Searches for Heavy Resonances Decaying to Bosons

Robert Les,
On behalf of the ATLAS and CMS collaborations

CKM2023,
September 21, 2023

Robert Les Searches for Heavy Resonances Decaying to Bosons 1



Continued and mounting evidence pointing to the SM not
being the complete theory
- Electroweak theory might be low-energy effective V/h/’y
theory
- Possibly CKM/PMNS is part of this story X

Many extensions to the SM have been proposed
- Extended gauge and Higgs sectors, composite
particle models, gravity models V/h/fy
- A frequent feature are new heavy resonances
decaying to SM W/Z/h/~ bosons

ATLAS and CMS are some of the main
constraints for these types of searches
- “General purpose” detectors: most
decay models accessible
- High energy: many models predict
TeV scale particles
- High luminosity: predicted
cross-sections can be low

VV/VH/HHNy resonances

Lower mass limit at 95% CL [TeV]

Robert Les Searches for Heavy Resonances Decaying to Bosons 2



CMS-+ATLAS diboson resonance searches

CMS has an extensive search program for

- " . CMS Preliminary  August 2023 138 fb (13 TeV)
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- Spin-1: Heavy vector triplet (HVT)
- Spin-2: Randall-Sundrum Graviton
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-002/index.html
https://cds.cern.ch/record/2803723
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

Boosted Boson Reconstruction
Largest BR of W/Z/h/t is to quarks 13 7ev)

- When searching for new heavy resonance the g cMms'
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http://cds.cern.ch/record/2777006/files/DP2021_017.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-017/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-039/

V'V fully hadronic resonances

Phys. Lett. B 844 (2023) 137813

138 fb (13 TeV)
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> 10°

Very generic search of VV/Vh — qqqq/qqbb g 12
- Largest SM BR f~§” 10°
O 10°F

- Challenging background of multijet events 10F,

- At very high-pt this becomes small as well 1

10

At high pt the boson decay products become gb_é

increasingly collimated

- Cluster each V/h as one large R = 0.8 jet

- CMS DeepAKS tagger to separate
W/Z/t/h/QCD jets from each other

Background extracted from simultaneous 3D fit
of individual jet masses and dijet mass system
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- Some minor 2.30 excesses at 2.1/2.9 TeV 104

- Limits in benchmark models
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

V'V fully leptonic resonances Eur. Phys. J. C 83 (2023)

Complementary to fully-hadronic searches, are searches
with leptonic decays, here WZ — (vl
Very low-background, but lower signal

Can rely on good MC predictions &+
Better constraints at mid-mass e Vs
300 GeV < m(X) <1 TeV
W
This analysis focused on VBF-produced signals
Special neural-net to separate inclusive vs VBF v

production
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-19/

V' h semileptonic resonances JHEP 06 (2023) 0

% I ATLAS :H;MZ:;;T bb cos(B-0)=0.1 |
: T Mo o Also recent search for V'h — £0bb/¢vbb/vvbb
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460 eooﬁ 800 1000 1200 1400 h — bb
. . | mlee - Two resolved R = 0.4 jets

UATLAS 9506 CL limit
Is =13 TeV, 139 fb™* —— Observed limit
= 7 combined (OL+2L) limit  ------- Expected limit
E \ [ Expected 1 s.d.
N [ Expected #2s.d
— - HVT Model A, g =1
AN — — HVT Model B, g =3

- One large R = 1.0 jet

-

Results consistent with SM
- Limits on HVT model

a(pp ~ Z' — Zh) [pb]
5

,_.
2

AN ---= Expected limit (OL)
N ----- Expected limit (2L)

vl o ol ol o

3 - Also limits on 2HDM model in inclusive
T . and bb-associated
10 Ll L L Liiuil Ll e |

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m,. [GeV]

Robert Les Searches for Heavy Resonances Decaying to Bosons 7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-19/

Heavy Resonance Combination

ATLAS published combination of all
VV/V h/tl resonance searches
- Check if local excesses coincide
- Strongest limits
- Limits directly on couplings of
benchmark HVT model

CMS provides similar summary plots

95% CL lower limit on A, [TeV]
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CMS Preliminary  August 2023
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/

Resonant hh Combination

ATLAS-CONF-2021-0

ATLAS performed similar combination of hh — bbbb, bbrT, bby~y searches
bbrT: Local 30 (20) @ 0.9 TeV

- Not visible in traditional bump-hunt but seen

via neural-network in ThqdThad
bbbb: Local 2.30 (0.40) @ 1.1 TeV
- Small excess above data-driven bkg in

Local po-value

resolved region

Combined: Local 3.20 (2.10) @ 1.1 TeV

- Peaks co-linear
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Y — X H — bbbb

Phys. Lett. B 842 (2023) 137

CMS provides more broad Y — X h (X # 125GeV) searches in same bbbb,

bbrT, bbyy channels

(13 TeV)

CMS simulation
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Most recent bbbb
search uses the current
bleeding edge
ParticleNet tagging
technology to identify
boosted h/X — bb
candidates

Events/bin

138 fb-'(13TeV)
;

T T T

i, CMS + paia T My=150 GeV
t . Mx=2000 GeV'

100L Multjet My=300 GeV
s Total bg. Mx=3000 GeV

102 uncertainty " My=400 GeV
Pt ey o(pp - X - YH - bbbb) = 1 fb

T
My=1600 GeV'

- Defined signal regions and
control /validation region for QCD

backgrounds

400 500 600

MY [GeV]

- ttbar background from simulation,
corrected in lepton+jet region

- Limits on next-to-MSSM
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/
https://arxiv.org/abs/1902.08570
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-23/

V'~ Resonance

ATLAS-CONF-2023-030,JHEP 07 (2023) 125

ATLAS search in Z(— 00)~

Exploits very good lepton
reconstruction of the Z

ents 10 Gev

Also previous searches in CMS in W+,

;; Rl ML

Best mid-range limits in
X e [300 GeV, 1TeV]
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ERC o 200 200
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Upper Limit on a(pp ~X) x B(X ~Z ) [fb]
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ATLAS Preliminary

ATLAS search in V(= qq)y

Relies on recent advances in
hadronic boson tagging

TPy : E
Esnom -2 <
I s gy 3

- Strong high-mass limits

s sl sl

5001000 1500 2000 2500 3000 3
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95% CL limit on o(pp - X)x B(X ~ Zy) [fb]

T T T T
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ATLAS
F (s=13Tev, 139m -~ Expected
Spin0gg -+ X - Zy Expected + 1o

Expected 20 |

2 L L L
1000 2000 3000 4000

Z~ channels, and ATLAS H(— bb)~y

All rely on data-driven function form estimates of the background and clear
high-pT photon identification+reconstruction+isolation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-10/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-17/

Events / GeV

Data - best-fit model

Low-mass diphoton Resonances

Recent CMS search for “low-mass” [70,100] GeV extra Higgs-like particle
decaying to photon pairs

CMS poimnay 363" (13TeV) CMS Prefiminary 132.2 o (13 TeV)
k Class 0 ] 3 L L B B
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— 2.90(1.350) local(global) excess seen at m = 95.4GeV by CMS
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html

Low-mass diphoton Resonances HiG-20-002, ATLAS-CONF-2023-

Same analysis for “low-mass” diphoton resonances performed by ATLAS

CMS Preliminary 132.2 fo (13 TeV)
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— 2.90(1.350) local(global) excess seen at m = 95.4GeV by CMS

— 1.70 local excess seen at m = 95.4GeV by ATLAS
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/

Multiboson Resonances

Phys. Rev. D 106 (2022) 012002

Limits on simple 2-body decays are
being very tightly constrained

CMS searched for cascading WIWWW
resonances
- Fully hadronic qqqqqq final state
- Semi-leptonic fvqqqq final state

Multiple jet-tagging based regions on
R = 0.8 jets in the events
- One for identifying individual
W —qq
- One for identifying completely
merged WW — qqqq
- Also include the possible
contained W — fv
- All done with central CMS
DeepAKS tagger

Robert Les

1(a) 1

=
=
=l
=
=
f\-ﬂl
[CIR]

et =
Jet 10) {0
aQm
CMS 138 fb™ (13 TeV)

S 4
> PP~ W ~ WR — WWW
e 3.5[ i Expected £ 10, e imen (COMbined)
& [— Observed imit (combined) 10°

95% CL upper limit on & B (pb)

10"

15 2 25 3 35 4 45 5
m,, (TeV)
™

Searches for Heavy Resonances Decaying to Bosons 15


https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-002/index.html
 https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-001/index.html
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

V hh Resonances
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ATLAS BSM search for

95% CL limit on a(ZH)xB (H— hh —. bbbb) [fb]

non-resonant V hh with higgs-vertex
modifications

resonant H-strahlung: VH — Vhh
resonant 2HDM: A — VH — Vhh
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ZH-Zhh Expected +15
Expected 20

300 400 500 600 700 800 900 1
m, [Gev]

Robert Les

Eur. Phys. J. C 83 (2023) 5

2 T 3
& ATLAS * bata 1
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LW A - ZH - Zhh Post-Fit t+21c@V+21c 3

h (mA,mQ =(420,320) GeV V+23bl V+]j 3
S+B Hypothesis [l Other Uncenainty;

B-only Hypothesis

Significance
N

=)

BDT Bin

Small excess found:
- ZH: Local (global) 2.7¢ (1.40)
@ m(H) = 550 GeV
- AZH:
- Large-width: 3.8¢ (3.0)
@ m(H)/m(A) = 320/420 GeV
- Narrow-width: 3.60 (1.4)
© m(H)/m(A) = 300/800 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/

DM V'V production JHEP 07 (2023) 116, EX0-21-012

Many DM searches at LHC rely on the Er ,iss + X framework with
WIMP-like particles recoiling again SM particles

- Also interest in two-mediator models
with spin-1 Z’ and scalar s
- s — V'V dominates above m > 160 GeV

Both ATLAS and CMS have done searches in
V'V + Er miss signatures

- Dominant channels is fvqq
. - Similar merged
 WW — qqqq categories as
WWW searches

- Limits comparable and no
Bt e A S e excesses
e T Thedl L Rely on assumptions of DM
mass and couplings

0
Sho-0.01, m, <200 Gev ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-04/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-04/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html

Summary ATL-PHYS-PUB-2022-037

The LHC experiments have a very broad search
programs for resonances with final state bosons
- Long history of di-W/Z/h/~ searches 1

- Exploring more complex phase spaces with :SRI;/éonant BSM
cascades of resonances - Non-resonant BSM

Many of these analysis utilize state-of-the-art
reconstruction techniques
- Boosted W/Z/h/t-tagging is now -
commonplace
- Many advanced machine-learning techniques E
at play o

L S B S e LA
ATLAS Preliminary

Vs =13 TeV, 36.1-139 fo™

SMEFT A =1 TeV; one-at-a-time

EW
— Higgs — EW+Higgs+EWPO

LHC continues to tightly exclude heavy resonance
- EFTs provide framework to extend searches
to tail effects of even heavier resonances
- ATLAS provided simultaneous fit of
Higgs+EWK measurements with LEP
precision data in SMEFT model |
- Some operators constrained more tightly o ‘
with LHC then LEP 05 0 05 d
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/

