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Papers since Aspen 2023

More than 250 papers submitted by ) _ A ~ A "
ATLAS, CMS and LHCb! % L
A ¥ gl Sy :
| won't try to summarize 250 papers = . (S $ A
In 25 minutes. > it 2 =
; A
5. 1
Instead, will highlight a small =4 Tk
selection of these beautiful results. e
Ll
;q‘}‘ )H i < "\
Recent results for each experiment .9
linked here: ATLAS, CMS, LHCb, § A X

Image: Juan Aliga
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome
https://cms-results-search.web.cern.ch/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome
https://cms-results-search.web.cern.ch/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

LHC Schedule

Run 1 Run 2
EDENER | ERENENED
7/8 TeV 13 TeV

25 fb1 140 b1

Run 3 HL-LHC
EIEEED | s
13.6 TeV 14 TeV
70 fb! so far » 3000 fb-"

~260 fb-1 expected

>

Significant increases in total integrated luminosity, but only marginal increases in energy.

3/22/24
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LHC Schedule

Run 1 Run 2 Run 3 HL-LHC
EOEDED  EXIENEHED oz s e s EENED
7/8 TeV 13 TeV 13.6 TeV 14 TeV

25 fb-1 140 fb! 70 fb-1 so far » 3000 fb1
~260 fb-1 expected

No large increases in the center of mass energy
and no clear signs of new physics encourages
more meticulous and creative approaches

3/22/24 JANNICKE PEARKES 4



Overview of Recent LHC Results

Results with the Full Run 2 dataset:
Measurement of rare processes
Precision measurements
Searches for more complex and unusual signatures

New search techniques

Small handful of Run 3 results:

Measurements at 13.6 TeV & searches with new triggers

3/23/24 JANNICKE PEARKES



CMS CMS Experiment at the LHC, CERN
By { Data recorded: 2018-Sep-07 02:15:53.337408 GN

W= ] Run/Event/Ls: 322356/ 15 ﬂ-—-ﬂm f
Rare Processes:

V)
Yy

Observation of four top quark a

production by the ATLAS and o sm
CMS Experiments




Four Top Production &iesisimssas

Heaviest SM signature explored at the LHC!
Very rare process: o(tttt)y o.n = 13.471:0_, 5 fb

Enhanced production for BSM models with
heavy scalar or pseudo-scalar particles

Sensitive to top Yukawa coupling

3/22/24 JANNICKE PEARKES 7


https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2305.13439
https://arxiv.org/abs/2212.03259

Four Top Production

High object multiplicity final state:

dilepton opposite-sign

4 b-quarks leading to jets

dilepton same-sign

decay products of 4 W bosons vlq 3 lepiton

4 |lepton
7 q

1 lepton

0 lepton

Main backgrounds in same-sign dilepton
& multilepton channels: ttW, ttZ, ttH

3/22/24 JANNICKE PEARKES 8



Initial Four Top Full Run 2 Results

First iteration on full Run 2 dataset

Race to 50 with same-sign di-lepton
and multilepton channels

3/22/24

LHCTopWG Summary Plots

LHCtopWG

tHt
JHEP 02 (2018) 031
NLO(QCD+EW)

JHEP 11 (2021) 118

ATLAS, comb., 139 fb™
JHEP 11 (2021) 118

PLB 844 (2023) 138076

CMS, comb., 138 fb"
PLB 844 (2023) 138076

ATLAS+CMS Preliminary

' o..=12.0 22 (scale) fb

ATLAS, 1L/2LOS, 139 fb"

CMS, 1L/2LOS/all-had, 138 fb" &

{s=13 TeV

- 0y, =13.471¢ (scale+PDF) fo  ————

- tot. stat.
arXiv:2212.03259
NLO(QCD+EW)+NLL'
Oy * tot. (= stat. syst.) Obs. Sig.

'F — 26 *17 («8 1% fb 190

H——H 2477 (x4 fb 47 o

H—e—— 36712 (x774) b 390

rE—v—H 17+5 (=4 =3) fb 4.0 o

JANNICKE PEARKES

0 20 40 60 80 100 120

Ottt [fb]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Four Top Production — Analysis Improvements

Signal region composiﬁonl E SOE‘A‘T}.AS‘ o ‘_‘1 ‘O‘I?‘at;‘ o .tt‘tt | ‘{
tlTH E:% E{?H Egzmism 8 E §N=N1:(I:V’ 1o E:ml EtCt)zmile ] . i .
o il S i Wuvai.Conv. WHFe Data-driven ttW+jets background estimate
S a0l Wothers @it _ . .
W > norspromp. | —» [Template method | @ 7 Uncertainty ] GNN for signal from background separation - 10% higher
leptons B

significance compared to prior BDT-based method
DL1r b-tagging improves light/c-jet rejection

1Z
. o smmasTey) Lowered py on lepton and jet selections
§ CMS ¢ I??ta Background '8
oo? 102_”” P(')ftﬁt I titt Total unc. % | CMS
P Wm ¢ O %760 800 1000 1200 1400 1600 1800
‘g MM Hr [GeV] Refined ttW / ttZ non-prompt control regions
o ’ Improved multiclass BDTs for signal from background
Widespread adoption separation
5 of many dedicated ML DeepJet b-tagging improved signal efficiency by 5-25%
% S e techniques. Improved lepton identification with tttt specific BDTs
= 0.5 - i A
S 05 0 0.5 Lowered pt on lepton and jet selections
log10(S/B)

3/22/24 JANNICKE PEARKES 10



Four Top Production - Results

Accumulation of many small
Improvements leads to large

gains

3/22/24

JANNICKE PEARKES

LHCTopWG Summary Plots

ATLAS+CMS Preliminary Vs = 13 TeV, November 2023
LHCtopWG
© 04 =12.0 3% (scale) fb ¥ o, =13.4 g (scale+PDF) fb
" JHEP 02 (2018) 031 " arXivi2212.03259 fot. - stat.
NLO(QCD+EW) NLO(QCD+EW)+NLL'

Oy = tot. (= stat. £syst.) Obs. Sig.
ATLAS, 1L/2LOS, 139 fb™ : s
JHEP 11 (2021) 118 P 2658y 190
ATLAS, comb., 139 fb" s
JHEP 11 (2021) 118 i 2475 (x4, fb 470
CMS, 1L/2LOS/all-had, 138 fb™! & a0
PLB 844 (2023) 138076 P e 884 (=7 g) o 890
CMS, comb., 138 fb™ I
PLB 844 (2023) 138076 = 17:5 (=4 =3) fb 400
ATLAS, 2LSS/3L, 140 fb” 6 a7 as
EPJC 83 (2023) 496 i = 2257 (7, )fo 610
CMS, 2LSS/3L, 138 b i 4.4 437 423
PLB 847 (2023) 138290 i 17750 (45 490 560

0 20 40 60 80 100 120

O [f0] »



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

More Rare Processes:

Tri-boson production:

WZy observation at 6.30 (5.00 exp)

ATLAS: Phys. Rev. Lett. 132 (2024) 021802

Wyy observation at 5.60 (5.60 exp)

ATLAS: Phys. Lett. B 848 (2024) 138400

WWy observation at 5.60 (4.70 exp)

CMS: CERN-EP-2023-203

VH(z71):
Evidence at 4.20 (3.60 exp)

ATLAS: https://arxiv.org/abs/2312.02394

T T T T L AL L B
ATLAS Vs =13 TeV, 140 b
—Total —Stat. VH,H - 1t

Tot. (Stat., Syst.)

+0.51 4044 40.26
ZH —— 1.09 %% (Yo ‘o9 )
+0.56 4041 40.37
WH r e - 1.48 -0.50 (4).39 -0.31 )
+0.39 4030 +0.25
Comb. o—n 1.28 %05 (lo29 ‘021 )
1 1 | L | L

1
0 1 2 3 4 5 6 7
'y
uVH

Higgs to Zy:
Evidence at 3.40 (1.60 exp)

ATLAS+CMS: Phys. Rev. Lett. 132 (2024) 021803

< 201 T T
c% ok ATLAS and CMS E
I °F LHCRun2 — ATLAS+CMS ]
16 — CcMs B
—— ATLAS

VH(cc): limits at 14.4x SM

CMS: Phys. Rev. Lett. 131 (2023) 061801

T
Expected 7.60

Observed 14.4

erged-je

2

o Ll —
R ed-jel

Expected 19.0

138 fb”' (13 TeV)
T T

T T

—e— Observed ----- Median expected
B 68% expected
=== 95% expected

25 30 35
95% CL limit on
VH(H

i(H = cT)

20

20

Observation of yy— 11

CMS (pp) CMS-PAS-SMP-23-005
ATLAS (PbPb) Phys. Rev. Lett. 131 (2023) 15

180

CMS (PbPb) Phys. Rev. Lett. 131 (2023)

CMS Preliminary 138 fo™ (13 TeV)

® Observed —68%CL —95% CL
. s S
© SM
OPAL -
PLB 431 (1998) 188
L3
PLB 434 (1998) 169
DELPHI ———
EPJC 35 (2004) 159
ATLAS Pb+Pb
PRL 131 (2023) 151802
CMS Pb+Pb
PRL 131 (2023) 151803
This result el
TS S N SR RS B
-0.1 -0.05 0 0.05
Ao
11.0 + . . . . . . . . . .
X6(3P) Xo2(3P)
IO'SJ’ © ®nizp)
7.5 72 new hadrons at the LHC
7.0 ot ey €M )
] o™
6.5 27)0
25(5945)2 1, (5920)° it si B,(5970) 23 IE: :3;2
1 = v =
6.0 W) 59120 (5935)" 85,5500)
& 551
L
> 5.0 -
v ® bb .X(47Gﬂ X(4685)
= bé  Plassor X(4500) PJi(4457) @Xx(4630)
@ 451 e b [}l Oxia274) | i w20y w0
] ® cclaq) M oy @ Y4312y 77 4000) (4000)°
= 4.0+ ccdd 93842 ° 1)
® cccc (3875 X(3960)
351 o g 0(3327)°
° Q.(3185)°
3.0 (2860) A2860) (2939) Teso(2900)° 2900)+
[] ) Fy oz @TEi(2900° O ozt
254 (2760) ®p,,(2590)"
[ ]

2.0 u T U T T T U U u u u U
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
rick koppenburg@cern.ch 2023-08-16 Date of arXiv submission

Many more results not highlighted here .



https://arxiv.org/abs/2309.03501
https://arxiv.org/abs/2205.05550
https://arxiv.org/abs/2312.02394
https://arxiv.org/abs/2305.16994
https://arxiv.org/abs/2308.03041
https://arxiv.org/abs/2310.05164
https://cds.cern.ch/record/2891376
https://www.arxiv.org/abs/2204.13478
151803%20https:/www.arxiv.org/abs/2206.05192

Precision
Measurements: R




What is R?

Probe of charged lepton flavour violation

u > u
Bt - W+ KT
NS
/2" -
/-

3/22/24

New physics, such as leptoquarks could lead to
imbalance in ratio of transitions producing a pair of
muons vs. electrons

B(BT — KTutu™)

R =
K B(Bt — Ktete™)

JANNICKE PEARKES 14



L 600F LHCb
C 1
n % s00E —— Data 9.fb
2 F —— Total fit
[\\/ 400 R S NP Bt— K+‘u+‘u‘
K u > E Combinatorial
% 300 F
LHCb: Nature Physics 18, (2022) 277-282 = ook
=] - —~
8 E RS LHCb
100 - > — Data 9 fb’!
oEEE = — Toul fit
5200 5300 5400 5500 5600 o 160/ Pngdid B'—K'ete"
m(K*uu~) [MeV/c?] = W 5 Jiy (e )k
2 [ Part. Reco.
U > u %10° § Combinatorial
B+ W_|_ KT L 400 LHCb g
— _ % 350 - —— Data 9 fb’! 8
S S 200b — Total fit
NJ I Bt— J/U}(M+M_)K+
~ 250 F B*—= Jly(uwtw)m* + 2
2 200E Combinatorial m(K"e*e”) [MeV/c7]
ZO f—'_ S _F
f)/ 3 150
£ ook ~ 24010
O F < 220 LHCb
g— 50 F % 200 —— Data 9 fb’!
E L | | 2 180 —— Total fit
5200 5300 5400 5500 5600 o 160 Y e B*— Jiy(etem)K*
+ _ —
m]/w(K uru) [MeV/c?] = 140 B Part. Reco.
@ 120 B*—= Jly(e*em)m*
= 100 Combinatorial
g 80
= 60
O 40
20

Ry =

BBt — KTutu™) / T 5 Ktete™)
B(B+ — K"’J/??D(/[" B B"’ — K+J/?7D(6+6 )) 5200 5400 5600

my,, (K*ete™) [MeV/c?]
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https://www.arxiv.org/abs/2103.11769

LHCDb: Nature Physics 18, (2022) 277-282

RK M eaS u re m e nts LHCDb: Phys. Rev. D 108 (2023) 032002

CMS: CERN-EP-2023-297

Mounting evidence for lepton flavour violation in 0.74%%, — qu%[g;:gz?gggf
Rk from 2014-2022 l Bell
1.031329 » exe 2
' ! q? €[1.0, 6.0] GeV
. . . " I JHEP 03 (2021) 105
3.10 observed significance by LHCb in 2022 0.745°00" | LHCb 8 "
: | g2 €[1.0, 6.0] GeV
I PRL 113 (2014) 151601
N 0'846j8:856§ : q° EL[1HC1:b G\L?()f]b;lev2
: PRL 122 (2019) 19180
| 084 i g 1T 60] Gov?
| Nature 18 (2022) 277
1 | | | | | | | | | | | L ||||||| | |
0 0.5 1 1.5 2
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https://www.arxiv.org/abs/2103.11769
https://www.arxiv.org/abs/2212.09153
https://arxiv.org/abs/2401.07090

R Measurements

Mounting evidence for lepton flavour violation in
Rk from 2014-2022

3.10 observed significance by LHCb in 2022

CMS creates innovative “B-Parking” trigger —
strategy to trigger on low pr muons and follow-up

Allowed for collection of 1070 B-hadron decays
that would not have been captured otherwise
during 2018

3/22/24 JANNICKE PEARKES

LHCDb: Nature Physics 18, (2022) 277-282
LHCb: Phys. Rev. D 108 (2023) 032002

CMS: CERN-EP-2023-297

0.4
0.74% 5,

1,035

0.097
0.745"} yg»

084632

0.8462%%

BaBar

g2 €[0.1, 8.12] GeV?

PRD 86 (2012) 032012

Belle
g2 €[1.0, 6.0] GeV?
JHEP 03 (2021) 105

LHCb 3 fb' ,
g2 €[1.0, 6.0] GeV
PRL 113 (2014) 151601

LHCb 5 fb' )
g €[1.1, 6.0] GeV
PRL 122 (2019) 19180

LHCb 9 fb’

g2 €[1.1, 6.0] GeV?
Nature 18 (2022) 277

0.5
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https://www.arxiv.org/abs/2103.11769
https://www.arxiv.org/abs/2212.09153
https://arxiv.org/abs/2401.07090

R Measurements

2024 CMS produces their first measurement of Ry

Consistent with SM, much larger uncertainties than
LHCb

Limited by statistics in electron channel

B-Parking trigger strategy has collected large

dataset for other B-Physics and low mass searches{
e.g. Observation of JAY — uuuu

(CERN-EP-2024-058)

3/22/24 JANNICKE PEARKES

LHCDb: Nature Physics 18, (2022) 277-282

LHCb: Phys. Rev. D 108 (2023) 032002

CMS: CERN-EP-2023-297

0.74%0%,
10322
074535
046125

0.846'; 041

0.46
0.78%, 5

BaBar

g2 €[0.1, 8.12] GeV?

PRD 86 (2012) 032012

Belle
g2 €[1.0, 6.0] GeV?
JHEP 03 (2021) 105

LHCb 3 fb' ,
g2 €[1.0, 6.0] GeV
PRL 113 (2014) 151601

LHCb 5 fb' )
g €[1.1, 6.0] GeV
PRL 122 (2019) 19180

LHCb 9 fb'!

g2 €[1.1, 6.0] GeV?
Nature 18 (2022) 277

CMS (this work)
g2 €[1.1, 6.0] GeV?

0.5

—_—--}-
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https://arxiv.org/abs/2403.11352
https://www.arxiv.org/abs/2103.11769
https://www.arxiv.org/abs/2212.09153
https://arxiv.org/abs/2401.07090

R Measurements

""""""""""""""""""" £0.960 0971 0.988 0.997 0.982 0973 0.967 0.967 0.977
+ + + + +

:0.097 0.099 0.102 0.102 0.100 0.099 0.099 0.099 0.102
:0.961 0.964 0.969 0.983 0.973 0.981 0.979 0.961 0.985
’ + + + + + + + +

0.092 0.090 0.095
0.938 0.940 0.969
+ + +

0.086 0.087 0.093
>020 >02 >030 >035 >040 >045 >050 >0.55 > 0.60

Tighter electron identification criteria led to
uncovering previously underestimated {
peaking backgrounds

New result is compatible with SM

3/22/24 JANNICKE PEARKES

LHCDb: Nature Physics 18, (2022) 277-282
LHCb: Phys. Rev. D 108 (2023) 032002

CMS: CERN-EP-2023-297

0.74+0.4

-0.32

1.037028

-0.24

0.7450%7

-0.082

-0.056

0 -846+0.044

-0.041

0.949+0047

-0.046

0.78%0:46

-0.23

g2 €[0.1, 8.12] GeV?

BaBar

PRD 86 (2012) 032012

Belle
g2 €[1.0, 6.0] GeV?
JHEP 03 (2021) 105

LHCb 3 fb' ,
g2 €[1.0, 6.0] GeV
PRL 113 (2014) 151601

LHCb 5 fb' )
g €[1.1, 6.0] GeV
PRL 122 (2019) 19180

LHCb 9 fb’ ,
g2 €[1.1, 6.0] GeV
Nature 18 (2022) 277

LHCb 9 fb™ ,
g2 €[1.1, 6.0] GeV
PRD 108 (2023) 032002

CMS (this work)
g2 €[1.1, 6.0] GeV?

>
R(K)
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https://www.arxiv.org/abs/2103.11769
https://www.arxiv.org/abs/2212.09153
https://arxiv.org/abs/2401.07090

Precision Measurements

Top mass

m; = 172.52 + 0.14 (stat) + 0.30 (syst) GeV
ATLAS+CMS:
ATLAS-CONF-2023-066 / CMS-PAS-TOP-22-001/

ATLAS+CMS Preliminary Vs=7,8 TeV
LHCIOpWG total
v LHC combined
s stat uncertaint stat
total uncename
ATLAS m, * total (t stat + syst)
dilepton 7 TeV [ | 173.79+ 1.42 (+0.54+1.31)
lepton+jets 7 TeV e 172,33+ 1.28 (+0.75+1.04)
all-jets 7 TeV e 175.06+ 1.82 (+1.35¢1.21)
dilepton 8 TeV F——t 172.99+ 0.84 (+0.410.74)
lepton+jets 8 TeV ] 172.08+ 0.91 (+0.39+0.82)
all-jets 8 TeV ——a—— 173.72+ 1.15 (+0.55+1.02)
combined HeH 172.71+ 0.48 (£0.25+0.41)
CMS
dilepton 7 TeV —— 172,50 + 1.58 (+0.43+1.52)
lepton+jets 7 TeV e 173.49+ 1.06 (+0.43+0.97)
all-jets 7 TeV H—— 173.49+ 1.41 (+0.69+1.23)
dilepton 8 TeV e 172,22+ 0.95 (+0.18+0.94)
lepton+jets 8 TeV HeH 172.35+ 0.48 (+0.16+0.45)
all-jets 8 TeV e 172.32+ 0.62 (+0.25+0.57)
single top 8 TeV ——— 172,95+ 1.20 (+0.77+0.93)
Jiy 8 TeV ——— 173.50 + 3.14 (+3.00+0.94)
secondary vertex 8 TeV —te+— 173.68+ 1.12 (£0.201.11)
combined HiH 172,52+ 0.42 (+0.14+0.39)
LHC combination |
dilepton H=H 172.30 + 0.59 (+0.29+0.51)
lepton+jets HeH 172.45+ 0.36 (+0.17+0.32)
all-jets HEH 172.60 + 0.45 (+0.26+0.36)
other §H—-—H 173.53+ 0.77 (+0.43+0.64)
combined HH 172.52+ 0.33 (+0.14+0.30)
1 Il | 1 1 1 Il I 1 1 i 1 1 I 1 Il 1 1 I 1 Il 1 1
165 170 175 180
m, [GeV]

3/22/24

W boson mass

ATLAS: ATLAS-CONF-2023-004

LHCb: JHEP 01 (2022) 036

I LEP Combination
PR. 532, p119-244, (2013)

DO (Run 2)
PRL 108, p151804 (2012)

CDF (Run 2)

Science 376, 6589, p170 (2022]

LHCb 2022

JHEP 01, 036 (2022)

ATLAS 2017
EPJ-C 78-2, p110 (2018)

ATLAS 2023

this work

Z boson invisible width

CMS: Phys. Lett. B 842 (2023) 137563

ATLAS: CERN-EP-2023-232

Overview of m, Measurements

. . | " H T T T T I T T T T I T T T T I T T T T I T T T T I T T
ATLAS Preliminary = ¢ = ATLAS
S=7TeV 4.6 b ‘ ‘ V5=13 TeV, 37 b l—e— Total W Syst. | SM
”””””””””””””””””” _._ LEP Lineshape " 499.0 = 1.5 MeV
| L3 e 498 + 17 MeV
: 101
Dl OPAL p—s====e===——{ 539 x 31 MeV
- e m ALEPH ' | 450 = 48 MeV
LEP Combination, Photon-tagged ~ ————1 503 = 16 MeV
@ Measurement : = T S
[Ostat. Unc. ] CcMS e ——— 523 = 16 MeV
B Total Unc. : ‘
L_iSM Prediction — ATLAS ? 506 = 13 MeV
i : 3 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
80300 80400 350 400 450 500 550 600
m,, [MeV] ['(Z—inv) [MeV]

To name a few!

JANNICKE PEARKES
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-066/
https://cds.cern.ch/record/2872484/files/TOP-22-001-pas.pdf
https://arxiv.org/abs/2206.07110
https://arxiv.org/abs/2312.02789
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://arxiv.org/abs/2109.01113

Direct Searches for New Physics

Getting creative with unconventional signatures

Image: J. Lockhart



Searches for BSM Physics

Incredible range of models, masses and lifetimes studied to date.

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 IL dt = (3.6-139) fb! Vs=13TeV
Model ty Jetst ET™ [raqm] Limit Reference
T T T
. ADD Gkk +g/q Oeputy 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
§  ADDnon-resonant yy 2y - - %7 |Ms 86TeV  n=3HZNLO 1707.04147
£ ADDQBH 2j 139 | My 1910.08447
S ADDBH muljet - 23j - 36 |Mu 3TeV, rot BH 1512.02586
S RS1Gu —yr 2y - - 139 |Gyimass 45TeV 210213405
= Bulk RS Gk — WW/ZZ multi-channel 36.1 KK Mass. 23TeV 1808.02380
W Bulk RS gi — tt Tep 21b 2102 Yes 361 [@xmass 3.8TeV T/m=15% 180410823
2UED/ RPP Ten 220,23 Yes 36.1 KK mass. 1.8 TeV Tier (1,1), BAY) — ¢) =1 1803.09678
SSMZ' (¢ 2eu - - 139 |zZwass 51TeV 1903.00248
@ SSM Z' — 11 27 - - 36.1 2’ mass. 2.42 TeV 1709.07242
€ Leptophobic Z' — bb - 2b - 361 [2zmass 21TeV 180509299
§ Leptophobic Z" —» tt Oeu 21b22J Yes 139 |2 mass 41 TeV r/m=12% 200505138
8 ssMw oo Teu - Yes 139 |W/mass 6.0TeV 1906.05609
©  SSMW -1y 17 - Yes 139 | W’ mass 5.0TeV. ATLAS-CONF-2021-025
D ssMW -t - 21b 21 - 139 | W mass 4.4 Tev ATLAS-CONF-2021-043
& | HVT W’ — WZ model B 02eyu  2j/1J Yes 139 | Wi mass 43TeV o =3 2004.14636
O HVTW - WZ— 00 modelC Beu  2j(VBF) Yes 139 | Wmass 340 GeV sven=1,gr=0 2207.03925
HVT 2/ — WW model B e 2i/1J  Yes 139 [Z'mass 39Tev 2004.14636
LRSM W — g 2p 1 - 80 [ Wgmass 5.0TeV m(Ne) = 05 ToV, g1 = g0 1904.12679
Clqqqq - 2j - 370 |A 21.8TeV 7, 170309127
Clttaq 2ep - - 139 A TV 2006.12946
Cl eebs 2e 1b - 139 A 1.8 TeV & 2105.13847
Cl ppbs 2u 1b - 139 A 2.0Tev & =1 2105.13847
Cl tett 2leu 21b,21j Yes 36.1 A 2.57 TeV. Cae| = 4 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 Mined 3.8TeV £4=0.25, g,=1, m(x)=10 TeV' ATL-PHYS-PUB-2022-036
S Pseudo-scalarmed. (DiracDM) Oe,ur,7,y  1-4]  Yes 139 | iMmes 376 GeV. o1, m(y)=1 GeV 2102.10874
S Vector med. Z/-2HDM (Dirac DM) ~ 0 e, 26 Yes 139 |mz 3.0Tev 108.1339
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV' ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e 22f  Yes 139 |lCiass 1.8 TeV 2006.05872
Scalar LQ 2™ gen 2pu >2j Yes 139 | LQmass 1.7 TeV. B=1 2006.05872
Scalar LQ 3 gen 17 Yes 139 |LQymass 1.49 TeV BLQY = br) =1 230301294
G ScalarLQ 3" gen Oew 20,22 Yes 139 |LQimass 124 TeV BLQY 1) =1 2004.14060
= ScalarLQ 3 gen s2ep2r21)21b ~ 139 [LOYmass 1.43TeV BLQI - 1) =1 2101.11582
Scalar LQ 3¢ gen Oeu2170-2),2b Yes 139 m;m 1.26 TeV B(LQS — by) 2101.12527
Vector LQ mix gen mui-channel 1], 216 Yes 139 [LOYmass 207Tev B(0y — tn) = 1, YM coupl ATLAS CONF-2022.052
Vector LQ 3 gen 2eur Yes 139 |LQYmass 1.96 TeV B(LQY — br) = 1. Y:M coupl. 3030129
VIQTT = Zt + X 2e/2ul>3ep 21b,>1) - 139 | Tmass 1.46 Tev SU(2) doudlet 221015418
Lo viaBE- Wyzb+ X multi-channel 36.1 mass 1.34 TeV SU(2) doubiet 180802343
LS VLQTs3TspnlTss —» We+ X 2(SS)/23eu21b21) Yes 361 [Tssmass 1.64 TeV. B(Tei3 = We)=1, c(TssWe)= 1 1807.11883
S E VLQT - Ht/Zt Teu 210,23 Yes 139 mass. 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
88 VIaY - Wb fep  21b>1j Yes 361 [Ymass 1.85 TeV. Y~ Wh)= 1, ca(Wh)= 1 1812.07343
== vlaB - Hb Oep 220 21,21 — 139 | Bmass 2.0Tev SU(2) doublet, ke= 0.3 ATLAS-CONF-2021-018
VLU - Zr/Hr muli-channel  >1j  Yes 139 |mass 898 GeV SU(2) doutiet 230305441
g . Excited quark g* = qg - 2j - 139 |Gt mass. 6.7 TeV. only u* and d', A = m(q") 1910.08447
S E  Excited quark g" — qy 1y 1] - 367 | aq* mass 5.3 Te! only u* and d, A = m(q") 1709.10440
W) & Excited quark b’ — bg. - 1b1j - 139 |'b* mass. 3.2TeV 1910.08447
Excited lepton 7* 2r 22j 139 |ietimass. 46TeV A=a6Tev 230309444
Type Il Seesaw 234en 2] Yes 139 |nNUiass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 361 |Ngmass 327TeV m(Wy) = 4.1TeV. g = g 1809.11105
§  Higostriplet H** » W*W*  234e(SS) various  Yes 139 | H*mass 350 GeV/ DY production 2101.11961
Bl ool 0 234eu(sS) - - 13 [ 1.08 Tev DY production
Multi-charged particles - - - 139 | multicharged particle mass 1.59 TeV DY production, |gl = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 ‘monopole mass 237 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs=13TeV  Vs=13TeV i i i
partial data full data 107! 1

*Only a selection of the available mass im

its on new states or phenomena is shown.

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

ATL-PHYS-PUB-2023-008
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10 Mass scale [TeV]

Overview of CMS long-lived particle searches

CMS Preliminary

August 2023

UDD, g-stbs, mj = 2500 GeV. g 210413474 (Jets with displaced vertices) [IIIIN0I0006=01091]|
UDD, tbs, m; = 2500 GeV g 2012.01581 (Displaced jets) |O003=1R|
UDD, £-dd, m; = 1600 GeV E 2104.13474 (Jets with displaced vertices) | 0/00035=0108 |
UDD, -dd, m; 3 2012.01581 (Displaced jets) [0 002=1E25f]
LQD, E=bl, mg 3
LQD, E-bl, m; =460 GeV' 13 2110.04809 (Displaced leptons)
LQD, £bl, mi =1600 GeV' i 2012.01581 (Displaced jets) [IINON005=024|
GMSB, G-gG, m; = 2450 GeV g 2012.01581 (Displaced jets) 0.006-0.55 m
GMSB, G-gG, mj =2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34m
Split SUSY, §~qdx?, m; = 2500 GeV. Fi 2012.01581 (Displaced jets) 0.007-0.36 m
Split SUSY, Gqdx?, m; = 1300 GeV. g 1802.02110 (Jets + MET) <im
Split SUSY (HSCP), fzo 1, my =1600 GeV CMS-PAS-EXO-16-036 (dE/dx) >0.7m
mMGMSB (HSCP) tanf =10, >0, m; (CMS-PAS-EX0-16-036 (dE/dx + TOF) >75m
Stopped £, f=tx}, m; =700 GeV 1801.00359 (Delayed jet) 60-15e+13m
Stopped g, §-qdxy, fzo = 0.1, mz = 1300 GeV' 1801.00359 (Delayed jet) 50-3e+13m
%) Stopped g, G-qdx3(ux?), fag = 0.1, ms = 940 GeV 1801.00359 (Delayed pp) 600-3.3e+12 m
& AMSB, x*x3n*, my GeV 2004.05153 (Disappearing track) 07-30m
> GGax? or 4G, XEXEXITE, My = 1600GeV,mys = 1575GeV 1909.03460 (Disappearing tracks + jets with Mr) 011-10m
g Gaxd or gxE, xiEx3*, mg = 2000 GeV, myg = 1000 GeV. 1909.03460 (Disappearing tracks + jets with Mrz) | 026=2m
7] Eotyd or byi®, xi“xIn=, mi=1100 GeV, my: = 1000 GeV 1909.03460 (Disappearing tracks + jets with M) 025-9m
GMSB, xfaHE(SD%)/Z@{SD%),mR =600 GeV 2212.06695 (Trackless jets + MET) 0.04-12m
GMSB, )(f-NG:(SD%)/ZG{SD%), mys =300 GeV 2212.06695 (Trackless jets + MET) 0.05-24 m
GMSB SPSB,){f—yG-‘ mys =400 GeV' 1909.06166 (Delayed y(y)) 02-6m
GMSB, co-NLSP, /G, mj =270 GeV 2110.04809 (Displaced leptons) 5e-05-2.65 m
Split SUSY, §~qdi®, m; = 1400 GeV, my, = 1300 GeV/ CMS-PAS-EX0-22-020 (Displaced vert. + py'™ 0.0003-1m
Split SUSY, G-qqi’, m; = 1400 GeV, mj, = 1200 GeV CMS-PAS-EX0-22:020 (Displaced vert. +py'™") 0.0001-1m
Split SUSY, G-qdi°, m; = 1800 GeV, my, = 1700 GeV. CMS-PAS-EX0-22-020 (Displaced vert. + py') 0.001-0.1 m
Split SUSY, g=qdi’, m; = 1800 GeV, mj, = 1600 GeV' (CMS-PAS-EX0-22-020 (Displaced vert. + p7'™) 0.0003-0.3m
SM H=2525(0.1%), Zopt, my =20 GeV x CMS-PAS-EX0-23-014 (Displaced dimuon) 37e05-7.8m
SM H=ZpZp(0.1%), Zo-+p(15.7%), my =5 GeV X 2112.13769 (Displaced dimuon scouting) 0.0001-0.25 m
SM H-XX(10%), X~ee, my =20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25 m
~ SM H-XX(0.03%), X~Il, my =30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12m
g SM H=XX(10%), X-bb, my =40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m
s SM H=XX(10%), X~bb, m; X 2110.13218 (Displaced jets + Z) 0.004-0.248 m
+ x CMS-PAS-EXO-21-008 (Decay in Muon System) 012-678m
& x CMS-PAS-EX0-21-008 (Decay in Muon System) 0.0177-45.6 m
i-J X CMS-PAS-EX0-21-008 (Decay in Muon System) 0.017-1.68 m
== n CMS-PAS-EX0-21-008 (Decay in Muon System) 0.49-23.6 m
SM H-W¥(1%), Photon portal, m; =5 GeV, (Xig, Xin) = (2.5,1) n CMS-PAS-EXO-21-008 (Decay in Muon System)268=16.4 m
SM H-W(1%), Vector portal, mg =5 GeV, (Xia, Xin) = (1,1) w CMS-PAS-EXO-21-008 (Decay in Muon System) 0.49-10 m
dark QCD, My, =5 GeV, my,, = 1200 GeV Xox| 1810.10069 (Emerging jet + jet) 0.0022-0.3 m
L L L L L L
10°8 1076 107* 1072 10° 102 10*
ct[m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are

CMS EXO Summary plots
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not included). The y-axis tick labels indicate the studied long-lived particle.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Dark Showers

Searches for a QCD-like Dark Sector:

Image: arxiv:2203.08824
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https://arxiv.org/abs/2203.08824

Dark S h OWG rS Large number of new results out in the past year alone

ATLAS Dark Jets (2023): arXiv:2311.03944 ATLAS Semi-visible jets (2024): Phys. Lett. B 848 (2024) 138324

ATLAS (s=13TeV, 139 fb™!

® S\H‘\H‘\HH\H\H\H\‘\H‘H\‘H\: Cross-section for 2=1 (fb):
{3 e Data - 325 13.7
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CMS Emerging Jets (2024): arXiv:2403.01556 CMS SUEPs (2024): arXiv:2403.05311
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Dedicated triggers for Run 3 promise of more to come!
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https://arxiv.org/abs/2311.03944
https://arxiv.org/abs/2305.18037
https://arxiv.org/abs/2403.01556
https://arxiv.org/abs/2403.05311




Anomaly Detection with with
Unsupervised Machine Learning

AN Common SM skier
3 b4 ’l A s
A ' A “Autoencoder”
X AL g i A’O\I ,t.\l

3 R ; A 0 | 0

B - 1 N~ -~
! () . R

: 7 » M Anomaly Score
J i -ﬂ : !\ ‘ \ ? 4'} '/

R ‘\ A Yy - M N ~yoy/
Mostly SM training data : A o /

Encode Decode

0 1

Rare BSM snowboarder Images adapted from: A. Kahn & J. Aliga
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Ano m aly DeteCtiO n ATLAS: Phys. Rev. D 108 (2023) 052009

<— X selected based on anomaly score from VRNN, or two-pronged MVA scores

(/)] 7 T I T 1T ‘ T 1T T T T T T 1T ‘ T 1T ‘ T 1T T 1T I T
_ 210 = — T 1 T 1 ]
Y N b § - ATLAS —— Data 3 "é 10' A v ATLAS E
RN W E 513 TeV 139 fb” —— Background E = A& © | Vs =13 TeV, 139 fo= ]
H S 10° % Fit Range: 1.3 - 4.9 TeV Stat. + Syst. Uncert. % S 10°k w O | H Anomaly SR E
RN E  Anomaly SR —— BumpHunter interval 3 3 - Uncertainty 3
A E myin (75.5, 95.5) GeV E 1 | VY  Two-Prong (Merged) SR 1
0B E 810 F o | O Two-Prong (Resolved) SR 3
3 E @) I ]
- = S 10°F o w | i
b 10E i € ¥ S) © '
E TL+—|_+_I_ 3 . 107k w | =
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E E O 1 1 1 1 | | |
F 3 boF k F o4 o4
. 107 — N SO TN TN TN TN TRy . ]
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S ] b F Fl Fl B S
boosted Hy, tagger score g ; ISR A SN
= »x ¥x o %o
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https://arxiv.org/abs/2306.03637

Anomaly DetecCtion sus ens rev et 122 202 81601

Xi E—B
n= 1287
loss = — (x; — )

Latent 200 nodes
Leaky ReLU

Lepton triggered events

Rapidity mass matrix used as input to autoencoder
Highest local significances of 2.8c and 2.90 found

form;, =1.2 and 4.8 TeV
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https://arxiv.org/abs/2307.01612

Anomaly Detection

Jet

Jet

Unsupervised (VAE-QR)
Weakly supervised (CWolLa Hunting, TNT, CATHODE)
Semi-supervised - multi-signal priors ( )

Anomaly detection improves sensitivity of standard
methods up to ~3-7x
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CMS: CMS-PAS-EXO-23-026
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Improvement wrt Inclusive

CMS Preliminary

13811 (13 TeV)
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¥
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3

Limits on A -BC, m(A) =3 TeV

f Expected 10

& Observed
Inclusive

2-prong (T21, Msp)
3-prong (T32, Msp)

Dedicated Wkk search,
PRD 106 (2022)

VAE-QR

CWola Hunting
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B ox
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QUAK - General
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Signal Model
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https://cds.cern.ch/record/2892677

Summary

Today'’s talk covered a very small selection
of the incredibly productive LHC program

Recent LHC results have focused on
extracting as much as possible from the Full
Run 2 dataset

We are taking more meticulous and
creative approaches to analyzing our data
than ever before

The technologies we are developing today
will allow us to learn more about the SM
and new physics in the future
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Rate of Submitted Papers

1267 collider data papers submitted as of 2024-03-18

ATLAS Submitted Papers

=~ Run 3 Total 1226
12001 __ Fyil Run 2 " CMS Submitted Papers
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: https://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/
Image: J. Allison
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W-mass Measurement

Newest measurement: I LEP Combination
m, = 80376 + 33 MeV
my = 80360 = 5(stat.) + 15(syst.) MeV DO(Run2) """"""
(consistent with the SM) T o 2 a e ) 1 e
CDF (Run 2)

Science 376 (2022) 6589
m,, = 80434 + 9 MeV

LHCb 2021
JHEP 01 (2022) 036
m,, = 80354 + 32 MeV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m,, = 80370+ 19 MeV

ATLAS 2024

This work
m,, = 80367 + 16 MeV

80200
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Overview of m, measurements

ATLAS '

@ Measurement
|:|Stat. Unc.
B Total Unc.
{7 SM Prediction

|
80300
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Higgs to Zy ATLAS+CMS Combination

First evidence of this decay process!

Hsig = 2.2 £ 0.6(stat.)*03 4, (syst.) 3.4 o

SM compatibility: 1.9 ¢

Uncertainty dominated by statistics.

Strong contender for Run 3 observation
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—2InA
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Analysis Strategy

five different strategies

(M) 0,00 )
> 0 jolile) SIG Q
e "8888" "G\"{ |
Preselected Data  Trained Model Anomaly Metric Bump Hunt
selection e e e
o P < > )
€ How do you identify &
A -
P A y anomalous jets? ~

- Encode a ‘prior’ of N

y Learn QCD jets - N //;I/'réin classifier between N P

. ( J ) two samples with ) otential alies,
Input features Nice complementarit, - lookforoutiers  erensgnaipuries - look for smilar
VAE CWolLa TNT CATHODE QUAK +
Constituents Mgy same as CWola Mgy 0= My /p.
e v - Mep v | —
21 Mg, - m 21
T S TSP = Increasing Model Dependence
32 it 32 27
a3 Cat T3
nconst T4f12 nconst -
____________________ N Quasi Anomalous Knowledge (QUAK)
leptonic + T21 / T
ener_gy B tag scores of j1, j2 i
T o e jetB tag o Hybrid approach between
sub-jets B CATHODE-b score m‘m model-independent and standard search
tag score
e |dea: encode prior knowledge of how a
signal could look
targets individual jets targets events - .
§ e Train density estimator (normalizing flow) on
= colorful mix of simulated signals
% 2D QUAK i sadional lizina f
. . . e Train additional normalizing flow on
Slides: Benedikt Maier SpEEe background simulation
o
()
[ 1] L] L] TJ . .
CERN Data Science Seminar: https://indico.cern.ch/event/1392054/ T Degrondlon maiowsgnatioss

0,0 Background Loss
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