (dE/dx) 101 fbo!
. quark com 00:2810 2103 02708 (21) 140 o~} 10
e SOft objects, compressed scenarios, search in tails o = : Mass scale [TeV]
, , g Excited Lepton Contact Interaction " 02556 200104521 {2e + 2j)} 77 fo!
ﬁ Excited Lepton Contact Interaction » 025517 2001.04521 (24 +2j) 77 !
1 . . | vector mediator (gd). gy = 025, gon= u 035207 191103761 (= 3j) 18 fb~!
vector mediator (4} ™ 02:1:922103.02708 2e,241) 140 fo~!
istributions, heavy resonances S «
) ) e " ™ 00-1.95 210713021 (= j + pj'=) 101 fo-!
" 02:4/64 2103 02708 (2e,2p) 140 !
] 00:020190101553 {0, 1¢ + =2j + pJ'=) 36 fb-!
™ 005:0/42107.10892 (0, 1t + = 2j+ p7'=) 137 fo-!
" w 0015210713021 {= 1j +pJ=} 101 fb?
. calar mediator {4 " 0007210713021 (= 1j +pF'=) 101!
é calar mediator {+4tf), ~ 00-0.3190101553 {0, 1£ + =2j+ pf'=) 36 fb~!
¥ calar mediator [+4f], g =1, gow = Ly " 005:0142 210710892 (0, 1t + =2j+ pJ'=) 1377t
H complex sc. med. (dark QC GeV, T, =25 mm w 00-15418101 16 fb!
Baryonic Z', go = 025, g0 = 1,my =1 GeV “ 00-151908 36 fb!
2 mediator (dark QCD), Mygy =20 GEV, ry, =0.3, gy =alok " 1551211211125 (2] +p§=) 138!
Z - 2HDM. gz M 0531190801713 (h+p7=) 36 b}
Leptoquark mediator, B =1, 8 ” 0306181110151 {1 + 1j+ pf*) 77 !
axion-like particle, f* =12 T » 05-2.0 CMS-PAS-EX0-21-007 (pp + yy) 103 fo~!
inelastic dark matter mi " 0-010 (2 displaced p +p7*} 137 fo-!
" (0-20-010 (2 displaced j + pJ 137#!
] 01620352 CMS-PAS-EXO-21-012 (11 4+ 2 + pJ'™, 2 +pP'=) 137 o~}
RPV stop to 4 quarks " DO80I52 1808 03124 36 fb- !
RPV squark to 4 quarks ” D072 180 2j) 38 fb-!
z RPV gluino to 4 quarks " OIISIY 1806 0 1058 (2j) 38 fp!
RPV stop scouting boosted " 007-02 et) 128!
RPV mass degenerated higgsinos to trijet boosted scouting " 0.07-0.075 & 0l095-0.105 CMS-PAS-EX0-21-0 128!
ADD () HLZ, neo =3 " 36 bt
) " 36 fb~!
” 101 7!
” 36 fb?
" 137}
" 137!
| . { 13707}
n 20750 137 o~}
g " 004178 21030270 140 o~}
" 052216 191103947 (2j) 137 7!
H " 00591 j) 36 fb~!
RS QBH (yjl, no =1 " 205512 CMS- 137!
non-rotating BH, Mo = 4 TeV, neo = 6 " 0 36 bt
3-brane WED gerld +9+099). Gorar = 6. G =3, £=0.5, mighimigee) =0.1 o 20413 220102140 (2)) 137 !
" 04:218 2202 06075 (£ + p*™) 137 fo-!
. DI0-978 CMS-PAS-EX0-22-024 [yy) 38!
" 007418 OMS-PAS-EX0-22-024 [yy) 138!
” 137 7!
" ” 137 7!
gl M 137!
/ ” 36 fb?
" 36 fb?
" 36 fb~!
" 36 fb?
58 0 " 36 b
$E Type-lll seesaw heavy fermions, Flavor-democratic » 0 31,20+ 20, 3T+ 14, It 424,271 + 11} 137!
& Vector like taus, Doublet " 01-1.045220 6130, = 4L, 1T+ 3¢, 2v 4+ 20, 3T+ 1, It 420,21 4 11) 1377}
Vector like taus, Singlet ~ 0125-0.152202.08676 (3¢, = &f, 1T+ 3¢, 20+ 24, 3+ 14, It + 24,27 + 1) 137!
2, narrow resonance, €= 8x 10 u OII5:0,075 191204776 (2p) 137!
Z,. narrow resonance, " OT021912 04776 (20} 137 ®!
Z,. narrow resonance, " 00011-0.0026 CMS-PAS-EX0-21-005 (2p) 97 o~}
Z,, narrow resonance, £2 = 3x 10 » 00042-0.0079 M 5 (2p) 97 fb~!
ssMZiu) " 025/152103.02708 (2e, 21} 140 !
SSM Z'(q4) ” 05:2191911.03947 (2j) 137!
Ziqd) ” 01010125 1905 10331 (1], 1y} 36 bt
Superstring Z, x 140 !
§ LFVZ, B M 137!
@ LFV Z, BRle: u 137~}
8 LFVZ, BRI ~ 137®!
& SSM (L) n 137!
H Leptophobic Z " 005-0.45 1909.04114 (2j) 78 fb!
2 SSMWiq M ) 137!
LRSM Waluhia), Mg, = 0.5Mye u 005102112 36 fb~!
SSMW{rv) " 064822121 137f7}
LRSM WaleNal, My =0.5Mue ” 00-472112.03949 (2e + 2j) 36 fb?
z18 ” 035:052307 08708 (Z'=pp + = 1b) 138 fb-!
LRSM Wa{thi), Mg, = 0.5 My u 010315 181100806 (2 +2j) 36 fb!
Axighion, Coloron, cot9= 1 u 0546191103947 (2]} 137 !
Z', HSCP tau’ 600 GeV mass with infinite lifetime P 00:-476 M- 002 (dE/dx) 1017t

E. Torrd
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are r%??nlcluded]
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Long Lifetimes everywhere Very long-lived BSM
probed as MET

e | ong-Lived Particles (LLPs): decay at a (if produced with SM
macroscopic distance from the Interaction Point activity)
-
e Most BSM models include: | Detei_:tor-Prompt g E cE> Detector-Stable
| © H - 1 [1810.12602]
o Small couplings 100 o 5k :
. . . : if
o Decays via massive particles - Wiz W.hat 'f'," '
>
o Limited phase spaces =
- m . . . - 10* Bt/BO
- Giving rise to long lifetimes > v o
e Semi-stable particles are abundant in the i - D*/D°
Standard Model . PR A n
g 0 n K2 | KO ° P
: © >0t
e [t would not be surprising if they are also present in I 0 ot
BSM physics 102 - ° o M .
3 N\

10-%7 102® 107 10 107 1077 10°° 101 10°
Proper Lifetime T [s]

top ¥+——7""-—"+7-—-""-— |
> 30 orders of magnitude!!

E. Torrd CPAN 2025, Valencia



LLPs In colliders

E. Torrd CPAN 2025, Valencia



Where should we look for LLPs in collider experiments?

ct =50 cm
Particle decay follows an exponencial CT =5 Cm

Figures by
H. Russell

Decay prababitiﬁj

1% prompt

diskance Eravelled

E. Torrd CPAN 2025, Valencia



where should we look for LLPs in collider experiments?

How

5
ket

:3

gy = ——— e DVinthe D

.% e Semi-visible jets

;ﬂ. - B ° Emerg|ng Je‘tS

? e e Disappearing tracks

I _ ) e Displaced electrons / muons
el e Unconventional ionization loss

(Multiple, fractional, milli-charged)
e Non-pointing photons
e Displaced jets
......................................... e DV in the MS
..................................................................................................... _____————— ¢ Delayed or slow-moving particles

diskance kravelled
We can use information from different sub detectors

(or even different detectors!) for different targets

E. Torrd CPAN 2025, Valencia



How can we look for LLPs in collider experiments?

A few challenges to take into account:

Object o Systematic
o ' Back d t —
e |dentification Trigger ackground rejection uncertainties
 Where . . .
does it * Electric charge + ATLAS, CMS: « Standard triggers ¢ Non-standard « Recommendations
decay? + Decay mode prompt objects are not efficient backgrounds non applicable
* New * Dedicated * No good MC * New algorithms
algorithms triggers . Data-driven require syst.
beam-induced-background cosmic muons

ATLAS, CMS and LHCb have a broad program to search for LLPs

* Heavily increasing during the last few years

* New triggers, improved displaced track reconstruction, new object
identification techniques, better unconventional background rejection, ...

E. Torrd CPAN 2025, Valencia



An Intense decade... ATLAS

EXPERIMENT | ~

Hidden Sector models

ATLAS+CMS Preliminary

Hidden Sector (Feb 2025 -
o 1=+ o ,,(,,,,I S ,),,,,,,,I e ,,,,,,,I1:,3,1§'6Te\£ LHC Best:
B S -
:@ — & —{ === mgin range 15-20 GeV
m 5 .
c ==@== Mg in range 30-40 GeV
O 107 g —
'E — o —t— mg in range 55-60 GeV
: - —_
O - —
5107 =
o> — -
kS - _ f
3l ] L
)
n P S _- f
O 10° &= — Bke
0" E - o
- im,=125GeV 1 7 > \Vf
: B(S—Dbb) = 100%
10-4 T RS ATTT R TIT R TTIT B SrR T EAra T | f

10% 10° 102 10° 1 10 10> 10°

2
3
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An Iintense decade... B S Calorimeter ATLAS

EXPERIMENT y
« ATLAS MS displaced ;

Hidden Sector models vertices
ATLAS+CMS Prelimiriary: P
» E : = fi =
Ill\ a8 - : —| == mg inrange 15-20 GeV
Cg B ‘-_ . | ==@==_ Mg in range 30-40 GeV
O 107 g Y A o -Shb =
'E = T === M in range 55-60 GeV
= — _
O B E ]
2107 oo e e =
(@) — -5-_ = _]
e - ] f
> [5 - /
q) | -
7, al p S - F
0 10_3 e — -7 t
o7 E - -
- im,=125GeV 1 ° S\Vf
| B(S7bb)=| 1000/? Cnd 0l 0l | f

10_4 3 ”“"IS
10% 10° 102 10 1 10 10° 10

2
3
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An Iintense decade... B S Calorimeter ATLAS

EXPERIMENT
_ - ATLAS MS displaced =
Hidden Sector models vertices

ATLAS+CMS Prelimirary:

Higden Sector (Feb225) [ 13186V e pest

>

_AS prompt b-jet * CMS prompt b-jet
_AS ID DV  CMS ID DV
_AS Calorimeter DJ -« CMS MS DV

LAS MS DV * CMS H -> invisible
* ATLAS H -> invisible

—h

>

=== Mg in range 15-20 GeV

>

==@== Mg in range 30-40 GeV

>

—
<

==e==_[Mg iN range 55-60 GeV

—k

<
\V)
|

ATLAS+CMS Preliminary
Hidden Sector (Feb 2025)
1 | LERAALL B AL, B AL BN ALLL BN AL BN AL B ¥ CMS
2 : —¥— Prompt (with b-tag), 138 b (13 TeV)
JHEP 06 (2024) 097
- - Displaced jets, 34.7 b (13.6 TeV)

: . 1 - A Rept. Prog. Phys. 88 (2025) 037801
ST ST ".'""i ................................................................. 2 ....@ —— Muon System, 138 fo” (13 TeV)
: : Phys. Rev. D 110 (2024) 3 032007
A H— invisible, 4.9-140 fb™ (7-8-13 TeV)

Eur.Phys.J.C 83 (2023) 933

—
&)
—
0
o))
_I
o

<

I T TTTT
< B

Observed 95% CL limit on B(H—SS)

—h
S
w

]
|
|
|
|
R

i my, = 125 GeV
JHEP 10 (2018) 031 % B.(ﬁjl?l?.)..fl 1.0.(.).?{3 Lol

ATLAS
—&— Prompt (with b-tag), 36 b (13 TeV)

P S T LS SOy (IS JE. (Tt

-

<
N
|

- - Displaced vertices, 140 fo" (13 TeV) _4
Phys. Rev. Lett. 133 (2024) 161803 1 O

-------- Calorimeter, 140 fo” (13 TeV) 1 0‘4 1 0_3 1 0—2 1 0—1 1 1 O 1 02 1 03

JHEP 11 (2024) 036
—-— Muon System (2 vtx), 139 fb” (13 TeV) CT [m]

Phys. Rev. D 106 (2022) 3 032005 ‘ EEEEE >

My = 125 GeV, TS €30-40 GeV : —— Muon System, 36 fo” (13 TeV)
IB(STbb)j'lOO/o : Phys. Rev. D 99 (2019) 052005 ‘------------------------->

1074 VT p — . Hd 3 ® H— invisible, 4.7-139 fb" (7-8-13 TeV)
10 10 10 10 1 10 10 10 Phys.Lett.B 842 (2023) 137963

~
N m”

Prompt
| 1 IIIIII|

Observed 95% CL limit on B(H—-SS)

-
<
w

2
3

Extended lifetime coverage by 4 orders of magnitude
Extended sensitivity by 1 order of magnitude

10
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An Intense decade...

Heavy Neutral Leptons

E. Torrd

CPAN 2025, Valencia

q

ATLAS+CMS+LHCD Preliminary 5-140 fb
Heavy Neutral Leptons (Nov. 2025) Vs=8-13 TeV

|2
uwN

—_l —
o )
N I

—
<
w

Observed 95% CL Limit on |U
=
i/

107 J
10°°
—. Muon channel
1077 Majorana
1 3 g gl 1 AR | L L 1 0 a1l L L1 11117

1 10 102 10° 10*
my [GeV]

ATLAS

EXPERIMENT

ATLAS Searches:

VBS same-sign 2/, 10" (13 Tev)
EPJC 83 (2023) 824

Prompt 2/ + > 2 jets, 20317 8 Tev)
JHEP 07 (2015) 162

1 same-sign 2/, 1401 (13 Tev)

PRD 110 (2024) 112004

Prompt 3/, s6-140 7 (13 Tev)
JHEP 10 (2019) 265, arXiv:2508.20929

Displaced Tracker, 140n ™' (13Tev)
JHEP 07 (2025) 196

CMS Searches:

VBF same-sign 2/, 13s ™' (13 Tev)
PRL 131 (2023) 011803

Same-sign 2/ + jet, s6m ' (13 Tev)
JHEP 01 (2019) 122

Prompt 3/, 138! (13 Tev)
JHEP 06 (2024) 123

Displaced Tracker, 138! (13 Tev)
JHEP 07 (2022) 081, JHEP 03 (2024) 105, JHEP 02 (2025) 036

Prompt 1/ + MDS, 138 ! (13 Tev)

PRD 110 (2024) 012004

B-parking 2/ + 7, 416 ' (13 Tev)
JHEP 06 (2024) 183

LHCb Searches:

2L + T, 50407 (13Tev)
PAPER-2025-042, Preliminary

Other Experiments:
Observed 90% CL Limit

CHARM: PLB 166 (1986) 473
DELPHI: ZPC 74 (1997) 57
BELLE: PRD 87 (2013) 071102
BELLE: PRD 95 (2017) 099903
NuTeV: PRL 83 (1999) 4943
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An Intense decade...

Heavy Neutral Leptons

E. Torrd

CPAN 2025, Valencia

q

ATLAS+CMS+LHCD Preliminary 5-140 fb
. Heavy Neutral Leptons (Nov. 2025) Vs=8-13 TeV

uNl

Observed 95% CL Limit on |U

1074 ’
107
10°°
Muon channel
1077 Majorana
1 lllllll 1 1 llllll [ 1 lllllll 1 [ . L. 1.111

1 10 102 10° 10*

my [GeV]
ATLAS 2019 prompt CMS 2018,

+ displaced prompt

ATLAS

EXPERIMENT

ATLAS Searches:

VBS same-sign 2/, 10" (13 Tev)
EPJC 83 (2023) 824

Prompt 2/ + > 2 jets, 20317 8 Tev)
JHEP 07 (2015) 162

1 same-sign 2/, 1401 (13 Tev)

PRD 110 (2024) 112004

Prompt 3/, s6-140 7 (13 Tev)
JHEP 10 (2019) 265, arXiv:2508.20929

Displaced Tracker, 140n ™' (13Tev)
JHEP 07 (2025) 196

CMS Searches:

VBF same-sign 2/, 13s ™' (13 Tev)
PRL 131 (2023) 011803

Same-sign 2/ + jet, s6m ' (13 Tev)
JHEP 01 (2019) 122

Prompt 3/, 138! (13 Tev)
JHEP 06 (2024) 123

Displaced Tracker, 138! (13 Tev)
JHEP 07 (2022) 081, JHEP 03 (2024) 105, JHEP 02 (2025) 036

Prompt 1/ + MDS, 138 ! (13 Tev)

PRD 110 (2024) 012004

B-parking 2/ + 7, 416 ' (13 Tev)
JHEP 06 (2024) 183

LHCb Searches:

2L + T, 50407 (13Tev)
PAPER-2025-042, Preliminary

Other Experiments:
Observed 90% CL Limit

CHARM: PLB 166 (1986) 473
DELPHI: ZPC 74 (1997) 57
BELLE: PRD 87 (2013) 071102
BELLE: PRD 95 (2017) 099903
NuTeV: PRL 83 (1999) 4943
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An intense decade... .

Heavy Neutral Leptons
 CMS prompt 11/ 21/ 3l q
« CMS ID DV
« CMS MDS

 CMS B-parking 2|

* ATLAS prompt 2|/ 3l

* ATLAS ID DV

e |HCb 2 mu

ATLAS+CMS Preliminary 20-140 fb™
~ ; Heavy Neutral Leptons (Nov. 2025) Vs=8-13 TeV
— E 1 1 1 LILLIL II 1 1 1 LILIL III 1 1 I\I LILIL II ~' 1 1 1 LI IE

% E ~, S “\‘E
2 — 15“.' / ~' ““4\ —
S 107" SOt =
a— — - C‘fs =
E. .C : 7
S10% 5 ! =
— = P . ) =
O 3 — “ .. '} —
o\o 10 =20 . I =
0 = \ o - =

— - . ‘o O -
O -
o0 ENIE N i =
S =, %z KON - -
q) [ "'ﬁ “—i “';:' Wt ; ]
T S AN AT =
O — ‘Q:‘ w "l-‘\" =

— ) -

107° == Rree —

E N\, Electron channel =

i g . ]

107 & Majorana —
E 1 1 1 L1 11 II 1 1 1 L1 1 III 1 1 1 L1 11 II 1 1 1 111 I$
1 10 107 10° 10*
my [GeV]
E. Torrd CPAN 2025, Valencia

ATLAS Secarches:

VBS same-sign 2/, 1401 (13 Tev)
PLB 856 (2024) 138865

Prompt 2/ + = 2 jets, 2031 (8 Tev)
JHEP 07 (2015) 162

tt same-sign 2/, 140 (13 Tev)

PRD 110 (2024) 112004

Prompt 3/, s6-140b' (13 Tev)

JHEP 10 (2019) 265, arXiv:2508.20929

Displaced Tracker, 140 (13 Tev)
JHEP 07 (2025) 196

CMS Searches:

Prompt 3/, 138" (13 Tev)

JHEP 06 (2024) 123

Displaced Tracker, 138 (13 Tev)

JHEP 07 (2022) 081, JHEP 03 (2024) 105, JHEP 02 (2025) 036

Prompt 1/ + MDS, 138 ' (13 Tev)
PRD 110 (2024) 012004

ATLAS+CMS+LHCD Preliminary

1 Heavy

'+ /v

W+ /7

Neutral Lepton

s (Nov. 2025)

5-1
Vs=8-1

ATLAS

EXPERIMENT

40 fo'
3TeV

=
=.
=
c 1077
@)
L
E n2
"5 10 =
L 2
3 En
o 107° e, %
o~ ’0‘ i
5 %
© 104 ‘ P !
@ i s R
> s *
E — N
| |
210°
O

10°°

1077

Muon channel
Majorana

Ll L 1 11

ATLAS 2019 prompt

+ displaced

10°

CMS 2018,

prompt

10°

10*

my [GeV]

- ATLAS Searches:

VBS same-sign 2/, 140 ' (13 Tev)
EPJC 83 (2023) 824

Prompt 2/ + > 2 jets, 20317 8 Tev)
JHEP 07 (2015) 162

1 same-sign 2/, 1401 (13 Tev)

PRD 110 (2024) 112004

Prompt 3/, s6-140 7 (13 Tev)
JHEP 10 (2019) 265, arXiv:2508.20929

Displaced Tracker, 140n ™' (13Tev)
JHEP 07 (2025) 196

CMS Searches:

VBF same-sign 2/, 13s ™' (13 Tev)
PRL 131 (2023) 011803

Same-sign 2/ + jet, s6m ' (13 Tev)
JHEP 01 (2019) 122

Prompt 3/, 138! (13 Tev)
JHEP 06 (2024) 123

Displaced Tracker, 138! (13 Tev)
JHEP 07 (2022) 081, JHEP 03 (2024) 105, JHEP 02 (2025) 036

Prompt 1/ + MDS, s (13Tev)

PRD 110 (2024) 012004

B-parking 2/ + 7, 416 ' (13 Tev)
JHEP 06 (2024) 183

LHCb Searches:

2L + T, 50407 (13Tev)
PAPER-2025-042, Preliminary

Other Experiments:
Observed 90% CL Limit

CHARM: PLB 166 (1986) 473
DELPHI: ZPC 74 (1997) 57
BELLE: PRD 87 (2013) 071102
BELLE: PRD 95 (2017) 099903
NuTeV: PRL 83 (1999) 4943

13

2 orders of magnitude increase in sensitivity since 2018



An Intense decade...

Displaced leptonic vertices Displaced vertex in

Triggers

ATLAS Run 3 the ID
CMS Run 2 ATLAS Run 3
LHCb Run 3 CMS Run 3
LHCDb , Run 3

Disappearing tracks
ATLAS Run 3

Emerging jets
ATLAS Run 3

Displaced jets in the
Calorimeter
o ATLAS Run2, Run 3
------------- =4 By CMS Run 3
Stopped LLPs P, 'y
ATLAS Run2 NN\ 4

Displaced jets
in the MS
ATLAS Run2

Late photons CMS Run 3

(Meta-) Stable Charged
ATLAS Run3

Highly ionising particles

ATLAS Run? Displaced Lepton-jets

ATLAS Run2, Run 3

ATLAS Run 3 LLP triggers: https://arxiv.org/pdf/2401.06630
CMS Run 3 LLP triggers: http://cds.cern.ch/record/2937649

CPAN 2025, Valencia

E. Torrd

L1T+HLT acceptance

1 I | 1 I | | I I I I I | | I I | 1 I I 1 I I I I 1 I | 1

1.4~ ATLAS Simulation Preliminary

~ Yys=13TeV V HLT FS Standard Tracking
1.2 R-hadron A HLT FS LRT
- m=1.2TeV,ct=300mm © HLT Combined (Std + LRT)

1 gtk
- |d7| =2 mm ® Offline Reconstruction

IIIIIIII

Track Reconstruction Efficiency

08 Efficiency wrt Truth -
L .
ATLAS -
:O;O. .
0.4 EXPERIMENT —
?AARQ..OO.. .
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0 50 100 150 200 250 300

R-hadron transverse decay radius [mm]

CMS Simulation Preliminary (13.6 TeV)
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Y = | m_=1000 GeV, m =200 GeV
— I - |
Fa I .-.-.""‘:h:i{“:i:qu a Displaced-jet triggers
0.8 [ D as S I :
O o iy i B—c + + '_;_' using the tracker (ct=0.1m)
— : § 5 5 ._‘_:_‘_' c I _+_ Delayed-jet triggers
— = O T = | using ECAL timing (ct=1m)
0.7 | e = I Displaced-jet triggers
— I ol + I _+_ using the HCAL (ct=1m)
L | |
0.6 - g3 B
— I I | Muon Detector Showers
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— [ I
— : . [
04— ! ke !
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R ' CMS
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https://arxiv.org/pdf/2401.06630
http://cds.cern.ch/record/2937649

An Intense decade... =

@39;3
= Ciemalt g»
& _% Centro de Investigaciones (.’A I F ( A

s
vz \\\ \\ ’ . : .
] — B aloins e Instituto de Fisica de Cantabria
LLP Trigger example at CMS
_ | N JHEPQ5(2024)047
« Di-muon trigger produced within and after the tracker R (13.6 TeV)
, . . 8 O.9§ CMS simuiation
* Run 2: 2 muons in the Muon system only, including S 08E no o
. O gl = — 4p4D
Deamspot constraint = 07E  m(H) =125 Gev
" . o 06E m(Z)=20GeV
* Run 3: two additional L1 triggers for a & = D
o 0.9F
* OS muon pair with low pT (4.5 GeV) and small dR ,CED 0.47
. , , 0.3E-
* New track-finder w/o beamspot constraint, higher pT ==
0.1E
O sosasout 0
Run / Event / LS: 360927 / 1775850055 / 875 &\ 6 5 = T LB LR R | T LB LR |
DN Sle 4F
S S
™ | =
S| 35 -
[ |
0 = sl L I
107 107 1

Standalone muons

Proton-proton interaction point

Dimuon vertex

— = Hypothesized long-lived particle
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https://link.springer.com/article/10.1007/JHEP05(2024)047

An Intense decade...

LLP Trigger example at LHCDb

| LPs can be reconstructed with Downstream tracks

* Run 2: Downstream tracking couldn't be implemented in HLT 1
due to limit timing budgets.

* Run 3: GPU version of Downstream tracking! running in data-
taking since the end of 2024

Upstream track %

SciFi [

Collisions J

. il
VELO - il
mM' =G [ High Level Trigger 1
' Fast reconstructions on GPU

VELO track ~ Downstream track

\/

T track
[ High Level Trigger 2 }
Full reconstruction CPU

Turbo

\

E. Torrd CPAN 2025, Valencia

1 MHz

2003.2308/  Dark scalars (BC4)

107°
1078H
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0.2
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https://arxiv.org/pdf/2503.23087

An Intense decade...

Machine Learning

ATLAS

EXPERIMENT

e Displaced objects can be difficult to identify from weird backgrounds (detector effects, BIB, cosmics, material interactions

e ML is here to help!!

LLP ML example at ATLAS

e Search for displaced dark photon jets

E. Torrd

CPAN 2025, Valencia

Wrt original (2015): x10 lumi
|dentification of dark photons:

Cut-based — BDT

1 BR(H= inv) = 1% HL-LHC (3000/fb) ——
] FRVZ Model - muonic channel only HE® Run-3 (300/fb) E Yoo
107> E L
f . ATLAS
' 1o-7 | B(H) =20 % FRVZ Model
Lo-7 - =~ B(H)=10% 90% CL exclusions
] L@ B(H)=5% L = 36.1 fb—l
: : . [ B(H)=1% my =125 GeV
ATLAS Simulation Preliminary | — B(H) = 10 % Run-1 prompt H2yqy+ X
== B(H) =10 % Ru ldsplaced
_g 10—8 | | | | | |
10 0.2 03 04 05 060708001

100
Dark Photon Mass [GeV]

ATL-PHYS-PUB-2019-002

Projection from
ATLAS-CONF-2016-042

(2015 data)

Eur. Phys. J. C 80 (2020) 450

Dark Photon Mass [GeV]

(2016 data)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-7997-4.pdf

An Intense decade...

Machine Learning

ATLAS

EXPERIMENT

e Displaced objects can be difficult to identify from weird backgrounds (detector effects, BIB, cosmics, material interactions

e ML is here to help!!

LLP ML example at ATLAS

e Search for displaced dark photon jets

Use of ML In displaced jets

reconstruction:

50x increase of sensitivity
In 5 years!

E. Torrd CPAN 2025, Valencia

Wrt original (2015): x10 lumi
|dentification of dark photons:
Cut-based — BDT

/\

BR(H- inv) = 1% HL-LHC (3000/fb)
1 FRVZ Model - muonic channel only EEE Run-3 (300/fb)

_5_-

ATLAS Simulation Preliminary

100
Dark Photon Mass [GeV]

ATL-PHYS-PUB-2019-002

Projection from
ATLAS-CONF-2016-042

(2015 data)

P~
=
- o

107

10-7 __- B(H) =20 % FRVZ Model
= B(H) =10 % 90% CL exclusions
:- B(H) =5 % L=36.1f"1
| Il B(H)=1% my = 125 GeV
| = B(H) = 10 % Run-1 prompt Ho2yys+ X
== B(H) =10 % Ru -1 d splaced d
10-8 L | N
0.2 0.3 04 05 06 0.70.8091

" ATLAS | - -

Dark Photon Mass [Ge

Eur. Phys. J. C 80 (2020) 450

(2016 data)

Wrt previous analysis (2016): x4 lumi
|dentification of dark photons:
BDT — DNN

ATLAS Preliminary -
Vs=13TeV, 139tb™1
90% CL limits
FRVZ Model

mu=125 GeV
< H-2ys+ X

BR = 10% EarlyRun — 2 displaced

10 E —— BR= 10% Run—1 prompt —

- L 111 | | L1 1111 I| | L1 1 111 I| | =
0.1 1.0 10.0

Dark Photon Mass [GeV]

ATLAS-CONF-2022-001
Full Run 2
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-7997-4.pdf

An Intense decade to come!

Upgrades advantages for LLPs

CMS MIP Timing Detector (MTD) ATLAS High Granularity
Timing Detector (HGTD)

Precision Timing Detectors
* Resolution of 30ps (50ps)!!

i 120-640 mm %

e Better and
rejection

e Better beta measurements

.l MS Tracker
All silicon tracker C
Silicon trackers e . | ATLAS Inner Tracker (ITk)
* Extended coverageupton|=4 f & R T R} o[
- T || u 2o
_ _ — | | I I |
* Impact on DV and disappearing bk b L
tracks A S S B N B = |
= | 4.0
 Track veto for displaced jets T e e e Pixel Barrel

CMS Tracking info at L1

Pixel End Caps

E. Torrd CPAN 2025, Valencia



Dedicated experiments at the LHC

e Range of possibilities in LLP
ohenomenology Is huge

e Different models, couplings, masses,
decay modes, lifetimes, etc.

e |mpossible to cover all of them with only
one dedicated experiment!

-l it ALICE

http://www.antimatter-matters.org/

E. Torrd CPAN 2025, Valencia



Dedicated experiments at the LHC

e Range of possibilities in LLP
ohenomenology Is huge

e Different models, couplings, masses,
decay modes, lifetimes, etc.

e |mpossible to cover all of them with only
one dedicated experiment!

e COMPLEMENTARITY CERN
- = ALICE

CMS ity

. /\\UBIS
CODEX-b

|

, | http://www.antimatter-matters.org/
E. Torrd CPAN 2025, Valencia



Dedicated experiments at the LHC

e Range of possibilities in LLP
ohenomenology Is huge

e Different models, couplings, masses,
decay modes, lifetimes, etc.

e |mpossible to cover all of them with only
one dedicated experiment!

e COMPLEMENTARITY CERN
-2 = ALICE

e Search for very weakly coupled light
particles: light mediators, ALPs

FORMOSA
SND@LHC
................. < et ANUBIS
....................................... e _ iaco
beampipe CODEX-b FLArE U AL3X

X\ FASER™=
ATLAS / CMS / LHCDb ATLAS

-—

http://www.antimatter-matters.org/

E. Torrd CPAN 2025, Valencia



Dedicated experiments at the LHC

Range of possibilities in LLP
ohenomenology Is huge

Different models, couplings, masses,
decay modes, lifetimes, etc.

Impossible to cover all of them with only
one dedicated experiment!

e COMPLEMENTARITY CERN
-2 = ALICE

e Transverse detectors: LHCb
e Heavier LLPs, heavier mediators

- FORMQOSA
! hew SND@LHC
= ANUBIS
: . \ViVAY d ‘
Jexperiment CODEX-b FLArE (P

-\ FASER ™S
ATLAS
D —

beampipe

ATLAS / CMS / LHCb

http://www.antimatter-matters.org/

E. Torrd CPAN 2025, Valencia



@ Emanuela Musumeci, Thurs 9:00

Ongoing dedicated experiments

ppu=pp==
PRL 134 (2025) 071802 “-“-
MOEDAL I U
| L T Y Vs =13 TeV
* Located at LHCb cavern, approved in 2010 MoEDAL 4

93
o

* Target: highly ionizing particles, magnetic monopoles

* Nuclear Track Detectors: HIP create damage along their track

o
o

------------------------
LN}

N

* Magnetic Monopole traps: bind a magnetically charged particles

-, P
11111
'y

_—‘
.~

Lower mass exclusion limit [TeV]
w

IllllIlIlllllll|Illl|Illl|llll|llll|llll|

and capture it inside the atomic lattice 15 —~ ~—
= ATLAS photon fusion I -
° | | 1 MoEDAL photon fusion spin-0 ~-
No SM backgrounds! 05 F. — ATLAS Drel-Yan spin-'s, =
: : . S i in-1 3
° DaSS|Ve deteCtOrS: no trlgger, nO read_OUt O | | 11 | IAIAIOEIDIAILI ?rlellI |Ylarl] 1 I 11 | I | IS[I)Ilr]I 11 | | | | I I | I | IE

1 2 3 4 5 6 7 8 9 10
MoEDAL exclusion for '\'890 does not cover very low masses Magnetlc Charge [gD]

* Most stringent limits on monopoles

NTDs ~ A-side

« MAPP (Run3): FIPs /
LLPs milli-charged
particles

--".-----—-------- 'll'

A0

* Forward direction,
~100m away from IP
(rock shielding)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.071802
https://indico.ific.uv.es/event/8035/timetable/?view=standard#1127-moedal-update

Future dedicated experiments & |GFAE

@ Carlos Vazquez, Weds 18:20

CODEX-b (B) CODEX-b
e (Objective: long-lived particles |

e | ocated at 25m distance from LHCDb
e (Concrete wall + shield veto against collision background

o Codex-3 demonstrator (2m x 2m x 2m) for 2026 data taking

|
A - SHIELDING PLUG J !."" |
‘ - + COOLING C'IYST[HS | . | [ | .
—_ CANCUY 5200 % U\Ug’ —] 7 i 3 (IR
' . Mg — : 35 AIMNRY R — r— e
Resistive Plate Chamber * 72 —
1om (RPC)detectors | oy [T o ==
assembled in triplets i i
: |
T H :
...................................... | L
i GAS DISTRIBUTION RACKS | r
10 m « COOLING SYSTEMS , : N, ; g
10 m L | o | } LHCDb
' :u. | TT vOI 1| : I | A
[sh,i@ vet_;o]
{UXA wall ] [Pb shield |~ 1PS8 25
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Objective:%20long-lived%20particles%20Located%20at%2025m%20distance%20from%20LHCb%20Concrete%20wall%20+%20shield%20veto%20against%20collision%20background%20Codex-%CE%B2%20demonstrator%20Main%20Physics%20case:%20high%20mass%20(%2010%20GeV%20-%20TeV)%20hadronic%20LLP%20decays%20Secondary%20Physics%20case:%20low%20mass%20(~GeV)%20low%20multiplicity%20LLP%20decays

Future dedicated experiments

CODEX-b (§)

e (Objective: long-lived particles

CODEX-b

N

Y + N
o Tt Z=o1

et Fa¥a s [ aa
o

Aot
oot

A from |
C1T o1 T1=

(N
(AW

o
| A

D

e (Concrete wall + shield veto against collision background

o Codex-3 demonstrator (2m x 2m x 2m) for 2026 data taking

10 m

E. Torrd CPAN 2025, Valencia

Resistive Plate Chamber
(RPC) detectors
assemblediin triplets

Move from RPCs (gas flow) to

sealed RPCs (no flow)?

@ Carlos Vazquez, Weds 18:20

Original cavern (LHCb trigger tarm) no longer available!!
Various new scenarios discussed (arXiv:2505.05952)

Aim to converge by summer 2026, with a series of
proposals to be studied by the LHCb after Run 3.
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Objective:%20long-lived%20particles%20Located%20at%2025m%20distance%20from%20LHCb%20Concrete%20wall%20+%20shield%20veto%20against%20collision%20background%20Codex-%CE%B2%20demonstrator%20Main%20Physics%20case:%20high%20mass%20(%2010%20GeV%20-%20TeV)%20hadronic%20LLP%20decays%20Secondary%20Physics%20case:%20low%20mass%20(~GeV)%20low%20multiplicity%20LLP%20decays

Future dedicated experiments \MA&FR-= ~ A

https://mathusla-experiment.web.cern.ch

MATHUSLA

e (Objective: ultra long-lived particles

e [0 be built on the surface over CMS during HL-LHC

e O
* Test Stand demonstrator in 2018 confirmed background hypothesis

e Main Physics case: high mass ( 10 GeV - TeV) hadronic LLP decays —

A

00m) rock shields against collision background

e Secondary Physics case: low mass (~GeV) low multiplicity LLP decays

Tracking Layer Wall

Tracking
Module

i leptons \

D | Ll | LHC beam pipe
LLl v” . - — . AR
o ®
-

'O

4
"

Rock
CMS

Veto Layer Ceilin

Tracking
Module

(100 x 100 x 25) —> (40 x 40 x 16) for cost reasons

6 scintillator tracking layers per module 27
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https://mathusla-experiment.web.cern.ch

Dedicated experiments in future colliders

e Detectors for future colliders considering LLPs as a physics case for their design

* Lepton collider ideas: Hadron collider ideas:

DELIGHT transverse detector (PhysRevD.106.095018)
e MATHUSLA - like concept

e HECATE: Instrument cavern walls with scintillators

* Phase space with no access in cosmology
Heavy Neutral Leptons @ FCC -ee

104 - —— FOREHUNT forward detector (2306.11803)

g M\\l HUST
-\ DUNB., FASER?
CODEXb

105 F
1076 |

s\ |
1077 RS
BNV

35000

DELIGHT

10—9 g

25m/100m/

\\k é — ‘ o

10—10 = SH .

10—11 ;

EPJC)81(2021)546 M [GeV]

25m
FCC-hh 1 Y
e Study at ILC: ILD + far detectors ~good sensitivity |

Muon System

(dldon

FOREHUNT

= T
for LLALPS eteoay MELE DI Z _¢
'y el

< > 10m/20m/50m
] 50m

-

PRD 107
(2023) 076022

50m/75m /100 m /300 m

-- Ground
- Shaft
—- Tunnel

olete~ = ay)xB, [pb]
[
<

107>

10-3 10! 10% 103 10°
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https://link.springer.com/article/10.1140/epjc/s10052-021-09253-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.076022
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.076022
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.095018
https://arxiv.org/pdf/2306.11803

LLPs beyond colliders

E. Torrd CPAN 2025, Valencia
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LLPs bevond colliders . p pup po
y ~ Il
NA64 A

Active target
(Electromagnetic calorimeter, ECAL) MU1

e (bjective: light dark matter

Reconstruction of the incoming

e North Area, fixed target using SPS electrons particle ID and momenturm

Vacuum vessel

(and muons and hadrons) beams  sho g P ek

-
-
s
——
- ,"
- -
-
- -
"
-

Magnet2
Magnetl

e Hermetic detector: can measure MET v Th
e (Constraints set on ALPs, B-L Z', inelastic DM

Pre-LS3 Run 4
Beam Motivation Statistics | [particles on
target]
Leptophilic DS coupled to e- 107
NAG64e- | LDM, inelastic DM, ALPs, scalar, Z',|  peiom) 1013
X17 ...
LDM (higher masses <0.25 GeV, 101" > 101 for
NA64e+| several mediators axial, vector, |(a70,60,ytesta| different
pseudoescalar, scalar),... 40 GeV) energies
Leptophilic DS coupled to u
NA64y LDM (higher masses > 0.1 GeV, 3.5x1011 2%1013
ALPs, Z’, muon g-2, millicharge,
U—T. ...
Hadrophilic DS Addenda of a dedicated program
NAG4h Invisible decays of n, n’, Ko under preparation
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LLPs beyond colliders

DUNE ND CDR:
Heavy Neutral Leptons
DU N E o 1 0_2 Muon coupling dominance: Uf: U2.U2 =(3:1:0 Update November 2019
E)i 1072 \ w\= < \@ /
1074 = §
— . 10—5 i\ E
e | NBF source can produce charmed mesons in the beam 6
10~ ‘39{9 NAG2 ~ - solid: Majorana\
e DUNE ND can be used to search for long-lived HNLs, hidden sectors, 1077 GO\ | Ry
SUSY, etC. 10—8 ~~“\\ ‘&‘J‘J:!:“\w ..... . 2; .......
. : . -9 S N3 " ’ ] -Sg-cl)llil,:z\fl}t(})loult)%t
* Would probe the lighter particles of the hidden sector: complementary 10 ~doued Wi, (ipper timi
: -10 e g
to LHC heavier-mass searches 10
10_11 See Saw
1072 ' e
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https://arxiv.org/pdf/2103.13910
https://arxiv.org/pdf/2309.06492

Complementarity is key

E. Torrd

Higgs decays to scalars

Br(h — SS) = 0.01

CPAN 2025, Valencia

HL-LHC 14 TeV 3 ab~!
LHCb 14 TeV 0.3 ab~1

- MAPP 13.6 TeV 30 fb~!
—— MAPP2 14 TeV 0.3 ab~!

FASER2 14 TeV 3 ab~!
PREFACE 13.6 TeV 0.3 ab~!

—— ANUBIS 14 TeV 3 ab~!
—— CODEX-b 14 TeV 0.3 ab~ !

MATHUSLA40 14 TeV 3 ab~!

- DarkQuest I, 10'® PoT

DarkQuest II, 102 PoT
NA62, 108 PoT

SHiP, 15y, 6 x 10% PoT
FCC-ee 240 GeV, 10.8 ab~!

- FPF@FCC 85 TeV 30 ab~ !

ESPPU 2025 Physics Briefing Book

e Strong Spanish contribution in
detectors:

e High mass region dominated
by HL-LHC detectors

e | HCb Downstream
e CODEX-b

e [ ower mass region mostly
forward detectors

 CODEX-b still competent
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https://cds.cern.ch/record/2944678/files/2511.03883.pdf

Complementarity is key

Heavy Neutral Leptons

|
|
l

FCC-ee (prompt) MuC 10 TeV

1077 BE _ }
- s FCC-ee (displaced pjj)
10— 10 L S FCC-ee (displ theo full det)
g IS
g = I \ .....
10_11 E & European Strategy —
E for Particle Physics
10_12_ | | ||||||| | 1 ||||||| | | i|||i!| | | ||||||| | 1 II-IIII
1071 10° 10! 102 10°

my |GeV]
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e Strong Spanish contribution in detectors:

e | HCb Downstream
e CODEX-b
ProtoDUNE, DUNE (ND)

E. Torrd CPAN 2025, Valencia

HL-LHC 14 TeV 3 ab~!

- HL-LHC 14 TeV 3 ab~ !

LHCDb 14 TeV 0.3 ab™!

ANUBIS 14 TeV 3 ab™!

CODEX-b 14 TeV 0.3 ab™!

FASER2 14 TeV 3 ab~!

PREFACE 13.6 TeV 0.3 ab™!

SHiP, 15y, 6 x 10%° PoT
ProtoDUNE@SPS, 5y, 1.8 x 10" PoT
SBND, 6.6 x 1020 PoT

DUNE (ND), 7y, 7.7 x 10?! PoT
Hyper-K (ND280), 10y, 10?2 PoT
FCC-ee Z-pole 200 ab~!,6 x 10'2 Z
FCC-ee Z-pole 200 ab~!,6 x 10'2 Z
FCC-ee Z-pole, 200 ab=! 6 x 10'2 Z
LCF 250 GeV (H decays) 2 ab™!

LCF 250 GeV 0.9 ab™!

LCF 500 GeV 1.6 ab™!

LCF 1000 GeV 3.2 ab~!

LCF 250 GeV, beam dump, 10y, 4 x 10?> EoT
LCF 1000 GeV, beam dump, 10y, 4 x 10*2 EoT
LCF Z-pole 30 fb~1,10° Z

FCC-hh 85 TeV 30 ab~!

mid-y@FCC-hh 85 TeV 30 ab~!
MuC3TeV1ab!
MuC 10 TeV 10 ab~!

ALP coupling to photons

ESPPU 2025 Physics Briefing Book
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e Strong Spanish contribution in detectors:

 NAG4

Bellell, 20 ab~!

Bellell, 50 ab—!

SHiDP, 15 years

ALICE 5.52 TeV, 35 nb~!
ALICE 5.52 TeV, 35 nb~1
MuC 3 TeV, 0.9 ab~!
MuC 10 TeV, 10 ab—1!
CLIC 380 GeV 4.3 ab~!
CLIC 1500 GeV 4.5 ab~!
CLIC 3000 GeV 5 ab™!

= LCF Beam Dump (1yr)

LCF Beam Dump (20yrs)
FCC-hh 85 TeV 30 ab—!
FCC-PbPb 39 TeV 110 nb—1!

FCC-pPb 63 TeV 29 nb~!

- FCC-ee non-Z-pole(y—fusion)

FCC-ee Z-pole (37), 204 ab~1

- FCC-ee Z-pole (17), 204 ab~!
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Are we missing anything we could be covering?

e The HL-LHC is around the corner

e Time to think about the goals for the end of the LHC era
* Are there final states we risk missing because of lack of good triggers” Plan now, not lose an irrecoverable discovery!!
* Are we using all the Run 4 upgrade potential for LLPs?

e \What theory models / phase spaces are we not covering?

e (Could Anomaly Detection be more broadly used for LLPs?

 Reinterpretation: is the communication experiments - theory community good enough®? @R |s1= 5 (o0 ==tor 1 1ok o) [=0e i K L)

— CMS
Ciemat \
Centro de Investigaciones > \\
Energéticas, Medioambientales |

y Tecnologicas
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https://indico.ific.uv.es/event/8035/timetable/?view=standard#1133-dark-scalar-reinterpretat

Summary

e | ong-Lived Particles could be key in the discovery of new physics

e The interest in this topic is constantly increasing, for the LHC and

beyond
e (Great opportunities in the near future in colliders and beyond

- Spanish community is in a very good position, leading major

efforts
e 15°LLP community workshop in Valencia
100 attendants, 40% Spanish institutions, 27 nationalities

e Need to keep the leadership in this area!

E. Torrd CPAN 2025, Valencia

LLP 2025

Fifteenth workshop

Long-Lived Particle Community

of the

https://indico.cern.ch/e/LLP_June_2025

Scientific committee: Local organizing committee:

Juliette Alimena Chandan Hati
James Beacham Martin Hirsch

Lisa Benato Jacobo Lopez-Pavon

Matthew Citron Vasiliki A. Mitsou

Albert de Roeck Laura Molina Bueno
Jan Hajer Arantza Oyanguren
Audrey Kvam Emma Torré Pastor (chair) o =

Federico Leo Redi Oscar Vives
Mason Proffitt Bryan Zaldivar
Neha Santpur

Andrii Usachov
Carlos Vazquez Sierra
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José Zurita (chair)
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