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Heavy resonance search at collider experiments

« Standard Model (SM) is successful for particle physics

« SM shortcomes (Hierarchy problem, Unific.of Gravity, Dark Matter/Energy)
indicate the existence of New Physics — Beyond Standard Model (BSM)
theories

Heavy resonance search is a good way to probe new physics

> Heavy resonances are predicted in many new physics models: New Physics
Non-Resonant
New Physics

o Two-Higgs-doublet model (A, H*, ...)

SM

Number of Events

o Heavy Vector triplet (W’, Z7°)

Mass

© Many more...

> A straight-forward way to observe new physics/particles:

o Featured Kinematics (e.g., “invariant mass’) could make a bump on a rather flat

SM background spectrum, indicating an unknown resonance particle

o High energy collider like LHC makes it possible to search for “heavy” resonances

Today | just focus those in which China group has obvious

at high ener
g gy contributions



® Di-muon and tri-muon triggers

are used
® Event selections:

* pr>4,4,3,3GeVand |n|
< 2.5 for the four muons

J/¥ and ¥ (2S) mass
window requirement

* Vertex fit quality and L,,,

requirements to reduce
non-prompt background

® Signal region (top two plots):
AR (angular distance) < 0.25
between charmonia

® Control region (bottom two
plots): AR = 0.25 between
charmonia
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
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* In the di-J /Y channel, two signal models are tested:

®* Model A: three interfering signal peaks

®* Model B: two signal peaks

® The peak around 6.9 GeV is consistent with the LHCDb
observed X(6900) (arXiv:2006.16957), with significance far

above 50
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* Inthe J/Y + Y (25) channel, also two signal models are tested: J [P+ (25) model model 5
+0.01
* Model a: the same peaks observed in the di-/ /1 channel "3 7.22 + 0'03;0.04 6.96 + 0.05 J—:(?l??’
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* Model (3: only one signal peak

* The signal significance is 4.70 (4.30) for model a (). The significance of the 2nd peak (7.2 GeV)
reaches 3.00, also hinted by LHCb and CMS (arXiv:2306.07164) in the di-J /1 spectrum



https://arxiv.org/abs/2306.07164
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902

CMS J/Q@J/P candidates at 13 TeV

2016,2017 and 2018 LHC
runs
* J/Y massandvertexrelated =
cuts removed gy
* (Clean / /1 signals are seen
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Candidates / 25 MeV

Data-Fit

CMS background (SPS + DPS + BWO)

135 fb™ (13 TeV)
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* Most significant structure is a BW at threshold, B\WO0--what Is its meaning?
* Treat BWO as part of background due to:

 BWO parameters very sensitive to SPS and DPS model assumptions

* A region populated by feed-down from possible higher mass states

» Possible coupled-channel interactions, pomeron exchange processes...
« SPS+DPS+BWO as our background



CMS model: 3 BWs + Background

arxiv:2306.07164
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http://arxiv.org/abs/2306.07164

CMS Interference fit

 Fit with interf. among BW1, BW2, and BW3 describes data well

‘ CMS Experiment at the LHC, CERN
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New exotic hadrons at LHC

11.0 4 : : L 1 1 1 1 1 1 1
10.5J, 23 new exotic hadrons at the LHC J’

8.0 Observed by LHCb, confirmed g
by ATLAS and CMS
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Low-mass Z' boson

JHEP 07 (2023) 90

« Could address the g-2 anomaly through the Z’ loop corrections without contradicting other existing data.
« ldeally suited to address the lepton flavour anomalies measured with the ratio of B-meson decays to muons and electrons.

Search for a new Z’' gauge boson in 4u events [arXiv:2301.09342] @
» Signal: low-mass Z' boson produced from FSR of Drell-Yan process.
> Channel: utu—u*tu~ EXPEmﬁNST
» Reconstruction: Z; = pair of muons with invariant mass closest to m,.

Z,= pair of remaining muons with largest invariant mass. RREX, BEX

> Fit: Profile likelihood fit with my,; (for m,, > 42 GeV) or m,, (for m,, < 42 GeV) as discriminating variable.
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Search for vector-boson resonances decaying into a top quark and

a bottom quark

» The W' boson Is the mediator of a new charged vector current and can be massive enough to
decay into a top quark and a bottom quark][rrp 19 (1979) 1277, PRD 20 (1979) 2619].

» Two chirality scenarios are considered for the W' boson: right-handed chirality and left-
handed chirality

the reconstructed mass of the tb system
IS used to search for the W’-boson signal
with two channels: the 0-lepton channel
and 1-lepton channel.

(a) (b)
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Search for the Zy decay mode of resonances

: arXiv:2309.04364
Trl gger ATL;AS Prélimihar;/ @
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Object selection

e Opposite sign same flavour leptons with
|my; —m,| <15 GeV

e Standard identification and isolation +
special treatment for boosted f E
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Significance

- Relies on shape of the EM shower in No significant excess observed
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https://arxiv.org/abs/2309.04364

Heavy resonances decaying to bosons

_ , ? EATLAS 4 Dam
Search for high-mass Wy and Zy resonances using g;g 0 it ol Mo g
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New Resonance Y — XH—qqbb

New heavy resonances Y decaying into a Standard PRD 108 (2023) 052009 @

Model Higgs boson H and a new boson X. MX ATLAS
e Final states defined by a Higgs decays in to bb and the X to v b

light quark resulting in a fully hadronic final state.
» Heavy Vector Triplet HVT model used as benchmark for
cross section upper limits
* Three Signal Regions SR:

* SR (Merged): X and H are reconstructed as a large radius jet.

N

N
~
N
&g

* SR (Resolved): an orthogonal resolved region where the X is reconstructed as two small

radius jets.

* SR (Anomaly): Additional anomaly detection, which selects the X particle based solely on
its substructural incompatibility with backaround iets (not orthoaonal to the other SRs).

Events

- ATLAS
4| Vs=13TeV, 139"
- Two-Prong (Merged) SR
284.5 GeV <m, <322.5GeV ~ Uncertainty

Data / Bkg.

m, [Te

Vs=13TeV, 139 fb"
Observed ClLs

95% CL limit on o(pp—Y—XH—qgbb) [pb]

1000 1500 2000 2500 3000
m, [GeV]

No significant excess of
data over the expected
background is observed.
The observed limits
range for the cross
section from 0.34 fb to

1.22 pb. (FFLK)

15



Search for a new heavy scalar particle X — SH

£ s

> Selecting events containing two hadronically ATLAS ./
EXPERIMENT /

decaying z-lepton candidates (t,,4) fromH - 7" 7~ ’
decays and one or two light leptons ({ = e, u) from S
— WW, Z Z decays. I

= Three signal regions ZZ2121, WW?2|21, WW1I271
-  Distinguished by number of light leptons and m(ll)
= Separate signal and background using boosted decision trees
split in signal regions and mass of S
mx provided as a parameter, background gets assigned mx randomly
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Probing Heavy Majorana Neutrinos

> The first search exploiting the vector boson fusion process to probe heavy
Majorana neutrinos and the Weinberg operator, which produced either a pair of
muons or a pair of antimuons.

CMS

> No evidence of lepton number violation in the muon data. For heavy Majorana
neutrinos, constraints on the squared mixing element between the muon and the heavy
neutrino are derived In the heavy neutrino mass range 50 GeV-25 TeV; for masses above
650 GeV these are the most stringent constraints

> A first test of the Weinberg operator provides an observed upper limit at 95% C.L. on
the effective pp Majorana neutrino mass of 10.8 GeV.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.011803
https://home.cern/news/news/physics/cms-tries-out-seesaw
https://news.sciencenet.cn/htmlnews/2022/5/478781.shtm

Search for the exotic decay of the Higgs boson into a Z boson and

evidence of BSM.

a light pseudoscalar

> FIrst search for the exotic decay of the Higgs boson to an ALP
and a Z boson, where the ALP decays to a pair of photons: an
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> The mass range of 1 <m_, < 30 GeV Is considered for H — Za decay.
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No significant deviation
from the standard model
expectation Is observed.

CMS-PAS-HIG-22-003
SIRiRPLB, =HEeFh

Expected and observed 95% CL limits on o(pp
— H) x B(H — Za — 212y). The observed
(expected) limits range from 17.8 (17.9) fb for
m,=1GeV to4.7 (6.9) fb for m, = 30 GeV.
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Search for standard model-like Higgs boson h—yy

CMS-PAS-HIG-20-002, SH&EFR

132.2 fb (13 TeV)

» The extended parameter space of several BSM
models predicted the presence of additional Higgs
bosons with masses below 125GeV

» Good motivation for extending searches for Higgs
posons to masses as far below m, = 110 GeV as
nossible, where H refers to an additional Higgs
noson which is “SM-like”

» A mass hypothesis of 95.4 GeV with a local (global)
significance of 2.9 (1.3) standard deviations.
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Search for a heavy resonance decaying into a top quark
and a W boson

Excited quarks can interact with the SM
particles through gauge mediation, such that a
gauge boson and a SM quark is produced In
their decay.

For b* masses m(b*) > 700 GeV, the decay to tW

IS predicted to be dominant

The tW system is reconstructed from the
semileptonic t decay, t - Wb — lvb, and the
hadronic W boson decay, W — qq'.

No statistically significant excess over the
expected background is found.

b* quarks with left-handed, right-handed, and

vector-like chiralities are excluded at 95% C.L.

for masses below 2.4, 2.8, and 3.1 TeV,
respectively.
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Summary

« CMS and ATLAS studied the di-J/Ay mass spectrum and found X(6900);
First observation of X(6600) and evidence of X(7300) by CMS; Evidence

of new structures In the Jhy+y(2S) channel by ATLAS. A family of
structures which are candidates for all-charm tetra-quarks!

® Heavy resonance search remains an active area of research

v New models and particles beyond the Standard Model explored at
ATLAS and CMS, yet no significant deviation beyond Standard Model is

observed

v New techniques such as Machine Learning are developed and
Implemented in the analyses Extended exclusion limits on BSM theories
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Exploration of possible interference among BWs

Explored fit with interference among various combinations of BW's
Pdf for three BW interference

Interf. term
Pdf(m) = Ny, - [BWo|* @ R(M) /
+ Nx and interf |11 - €xp (i) - BWy + BW, + 13 - exp(igh3) - BW;|?

+Nwrsps * fsps(M) TNyppps * fOPs(112) -

Studied many ways interference due to possible J°¢ and quantum
coherence

® 2-object-interference among BWO, BW1, BW2, BW3

® 3-object-interference among BWO, BW1, BW2, BW3

® 4-object-interference among BWO, BW1, BWZ2, BW3

Final CMS choice: interference among BW1, BW2, BW3
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