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What we know about Standard Model

Tons of Keys to deepen understanding of Standard Model = No Key to BSM?
_— 4 2

Electroweak/Strong (Gauge
Boson Self-Interactions)

Gauge Bosons Interact with
Fermions (Leptons & Quarks)

Higgs Yukawa Couplings
(Origin of Masses for Leptons
and Quarks)

EWSB (Origin
of Weak
Boson Mass),
Higgs
Potential
— (Higgs Self-
= ¢ Interactions)
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———————————




Remarkably Successful vs Ambitious Curiosities

No dark matter! e
But negded to expla|-n o g !
astrophysical observations =l OO

The Standard Model:

remarkably

successful-
but incomplete

Neutrino masses! \/

Are they Dirac or
Majorana particles?

Hierarchy / A
Naturalness! = <
= .\

Higgs field parameters seem
highly fine-tuned

No gravity!
No verified theory
of quantum gravity
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Not enough matter-
antimatter asymmetry!

To explain dominance of
matter today
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T
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Why 3 fermion
generations?

No dark energy!

The universe is in
bl accelerated expansion
invisible source of energy?
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Inspired from ArXivi1=11.0299

« Natural EWSB: SUSY, large/warped
extra dimensions

« Neutrino masses/mixing, flavor
anomalies: RPV SUSY, ...

« Dynamic explanation of EWSB: New
strong dynamics

 Unification of all forces: magnetic
monopoles, SUSY DM: ALP, Dark<3>
Sectors, SUSY, scalar mediators




Approaching Hidden BSM sectors at LHC: portal matters!
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2022.7.4 Happy birthday Higgs! Nature 607, 60-68 (2022
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Higgs Puzzles inspire the fundamental questions! (@) T A AT

COMPOSTIE

HIGGS
W b

Is Higgs Elementary?

V(g)

Re(¢)

Im (¢)

Higgs
potential

Our

vacuum

_ H-iggs
field

Stable

?
Metastable

Is Higgs stablizing our Universe?
TsuNG-DAO LEE INSTITUTE
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| wonder if there are Standard Model

others like me. Prediction _ @
)

Higgs
Boson

MSSM Higgs Boson Predictions

Is Higgs Alone?

Observations -

+.from starlight Observations from

21 cm:hydrogen

Velocity

. (km st1)
3 - Expected from
the visible disk

;.-10,‘6.00 - 20,000 30,000 40,000 .

i Dlstance (Ilght VEETE))

BA<E How much does Higgs like DM? 6>
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Higgs as a portal to Beyond Standard Model Phenomena

What is the origin of the
early-universe inflation?

« Is the Higgs connected to the

A}
)
mechanism that drives inflation? =5 b
Why is the electroweak J G S OSO n

« Are there any imprints in

cosmological observations? interaction so much wer
What is the origin of the stronger than gravity? y
vastrange of q‘_"ark and + Are there new particles
lepton masses in the close to the mass of the
« Are there modified interactions / ~ * Is the Higgs boson
to the Higgs boson and known elementary or made of other
particles? particles?

Are there anomalies in the
interactions of the Higgs
with the W and Z?

» Does the Higgs decay into
pairs of quarks and leptons
with distinct flavours (for
example, H = p+17)?

| L 4 ‘ Why is there more
matter than antimatter in

\ What is dark matter? the universe?

« Can the Higgs provide a « Are there charge-parity
portal to dark matter or a violating Higgs decays?
dark setftor? * Are there anomalies in the

« Is the Higgs lifetime Higgs self-coupling that
consistent with the would imply a strong first-
Standard Model? order early-universe

electroweak phase

* Are there new decay

modes of the Higgs? transition?

+ Are there multiple Higgs
sectors?

Salam, Wang, GZ Nature 607 (2022) 7917
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Higgs BSM probes

Other Classic SM = BSM

D_ark Mattgr

Unconventionals

Futures
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BSM -> Higgs
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arXiv:2607.28334
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® Classic Heavy Resonance searches

Run 2 51 TeV 5.1 TeV — Observed
Run 3 52TeV 5.2TeV

{02 Combined 55TeV 55TeV

----Expected

g It It
PRGN - Z' Spin-1 heavy resonance searches in ee/pp decays
, T e . Full Run2 (140 fb-") + Partial Run3 (165 fb-') combination
- 6 T —T T T T T T
! - 21CFATLAS " oa 1P
10°E Vs =13.6 TeV, 165 fbo! — Background fit c t ATLAS
JHEP 10 (2026) 006 i o e:_chamel © 2, 6o (1 2% ol S ol Vs=13713.6 TeV, 140+165 fb"
m, =2Te e E
=  ee+up-channel
CMS 138 b (13 TeV) B A e
1 ggF, NWA = 107 3
= e Median expected ] Lﬁ . ]
» 68% expected ] 51072 E =
95% expected 1 @ E 3
107k —— Observed = 107 E
§ § 10 Obs. Exp. ?:

Upper limit on o(gg— X— ZZ) [pb] at 95% CL

10-2 == ] |
S e A i T g _ “:- € o 3 I
S, e 1 g_ " ‘ [y p et 00 la pu x| ] GE) st e .
B | -— OF L] Tkt T “ ] U>> c 2 -
- 1 C F ] S o LI 7
il ' . . N . h T E'E = | .
130 200 300 400 500 1000 2000 3000 6x10° 10° 2x10° 3x10° == 7x10® 10° 2x10°  3x10°
mX (GeV) mee [GSV] mpole [GeV]
Scalar Heavy Resonance searches SDU/USTC/IHEP

X2>2Z->4l
IHEP/ZJU <11>



Phys. Rept. 1115 (2025) 368
® CMS Review: Heavy Resonance Decay into Higgs @) rudsg T
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« Searches are discussed for resonances decaying to two Higgs bosons, a Higgs and a
vector boson, or a Higgs boson and another new resonance: a Run2 Legacy!

138 fb" (13 TeV) 138 fb" (13 TeV)
R | I 1 I I I | ' I | | I I i E [ I I I I | I 1 I I I ]
10 - CMS -eo—= HH Combination g 8‘ 10 = CMS == HH Combination -
: —— HH — 4W/41/2W27 — > 2| 1 T : —— HH — 4W/41/2W21T — > 2| ;
HR—RB N = e 7 N HH — blo, W — > 11 esolvecy
—— :: - EE,WW — 2 11 (merged-jet) | (:I; . —— HH — bb,WW — > 1| (merged-jet) |
—o— — bb, 11 3 E ."~._. ]
— HH > by 1 e - D
—— HH — bb,bb (merged-et Q \/“ M = HH - bb,bb (mergeciet
107'F e N

5 554 Ja %, 4 N 1
LR ..'~. i pER |
N g te ) L = = Tt i imati
e Re, A\ Narrow Width Approximation S 10 1 = T %o Narrow Width Approximation -
¢ § o - [ % 3
o\ - A 7 o C . A ]
e A 2 - . ]
if b 5 - b} T
o B |- L
\/
» *e s
» - .

95% CL upper limit on o (pp - X — HH) [pb]

c
(@]
102 E E 1072 E
o)
| 2 o | 3
3] Koos - Ngrseas i ~
10 Spin 0, ggF production . : j 10 3 ‘ Spin 2, ggF production e, N\ Nitmpees E
[ — Observed R ' &) - — Observed
164 _ ---- Expected _ &\2 [ - Expected
- | | | | | Ll l | 1 | | (= O') 1074 | | l | | 1 | | | | l
3x107" 1 2 3 4 56 3x10™" 1 2 3 456
my [TeV] mg [TeV]

Spin-0 X->HH Spin-2 G>HH
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® Heavy Resonances Search: X/G->HH

g W
g , 53 '<: b
/ n
1 Ll 1 N 4
A r g g w2
o , CMS-PAS-B2G-24-011
CMS-PAS-B2G-24-010
CMS Preliminary 138 fb~' (13 TeV)
138 fo~' (13 TeV) o) ' S ' ’

° T I T 1 I I =103} —e— Observed BN 68% Expected
=104 CMS Preliminary  95% CL upper limits _ T --e-- Median Expected 95% Expected |
T —— Observed . 1
T --- Expected Spin 2
% Il 68% expected >
x 95% expected T 5
Q103__ Spin-2 &10 [
o | o
o) c
B’ o
5 E
e A=
E 102k o 10
3 - - g
:
2
o) . : . ‘ ‘ - .
o 0.3 1 2 3

101 I ! I (| ! ! my [TeV]

S0 H0alD WE 1NN leEndn B0l Resonant Di-Higgs searches up to 3 TeV mass range <13 >

my (GeV)

w/ both spin-0 and spin-2 hypothesis



® X->SH/YH searches with extra scalar boson

b
Phys. Lett. B 877 (2026) 140425 g
NiU b v IHEP

J 0090009209999 A < D X - - o

| ____X____ l,' 5 «}\I\\ ¥

 H Y
I sz ) CMS-PAS-B2G-24-019 ™
Y CMS Preliminary 138 fb™ (13 TeV)
29_‘”'| T T "'”'] T T IIIIH] T T
Explored 170 < my < 1000 GeV and 15 < mg < 500 GeV " f — Observed = HY(0)Combinaton
: — ok - Expected (7)Y (0b)

Mg [GeV]

500 |
[ Vs=13/13.6 TeV, 140/ 59 fb-'
. X — SH — bbyy

o 0, * H
400 95% CL observed upper limit

300!
200!

100}

T

ATLAS

10°

Upper limit on o(X — SH — bbyy)13rev [fb]
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—
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9000
my [GeV]

800

95% CL upper limit on 6(pp — X — H'Y, Y = bb) [fo]

—
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=4

10°F

1071

10°F

102

- Narrow Width Approx.
Assumes SM H branching fractions

—=— H(yy)Y(bb)
—a— H(bb)Y(bb) (merged-jet)

v My=1200 GeV (x 10%)

» My=1400 GeV (x 10%)

» M=1600 GeV (x 10'%)

v M,=1800 GeV (x 10°)

» M=2000 GeV (x 10°)

iy M=3000 GeV (x 10°)

L lIIlIlII

1 Il lIlllI] Il

P N S I N Y YN ) (S ) I I N A I I I I By W

ol ol ]

102 10°

4

m, [GeV]

Explored 1.0 <
my < 4.0 TeV
and 0.06 <
my < 2.8 TeV
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Higgs - BSM:

Exotic Higgs Decays

TsuNG-Dao LEE INSTITUTE
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Phys. Rev. Lett 136 (2026) 181807
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® Exotic Higgs Decay into pseudo-scalars: H - AA — 4e

PKU

—
<

Observed 95% CL upper limits on B(H —» AA — 4e)

Cws 133“3 (13 TeV) ,,CMS 138 fb! (13 TeV
OF H - AA — de, m =125GeV § paa E
14 —m, = 20 MeV ct=10 um - Background fit —:

- 3 B Signal, BR at 4.6x10™

: B 65 CL 1

oF [ 95% CL E

o’o
AF - ‘

Events / GeV

ury
o
[

[GeV]

1073

o n £ [+] @
T LI L e
|Ceel
A

o
o

sy
o
IS

Events / GeV

jary
o
én

10 20 — 80 100
ma [MeV]

« Search for H>AA w/ A being heavy neutral pseudoscalar

« A->ee leading to highly collimated electron-positron pair. Novel MVA algo. combining tracks and
calorimeter info to identify distinctive signatures, out from two of such merged electron-positron
pairs.

« 10-100 MeV survey of light pseudoscalars. Inspiring inputs for ALP searches etc. e



Exotic Higgs Decay into pseudo-scalars:
°H-> AA > 4y

arXiv:2601.00183

-

<
N
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__ CMS semi-merged s
(this work) .......

CMS fully—-merged
Phys. Rev. Lett. 131 (2023) 101801

__ CMS fully-resolved

JHEP 07 (2023) 148

__ ATLAS
Eur. Phys. J. C 84 (2024) 742
i L] : M 1 |

o(pp - H) B(H - AA - 4y) [pb]

—
<
S

- CMS (13 TeV)

100; 95% CL upper limits i
: — Observed

10- Be———ia R | 95% expected

o
=ik

B 5 15

H — AA — 4y in semi-
merged topology: one A—yy
reconstructed as one photon-
like object, other A—yy
reconstructed as two resolved
photons

Bridging fully merged analysis
and fully resolved analysis of
4y searches

Merged m, cannot be built
from objects directly
« ->mass regression GNN
from ECAL energy-
deposit patterns

<17 >



Events

Data/Bkg

®

H—aa—4r

Higgs-production

Post-fit visible mass m?*¢2thad

10";

- + Data

3 ATLAS ., [ Fake/Non-prompt
- Vs=13TeV, 140"  mm Wz

21,1 VR mzz

- Post-fit [ ] Uncertainty

E -t

» A Lot rimisii

Events

Data/Bkg

Higgs decay
T+
e T
W -

Post-fit visible mass m?2¢ithad

3 + Data

E , [ Fake/Non-prompt
E [T & InTy, VR — -2

- Post-fit [ Uncertainty

|
.

20 40 60 80 100 120 140
Visible Mass [GeV]

20 40 60 80 100 120 140
Visible Mass [GeV]

Validates the modelling of fake/non-prompt bkg

Exotic Higgs Decay into pseudo-scalars :

95% CL upper limit on B(H— aa—4r)

New J. Phys. 28 (2026) 063891

) A d Ay R
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Two SRs: 2[2Thad and 3{1 Thad
241 Thad {1 Thad: 1[2Thad to validate fake

« Simultaneous fit of the yields in the SRs
LI l LI I L I L LR, % l L L l LI l 1 lolb' L ldll. l.tl Ll l—
ATLAS serve '|m.|
{5=13 TeV. 140 fb" - - Expected limit
I SR 2/2 SR 3/1 Expectedtis |
Thad * * had Expected + 20
1= -~
10_1__ ~‘~-.-~.__. —_
; e
L1 1 I | b 15 =l ) l L1 1 1 l Ll l L1 1 1 l 1 1 1 l B I Bl l 1 1 1 l 1 1 1
15 20 20 30 35 40 45 50 55 60
m, [GeV]
<18 >
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® Exotic Higgs Decay Summaries @) Tuigia

I
CMS summaries 1o
£ ? -1 < "
107 CMS Preliminary  36-138 fb™' (13 TeV) July 2026 © ATLAS Preliminary
% i July 2022
6 2HDM+S Type Iv I:’ Observed 95% CL exclusion £ 10 uly
10 t A P = Run 1: {s = 8 TeV
1 5 anB - % Expected 95% CL exclusion % 10 Run 2: {s = 13 TeV
0 H — aa — ppup Ix s 2HDM+S Type-1
1 04 e PLB 796 (2019) 131 o) Ibw10
RoA7IIY, 4 = H— aa — puup c === expected +t1c
10° / e JHEP 12 (2024) 172 3 10? ——— observed
> [ g/ H — aa — pptt O Run 120.3 b H— aa— putr
10 4 { CMS-SUS-23-005 o 10 PRD 92 (2015) 052002
D H — aa — putr i) Run 120.3 fb™ H- aa— yyyy
10 : 2 JHEP 11 (2018) 018 P EPJC 76 (2016) 210
< H — aa — 1111 —_— Run2361fb‘ I-j/—;aa—» Hip
JHEP 04 (2026) 132 10_1 JHEP 06 (2018) 166
Run 2 139 fb™' H— aa— pupp
H — aa — bbbb JHEP 03 (2022) 041
- 10 — Run236.1fb™ H— aa— bbbb
H — aa — bbill JHEP 10 (2018) 031
EPJC 84 (2024) 493 107 — Run236.1fb" H aa— bbbb
PRD 102 (2020) 112006

Run 236.7 fb™ H— aa— yygg

PLB 782 (2018) 750

H — aa — bbyy
CMS-5US-24-008 5
10
Run 2 139 fb™ H— aa— bbup

m(a) [GeV] ma [GeV] T PRD 105 (2022) 012006

« Many Theory Motivation: 2HDM +S, NMSSM, ALP, dark sectors, EWPT, ...

« b/c "A" >everything, opening portal to complete known SM final states

<19 >
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Other Classic SM > BSM
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Other SM - BSM
Neutrino = Heavy Majorana

Quarks 2 LQs, ...

TsuNG-Dao LEE INSTITUTE

<21 >



® HNL Search: towards beyond 2"9 generation

« Heavy Majorana Neutrino searches in
tt/et/ut final states > probing the
coupling to 3 generation lepton

« Constrain squared ME |V y|% w.r.t. 92
GeV and 6.5 TeV of Heavy Majorana
Neutrino mass

« Simultaneous constraints on

2
(IVon |2, [Ven1?) and (|V;uv| AVen|?)

qo o
W:I:
¢ 70
N
It < Tt
q1 .
1

|VTN|2

1.0

0.6

0.4

0.3

0.2

0.1—

ATLAS

vs =13 TeV, 140 fb!
95% CL Limits

I
!
I
I
!
I
I
!
I
I
I
I
!
L ' 1

Observed Limit ]
Expected Limit
Expected Limit +10
Expected Limit +20
ThadThag Observed Limit

CMS trilepton
JHEP 06 (2024) 123

7

103

my [GeV]

USTC/NJU <227



® LeptoQuark (LQs) searches

14

SDU
« Leptoquarks (LQs) represent a prominent
category of hypothetical heavy states
A R predicted by various grand unified theories
& | armas | | | | featuring extended gauge groups

41— Vs=13TeV,140 fb-!
| V/5=13.6TeV,55fb""

I S A Am— « Being colour-charged particles carrying both

baryon and lepton numbers, naturally
reflecting the underlying symmetry b/w two
sectors predicted by unifying theo. and
inspired by nature.

All limits at 95% CL
m— Qbserved limit

= == Expected limit
+10exp

B 120,

« TSt ATLAS analysis for LQ production
exploiting lepton+photon PDFs

I [ (- I (Y | I | (N - | I |

IIIIIIIIIIIIII

! === ATLAS LQ pairprod. | « LQ sensitivity also from non-resonant
« A production to dilepton production via t-
1000 1500 2000 2500 3000 3500 4000 channel (DY)
JHEP 12 (2025) 180 m(S1) [GeV]

<23 >
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® Summary and Overview of Present LQ searches

CMS Preliminary 138 fb 1 (13 TeV)
5\ ty \l LANL L L A L [ L L L B Overview of CMS Ieptoquark searches
S 10 \ % LQTO - eejj gl CMS Preliminary March 2025
— —=— Observed 95% CL upper limit 3 Nonres. ee, B(LQ-»ue)=1,A=1 arXiv:2503.20023 =w 138 fb~!
o g - - - Median Expected 95% CL upper limit |
o I 5% L Expected ] |8 Norres-ee slO~de)=1A=1 hEe T il
\ _ i 4
x 1 % @ [ 95% CL Expected E LQ(ge)LQ(ge), BLQ»qe)=1,qg=u,d e OB AT, 36"
Most LQ models N e meegs 31 i
O \ \,\.\ === Vector 6, x §° with unc. ( B=1,x=0) ] o LQ(gelLQ(qe) + LQ(qe)LQ(que), BILO = qe,que) =0.5, q=U.d | [13i(1500103748 | ———AGTR 20 fb~! (8 Tev)
10 N T Vedtor G B2 with unc. ( B=1, x=1) o N elQ(ge), BLO~ge)=1,A=1,g=u,d arXiv:1509.03750 T 20 fb-! (8 Tev)
exc u e m a SS e S LI LO(te)LQ(te), BLQ—»te) =1 arXiv:2202.08676 S 137!
= N pair | __
ra n e of 1 2 5 10—2 "\“ = Nonres. uy, B(LQ-up)=1,A=1 arXiv:2503.20023 S eTev- | 138 fb~!
~ > 3 S 1=BeTeV
L4 d \‘ & . Nonres. puy, B(LQ-du)=1,A=1 arXiv:2503.20023 ——RTSY| 138 fb~!
. E 4 e
b © b LQ(qu)LQ(qu), BLQ»qu) =1, g=u.d,s,c A 00 8 SRS 3672
e 1073 8 = 3 4 y ki arXiv:1509.037 44 20 fb™! (8 Tev)
N E v = &
: b 3 S LO(quILQ(qu) +LO(GUILQ(qu,), BILQ=qu) =05, g =u,d,s,c | Xv1808.05082 e T = ;g :g,i i
a3 (S B g . 7 TeaasTev
. W ] T LQ(GUILQ(XDM), BILQ~qu) = 0.5, A= 12, mow < 0.45TeV, g=s,c| aXiv:1811.10151 — 77 bt
10’4 3 g ulQ(qu), B(LOQ-»qu)=1,g=u,d, /\ =1 arXiv:1509.03750 e, 20 fb~! (8 TeV)
- LO(tu)LQ(ty), B(LQ—tu) =1 arXiv:1809.05558 T 36 fb~!
> o 03-2.05TeV
P T . LO(GHILO(bI, L0 ~by) =1 b . s
500 1000 1500 2000 2500 300( LO(tu)LQ(tu), BILQ > tu) =1 arXiv:2202.08676 pr— 137 fb!
mLQ (Gev) TLQ(uT), BLQ-ut)=1,A=1 arXiv:2308.06143 — 138 b~
TLQ(dT), B(LQ-dT)=1,A=1 arXiv:2308.06143 e 138fb~?
ATLASPreliminary ~ ATLAS leptoguark searches - 95% CL exclusion Status: [une 2026 VE=13TeV vS=13.6TeV TLQ(sT), BLOQ»sT)=1,A=3 BN P ) 0.6-1.93 Tev. o
Scalar (single s-/t-channel) A(be)=2.5 — JHEP 12 (2025) 180 d0m 55 e
— Scalar (single s-/t-channel) A(je)=1. A JHEP 12 (2025) 180 140fo71 55 fb" = = : - -1
2l Scalar (pair) B(LQ - je)=1.0 ——] JHEP 10 (2020) 112 - b BLO=br)=1,AS3 BINZA00 06143 S—— 1R
= Scalar (pair) B(LQ - ce)-l 0 ) JHEP 10 (2020) 112 1Bom - - - ; - s
g Scalar (paif) A(LQ + be)=1.0 Eem————un PLB 854 (2024) 138736 | 139071 - wLQ(b1), BLQ-bT)=1,A=2.5 arXiv:1806.03472 36 fb-!
Scalar (pair) B(LQ - te)=1.0 s PLB 854 (2024) 138736 139 o~ - . 0.6-1.2 TeV
Vector (YM) (::,,, BILQ - te)=1.0 195 EPJC 84 }mq) 818 Bomt - TLQ(bT), B(LQ-bT)=1,A=2.5 arXiv:2308.07826 o T Tes-1aTey 138!
Scalar (single s-/t-channel) A(bu)=2.5 e JHEP 12 (2025) 180 140f7 55" e s—
Scalar (single s-/t-channel) A(ju)=2.5 TS T W e JHEP 12 fzozs) 180 140f! 55 & LO(bTILQ(bT), B(LQ-bT) =1 arXiv:1811.00806 R— 36 fbt
'S‘_ Scalar (single s-/t-channel) A(ju)=1.0 % JHEP 12 (2025) 180 140 fo~? 55 fb~t o 0.6-1.25 TeV.
& Scalar (pair) B(LQ = ju)=1.0 [=———————7r JHEP 10 (2020) 112 13970 - LO(bT)LO(bT), B(LQ=bT)=1 arXiv:2308.07826 7 Tos-1s3Tev 138 fb~!
o Scalar (pair) B(LQ - cj)=1.0 e JHEP 10 (2020) 112 13910 T T os-nseTev.
3 Ssccallar ((pallr))BBf(Ll% - bp) .g [ gl[g gg: (ggg: %;332 g: :‘: - o Nonres. 1T, A (bT) = 2.5, Ag(bT) =0, A (sT) = 0.48 (A = "—%) arXiv:2208.02717 o 1-2.69Tev 138 fb~!
Vector (33; (::illt) E(LQ:gf 0 195 EPJC 84 52024) 818 13971 - N Nonres. TT, A((bT) = Ar(bT) =2.5, A(s7) = 0.53 (A = %) arXiv:2208.02717 138 fb~!
Scalar (pair) B(LQ ~/7)=1.0 IE—3) JHEP 06 (2023) 199 L G A : vz e -
Scalar (pair) 5(LQ - b7)=1.0 [s=——. PLB 854 (2024) 138736 1391 - o
= R e - — —— wice {é‘g‘; s o Nonres. v, A (bT) = 2.5, Ar(bT) = 0, A(sT) = 0.48 138 fb
T S am 1.
S Scalar (single-+non res) Albr1=2.5 e JHEP 10 (2025) 54 w0m - Nonres. tv, A (bt) = Az(bT) = 2.5, A(sT) = 0.53 138fb!
o Vector (YM) (single+non res.+pair) A(bt)=1.5 164 JHEP 10 (2023) 001 139 fio~! - 0.5-1.02 TeV
- ‘ector (YM) (single+non res.) A(bT)=2.5 25 JHEP 10 (2025) 54 140 m-: - LQ(tT)LQ(bvy) + vLQ(tT), A(tT) = A(bVy) = 2.5 arXiv:2012.04178 137 fb!
Scalar (pair) B(LQ - t7)=1.0 — PLB 854 (2024) 138736 Bom -
Vector (YM) (pair) B(LQ - t7)=1.0 181 PLB 854 (2024) 138736 BIM - LO(bT)LO(tvy) + TLQ(tv,), A(tT) = A(bv,) = 2.5 arXiv:2012.04178 o os-La1Tev 137 fb~?
Scalar (pair) B(LQ - cv)=1.0 o8 JHEP 02 (2025) 193 3or - et veeLTITan
Vector (YM) (pair} B(LQ = cv)=0.5 115 JHEP 02 (2025) 193 13977 - = - 2 0.3-0.¢ 2
Scalar (bair) B(LO— bV1=1.0 ) PLB 854 (2000) 138736 | 13971 - Lo(tr)Lo(tr), B(LO-tT)=1,A=1 arXiv:1803.02864 36 b
-~ Scalar (pair) B(LQ - tv)=1.0 E— PLB 854 (2024) 138736 13O - - = 02-1.12Tev -
= Sealar (bai) B(LG+ te1=05 s PLE 854 {m'a; 13873 | 139m - LO(tT)LQ(tT), BLO~tT) =1 arXiv:2202.08676 137 b7
3 Scalar (pair) B(LQ - tu)=0.5 "} ::Lg 854 (2024) 138736 1807 - 0.5-1.14 Tev
Scalar (pair) B(LQ - tT)=0.5 ) LB 854 (2024) 138736 1Bom - - - : L o
g v ms.;:::r (pair) g(II:Q-.g:)-oj oy - fﬁgp"?; (%43 tg%m }33 g:: N é‘ LO(qVe()LQ(qVeyy), BILQ = quey) =1, g=u,d,s,c arXiv:1909.03460 T SRS YA 137 fb!
3 R e B ba=0s —————————— PLB 656 (22115076 | 139 B 1 LO(bvr)LO(bv:), BLQ = bur) =1 arXiv:1909.03460 e O e 13710t
Vector (YM) (pair) A(LQ - bu)=0.5 198 JHEP 06 (2023) 188 139! E A ——
Scalar (pair) B(LQ -b‘;)-o.s [ &7 PLB 854 (2024) 138736 139171 o LO(tve)LQ(tvy), B(LQ = tvr) =1 arXiv:1909.03460 # 137 fb~!
Vector (YM) (pair) 5(LQ - bT)=0.5 [ 184 PLB 854 (2024) 138736 139 fo =
Jjrefers to u, d, or s quark 0.5 1 15 > 25 3 35 A a5 N LQ(uve)LQ(uve) + velQ(uve), BILQ—»uve)=1,A=1 arXiv:2107.13021 p— 137 fb!
Vector
Scalar 0.1 0.2 0.3 04 05 0.6 0.7 0.809 1 2 3 4 5
(Yang-Mills) Leptoquark mass [TeV] _ _
9 Scalar [ Vector (k=0) M Vector (k= 1) Leptoquark mass [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015 https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Leptoquark_summary plot



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2026-015
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: Spring 2026

[L£dt=(3.6-195)fb!

ATLAS Preliminary
\s=13,13.6 TeV

(] miss - . .
Model t,y Jetsi ET* [ratm) Limit Reference
T r LB S B T T T T r T —T
: ADD Gkk +g/q Oe,u, 7,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
= ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
g ADD QBH - | - 139 M, 94TeV n=6 1910.08447
= ADD QBH 1e.u 1] - 165 M 94TeV n=6 2604.19495
e ADD BH multijet - =3]j - 3.6 My 96TeV n =06, Mp=3TeV,rotBH 1512.02586
RS1 Gk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mpg =0.1 2102.13405
E Bulk RS Gy — WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV kiMp = 1.0 1808.02380
Bulk RS gxx — tt -2e,u =1b, 2104 Yes 140 Zkk Mass 4.1 TeV r/m=130% 2512.17856
2UED / RPP 1epu >2b, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), BALD) — 1) = 1 1803.09678
SSM Z" — (¢ 2eu - - 139 Z' mass 5.1 TeV 1903.06248
w SSM Z" — 7T 27 - - 36.1 Z' mass 2.4 TeV 1709.07242
g Leptophobic Z* — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
%] Leptophobic 2" — tt Qe u >1b,22J Ye 139 Z’ mass 4.1 TeV m=12% 2005.05138
.8 SSM W' — ¢v lepu - Yes 139 W' mass 6.0 TeV 1906.05609
[ SSM W' — 1v 17 - Yes 139 W’ mass 5.0 TeV 2402.16576
D  SSMW' - th 0-1ep 0-1b =1JYes(1f) 139 W, mass 4.6 TeV 2308.08521
&  HVT W’ — WZ model B 0-2e  2ji1J Yes 139 | W’ mass 4.3 TeV gv=3 200414636
O] HVT W' —» WZ — év (¢ modelC 3e,u 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,8r=0 2207.03925
HVT 72 — WW model B lepu 2j/1d  Yes 139 Z’ mass 3.9 TeV gv =3 2004.14636
LRSM Wg — uNg 2u 1J - 139 Wg mass 6.4 TeV m(Ng) < 1TeV, g. = gr 2304.09553
Cl gqqq - 2j - 37.0 A 21.8TeV n, 1703.09127
—  Clifqq 2eu - - 139 | a 3B8TeV 0, 2006.12946
O Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105,13847
Cl ppbs 2pu 1b - 139 | A 2.0 TeV g =1 2105.13847
Cl tttt >1epu >1b, 21 Yes 36.1 A 2.6 TeV |Cae| = 4n 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 Myed 3.8 TeV 84=0.25, g, =1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
= Pseudo-scalar med, (DiracDM) Oe,u, 7,y 1-4j Yes 139 Mimed 376 GeV 8q=1, g, =1, m(y)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mzr 3.0 TeV tanfi=1, g7=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 ma, 800 GeV tanB=1, g, =1, m(y)=10 GeV 2306.00641
Scalar LQ 1% gen 1e =1]j Yes 140,55 LQ; mass 3.4 TeV B8 —je) =1, 4 =1 2507.03650
Scalar LQ 2" gen 1p =1] Yes 140,55 LQ; mass 3.4 TeV BS, = ju) =1, 4, =25 2507.03650
Scalar LQ 3™ gen Oepu >2],22b Yes 139 LQ3 mass 1.2 TeV BLQS — tv) =1 2004.14060
Scalar LQ 39 gen >2e,u, 217 21),21b - 139 LQ3 mass 1.4 TeV B(LQS —tr)=1 2101.11582
Scalar LQ 3™ gen Qe w217 0-2j,2b Yes 139 LQ; mass 1.3 TeV B(LQS = bv) =1 2101.12527
9 Scalar LQ 3" gen >2eut - - 140 LQ3 mass 21 TeV B(S, = br) =1, 1y = 2.5 2503.19836
Scalar LQ mix gen 1e =1j=1j=1b - 140,55 LQpmix mass. 2.6 TeV B(S; — be) =1, dpe = 2.5 2507.03650
Vector LQ mix gen multi-channel >1j.>1b  Yes 139 LQz mass 2.0 TeV B(Uy — tu) =1, Y-M coupl. 2306.17642
Vector LQ mix gen X >4),21b  Yes 139 LQ3 mass 2.0 TeV B(U; — bu) = 0.5, ¥-M coupl. 2210.04517
Vector LQ 3™ gen multi-channel - Yes 139 LQ3 mass 2.5 TeV B(Uy — br) =0.5, dpr = 2.5 2503.19836
Vector LQ mix gen 1r 1b Yes 140 LQumix Mass 3.0 TeV B(Uy — br) =025, 1, = 2.5 CERN-EP-2026-136
Vector LQ 3™ gen multi-channel 21j,21b - 139 LQ; mass 1.8 TeV B(0h — tr) = 1, ¥M coupl. 2401.11928
VLQ TT — Ht/Zt + X leu  25).22b Yes 139 | Tmass 1.6 TeV SU(2) doublet CERN-EP-2026-131
L » VLOXX - Wt/ Zb+ X multi-channel 139 | X mass 1.5 TeV SU(2) doublet (X T) 2212.05263
= g VLQ T — Ht/Zt multi-channel Yes 139 T mass 2.0 TeV SU(2) singlet, M+ /mr=20% 2408.08789
S ‘é VLQ Y — Wb 1eu >1j,z1b - 139 Y mass 2.3 TeV B(Y — Wh)=1,Ty/my=20% 2506.15515
\g = VLQB — Hb Oeu =2b, >1j,>1J — 139 B mass 1.8 TeV SU(2) doublet, I'g/mg=20% 2308.02595
° 8 VL7 - Zr/Hr multi-channel 1] Yes 139 7 mass 898 GeV 5U(2) doublet 2303.05441
VLL " — Zu/Hu multi-channel - - 140 W mass 1.3 TeV SU(2) doublet 2411.07143
VLL e" — Ze/He multi-channel - - 140 e mass 1.2 TeV SU(2) doublet 2411.07143
o Excited quark ¢* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
g E Excited quark " — qy 1y 1 - 36.7 q* mass 5.3 TeV only u" andd”, A = m(q") 1709.10440
1y ® Excitedquark b* — bg - 1b1]j - 139 b* mass 3.2Tev A= m(b") 1910.08447
Excited lepton 7* 27 =2] - 139 7" mass 4.6 TeV A=46TeV 2303.09444
Type Il Seesaw 234 e >2j s 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j1J - 139 Ng mass 3.6 TeV m(Wg) =4.8TeV, g = gr 2304.09553
@  Higgstriplet H** — W*W=* 234 e (SS) various Yes 139 | H= mass 350 GeV DY production 2101.11961
< Higgs triplet H** — ¢¢ 234 e,u(SS) - - 139 H** mass 1.1 TeV DY production 2211.07505
5 Multi-charged particles - - - 139 multi-charged particle mass 1.6 TeV DY + yy fusion, |g| = 6e 2303.13613
Magnetic monopoles - - - 138 monopole mass 3.6 TeV yy fusion, |g| = 1gp, spin 1/2 2308.04835
Vs=13TeV V5=13TeV V5=136TeV +V5=13,136Tev 22l e el —
partial data  fulldata  partialdata  combined data 107! 1 10

“Only a selection of the available mass limits on new states or phenomena is shown.

1 Small-radius (large-radius) jets are denoted by the letter j (J).

Mass scale [TeV]

ATLAS-PHYS-PUB-2026-004
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(Almost) all you
would like to know
from ATLAS for

"Heavy” searches...

Top = Bottom:

Extra dimensions,
Heavy gauge bosons,
Contact interactions
(CI),

dark matter (DM),
leptoquarks (LQ),
vector-like fermions,
excited fermions,

+ many other
scenarios...
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® CMS EXO summary

CMS Preliminary Overview of CMS EXO Results July 2026

Dataset
B Run2(13Tev) [ Run3(13.6 Tev)

Vs =13, 13.6 TeVv, IL =36-283 fb~!

https:/fems-summary-searches.docs.cern.chfexo_all_bar/

# Model Final state JLife1 95% C.L. Exclusion Upper Limits
1 quark compositeness 2 138 37 Tev
2 quark compositeness 2 138
e} 3 quark compositeness 2 138 36 TeV
4 quark compositeness 2t 138
5 Excited-lepton CI 2u+2j 77 X
6 Z' mediator (dark QCD) 2j + MET 138
7 (Axial-)vector mediator 2e,2u 138
3 (Axial-)vector mediator 2j 138 1.8-2.8 TeV
9 Z'—2HDM h + MET 36 0.5-3.2 TeV
Wit 1v Baryonic Z' h + MET 138 2.25 TeV
= =1 11 emerging jets (dark QCD) 4 138
5=} 12 scalar mediator (fermion portal) =1j + MET 101
SRH 13 2HDM+a (H) 2t + MET 138
14 Leptoquark mediator 1y + 1j + MET 77
15 pseudoscalar mediator =1j + MET 101
16 dark Higgs L2 + 2j + MET 138 0.16-0.352 TeV
17 inelastic dark matter model 2y + MET (displaced) 138 0.003-0,08 TeV
18 gluino (displaced) displaced vertices 138 Mg I 0.3-2.7 TeV
19 gluine (prompt) 128 My
9 20 stop Edlsplaced) displaced vertices 138 M
I 21 stop plf‘OmFt} dj+b . 138 My
T 22 neutralino (displaced) displaced vertices 138 Mg J 0.3-1.3 TeV
squark to 4 quarks 2 38 Mg 0.1-0.72 TeV
mass-degen. higgsinos 3] (boosted) 128 Miy ] I 0.07-0.075, 0.095-0.112 TeV
ADD HLZ 2j 138 15.9 TeV

4 non-rotating BH (J.y) + =7j 138 11 TeV
- D Ggx emission = 1j + MET 101 10.7 TeV
=] ADD QBH 2] 138 8.5 TeV
%5 RS QBH 2 138
u £ KK ¥y 138

a 3-brane WED 2j 138 2-4.3 TeV
split-UED I+ MET 138 0.4-2.8 TeV
excited light quark 2j 138 0.5-6.3 TeV
excited muon M+2j 77 0.2-5.7 TeV
excited electron e+2 77 .2-5.6 TeV
excited tau y+T/TT 138 0.175-4.7 TeV
excited b quark ¥+i 138 1-2.2 TeV
HNL (Majorana) 3u 138 0.01-1.6 TeV
Vector like taus ) =31+T) 138 0.1.1.045 TeV Al n W M
Type-lll seesaw heavy fermions = 3i(+1) 138 0.1-0.98 TeV
Axigluon, Coloron 2) 138 0.5-6.6 TeV
S5M W'(fv) I+ MET 62 0.4-5.9 TeV
s PR o e summa ots 1or
o SSM W'(gq) 2j 138
g 0 S5M Z‘EH} 2e,2u 283
o E SSM Z'(gq) 2j 138 ] . Te'

° LFV 7' ey 138 : S s s
-] LRSM Wy | 2u+ 2§ 138 ] ]
T o Superstring Z,, 2e,2u 283 0.2-4.95 TeV
] Z'(Bs —La) 2u+ =1b 138 .35-0.5 TeV
I Leptophobic Z’ 2 78 05.0.45 TeV Se a rc h e S

. Narrow resonance 2u 138
(gg) y+1j 138
5tring resonance ij 138 Ms I 0.5-7.9 TeV
Diquark (paired dijets) i a0 Mag e 1.5 TeV
Scalar diquark 2 138 My 0.6-7.5 TeV
Hscp 2 dEfdx 101 Mz 4.57 TeV
Zy resonance 2ef2u2j + vy 36 Msx 0.35-4 TeV
Color-octet scalar 2 ‘ 138 Mace
Higgs y resonance 1y +1j 36 My
LQ pair production +2j 138 Mo
gluino dE/dx 101 My
axion-like particle ipp) 103 Ma
SUEPs ggH Scouting HlEg 138 Mg
Wy resonance ly + 1] 138 My
pp+ Zfy + X M,y (pp) 37 My
X—¢9 2(Y‘r’3 138 Mx
tt+ ¢ 3, =41 138 My I 0.015-0.075, 0.108-0.34 TeV

10~ 10 10° 10! _
Mass scale [TeV] <26 >
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" ® Dark Matter
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Dark Matter
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arXiv:2606.14362 (JHEP Accept)
TDLI-SJTU/NJU

Exotic Higgs Decays - Dark Photon Search

An

Linc. component on - -0.002 -0001 0 0001 0.002
-U%PU:;, 'UUPHQPC:;, UL BRI UL IR IR UL
w/ p = linear correlation coef.
—— Nuis. Param. Pull ATLAS

Y Vs =13 TeV, 135 fb”

Jet Pile-up offset (1)

——
"
v (LowS__ CRbin 1) !
E: H

3

d Theory scale Zy
Search for Higgs decaying o
ATLAS —e— Observed limit (95°/o CL) into da rk photon and a Jet in-situ calibration non-closure —5—0—-

Vs =13TeV, 139 fb-1 o e . .
e 13.6TeV. 135 fo- = Expected limit +10 visible SM photon (semi- s
s=T1a.0Tev, 1 Expected limit +20

-
i
==l
---- Expected limit (95% CL) T Lows _ cREno) ]
H - yyq VISI ble decayS) y (TwoMuCR1bin bin 0) —j—e—.—

Run 3 ggF channel

ObS EXp Jet Flaver Composition —‘—0—.—

i ) ) . Jet Pile-up offset (Npy) _._._._
Run 2 ZH channel + | 23 28 | * Introduce for 15t time the N =y

+ | ggF production channel, rerona| 4

Run 2 VBF channeli— ! 1.8 1.7 o 1 (SR bIn0) -A—q;-.— 5
| along with former R =

Aun 2 combinedl— 94 13 15 explored channels from oo | ——
ZH and VBF. e cnone —'_.

. . Theory scale Wy ; -.—o-;—
° C O m b I n e Ru n 2 a n d pa rtl a I Jet Energy Resolution (effective NP2) :. T

IIII‘III\iII\IIIIIIlIIIIlIIIIlIIIIIIIII
T2 8 4 5 6 7 8 Run3 leading to the best T e
95% CL limi A .« .
vpperimiton B, [ upper limit on H>yy4 BR
up to date =297

Run 2 + Run 3 combined
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{4 = 139 fb-};JHEP 03 (2020) 145
Dijet
1 7 139 fb'};JHEP 03 (2020) 145

q / X
16 I ' ' 8 R iy bb resonance
: y

] Dijet TLA

| T 15.0, 132 fb'};arXiv:2509.01219
. Dijet+ISR

. 140 fb1;PRD 110 (2024) 032002
Boosted dijet+ISR ()

q X

i 36.1 fbl;PLB 788 (2019) 316

tt resonance (1L)
36.1 fb1;EPJC 78 (2018) 565
tt resonance (0OL)

mono-X: E;Mss+X
X:jet,v,V,H...

{ 7 139 fb'};JHEP 10 (2020) 61
1 Dijet+Lepton
1~ 139 fb};JHEP 06 (2020) 151
ET 4 jet
139 fb'!;PRD 103 (2021) 112006
Eq_liss + Y
139 fbl;JHEP 02 (2021) 226
ET® 4 Z(Il)
R -1.
Axial-vector mediator, Dirac DM 13:3$sfb PLE 8:29 (2022) 137066
T g,=025g=0g =1 |  ET+V(aq)
All limits at 95% |CL 140 fb;JHEP 11 (2024) 126

mediator: resonance of
di-jet, bb, tt mz, [TeV]
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arXiv:2403.05311, 2605.20015

Dark QCD searches via SUEPs

S « Dark QCD - Dark Strong Force > rk
baryons/mesons
V‘}&\\D‘\?& + ” « Emerging phenomena of Semi-visible jets, Emerging
"o jets, Dark jets
' « Search for Soft Unclustered Energy Patterns
[‘*"’“;m o] (SUEPs)
g' « Pheno: nearly isotropic emission of soft particles,
t “EMNQ high charged-particle multiplicity, Low-py tracks

throughout, Absence of conventional jets

« 71stdedicated SUEP research excluding thermalized
( dark showers
w - / /’ CMS Preliminary 127 fb™' (13 TeV)
e , 7/ & 20.0 iy T T T T T /,« r T r T T r r r T . : |
[0} C . ]
v'”° t e 175} NI Observed; Expected (median, 68%): g
2 L — e ms=125GeV |
1;“ 15.0f y — ms=200GeV
Prorpb . AT
o P \ mg = Ge ]
D Cb's 1 10.0F 8 ms = e .
0 I

E3
=
Q
SR 8 ms=700GeV |
75F 3 ms=800GeV ]
VG'&LE [NV'S'BLE R — ms=900GeV |
A —— === mg=1000GeV ]
[ 3 ] — == ms = 1200 GeV ]
sl T —— C— —_—— ms = 1500 GeV |
T N ________________________________ mg = 2000 GeV ]
A e s s e o m w
TsUNG-DAO LEE INSTITUTE IUKZIE R W 4 6 8 10 12

Mg (GeV)
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e Unconventionals
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All that unconventional...
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Unconventional signatures

Y

F .

qdisappearing tracks

multitrack
lyertices in D .

displaced leptons,
lepton-jets
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: ey
=% B
NG g
T W
)
[ ot
-
HEE
. 4
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-
-
-
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4 trackless,

analysis
featured
in backup

multitrack vertnces in MS

o

\

displaced jets,
delayed jets

s

[Iate photons
\ )

New particles can be long-lived:
observed lifetime is governed by an
exponential defined by the proper lifetime ct

particles
N

S
= ct =15 cm, fy ~ 40
= X
S4 3
) S - o ) o
Q 2 o~ s_
S| | 2 | @ | =
Q, E » S
) > E 3 -
emerging jets S © = 2
Qf I & | £ | o
W Lo |,°n o E
= F E | | § | 5
N wed
5' : | S - | 3
I“I l | |
| |
meta) stable charged | | .
g ? distance




Classic: Displayed muons and electrons

D) A d R

s/ TSUNG-DAO LEE INSTITUTE

CMS-PAS-EXO-24-036 et
A’*
A X2 \ =
) X1 X1
J
138 fb~' (13 TeV)

 RAAARERALS LAAEELLLE) LERLL

--- Theory, dp = Ogm

--= Theory, cp=0.1 -
- Expected Limit
—— Observed Limit

ARARRARRS A

p
pt
....... é#
K v
,,,,, A
HD ~ v
5” ";‘0' - < !
i
P
ATLAS: PLB 878 (2026) 140509, CMS- PAS 23- 014 p
~ 1 CMS Preliminary
L~} S5 32 7 PRS2SR PSR EL B2 RAT AN &
Eo CMS fi—. ct=1mm, A=0.2m;
T 103
T10™ H— 2,7, o
:2 2 m(Z,) = 10 GeV :,2 .’)“'.
5 10 B(Z — uy) = 0.144 ; jo'l
E @ |
= _ _ 3 e
510 =<
2 :
o |
(Tl) 10—4 / 8—_
2 | °
ey 1075 Combined: Observed: 10-3|-
— Observed 68% quantile ~ — 13 TeV (97.6 fb™)
- - Expected 95% quantile =~ — 13.6 TeV (36.6 fb ™)
10_ 1 Illlu|l 1 ||||u|l L 1111188
10—3 102 10" 1 10 10®> 10° 10* 105[ 1(])6 10762030 40 &
CT [CMm
TsSUNG-DAO LEE INSTITUTE LIKZIiE MYz E

15t IDM collider
search with soft
displaced electrons
Soft (down to
1GeV), displaced,
collimated leptons
aligned with MET
exclude regions
compatible with
observed relic
density
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Phys. Rev. D 112 (2025) 012021

Semi-visible or Anomalous Jets

Two-pronged search for jets from Z' -> xx containing both SM and
non-interacting DM particles, leading to partially visible jets

©

g 1 — v

> \.7151_ .e

a - 1nvisible

R

o

a ,,,,,,,,,,

S (a) visible particle

5

o > /

visible invisible

R, — fraction of jet invisible
https://atlas.cern/Updates/Briefing/Shedding-Light-Dark-Sector
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Phys. Rev. D 112 (2025) 012021

Semi-visible or Anomalous Jets

* Include novel anomaly detection region which isolates unusual events from the
background without relying on the specific features of the signal model, enhancing
the analysis potential to discover strange or unexpected new physics

ATLAS
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https://atlas.cern/Updates/Briefing/Shedding-Light-Dark-Sector
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Futures:

Anomaly Detections and TLA?
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Anomaly Detection: probing the unknown “untouched stones”

 What if we don’t know exactly what we are looking for?

« ML offers unigue solution to this challenge (no traditional alternative)

* Broad field of anomaly detection (AD)

know unknown
things we know we don’t know

Dark matter, dark energy, CP
asymmetry, quantum gravity, muon
g-2 anomaly

unknown unknown
things we don't know we don't know

Surprises!
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Pre-ML Times

Roadmap of Machine Learning Evolutions at LHC

SUPERVISED LEARNING
Unfolding

Decision Trees

BDT

E
Deep Neural Recurrent Transformers
Random Forest i -
Convolutional Graph
Past Present

Growing interest in anomaly
detection for model-independent
searches

“LESS-THAN-SUPERVISED” LEARNING
WEAKLY SUPERVISED / SEMI-SUPERVISED / UNSUPERVISED

Labeled methods still extremely Generative- Mixed labels* : ®
common Adversarial o o ®
o0 ®
A non-comprehensive selection of Autoencoders* : o @

recent analysis and analysis-
adjacent results presented today
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Foundation
Models?

Future

LLMs?

Reconstructed
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Anomaly Detection in a nutshell

http://arxiv.org/abs/arXiv:2307.01612
1011llllllllllllIllll'llll’llll'llll'llll

2]
c —— Data
S 10 ATLAS tbH*(2 TeV)
W 40°F Vs=13Tev, 1401b" Wik — W (2TeV)
A cmme 2 5 E£ (2 TeV)
10 . e SSMZ'| W' (2.2 TeV)
107 Z' (DM) (2 TeV)
10°F - \ — 10 pb AR
105 ---=1pb AR
# : o 0.1 pb AR
10* :
10° 5
10?
10
1
10" i/ | »
10—2 Ll li L i‘ ' 3 5): Il
-1 10 -9 -8 —7 -6 -5 —4
log (Loss)

Train ML models to encode the properties of SM physics and recognize unusual events
Robust to wide variety of different existing BSM models (but tends to underperform dedicated search)
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AD in Multilepton Final States Eur. Phys. J. C 86 (2026) 247

« Targets high-multiplicity lepton final states due to low SM background rates

« Normalizing Flows — A method of mapping from a prior distribution to a target distribution and
back through a series of invertible transformations

« Both model dependent and independent approaches explored

Model-independent

f1(20) fi(zi-1) fir1(2:) fr(zk—1) —~
@ —_— 2] e — D — L] b e— =T l'_tr Control regions BN  niscovery regions

SEAE TS Wi LT T ~ Lem T T TS ~ 4F'Q =0, 4€'Q =0, Discove
PN #F = W , . HFe HFu 0Z,0SF0S,  1Z,1SFO0S, [
! 4 3 3 ! k 9 90% ’
/ X ; a y 1 < 50% < 90% ”
\‘ ' \| ' |‘ |
; ; ; : :
: ' ' ' ' 46,0 =0
— ' = 1 ' > 1 = . :
% K % K % 7 . #,0=0. 47 25r0s,
. . g . WZ [ tiz LFe 0z,15F0s, 4O
\~~~ —"' \~~~ —”’ \~~. —"' <900/0 -
"""""" 0b =21b
20 ~ po(20) z; ~ pi(z;) 2z ~ Pr(2k)
oo 2 2sz 0,
Conversions [RIVAVAI 0N :
b < 90%
log p(x) — 108 Pmax — 0b >1b
af (x) Anomaly Score: -
p(x) = p(z) |det 10g Pmin — 10g Prmax
o0x 40,Q = +2, >5¢,>1Z,
0 < 90% < 90%

More anomalous

Each layer fitted separately.
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AD in Multilepton Final States

V) A1k d 4 £ T

somme®s/ TSUNG-DAO LEE INSTITUTE
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b> — \/§= 13 TeV, 140 fb_ _______ Exp Iimit -
- All limits at 95% CL +10 h
(X N o vt +20 7]
10_1 T P 1 —
102 — N
- 0z 0Z 0z 17 12 07 Q=12 > 5l ]
- 0SFOS | 1SFOS 2SFOS 1SFOS 2SFOS .
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Model-independent signal bin
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Anomaly detection trigger
maintains resonance

Real-Time Anomaly Detection - Trigger Level Analysis Potential

Training: unsupervised VAE (offline)

’ A‘TLAS Pre;/li_minary' :' iﬁg;?ré-muon triéger
. . . . L ata ,Vs=13.6Te trigger
- Distillation: BDT regression 6 Daaz026Vs o3BTV -
« DT training to approximate the neural network score, low FPGA resource &> L 2 e Sty
= ¢
- > Deployment: firmware -T:Ds- !
« Implement BDT in VHDL firmware - Run in L1Topological trigger FPGA 52 Pl
. i
e o e :—'j . -
0 P

76 78 30 32 34 356

Training Conversion Deployment Offline m,y, [GeV]
ONN Kl S .
NN-based NN = target VHDL 2 450 ATLAS Preliminary El
- X
training » design - design = = Vs=13.6 TeV ]
$ = = Enhanced Bias ]
method U 8 55 Data 2024 ]
3 : =10
I @ 3k E
0 - % 3
Input S 25k B .
3 g
dataset Input [ = 2
- _ o = 10
variables Vivado @ 1.5
15
0'5; - Correlation coefficient: 0.926
. .. 0‘.‘.I‘...I‘..‘I‘..‘I;..‘I.‘.‘I.‘.;I.‘..I.‘..\.‘.. 1
Neural network mind Decision tree body Credit: T.M. Hong, R. Gupta 0 05 1 15 2 25 3 85 4 45 5

Anomaly Detection score [x107]
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'zNexTGen

Next Generation Triggers

.. Experiment Trigger-

Systems

ATLAS and CMS experts in
NextGen develop new
workflows and data
processing techniques to
increase the sensitivity of
future particle physics
triggers

Y I}-mqvative Fomputing technologies for data acquisition

" forthe High-Luminosity Large Hadron Collider aﬁifbgﬁqhd—i
: LN | QNS

Q
\-
Si
N
N
N
N
N
\
N
\

NextGen develops and
benchmarks software and
techniques to exploit
accelerated computing
architectures keeping in
mind cost and energy
efficiency

About Us Activities News Education Resources Jobs

Our research

~
S~
~
N
SN

¥/,
0 THEE

Vi

22 L7 L

and proces

Taw diid duidi

& 5
* Artificial

.lntelligence

NextGen investigates the use
of Al technologies to improve
the experiments’ physics
impact leveraging massive
data throughput pipelines
and large-scale models

Physics Simulation

Theoretical physicists and
software engineers in
NextGen look at new event
generators techniques to
improve simulation and
detection of exotic signatures

NextGen works with the
High-Energy Physics
community and computer
science experts to provide
new generations of scientists
with the right skills for
tomorrow’s challenges



Closure Remarks

od apo ogy has

MY
APOLOGY or %ree parts.
MY : < = "1 I'm Sorry.

g LU & 2 It's my fault.

ok

3. What can I do to
"‘- ~ make it right? :5* -

Apologize for not being complete, ‘lsz\(“)St Pef>ple forf o8
sorry for missing many other et the third step.
interesting BSM topics B— e
(SUSY, VLQ, LFV, QBH, ..)) :

Apologize for having not found

anything new... AR ;
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By definition we keep going/thinking/exploring...

A Snowmass vision of Future Particle Physics

5.1

Search for Direct Evidence
of New Particles

5.1.1 — Science Overview

" IS THIS THE KEY TO
~ + DARK MATTER? -

Particle physics is a field that earned its name through the discovery of many particles
that were thought to be the fundamental building blocks of matter. This began with the
extraordinary discovery that every object in our world is made of scores of chemical el-
ements. Each of those chemical elements is made of a particular kind of atom, with an
atomic nucleus of specific electric charge surrounded by orbiting elecirons that negate
‘ ) that electric charge. Although the electrons are understood to be a point-like elementary
:\‘ o L : particle with no internal structure, the atomic nuclei were discovered to consist of protons
N and neutrons. The number of protons in an atom’s nucleus determines the nature of the
chemical elements that, in turn, determine the nature of every object we see. This was a
unifying paradigm that explained the physical world around us.
But nature is complicated, and further discoveries revealed that the proton and neu-
S S : tron were made of fundamental particles called quarks bound together by a force particle
Particle and Nuclear Physics Division . D E  ap called the gluon, carrier of the “strong force”. It was also discovered that many particles
fF SRR IURZiE ## disintegrate over time into lighter ones. This led to the discovery of the “weak force”, which

" DARK ENERGY
69%
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