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Introduction

e ATLAS and CMS have a broad and ambitious physics programme
o Determine fundamental parameters of the SM with high precision
o Measure rare SM processes for the first time

o Direct and indirect searches for new physics
m Probe for new particles and interactions at the multiple-TeV scale

e Had many interesting physics results in recent years at the LHC
o Presenting a selection of ATLAS & CMS results (including many personal favorites)



Lots of pp collisions at the LHC
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ATLAS/CMS physics programme

Precision measurements of SM processes:
o Higgs boson

o Top quark Presenting a selection of recent results from the
o Vector bosons ATLAS and CMS collaboration. Additional results can
o QCD physics be found via the ATLAS and CMS publication pages

o B Physics and Quarkonia

Search for rare SM processes (VVV, 4tops)

Searches for new physics:

o Dark matter
m SUSY
m Long-lived particles

o Rare or exotic decays of SM particles
o Extended gauge sector
o Extended Higgs sector

Heavy ion physics (not covered in this presentation)


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome
http://cms.web.cern.ch/news/cms-physics-results

Detector performance

Require excellent understanding of the detector performance and high-performant
object ID to carry out high-precision measurements and BSM searches

o Alot of effort is put into improving understanding of detector and development of
reconstruction/identification algorithms
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New ATLAS luminosity measurements Sur Chve. OO0 (2000) 71

o Determined with a precision of 0.83% for total
Run 2 dataset [Eur. Phys. J. C 83 (2023) 10, 982]



https://arxiv.org/abs/2308.13362
https://info.arxiv.org/help
https://link.springer.com/article/10.1140/epjc/s10052-023-11747-w
https://cds.cern.ch/record/2866276
https://link.springer.com/article/10.1140/epjc/s10052-023-11837-9

Higgs boson property
measurements

e Couplings
e Mass

e Width

e Spin/CP

Dedicated presentation by Chen Zhou



https://indico.cern.ch/event/1335278/contributions/5733457/attachments/2784161/4853519/chenzhou_20240122.pdf

Higgs boson production modes

gluon fusion (86%)
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All main production
modes are probed at
the LHC



Higgs boson decay modes
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsXSBR

e Coupling modifiers:
K=0/cM=T /M

Parametrise deviations
with respect to SM
predictions

Higgs boson couplings
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https://www.nature.com/articles/s41586-022-04892-x

Higgs boson couplings
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https://www.nature.com/articles/s41586-022-04893-w
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https://www.nature.com/articles/s41586-022-04893-w

First evidence for the Higgs boson decay to a Z boson and a photon
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e Combined search by ATLAS and CMS

o Obtain statistical significance of 3.4¢, while a
significance of 1.60 was expected
o Signalyield is 2.2 £ 0.7 times the SM prediction

m Agrees with the expectation within 1.90
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https://arxiv.org/abs/2309.03501

Search for boosted Higgs boson decays to charm quark pairs

138 fb ' (13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061801

Searches for Higgs boson decays to charm quark pairs

138 fo' (13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061801
https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3

Searches for Higgs boson pair production

vector boson

e Higgs boson pair production is sensitive fusion production
to self-interaction strength A
e Define self-interaction strength modifier:
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Pair production cross section is three
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Searches for Higgs boson pair production

Most recent limits on pair production cross section

ATLAS
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e New/updated HH results by ATLAS:

o Multi-lepton (WW, ZZ): 9.70bs (16.2exp) [arXiv:2310.11286]

o bbyy: 4.00bs (5.0exp) [arXiv:2310.12301]

o  bbtt: 5.90bs (3.1exp) [ATLAS-CONF-2023-071]
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://arxiv.org/abs/2310.11286
https://arxiv.org/abs/2310.12301
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
https://www.nature.com/articles/s41586-022-04892-x

Constraints on Higgs boson self-interaction strength
ATLAS observed (expected) at 95% CL:

Nature 607 (2022) 60-68 )
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https://www.nature.com/articles/s41586-022-04892-x
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://arxiv.org/abs/2310.12301
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
https://arxiv.org/abs/2310.11286

Higgs boson mass measurement

Latest combination of CMS
results from H—yy and
H—ZZ*—48 measurements
(2016 + Run 1):

125.38 + 0.14 (+ 0.11) GeV
Phys. Lett. B 805 (2020) 135425

l

I I I I I T

ATLAS e Total Stat. only | Combination
Run 1: /s = 7-8 TeV, 25 fb~!, Run 2: /5 = 13 TeV, 140 fb—*
Total (Stat. only)
Run1 H — vy b = |  126.02 + 0.51 (+ 0.43) GeV
Run1 H —» 4 I @ i 124.51 + 0.52 (+ 0.52) GeV
Run2 H — vy e 125.17 + 0.14 (+ 0.11) GeV
Run2 H — 4¢ I—O—II 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — vy 125.22 + 0.14 (+ 0.11) GeV
Run 1+2 H — 4¢ 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined  S— — 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I—OI-I 125.10 + 0.11 (+ 0.09) GeV
’Run 1+2 Combined I—l-I 125.11 + 0.11 (+ 0.09) GeV
IllllllllIIJ_LIIIIIIIIIIIIIII
123 124 125 126 127 128
my [GeV]

Most precise Higgs boson mass measurement to date
o Thanks to outstanding work on p/e/y energy calibrations

Phys. Rev. Lett. 131 (2023) 251802
Eur. Phys. J. C 83 (2023) 686
arXiv:2309.05471
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
https://arxiv.org/abs/2309.05471
https://link.springer.com/article/10.1140/epjc/s10052-023-11584-x
https://www.sciencedirect.com/science/article/pii/S037026932030229X?via%3Dihub
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Higgs boson width

ATLAS and CMS have both found evidence for off-shell production

Assuming identical coupling between on-shell and off-shell

r(H) = (uoff-shellluon-shell) rSM(H]

productions:
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https://www.nature.com/articles/s41567-022-01682-0
https://www.sciencedirect.com/science/article/pii/S0370269323005579?via%3Dihub

Spin/CP

Studies of Higgs boson decay products have
strongly hinted that spin/CP of the Higgs
boson is J” = 0*
o Alternative hypotheses have been excluded
at more than 99.9% C.L.
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https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1
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https://arxiv.org/abs/2304.09612
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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https://arxiv.org/abs/2312.07605
https://arxiv.org/abs/2308.01253
https://arxiv.org/abs/2312.07562
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003

Top quark property
measurements

e Production cross section measurements
e Rare processes

e Mass measurements

e Quantum entanglement



Top Quark Production Cross Section Measurements Status: November 2023

=) ATLAS Preliminary Theory
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Il Data 20!
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4
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Top quark pair production 107 ¢ &l . ]
Cross section measurements ]
o Reach precision of around i -
1.8% at 13 TeV 102 E i
e} Reach precision of around tt t tw t ttW ttZ ttH tty ty tZj 4t
3 2% at 13 6 TeV (already t-chan s-chan fid. (+jets fid. ¢

systematics limited) ATL-PHYS-PUB-2023-038 24



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-038/

Four top quark production

ATLAS/CMS both recently observed the simultaneous production of 4 top quarks
Particularly interesting since the process is very sensitive to BSM contributions:

o Gluino pair production (SUSY)

o Associated production of a heavy Higgs boson (2HDM)

Measured Cross sections:

ATLAS: 22.5%%0 fp
: +4.4
CMms:  17.77, fb

Constraining EFT parameters

Events / 0.25 units

Data / Pred.

¢ Data Wttt
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titt class Othert it
Postfit Total unc.
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B
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o6 08 1
BDT score tttt
Phys. Lett. B 847 (2023) 138290
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Eur. Phys. J.C 83 (2023) 6, 496
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http://dx.doi.org/10.1016/j.physletb.2023.138290
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0

Combination of top quark
mass measurements

Statistical combination of fifteen top quark
mass measurements with LHC Run-1
datasets collected in 2011 and 2012

=172.52 + 0.14 (stat) * 0.30 (syst) GeV

Top quark mass is determined via this combination
with a relative uncertainty below 2 permille, which
is an outstanding achievement

ATLAS+CMS Preliminary

LHCtopWG

stat uncertaint
total uncertain

ATLAS

LHC combined

b

Vs=7,8 TeV

total

stat

m; + total (+ stat + syst)
dilepton 7 TeV —— 178.79% 1.42 (+0.54%1.31)
lepton+jets 7 TeV = 172.33+ 1.28 (+0.75+1.04)
all-jets 7 TeV e 175.06 + 1.82 (+1.35+1.21)
dilepton 8 TeV - 172.99+ 0.84 (+0.41+0.74)
lepton+jets 8 TeV = 172.08+ 0.91 (+0.39+0.82)
all-jets 8 TeV ——e—] 173.72+ 1.15 (+0.55+1.02)
combined HsH 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 f—tot—I 172.22+ 0.95 (+0.18+0.94)
lepton+jets 8 TeV HelH 172.35+ 0.48 (+0.16+0.45)
all-jets 8 TeV HeH 172.32+ 0.62 (+0.25+0.57)
single top 8 TeV H—O—H 172.95+ 1.20 (+0.77+0.93)
Jhy 8 TeV ; 173.50 + 3.14 (+3.00+0.94)
secondary vertex 8 TeV F—te— 173.68+ 1.12 (+0.20+1.11)
combined HoH 172.52+ 0.42 (+0.14+0.39)
LHC combination
dilepton - 172.30+ 0.59 (+0.29+0.51)
lepton+jets HeH 172.45+ 0.36 (+0.17+0.32)
all-jets H--H 172.60 % 0.45 (+0.26+0.36)
other e 173.53+ 0.77 (+0.43+0.64)
combined HH 172.52 + 0.33 (+0.14+0.30)
[ | | N TR R N T N N S S N B
165 170 175 180 185
m, [GeV]
CMS-PAS-TOP-22-001 ATLAS-CONF-2023-066 26



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

Observation of quantum entanglement in top-quark pairs

Top quark lifetime is shorter than
hadronisation time

o  Spin information are transferred to decay
products of the top quark

o  Angular correlation of the final state
particles

Spin entanglement is detected from
the measurement of

D =-3-{cos ¢)

where g is the angle between the
charged leptons in their parent top- and
antitop rest frame

Observe;

D = -0.547 + 0.002 (stat.)  0.021 (syst.)

Particle-level D

The existence of an entangled state is
demonstrated for D < -1/3

| ATLAS

Pon

/s=13TeV, 140 fb'

¢ u

JE———
]

arXiv:2311.07288

[ | Limit (Powheg + Herwig7)
---- Limit (Powheg + Pythia8)
] Theory Uncertainty
Data
Powheg + Pythia8 (hvq)
Powheg + Herwig7 (hvq)

L

340 <my < 380 380 < mg < 500 my > 500

Particle-level Invariant Mass Range [GeV]

Particularly sensitive to the entangled state 27



https://arxiv.org/abs/2311.07288

Other WCs profiled (20) 138 fb1 (1 3 TeV)

Other WCs profiled (10)

Search for BSM physics in top quark i e ciis
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e Probe BSM effects in various classes of events gl [ S

o Lepton & jet & b-jet multiplicities s e oot iainess GUC S

e Set strong constraints on relevant dimension-six e vl TR -

EFT operators o |
o  Study p, spectra of leptons, jets and Z bosons aoxs| R

|

AN
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4

‘00000000000 t
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JHEP 12 (2023) 068 Wilson coefficient / A2 [TeV?] 28


https://link.springer.com/article/10.1007/JHEP12(2023)068

Vector boson property
measurements

W and Z boson cross section measurements
W boson mass measurements

Differential Cross section measurements

Z boson polarisation studies

Di-boson cross section measurements
Observation of tri-boson production



Production cross section measurements

e Measurements at:
2.76 TeV
5TeV

7 TeV

8 TeV

13 TeV

13.6 TeV

O O O O O

Impressive agreement with
state-of-the-art cross section
calculations

51012 7 'Il'h —r T T ' T — % [ T F & 0 % F %I
eor .
= Y ATLAS Preliminary
R @ Measurement
. 10 PP —> X =—xO I oS E
O -
g -
o = =
g T :
— B = o -
& 105|=— w ' Ay —-
c E PP — o £ E
2 i o S .
S 10 . =
g E pp—Zly 3
g 103?— - 3
5 = 3
= - L e Lo R = ]
E Im 5
= ol g = T
T o tg o ’
10" pp— H—" = = _]
2 o WW ° E
10°E PRy WE—"" sl
pp. = ZZ == - 3
. >.<0‘] L ] PR I ]
2 4 6 8 10 12 14
Status: October 2023 VE [TeV]

Updated measurements of the W/Z cross sections by CMS can be

found here and here

S pp—o X

7TeV, 20 ub™', Nat. Commun. 2 (2011) 463
8TeV, 500 ub™', PLB 761 (2016) 158
13TeV, 340 ub™", EPJC 83 (2023) 441
Zpp->W T pp—2Zly

2.76 & 5 TeV, EPJC 79 (2019), p901 & p128
7 TeV, 4.6 fo™!, EPJC 77 (2017) 367

8 & 13 TeV, JHEP 02, 117 (2017) (for 2)
8 TeV, EPJC 79 (2019) 760 (for W)

13 TeV, PLB 759 (2016) 601 (for W)

8 pp—ti

5TeV, 257 pb!, ATLAS-CONF-2021-003
7 & 8 TeV, EPJC 74 (2014) 3109

13 TeV, 140 fb, JHEP 07 (2023) 141
13.6 TeV, 29.0 fb™, arXiv:2308.09529v1
Epp—>1q

7TeV, 4.6 fo”', PRD 90, 112006 (2014)
8TeV, 20.3 fb™!, EPJC 77 (2017) 531
13TeV, 3.2 fb’', JHEP 1704 (2017) 086
Spp—>H

7 & 8 TeV, EPJC 76 (2016) 6

13 TeV, 139 fb!, JHEP 05 (2023) 028
13.6 TeV, 31.4 fb™", arXiv:2306.11379

T pp - WW

7TeV, 4.6 fo, PRD 87, 112001 (2013)
8TeV, 20.3 fb™!, JHEP 09 029 (2016)
13TeV, 36.1 fb™', EPJC 79 (2019) 884

2 pp - WZ

7TeV, 4.6 fb!, EPJC 72 (2012) 2173
8TeV, 20.3 fo'!, PRD 93, 092004 (2016)
13TeV, 36.1 fb™!, EPJC 79 (2019) 535

2 pp—2Z

7TeV, 4.6 fo™!, JHEP 03, 128 (2013)
8TeV, 20.3 fo™!, JHEP 01, 099 (2017)
13TeV, 36.1 fb', PRD 97, 032005 (2018)
13.6 TeV, 29.0 fb™', ATLAS-CONF-2023-062
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-017/index.html

Improved W boson mass measurement

Newest measurement yields:
m,, = 80360 t 5(stat.) + 15(syst.) MeV
(consistent with the SM)

Studies of the W boson mass are a model-independent
probe for effects of new physics

Overview of m, Measurements

sERCombinaton, | ATLAS Preliminary = =
______________________ \s=7TeV, 46" : . ¢ ¢+
DO (Run 2) - 0 ==
PRL 108, p151804 (2012)
CDF (Run 2
Science(37lél,r£13582), p170 (2022 10
S o e e - e m
ATLAS 2017 : o :
EPJ-C 78-2, p110 (2018) @ Measurement : e
[]stat. Unc. : e ‘
ATLAS 2023 Wi Total Une. 1K
Uadr: ' ISM Prediction - i
_____________________ i L] i
80200 80300 80400
ATLAS-CONF-2023-004 mW [MeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

1/0 do/dpf [1/GeV]
3 3 3

—_
9
IN

MC/Data

0.95

0.85

W and Z boson p_. measurements

Measurements of the W/Z boson

production are a sensitive test of QCD
o p, arises from higher order corrections to the

LO Drell-Yan processes
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Precise measurements of unfolded p_. spectra
allow to constrain various modelling effects

(PDF, radiation effects, .. )

Studies are crucial for refined measurements

of the W boson mass
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/

Measurement of the Z boson invisible width

Probe events with jets and missing
transverse momentum

In agreement with the LEP results
and the SM prediction (based on
three neutrino generations)

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

1 1 I 1 I 1 I I 1 1 1 1 I I I I I I 1 | I 1
ATLAS
Vs=13 TeV, 37 fo-! l—e— Total MM Syst. | SM
LEP Lineshape o 499.0 + 1.5 MeV
L3 = 498 + 17 MeV
OPAL —========—— 539+ 31 MeV
ALEPH —_— 450 + 48 MeV
LEP Combination, Photon-tagged F—p— 503 + 16 MeV
CMS —a— 523 + 16 MeV
ATLAS % 506 + 13 MeV
R | R T | N (R R
350 400 450 500 550 600

[(Z—sinv) [MeV]

ATLAS results: arXiv:2312.02789
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https://arxiv.org/abs/2312.02789
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/index.html

Di-boson production

Aug 2023 CMS Preliminary
CMS measurements 5.02,7, 8, 13 TeV CMS measurements (stat,stat+sys)
vs. NNLO (nLo) theory HoH  HOH  HeH e

Y = 1.06+0.01+012 5.0fb"
WYy, (NLO th.) o 116 +0.03+0.13 50fb"
Wy, (NLO th.) o 1.01+£0.00+0.05 137 fb"
Zy, (NLO th.) o 0.98+0.01£0.05 5.0fb"
Zy, (NLO th.) o 0.98+0.01+£0.05 19.5fb"
WW+WZ 40—t 1.01£0.13+0.14 49 fb™"
WW H—o— 124 £0.18 £0.09 0.302 fb"’
WW o 1.07+0.04+0.09 49fb"
WW - 1.00+£0.02+0.08 19.4fb"
WW o 1.00+£0.01+£0.06 35.9fb"
WZ —o— 0.57+0.20+0.04 0.302 fb™
WZ Heo—H 1.05+0.07+0.06 4.9fb"
WZ HeH 1.02+0.04 +0.07 19.6fb"
W2Z - 1.00+0.02+0.03 137 fb™
zZ 1.36 +0.59+0.12 0.302 fb™
Z7 —o=— 097 +0.13+0.07 49fb"
27 e 0.97 £0.06 £0.08 19.6 fb"
77 » 1.04 £+0.02+0.04 137 b

0 1 2 3 4

All results at: Production Cross Section Ratio: o.../ o

http://cern.ch/go/pNj7 exp theo



Evidence of pair production of longitudinally polarised Z bosons

e Diboson polarisation measurements,
provide unique sensitivity to BSM physics
e Use BDT (based on lepton angles) to

separate Z Z,Z.Z ,and Z.Z.

] e e e B T T e
02 ATLAS Simulation — ZZ; -+ Z;Z(w/o NLO correction) ]

- Vs =13 TeV — 2,2, -+~ 2,Z,(w/o NLO correction) ]

qq— ZZ -4l =
0.16

polarisation states —— 2,7, === Z,Z (w/o NLO correction) _—|
0.14
0.12

shape-only
0.1

0.08
0.06
0.04
0.02

11— —
1.05

1
0.95
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arXiv:2310.04350 BDT Score
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u, =1.15+0.27(stat.) £ 0.11(syst.)

Measured with a significance of
4.3 standard deviations 35
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Observations of tri-boson production

WZy observation at 6.36 (5.00 exp) SN B I B S
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Phys. Lett. B 848 (2024) 138400 26


https://arxiv.org/abs/2305.16994
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Observations of tri-boson production

WWYy observation at 5.60 (4.70 exp)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.061803
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Theory/Data

Measurement of EW W*W*jj production

arXiv:2312.00420
FrrrrTrTrT T T T T T T T T T T T
0.51 ATLAS « Data ] qs
L -1 m MG5_aMC+Herwi ]
- E=1‘?va’ 139 fo” DMG2:2M0+P;rhia%7 1 f
0.4 EW W"W7jj o Powheg+Pythia8 3 1
L a Sherpa 2.2.11 ] fz
v Sh 2.2.11® NLO EW ]
0.3 %% ToglpSnce rtainty N
N % Systematic Uncertainty 1 f3
02}“?04; _: f_4
C " ol ]
0.1- %%*ﬂ%* - qa
C % ]
A T sewa e ees «
isE '+¢':o:$' crTTTTrTTTTTTTTT T Sensitive to constrain anomalous
1 ik quartic gauge couplings
OSE—IDOA' tn%*

caa b b b b by
500 1000 1500 2000 2500 3000 3500

Fiducial cross section:

o ATLAS: 2.92 +0.22 (stat.) £ 0.19 (syst.) fb
o CMS: 3.98 +0.37 (stat.) + 0.25 (syst.) fb

Phys. Lett. B 809 (2020) 135710

CMS

137 fo' (13 TeV)

\III[\\IIlI\\\lIII\‘IIII

——o—— Data

o
o
[

1/6 do/dm; [1/bin]
|

MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. T
---------- MADGRAPH5_aMC@NLO+Pythia8 with NLO corr.

13

Theory
o Data,

)
T

500

N
1000

N I R
1500 2000

N B
2500 3000

m; [GeV]

38


https://arxiv.org/abs/2312.00420
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via%3Dihub

Searches for New Physics

e Resonance searches
e Exotic decays of SM particles
e Searches for SUSY and other exotic particles



Searches for new resonances:

Focus: Searches for a (heavy) resonance X decaying into X,

and X, (with X./X, =y, Z, W, H, q, ¢, BSM particles) X < P > X
o Searches are performed for different production modes 1 2
o Targeting diverse sets of final states: X

m  Multi-lepton

m Di-photon nh

m Di-tau o

m Lepton +jets i —— Signal

m  Multi-jets Background

Perform (quasi) model-independent searches

for a bump in a smoothly falling mass spectrum
o Interpretations in generic frameworks:

m Extended Higgs sector:
e Two Higgs Doublet Model (2HDM)

m Other generic frameworks: >
e Heavy Vector Triplet (HVT) models m [GeV]

e Extra-dimensional models
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Di-lepton and di-jet resonance searches

138 o' (13 TeV

—

e ATLAS/CMS also have a wide range of S,00f cms | 5% CLupperimis ]

searches for qq, 22 and #v resonances: '§1°°0§— Z' 5 bb T e T
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20 “—— HVT model B (gv=3) .

10 =

2 E

) LI 1 =

E‘ ATLAS

x 10k Vs =13 TeV, 139 fb” 0.2 ; 8

o ) ZX=>lete, gty 015000~ 5000 4000 5000 6000 _ 7000 8000

Z' mass (GeV)
Phys. Rev. D 108 (2023) 012009

107"

| | |II\III| | IIIIIII| 1 IIIIIII| 11

—— Observed limit at I/m = 10%
-------- Expected limit at I'/m = 10%
==—=TI/m=3% == I/m=0% —— Z'gg model

1072

000 2000 3000 4000 5000 6000
PhVS. Lett. B 796 (201 9) 68 m, [GeV] aq ¢ q v, q, 41



http://dx.doi.org/10.1103/PhysRevD.108.012009
https://www.sciencedirect.com/science/article/pii/S0370269319304721?via=ihub
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Di-boson resonance searches: ZH

m,, [GeV]
b

e Search for Zh resonance

o Signature:
m  MET, 2lep
m 2 small-Rjets or 1 large-R jet

o Predicted by:
m HVT
m Extended Higgs Sector models
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Di-boson resonance searches: WZ
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—em 2lep Expected 95% CL

----- 1lep Expected 95% CL

------ Olep Expected 95% CL

mic.  Eur. Phys. J. C 80 (2020) 1165

©LVBF W' — WZ

'

05 1 15 2 25 3 35 4

¢ g/q"  MW)[TeV]
v v
v X v

¢ ¢/d"

e Search for WZ resonance

o Signature:
MET, 1lep + MET, 2lep

2 small-R jets or 1 large-R jet

o Predicted by:

107"

x B(W'—WZ) (pb)

= 10—2

VBF W

©10°

107

m HVT

m Extradimensional models
- 1377(13TeV)
CMSl I I I I I

T

T

T T T T T 1717

T

s W—WZ (HVT model G, ¢ =3)

95% CL upper limits
—— Observed
----- Median expected
I 68% expected
[ ] 95% expected

1000 1500 2000

Phys. Rev. D 105 (2022) 032008 m,,. (GeV)

\JIIIl\I!Il\I\IlIIII
2500 3000 3500 4000 4500
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https://link.springer.com/article/10.1140/epjc/s10052-020-08554-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032008

ATLAS Diboson Searches -

95% CL Exclusion Limits

ATLAS Preliminary

Status: March 2023 £=139fo? Vs=13TeV
Model Channel® Strategy* Limit Reference

Bulk RS (knr. = 35, Ag = 3TeV) R — WW,ZZ — wqq, {vqq, ttqq resolved, boosted ' ' ' Eur. Phys. J. C 80 (2020) 1165

Bulk RS (kare = 35, Ag = 3TeV) R— WW — evuv resolved ATLAS-CONF-2022-066
® Bulk RS (knre = 35. Ag = 3TeV) R— WW, ZZ - qqqq boosted JHEP 06 (2020) 042
2 RS1 (k/Mpy = 0.01) Gk = vy resolved | ] Phys. Lett. B 822 (2021) 136651
Sl RSt (kT = 0.05) Gk =7y resolved Phys. Lett. B 822 (2021) 136651
s IS (k/Mp; =0.1) Gk = 7y resolved Phys. Lett. B 822 (2021) 136651
g Bulk RS (k/Mp; = 1.0) Gk — ZZ — Lee't’ vkt resolved Eur. Phys. J. C 81(2021) 332
- Bulk RS (k/Mp; = 1.0) Gkx — WW — evuy resolved ATLAS-CONF-2022-066

| ——— 0320 TeV]

Bulk RS (k/Mp; = 1.0)

Gk — WW, ZZ — vvqq, tvqq, ttqq resolved, boosted

0.3-2.0 TeV

Eur. Phys. J. C 80 (2020) 1165

Buk RS (k/Mp, = 1.0) Gk — WW, ZZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W - WZ - 't resolved arXiv:2207.03925
HVT model A W' — WZ - vvqq, tvqq, ttqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A W’ = WH = tvbb resolved, boosted anXiv:2207.00230
HVT model A W - WZ - qqq9 boosted JHEP 06 (2020) 042
HVT model A W’ - WH - qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model A Z' > WW - evuv resolved ATLAS-CONF-2022-066
HVT model A Z' > WW > tvqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A Z' — ZH — vvbb, tbb resolved, boosted arXiv:2207.00230
© HVT model A Z' - WW - qqqq boosted JHEP 06 (2020) 042
§ HVT model A Z' - ZH - qqbb boosted Phys. Rev. D 102 (2020) 112008
B HVT model B W' — WZ - bt resolved arXiv:2207.03925
§> HVT model B W’ — WZ — vvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
8 HVT model B W’ — WH — (vbb resolved, boosted arXiv:2207.00230
HVT model B W — WZ - qqqq9 boosted JHEP 06:(2020) 042
HVT model B W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model B Z' > WW S evuy resolved ATLAS-CONF-2022-066
HVT model B Z' > WW - tvgq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model B Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
HVT model B Z' - WW - qqqq boosted JHEP 06 (2020) 042
HVT model B Z' - ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model C W' - WZ - 't resolved 0§ 0.3-0.3aTev arXiv:2207.03925
1 1 1 1 1 1 1 1 1
0.5 1 1:5! 2 2.5 3 3.5 4 4.5

HVT model A: gr = —0.55, gy = —0.56
HVT model B: gr = 0.14, gy = -2.9
HVT model C: gr =0, gy =1

Excluded mass range [TeV]

*small-radius (large-radius) jets are used in resolved (boosted) events

Twith€ = u, e

Summary of CMS di-boson searches can be found here

ATL-PHYS-PUB-2023-007
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-007/
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsB2G/eps23_pub_DIB_Journal.png

Combination of Resonance Searches

Combine searches for diboson,
di-quark, and di-lepton resonances:

O

Include large number of individual
channels:

m Fully leptonic

m semi-leptonic

m fully hadronic
Exploit complementarity of different
channels to improve constraints
By now, better than EWK precision
constraints for masses < 5 TeV

W=, Z, h

q,q

q, q

ATLAS-CONF-2022-028

ll+lv+1v (Obs, 4.0 TeV) VV+VH (Obs, 4.0 TeV) VV4VH+ll+lv+1v (Obs, 4.0 TeV)

----- ll+lv+tv (Exp, 4.0 TeV) ===== VV+VH (Exp, 4.0 TeV) =uaus VV+VH+lI+lv+tv (Exp, 4.0 TeV)

/M > 5% EW fits 4 TeV

_IIIIlIIIIIII:IIIII:IIlIIIIIIIII

ATLAS Preliminary
{s=13TeV, 139 fb’

Excluded Excluded

still allowed

Excluded Excluded

w III|III|III|III|I I|I I|III|III|III|III

—2 1 R 2

(@]
I

£ g £t q

£ q, v, q, 45


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/

S/(S+B) Weighted Events / GeV

«10°CMS Preliminary
e
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-400

Search for a SM-like Higgs boson in the mass range

Low-mass di-photon resonance searches

between 70 and 110 GeV

(@)

Allowed by 2HDMs, N2HDMs, and other extended Higgs

sector models

132.2 b (13 TeV)
e T s

H— vy

[ ,=95.4 GeV

CMS-PAS-HIG-20-002

¢ Data
— S+B fit
+1o
[f2c

B component

PR AR

co b v b b Ly

T

B component subfracted

1

70

80

90

100

110 120

my, (GeV)

5 180
=, 1eof. ATLAS Preliminary — Observed CL limit 7
Q Vs =13 TeV, 140 fb” NI
s o F o oo e Expected CL, limit ]
8 140 How : =
;: . Expected + 1c ]
T 120 3
T - \:| Expected +2 ¢ _:
E 60 ATLAS-CONF-2023-035 1
6 ]
60 -
CMS Preiiminary 132.2fo" (13 TeV) g
3 _lllllIIIIIIIIIIIIIIIIIIIII[I]|||Il[lIII__
L 0'2: H— vy — Observed 3
C ] 95 100 105 110
00.18 B Expected + 16
X - . my, [GeV]
Ag o166 == Expected + 26 7
> C : ]
= 0 r -
TR 3 Found small excess for mass
I 012r E around 95 GeV with a local
Lo : significance of 1.7¢
- 0.08F <\E
= Found small excess for mass

S NS N S A S e R

around 95 GeV with a local (global)
significance of 2.96 (1.30)

70 75 80 85 90 95
my (GeV)

100 105 110
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https://cds.cern.ch/record/2852907
https://cds.cern.ch/record/2852907
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/

Events /0.01 TeV

Cascade decays

Search for resonances decaying to y.
triple W-boson final states: gt
o Search for cascade decays leading to

q
merged €vqqqq (¢ = y, e) final states -
o Study events with 1 or 2 large-R jets
. . q(v
. Predicted in e.g. Jet \NA/ | )
S 1. {11/ extra-dimensional models a0
E CMS  simuiation Preliminary q 1
E — M, =35TeV,M-021TeV .--"“”N««Avﬁ - _ ,CMS_ , . . 1381b7' (13 TeV) _
E — - RY44%) ¥ 4 S pp — Wi — WR — WWW ﬁ._
E R* (9 %) b = ol 3.5 i Expected + 16,0 imen (COMbined) m
o R (35 %) R34 .o g, ] EDE : Observed limit (combined) 102 g
T w (8 0/0) q - 3 [E2! Expected + 16experimenl (1-lep) o
C . — Observed limit (1-lep) =
o Rest (4 %) q 3 E
o " 4 g
[ - ol =]
- - —
o ] L0
g = 15} 10 2
3 SR3 7 o
- . 't
E | ; . PP il T T 1T = ot
0.05 0.1 0.15 0.2 0.25 oL . ‘ . . . . JI -
Phys.Rev.Lett. 129 (2022) 2, 021802 M (TeV) o2 e 8 8 e m:v's (TeV) 47


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.021802

99999299
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-
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Searches for additional Higgs bosons

.
III|

ATLAS Preliminary
hMSSM, 95% CL limits
Run 2, Vs = 13 TeV 7

— Observed -
--- Expected

300 400

m, [GeV]

1000 2000

[ gg/bb HA, H/A - 1t
139 fb!
Phys. Rev. Lett. 125 (2020) 051801

[0 to) H', H' - v, 36.1 b

JHEP 09 (2018) 139

[ b(b) H/A, H/A — bb
27.8fb"
Phys. Rev. D 102 (2020) 032004

[ H— 2Z - 4iivy, 139 b
Eur. Phys. J. C 81 (2021) 332
A - Zh,h - bb, 139 fb"
arXiv:2207.00230

[0 tb) H', H" - tb, 139 fb™
JHEP 06 (2021) 145

0 H—>WW - viv, 36.1fb”"

Eur. Phys. J. C 78 (2018) 24
I H - hh — 4b/bbyy/bbe

126 - 139 fo!

ATLAS-CONF-2021-052
=== h couplings [k, K, K]

36.1-79.8 b

Phys. Rev. D 101 (2020) 012002
[ ttH/A, H/A — tt, 139 fb
ATLAS-CONF-2022-008
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Searches for additional Higgs bosons

September 2022
60 0= -

40
30 F

20

R R D

-------
-
-

ATLAS Preliminary
hMSSM, 95% CL limits
Run 2, Vs = 13 TeV 7

— Observed -
--- Expected

200 300 400

m, [GeV]

1000 2000

[ gg/bb HA, H/A - 1t
139 fb!
Phys. Rev. Lett. 125 (2020) 051801

[0 to) H', H' - v, 36.1 b

JHEP 09 (2018) 139
[ b(b) H/A, H/A - bb
27.8fb"
Phys. Rev. D 102 (2020) 032004
[ H— 2Z - 4iivy, 139 b
Eur. Phys. J. C 81 (2021) 332
A — Zh, h — bb, 139 fb
arXiv:2207.00230
[0 tb) H', H" - tb, 139 fb™
JHEP 06 (2021) 145

0 H—>WW - viv, 36.1fb”"

Eur. Phys. J. C 78 (2018) 24
I H - hh — 4b/bbyy/bbe

126 - 139 fo!

ATLAS-CONF-2021-052
=== h couplings [k, K, K]

36.1-79.8 b

Phys. Rev. D 101 (2020) 012002
[ ttH/A, H/A — tt, 139 fb
ATLAS-CONF-2022-008
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Search for W*W* resonances produced via VBF
Signature:

@)

@)

Searches for double charged Higgs bosons

Predicted by:

MET, 2lep (same-sign)
2 small-R jets in the forward direction

Georgi-Machacek model
e And other Higgs triplet models

137 fo'' (13 TeV)
—

E CMS — Observed

]

¥ 68% expected
=== 95% expected

cegH” -
GGM,SH-1

|

L ! I T W S ! ! e
1000 2000 3000

. Phys. J. C 81 (2021) 723 ™~ [GeV]

Found small excess for mass around 10
450 GeV with a local (global)
significance of 3.3¢ (2.50)

—— ]
ATLAS
Vs =13 TeV, 139 fo”! —— Exp. 95% CL upper limit

T T
—— Obs. 95% CL upper limit

[ Expected limit (+10)
l:l Expected limit (+26)

arXiv:2312.00420

P B
500

o Lo b b e by
1000 1500 2000 2500 3000


https://arxiv.org/abs/2312.00420
https://link.springer.com/article/10.1140/epjc/s10052-021-09472-3

Lepton-flavor violating decay of the Higgs boson and
additional Higgs bosons in the ey, et, and pt final states

.CMS 138fb (13 TeV)
. =3 SR R R LA LA LEELIREES [reerpeee ARRS
® PI'leCted by: % 8;— 95% CL limits _E
o Flavour-violating 2HDMs c? L+ Observed .
. . . . 7—_ +16 =
e Particularly interesting due to flavour anomalies w | Eree
it Expected + 2¢ -
observedbye.g.g -2 T Peoe
o
* 0.3 [TTI T Iro? [TTTr rrrt ] ©
T | amas  JHEPO07(2023) 166 E:j & 5
© 025 {s=13TeV, 13810 Bt =
3 r est fi =
T C % SM =
T 0.2 = 1
= . | &)
Q C ] )
0.15 | = = . R€V. D 108 (2023) 072004
E @ IHI'I‘,{2|O 12|5 11|’>O 11|’>5 14|10 14|15 1&|'>O 15‘5 160
- /K m, [GeV]
0.05 - E See small excess with a local (global)
of m, = 125 GeV- significance of 3.8 (2.8) standard deviations
_0 05 B | i [ L R BER Ll — ] . ° ° ° °
B0l 005 005 01 015 0F 095 0.3 Results are consistent to SM predictions within 2.1¢

B(H—e71)in %
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072004
https://link.springer.com/article/10.1007/JHEP07(2023)166
https://arxiv.org/abs/2104.03281

Searches for invisible decays of the Higgs boson

g 1E | T T T T =
ATLA$: Observed. (expe.cte.d) | 1 o09E ATLAS — Observed
combined branching ratio limit: 2 ,4F ls=7Tev, 471" ... Expected -
o "TE Vs=8TeV, 2030 ER™ =
BR(H—inv.) <0.113(0.080£0.27)| £ O7F s=13TeV,1391'  [J+2o E
s 0.65E Phys. Lett. B 842 (2023) 137963 —
Q B -
2 05 = E
o 0.4 . =
Most sensitive channel: %o __________ =
S — 3
0.1 S =
X/ l l I I l l -

& &\ ¢ & & © © ©

— Se\xé’\ ¢ £x & N B %Q Ja Q/Ooﬂ(\ 006\ 006\

\ ™ N ® Q& QN
X =

CMS sets an observed (expected) upper limit of 0.18 (0.10) on
BR(H—inv.) in VBF events [Phys. Rev. D 105 (2022) 9, 092007] 52



https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092007

Mass reach of BSM
searches by ATLAS

ATL-PHYS-PUB-2023-008

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

ATLAS Preliminary

Status: March 2023 [L dt = (3.6-139) fb? Vs =13TeV
Model Cy Jetst ET® [Ldt[ib'] Limit Reference
T T — T T T T —T

ADD Gkk +g/9 Oep,t,y  1-4j  Yes 139 2102.10874
AADD non-resonant yy 2y ot - 36.7 1707.04147
ADD QBH o 2j - 139 1910.08447
ADD BH multijet - >3j - 36 Mp = 3 TeV, rot BH 1512.02586
RS1 Gyx — vy 2y - - 139 i 2102.13405
Bulk RS Gy — WW/2Z multi-channel 36.1 10 1808.02380
Bulk RS gxx — tt Teu 2102120 Yes  36.1 r/m=15% 1804.10823
2UED / RPP le,u 22b,23)] Yes 36.1 Tier (1,1), BAMD - ¢t) =1 1803.09678
SSM Z’ — ¢t 2en = - 139 1903.06248
SSM Z’ - 17 27 - - 36.1 1709.07242
Leptophobic Z’ — bb - 2b - 36.1 1805.09299
Leptophobic Z’ — tt Oeu =1b>2J Yes 139 rm=12% 2005.05138
SSM W’ - v Ten = Yes 139 1906.05609
SSM W’ — 1v 1T - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - >1b21J - 139 ATLAS-CONF-2021-043
HVT W’ — WZ model B 0-2epu 2j/1J  Yes 139 v =3 2004.14636
HVT W' — WZ — ¢v{'¢’ modelC 3e,u 2j(VBF) Yes 139 gven=1g =0 2207.03925
HVT Z” - WW model B Teu 2j/1J  Yes 139 gv =3 2004.14636
LRSM Wg — uNg 2pu 1J - 80 m(Ng) = 0.5TeV, g1 = gr 1904.12679
Cl qqqq = 2j - 37.0 1703.09127
Clttqq 2epn = = 139 L 2006.12946
Cl eebs 2e ib - 139 2105.13847
Cl uubs 2u 1b - 139 g=1 2105.13847
Cl tttt >teu 21b>1j Yes 361 |Cael = 4n 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 84=0.25, g, =1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 =1, m(y)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 82=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e >2j Yes 139 B=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 B=1 2006.05872
Scalar LQ 3" gen 1z 2b Yes 139 B(LQ§ - br) =1 2303.01294
Scalar LQ 3" gen Oepu  >2j,22b Yes 139 BLQY - 1) =1 2004.14060
Scalar LQ 3" gen >2eu,21721),21b - 139 BLQS - tr) =1 2101.11582
Scalar LQ 3" gen Oepu,2170-2j,2b Yes 139 B(LQY - bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j, >1b  Yes 139 B(0h — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3" gen 2eu1 >1b Yes 139 B(LQY — br) =1, -M coupl. 2303.01294
VIQTT - Zt + X 2el2p/>3equ 21b,>1)  — 139 SU(2) doublet 2210.15413
VLQ BB — Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ T5/3Ts/31 T3 » Wt + X 2(SS)/>3eu>1b,>1) Yes  36.1 B(Tsj3 — Wi)= 1, (T3 We)=1 1807.11883
VLQ T — Ht/Zt e  21b23] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
vLQ Y - Wh leu 21b21] Yes 36.1 B(Y = Wh)= 1, cp(Wh)= 1 1812.07343
VLQ B — Hb Oeu >2b>1j,>1J - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Zt/Ht multi-channel ~ >1] Yes 139 SU(2) doublet 2303.05441
Excited quark * — qg - 2j - 139 only u* and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1j - 36.7 only u* and d", A = m(q") 1709.10440
Excited quark b* — bg - 1b1j - 139 1910.08447
Excited lepton 7* 27 >2j - 139 A=46TeV 2303.09444
Type Ill Seesaw 234eu >2j Yes 139 2202.02039
LRSM Majorana v 2u 2j - 36.1 m(Wg) = 4.1TeV, gL = gr 1809.11105
Higgs triplet H** — W*W* 234 e,u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — £¢ 234eu(SS) - - 139 DY production 2211.07505
Multi-charged particles - - - 139 DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles 34.4 DY production, |g| = 1gp, spin 1/2 1905.10130

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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Mass reach of BSM
searches by CMS

=
Selection of observed exclusionlimits at 95% C.L. (theory uncertaintes are nb¢ included).

o+ 2yaX
44, praudoscalar (scala), g3, x BRlg=eebia)> =0.01(0.003)
44, preudoscala scalal, g2, x BRIgcebis)> =003(0.04)
44, preotoscalar, g3, xBR($=rr)> =02

44, scalar, g3, xBR(g=r) > =02

Excted Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (qd). go = 025, gow=1.m;
ecormecitor (. g, ~0.1.g00 = 1.5,=0 0L, > T
(o ecor mtor 41 ¢ =025, = Limg =1 G
025, g Lim; = 1GeV
=0, > el

g
99=1.90u=Lim; =1 GV

Leptoguark mediator, 6 =1, 8= 0.1, Ax o =0.1, 800 < Mg < 1500 GeV.
axion-ike partce, - =12 TeV-*

nslastic dark matter moddl y =10%,a5=0.1
inelastic dark matter model y=10,a5 =0.1

dark Higgs. gy = 025, g = 1,6=0.01,my = 200 GeV, mz = 700 GeV

RPY stop to 4 quarks
RPY squark to 4 quarks

RPY gluinoto & quarks

APV stop scouting boosted

RPY mass degenerated higgsinos to tiet boosted scouting

ADD (§) HLZ. o =3

40D QBH lex). nm =4

kil =0.1
RS Gaclad 99). kiff =0.1
RS QBH 3.
RS Q8K iy o= 1
non-otatng B4 Mo = 4TeV, o =6
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SPRUED, uz2 Te
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Vector ke taus, Singlet

Z, narrom resonance, £1= 8 10-¢ (90% CL)
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2, narrom resonance, €= 3x 10- (90% CL)
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Overview of CMS EXO results

CMs Preliminary August 2023
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Other Highlights



Exploit recoil of Z bosons

i.e. study the transverse-momentum
distribution of Z bosons
Shape of Z boson pT distribution

O

(@)

Most precise experimental
determination of a_(m,) so far

depends on a_ value

e

+

N

»

Measurement of the strong coupling constant

!
ATLAS

-@- Hadron Colliders
-@- Category Averages PDG 2022
-@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-@- ATLAS Z P, 8 TeV
ATLAS ATEEC -1 0.1185+ 0.0021
CMS jets —— 0.1170+ 0.0019
H1 jets — 0.1147 £ 0.0025
HERA jets — 0.1178 £ 0.0026
CMS tt inclusive @ 0.1145+0.0034
Tevatron+LHC tt inclusive @ 0.1177 £ 0.0034
CDFZpT —0— 0.1191 £ 0.0015
Tevatron+LHC W, Zinclusive | ________ | o . S 0.1188+0.0016_ _
7 decays and low Q? T 0.1178+0.0019
QQ bound states 0.1181 £ 0.0037
PDF fits — 0.1162 £ 0.0020
e*e jets and shapes — 0.1171 £ 0.0031
Electroweak fit —®—— 0.1208+0.0028
Lattioe | ________ 1 _ 01184100008 _
World average —— 0.1179+ 0.0009
ATLAS Zp_8 TeV 18- 0.1183+0.0009 | |
O.1I1 5 I 0.1]20 O.1l25 0.1I30
ocs(mz)
arXiv:2309.12986 56



https://arxiv.org/abs/2309.12986

Observation of an excess of di-charmonium events
e Search for Tetra-quarks by probing for:

o (TQ)—J/yp+J/p — 4p
o (TQ)— J/y +y(28) — 4p

e Found peaks around 6.9 GeV, consistent with the

LHCb observed X(6900)
>400|_| T ‘ T T T L ‘ T 17T | L | T 17T ]
8 L ATLAS | T Sig+Bkg
3 300:_ \/E =13TeV,140fb" Background E
o - di-Jiy ---- Bkg. w/o Feed-down -
E 200:_ : "\ -== Sig. w/o Int. N
GC) L . Sig. Int.

Li L —— Data

Peak has a significance
around 4.70

T~

| I | 11 |
8.5
m,, [GeV]

9

Peak has a significance
far above 50

Events / 0.075 GeV

50

40

30F

20f

- ATLAS — Sig. + Bkg. ]
L Vs=13TeV, 140 fb’ Background
L Jhy+y(29) e Signal __
—— Data ]
10 0 % ]
|/" It ,|."/| \I\ \\\l\‘LA (o ] * FESTERTERTR BELI
7 7.5 8 8.5 9
m,, [GeV]

Phys. Rev. Lett. 131 (2023) 15, 151902

57


https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902

e Test of lepton flavor universality in B* — K* g*p~ and B* — K* e*e”

Flavour-Physics (rare decays)

Phys. Lett. B 842 (2023) 137955

0.6X1 0° CMS 140 fo' (13 TeV)
decays -
e Ratio of branchina fractions is nrobed for deviations from the SM 050 56
predictions R(K) () BBt — K utu=)(q?) i
— —~0.4 B o
theory \T ) = BB+ 5 K+ete)(42) P S A N
= - 30
T 0.3
+0.4 : aBar %2, L g 20 .,
0.74 0% ® X qfe[o.?, 8B.12] GeV? R ook e /7 IN
1.037028 : E?é"e i :': / 1 \\
-0.24 : q25[1_9, 6.Q] G?V 0.1_ | Ch\ \
0.745:0%7 | LHCb3 ! r N \
0,082 : qz‘e [150,_6.01 GeV i P +0bs \I .
+0.062 : K I TR VI T L |E|1X1O_
0.846°33% : e S 0T s 4 s s 7
.0.044 : oo -1 ‘ B(BO d },L+},L_)
0.846°33% | o A s
0 9451807 N T Rare B meson deca){s provide an excellent and
| 0 (3023) 052002 complementary environment to search for BSM effects
+0.46 - . CMS (this work) -\ . .
0780z M— g% <[1.1,60]GeV? Measurement of B(B; — p*") is the most precise single
1 1 1 1 I 1 L 1 1 I 1 1 1 ) S T R SR (RN N S 1 A
0 o 1 T 5 measurement to date

CERN-EP-2023-297

No evidence for B(B® — p*p-) yet -


https://cds.cern.ch/record/2886387
https://www.sciencedirect.com/science/article/pii/S0370269323002897?via%3Dihub

Concluding remarks



Concluding remarks

ATLAS and CMS have exciting physics programmes
o Precision measurements in many areas
m Higgs boson, top quark and vector boson properties
m Flavour-Physics
m Rare processes: quartic gauge boson couplings, 4tops
o New physics searches ranging up to the multi-TeV range
m Extended Higgs/gauge sector
m Dark matter/ long-lived particles
m Indirect constraints from EFT fits
Ongoing work on improved reconstruction/identification techniques promises
significant gain in sensitivity (for both precision measurements and searches)

Run 3 will double the size of the ATLAS/CMS datasets
o Have already first results based on 13.6 TeV data

HL-LHC is approaching (expecting an increase in statistics by a factor of ~20)

60
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Summary of CMS di-boson resonance searc

VV/VH/HH/Vy resonances

Z', HVT B HST

W, HVT B

Radion, A\g = 3TeV

Bulk G, kK/Mp = 0.5

»R - qqy - Wy (gm=0.1, A=4My)
> W' > qqy » Wy (gm =0.1, A =4My)

(=4
>z
»Z
»Z
»Z
»Z
>w
=W
> W
>wW
» W
» W
> W

(2016 combination)
- ZH - qqtt

- ZH - (#£, w)bb

- ZH - qqqq

- WW - q4qq

- WW - fvqq
(2016 combination)
5 WZ - g

- WZ - wqq

- WH - qqtt

- WZ > q4qq

- WH - fvqq

- WZ - fvqq

»R - ZZ - wqq

[>R - HH - gqtt

»R - HH

» R = HH —» bbWW (lep.) merged-jet
» R - HH - bbBWW (lep.)

» R - HH - multi-leptons

» R - HH - yybb

» R = HH - bbbb

» R - HH - bbbb merged-jet
>R W g4aq

»R - WW - fvqq

>R->ZZ

>R ->WW

»R - WW

> G (2016 combination)

[>G = ZZ - v

>G - 2Z - flqd

» G- ZZ-vqq

» G- ZZ - 1qq

» G - HH - bbBWW (lep.) merged-jet
» G - HH - bbWW (lep.)

» G - HH - multi-leptons

» G - HH - yybb

» G - HH - bbbb merged-jet
» G- WW - fvqq

CMS Preliminary

36— 138fb~! (13TeV)

PLB 826 (2022) 136888
PLB 826 (2022) 136888
PLB 798 (2019) 134952
JHEP 01 (2019) 051

EPJC 81 (2021) 688

PLB 844 (2023) 137813
PLB 844 (2023) 137813
PRD 105 (2022) 032008
PLB 798 (2019) 134952
JHEP 09 (2018) 101

PRD 106 (2022) 012004
JHEP 01 (2019) 051

PLB 844 (2023) 137813
PRD 105 (2022) 032008
PRD 105 (2022) 032008

PRD 106 (2022) 012004
JHEP 01 (2019) 051
82623002 0.4
JHEP 05 (2022) 005
HIG21-005 0.4
JHEP 07 (2023) 095
HIG-21-011

HIG-20-012

PLB 842 (2023) 137392
PLB 844 (2023) 137813
PRD 105 (2022) 032008
JHEP 03 (2019) 128
JHEP 03 (2020) 034
HIG-20-016

PLB 798 (2019) 134952
JHEP 03 (2018) 003
JHEP 09 (2018) 101
PRD 106 (2022) 012004
JHEP 04 (2022) 087
JHEP 05 (2022) 005
HIG-21-005 0.3

0.7
0.7
0.7

0.8
0.8
0.8
0.9

JHEP 07 (2023) 095 0.6

HIG-21-011
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Summary of h — aa se

x BR(H
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ATL-PHYS-PUB-2021-008 m, [GeV]

ATLAS Preliminary

March 2021

Run 1: s =8 TeV
Run 2: {s = 13 TeV

2HDM+S Type-1

SN

expected +1 ¢
observed

Run 120.3 fb™' H— aa— putr
PRD 92 (2015) 052002

Run 1 20.3 fb™" H— aa— yyyy
EPJC 76 (2016) 210

Run 2 36.1 fb™' H— aa— puup
JHEP 06 (2018) 166

Run 2 36.1 fb' H— aa— bbbb
JHEP 10 (2018) 031

Run 2 36.1 fb' H— aa— bbbb
PRD 102 (2020) 112006

Run 2 36.7 fb™' H— aa— yygg
PLB 782 (2018) 750

Run 2 139 fb™ H— aa— bbup
ATLAS-CONF-2021-009
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/

Measurement of the Z boson invisible width

B 1 I 1 1 1 1 I 1 1 1 | | | 1 1 1 | 1 I 1 1 i

: SM :
ALEPH}F H———H — 450 + 48 MeV
L3 H—-H — 498 4+ 17 MeV
OPAL | H——H 539431 MeV
CMS e 523 4+ 16 MeV

L 1(13 TeV 36.3 fb~ 1)
B 1 I 1 1 1 1 I 1 1 1 | | | 1 1 1 I 1 | 1 1 ]

400 450 500 550 600

Liny (MeV)
Phys. Lett. B 842 (2023) 137563 64



https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/index.html

Higgs boson mass measurement

CMS
Run 1: 5.1 fo™' (7 TeV) + 19.7 fo™' (8 TeV) — Total Stat. Only
2016:35.9 fb™' (13 TeV)
Total (Stat. Only)

Run 1 H-yy (S — 124.70 £ 0.34 (£ 0.31) GeV
Run 1 H— ZZ— 4l —_—— 125.59 + 0.46 ( £ 0.42) GeV
Run 1 Combined bt 125.07 £ 0.28 ( £ 0.26) GeV
2016 H—yy L 125.78 £ 0.26 ( £ 0.18) GeV
2016 H— ZZ— 4l ———t 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined et 125.46 £ 0.16 (£ 0.13) GeV
Run 1 + 2016 -i- 125.38 £ 0.14 (£ 0.11) GeV

Il|lIlIIIlIlllllIlllllllllllllllllllllll

122 123 124 125 126 127 128 129
Phys. Lett. B 805 (2020) 135425 m,, (GeV)
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https://www.sciencedirect.com/science/article/pii/S037026932030229X?via%3Dihub

Observation of four top production

Expected and observed 95% CL intervals on EFT coupling parameters assuming one EFT
parameter variation in the fit.

Operators | Expected C;/A? [TeV ~2] Observed C; /A% [TeV ~2]
4 - [-2.4, 3.0] [-3.5, 4.1]
O, [-2.5, 2.0] [-3.5, 3.0]
0. [-1.1, 1.3] [-1.7, 1.9]
Q. [-4.2,4.8] [-6.2, 6.9]

Eur. Phys. J.C 83 (2023) 6, 496 66


https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0

W/Z boson cross section measurements

c x B [pb]

104

10°

CMS-PAS-SMP-20-004

CMS Preliminary

201 pb' (13 TeV)
18.2 pb" (8 TeV)
36 pb™ (7 TeV)

298 pb™ (5.02 TeV)
7.3 ub(2.76 TeV)
5.4 pb™(2.76 TeV)

8% kO O +

Theory: NNLO, DYTURBO and NNPDF 3.1 PDFs

W+

5 7 10 20

Center-of-mass energy [TeV]
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https://cds.cern.ch/record/2868090

Z boson cross section measurements

CMS-PAS-SMP-22-017

6(pp — Z+X) x B(Z = I'T) (nb)

August 2023
I I

CMS
Preliminary

o(pp = Z+X)x B(Z — I'") (60 < m, < 120 GeV) .
DYTurbo NNLO QCD + a, resummation (NNPDF 3.1)

JHEP 03 (2015) 022
0.298 + 0.015 nb (2.76 TeV)
CMS-PAS-SMP-20-004 (Preliminary)
0.669 £+ 0.014 nb (5.02 TeV)
JHEP 10 (2011) 132
0.974 £ 0.044 nb (7 TeV)
PRL 112 (2014) 191802
1.15+0.04 nb (8 TeV)
CMS-PAS-SMP-20-004 (Preliminary)
2.006 = 0.038 nb (13 TeV)
CMS-PAS-SMP-22-017 (Preliminary)
2.010 £ 0.050 nb (13.6 TeV)

] | | | |

9 10 11 12 13

14
Vs (TeV)
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https://cds.cern.ch/record/2868001
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https://cds.cern.ch/record/2882336

Single top quark production

/
g q - ATLAS+CMS Preliminary tohannel ]

LHCtOpWG B ATLAS axivi231001518, PRD90(2014)112006, EPJC77(2017) 531, ATLAS-CONF-2023-026"
| - =i-{ ® (CMS JHEP12(2012)035, JHEP06(2014) 090, PLB8OO (2019)135042

Single top-quark production ¢ LHOicomE. .ueroseumes
November 2023 tw

B ATLAS PLB716(2012)142, JHEPO1(2016)064, JHEP01(2018)063
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-038/

Top-quark + X production

ATLAS+CMS Preliminary
LHClopWG
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-035/

Searches for Higgs boson pair production

e Interaction between two vectors

bosons and two Higgs bosons.

A TL A S = QObserved limit (95% CL)

E ted limit (95% CL
VS =13 TeV, 126—139 fb-! —— et )

HH-bbt* T~ + bbyy + bbbb [ Expected limit 10 =
[ Expected limit +20 .
E== Theory prediction i

103

over(HH)[fb]

T TTTTT

\
& Y% SM prediction

=
————————
—— —

102

101
bbyy
bbt*tT-
bbbb
100 | Combined _

AN T TN T N TS TN T N MY T SN M [N T T M [N NN T T N N N N M

-2 -1 0 1 2 3 4
Koy
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Phys. Lett. B 843 (2023) 137745



https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

Search for high-mass exclusive diphoton production with tagged protons

Limits at 95% confidence level are derived for the
four-photon anomalous coupling parameters and the
production of axion-like particles with coupling

strength to photons
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Measurement of the strong coupling constant

0.2

0.15

0.1

0.05

CMS  Preliminary

llllll

III||II
4

< 0O (o] B>

IIllII

Theory at NLO

% Ty

I 1 L L L T 1 lllllll T

CMS R,,7 TeV : EPJC 73:2604 (2013)

CMS 3-Jet mass 7TeV : EPJC 15:186 (2015) ]

CMS incl. jets 8 TeV : JHEP 03:156 (2017)
ATLAS TEEC 8 TeV : EPJC 77:872(2017)
ATLAS R, 8 TeV : PRD 98:092004 (2018)
CMSR,, 13 TeV

-------- PDG 2022: ag(M,) = 0.1179+0.0009

A
v
B CMS incl. jets 7 TeV : EPJC 15:288 (2015)
*
|
¢
)

"y 4
2}%#4‘#%}-%3&%*
ﬁhjﬂ‘ *‘?{ﬂ‘}“ i
DO : Phys. ReV. D 80:111107 (2009) ;
DO : PLB 718:56 (2012)
H1 : EPJC 75:65 (2015)
ZEUS : Nucl. Phys. B 864:1 (2012)

1 | lIIlIlI | | lIIlIlI 1

e

10

107 10°

74



Search for light long-lived neutral particles from Higgs boson decays

e Target: VBF production mode of the Higgs boson (for the first time)

. Fory,— p'y Fory,— e'e’/qq
\E\//
— Decays outside Inner Targeting decays in
. Tracking acceptance Hadronic Calorimeter
S Wiz
/\ Pair of close-by Low EM fraction jets
q p Tracks in the Muon
Spectrometer
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e Predicted in dark sector models with additional
U(1),symmetry weakly coupled to SM.
o LeadstoH— 2y, + X decays via Higgs & vector portals
o  Final states (y,— €'%/qq) + MET signature
e Focuson: /4N
o Small couplings € — long-lived y, = &
o m<<m,— collimated y, decays ‘ S
muonic DPJ calorimeter DPJ
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Search for light long-lived neutral particles from Higgs boson decays

Upper limit on B(H - 2y 4+ X)

Perform statistical combination with
results from studies in other Higgs
boson production modes
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Statistical combination of Run 2 searches for electroweakinos
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