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Beyond the Standard Model with the LHC

Strings?--- -~
® The standard model (SM) has been well tested up to ~100 GeV scale. Extra dimensions?
e  But still, it is clear that the SM is not the final theory. e _Supersymmetry? __________________
There are many open questions: GUTs?
o Is the mass of Higgs natural or fine-tuned? 0 . 1(l)2 1 . GeV
If natural, what new physics (symmetry) governs this? Standard : ) 0% 100 1019
©  Why is there a hierarchy between weak scale vs. Planck scale? model
o How does gravity play with the other forces?
o Are there more space dimensions than the familiar three? Hnig
o Do all forces unify at h|gh energy? Dark matter... etc https://www.nature.com/articles/nature06079

e  Many compelling theoretical ideas of BSM have been proposed to address them. Interestingly, these new theories have in
common that they introduce new heavy resonances.

The LHC is best positioned to test TeV energy scale, where potential hints of new physics may exist.

Extended Gauge Sector (New heavy Boson) New heavy Fermions (Vector-Like-Quark) Compositeness (Excited Fermion)

SSM, composite Higgs, Technicolor (W’, Z’) Vector-Like-Quark : Chiral structure important Excited Fermion : New forces or New
Kaluza-Klein excited SM (W, ., G,,) Mass dependent EWSB SM partners integrate out at low
in Warped Extra dimension model energies

Grand Unification Theory (leptoquark)
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https://www.nature.com/articles/nature06079
https://cms.cern/news/searching-new-physics-very-high-energy-lepton-pairs

Direct Search Strategy at the LHC

e Target BSM signatures :

o New resonance will emerge at high mass spectra with various final states !
o  Single final state often can probes many BSM scenario, so analyses are mainly ‘“‘signature based” :

m  Resonance search : dileptons, dijet, diboson (+lepton flavor violated, trijet, triboson .. etc)
o  Also, Model-independent result can be obtained and used to reinterpreted other various model

e Background Estimates :
o  SM Backgrounds are evaluated with Simulation

o  Define Control Region (CR) in the data to evaluate a given SM background in most searches.
o Validation Regions (VR) is used to cross-check a background method. -

e Advanced algorithm :
o  Exploiting the latest jet substructure and novel Machine-learning algorithms
o  Heavy resonances can produce highly Lorentz boosted decay products (W/Z/H-tagged jet, t/b/g-tagged jet),
Deep Learning Based algorithm at CMS: JINST15(2020)P12012

DEEPJET, DEEPAKS8, CNN (ImageTop) etc .. JINST15(2020)P06005
@ PR(2020)84|

Boosted jets: Increasing transverse momentum
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://www.sciencedirect.com/science/article/abs/pii/S0370157319303643?via%3Dihub

Outline : Recent heavy resonances searches from CMS

(1) Recent results for dilepton resonances (2) Recent results for dijet (trijet) resonances
qq—X’—e’e,u'w JHEP07(2021)208 (EXO-19-019) qq—X%"— qq,qg gg  JHEP05(2020)033 (EXO-19-012)
qq—X"—ev, uv PAS EXO-19-017 qq—X"*""— bb PAS EXO-20-008
qq—X’—e*w, er,ur  PAS EXO-19-014 qq—X"— th— |b PLB820(2021) 136535 (B2G-20-005)

qq—>X|O—>X20 g— ggg PAS EXO-20-007 New boson

SM particles
(3) Recent results for diboson (triboson) resonances *

qq—X"— Wy— iy arXiv:2106.10509 (EXO-20-001)
complete Run2 dataset (2016-2018,L = 137 fb™')

Small selection of CMS heavy resonant searches with

full Run-2 datasets will be covered in this talk.

*dihiggs resonances, they may be covered in Sotiroulla and Vukasin’s talk.
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http://dx.doi.org/10.1007/JHEP07(2021)208
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019
http://cds.cern.ch/record/2758647
http://cds.cern.ch/record/2779023
https://arxiv.org/abs/2106.10509
http://cds.cern.ch/record/2753954?ln=en
http://cds.cern.ch/record/2776919
http://dx.doi.org/10.1007/JHEP05(2020)033
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-012
http://cds.cern.ch/record/2776798
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2021.136535&v=f6f49e8c
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-005/
http://cds.cern.ch/record/2771810

Dilepton Resonances
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Dilepton Resonances (Z’,W’)
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Probing new gauge boson masses up to about 7 TeV

qQq—Z/G  — e, u'w

Search for bump in high invariant mass spectrum.
X°:Z in SSM/GUT and G, in RS model of WED
SM background DY(main), Jets (data-driven)
o  j misidentified as | estimated from data.
o  Combined background shape normalized
to data around m

z
Highest m_ observed in Run2:3.47(e), 3.34(u)TeV

qq—>W'/W,  /RPV stau— ev, uv

Search for signal in high transverse mass spectrum.

X* WIW, . in SSM/ED and RPV SUSY stau
v can be determined p,™* = -Zp_in an event
Kinematic Selection:
o Ad(lp,™*) > 2.5 (back-to-back decay)
o 0.4 <p'/p,™* <I.5 (energy balanced)
Highest M. observed in Run2:3.1(e), 2.9(u) TeV


http://dx.doi.org/10.1007/JHEP07(2021)208
http://cds.cern.ch/record/2758647

Dilepton Resonances (Z’)

’ + .- e
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Upper limits are set on the ratio of the oB of a new narrow dilepton resonance to that of the SM Z in data region [60-120] GeV
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m(Z’)<5.15 TeV excluded at 95%CL for e, u comb. channel

with an intrinsic width of 0.6%
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http://dx.doi.org/10.1007/JHEP07(2021)208

Dilepton Resonances (W)
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PAS EXO-19-017
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http://cds.cern.ch/record/2758647

New measurement from LHCb of RK with full Run-1 and 2 data sets.

The most precise measurement to date! R, = BF (B+ — K+ p+ ) / BF (B+ — K+ e+ )

3.1o away from the SM expectation! “Evidence for LF Violation in b decays”
— Strong hints for BSM physics

BaBar

0.1 < ¢g?><8.12GeV¥c*

Belle

1.0 < ¢>< 6.0 GeV¥/c*

LHCD 3 fb!

1.1 < ¢?<6.0 GeV¥/ct

LHCbH 5 fb™!

SM contribution BSM contributions

|RK = 0'846f81?§]1|

1.1<¢*<6.0GeVY/ct

could explain these effects !

1.1 < ¢*<6.0GeV¥/c
i

1.5
Ry

LHCb 2021.03 result(9 fb') :
CMS Submitted to Nature, arXiv:2103.11769
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https://arxiv.org/abs/2103.11769
http://dx.doi.org/10.1007/JHEP07(2021)208
http://cds.cern.ch/record/2779023

Dijet (trijet) Resonances
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Dijet Resonances

3rd generation:qq—VW'— tb— |b
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Various BSMs predict dijet resonance in TeV scale.
Dijet (|n7] < 2.5) with highest p_ used. (2 wide-jets AR<I.1)
No significant SM Background.
Steeply falling dijet mass spectrum from QCD.
Dijet angular cut : SR ( m, > 1.5TeV)

o |An| < I.I to reject large QCD rate (t-channel)
QCD in SR estimated with 2 methods :

o  background-fit method ( m, > 1.5TeV)

o  Ratio method (m“. > 2.4 TeV) reduced syst. unc

) = <
qq—>W— L‘b—)Jbﬁ == %

high top quark pr

W', in Left-Right model, W’/ interfere with SM
Search for W’ decays into a Lorentz-boosted top and b

Use large area R jets and exploits jet substructure
b-tag for AK4 j: DEEPJET tagger algorithm
t-tag for AK8 j: m_., m decorr. DEEPAKS tagger (t vs. QCD)

sD’



http://dx.doi.org/10.1007/JHEP05(2020)033
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2021.136535&v=f6f49e8c
http://cds.cern.ch/record/2776798
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http://dx.doi.org/10.1007/JHEP05(2020)033
http://cds.cern.ch/record/2776798

PLB820(2021)136535
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2021.136535&v=f6f49e8c

If DM was produced by matter annihilation (s-channel) in collider, the Mediator

can be observed also in the decay to matter particles (di-fermion searches)

Indirect search_
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Interplay between DM - di fermion Resonances
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Difermion Searches provide Strong constraints for

dark matter mass : MDM

>M

/2

med

Exclusion at 95% CL

Observed

- - = - Expected

Dilepton (137 )
[EXO-19-019]
Dijet (35.9-137 b))
[arXiv:1806.00843]
[arXiv:1911.03947]
Boosted dijet (77 o)
14]

lllllllllllllllllll

111

ce, 25-29 Oct

= 0.1)

Dark matter mass M, [GeV]

2000

1800

1600

1400

1200

1000

800

600

400

200

0,

CMS Prellmmary

LHCP 2021

0

T T T

T

Axlal-veclor mediator

(Axial Vector)

med

My =2 X Mgy,

P R U o s B e S Aen A

Q. 2012
2 L Loty Lt . !
500 1000 1500 2000 2500 3000 3500 4000 4500

Mediator mass M, [GeV]

(dijet) benchmark coupling g . =

Exclusion at 95% CL.

—— Observed

- - Expected

Boosted dijet (77 fb)
[arXiv:1909.04114]

Dijet w/ btag (19.7 fo)
[arXiv:1802.06149]

Dijet w/ ISR } (18.3 16"
[arXiv:1911.03761]
Dijet (35.9-137 1b°)
[arXiv:1806.00843]
[arXiv:1911.03947]
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[EXO-20-004]
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[arXiv:1810.00196]

DM + Z(1) (137 )
[arXiv:2008.04735]
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Trijet Resonances

o . . .
qq_)GKK_>¢ g— ggg It is crucial to extend searches in unexplored final state
the ‘Cascade resonance decay’

This is the first LHC search for a trijet resonance with a boosted dijet
Py .
& Radion ¢ ’ Eégged dii . . . .
4 jet R,(G,,) decays into 3 gluon jets via a R,(scalar ¢), Only consider M(R|) >> M(R))
Kinematic of trijet decays only depends on the resonance masses:R,=2-9TeV, R,=0.4~1.4TeV

The boosted R -jets = single jet containing jet substructure with 2 prong jets
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Pm =My, /My, < 02 (m_>2TeV) R, jet substructure significantly improves sensitivity(~0.5TeV) compared to dijet result.
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Wy Resonances (all hadronic)
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Recently, triboson resonance in all hadronic channel is also updated at CMS

Target events either two or three massive large-R AK8 jets and without any leptons
2 final states are simultaneously probed : R*, R39 (I quark leaks out of the cone), R'"

number of merged jets, jet masses,and the NN tagger score (jet substructure)
Two discriminators : SMW vs. q/g (deep-W), W and Higgs vs. q/g (deep-WH)

Finally, the full hadronic analysis combined with the semileptonic analysis. PAS B2G-20-001
m(W,,) <3.0-3.7TeV excluded at m, = I.I - 2TeV (the most stringent limits to date)

Combining the all-hadronic semilepton searches

pp — W,, — WR — WWW

-2
— Observed Limit o

10

-----------------------

95% C.L. upper limit on cross section (pb)

10+
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Summary and Outlook

® A wide variety of heavy resonance searches have been performed at CMS
o0  Broad experimental signatures and theoretical models now considered.
e Still no evidence of new physics yet.
® The high energy/luminosity of LHC pushed the exclusion limits towards multi TeV scale.

All CMS Results (link!,link2)

e Upcoming Run-3, expect to include newer approaches to search for interesting BSM signatures
® In the future, more data (x20!) to be collected by the end of the HL-LHC.

— So, this is just the beginning, STAY TUNED for new results !!

Thank you very much.
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References of Dilepton resonances

® Recent results for dilepton resonances with full (2016-2018) Run-2 datasets

(1) JHEP07(2021)208(EXO-19-019) Published 27 Jul 2021 [£ = 140 fb™"] Gluon fusion Quark annihilation
“Search for resonant and nonresonant new phenomena in

high-mass dilepton (ee, pp) final states at Vs =13TeV”

(2) PASEXO-19-014 Published 23 Aug 2021 [£ =137 fb7'] @
“Search for heavy resonances and quantum black holes in
ey, e, and pr final states in pp collisions at \Vs=13TeV”

(3) PAS EXO-19-017 Published 22 Mar 2021 [£ = 137 fb™']
“Search for new physics in the lepton (e, y) + missing transverse

momentum final states in pp collisions at Vs=13TeV”
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http://dx.doi.org/10.1007/JHEP07(2021)208
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019
https://link.springer.com/article/10.1007%2FJHEP07%282021%29208#article-info
http://cds.cern.ch/record/2779023
http://cds.cern.ch/record/2758647

References of Di(tri)jet resonances

e Recent results for dijet (trijet) resonances with full (2016-2018) Run-2 datasets

(1) JHEP05(2020)033 (EXO-19-012) Published 8 May 2020 [£ = 137 fb™']

“Search for high mass dijet resonances with qgore qorg
a new background prediction method in pp collisions at Vs=13 TeV” X
qorg qorg

(2) PAS EXO-20-008 Published 26 Jul 2021 [£ = 137 fb™']
“Search for heavy resonances decaying to b quarks
in pp collisions at \s=13 TeV”

(3) PLB820(2021)136535 (B2G-20-005) Published 10 Sep 2021 [£€ = 137 fb™']

“Search for W’ bosons decaying to a top and a bottom quark
at Vs=13TeV in the hadronic final state”

(4)  PAS EXO-20-007 Published 5 Jun 2021 [£ = 138 fb™'] & RadioRn @,
“Search for high mass trijet resonances using final states R, 7 &
with boosted dijet resonances in pp collisions at Vs=13 TeV KK ;IJO; G \ 9
KK
P
g
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http://dx.doi.org/10.1007/JHEP05(2020)033
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-012
http://cds.cern.ch/record/2776798
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2021.136535&v=f6f49e8c
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-005/
http://cds.cern.ch/record/2771810

q

e Selected results for diboson resonances with full Run-2 datasets A oA .

v q 7 W q

. . * 7 q X Z v EV
Semi-leptonic decays : - - ¥

(1) arXiv:2109.08268 (B2G-20-008) Submitted PRD 17 Sep 2021 [£ = 137 fb™']

“Search for heavy resonances decaying to Z(vv_)V(qq_) in pp collisions at \ s=13TeV” 7 ) H@ hadronic
Z / » H all hadronic
——— decay
(2) EPJC8I(2021)688 (B2G-19-006) Published 3 Aug 2021 [£ = 137 fb™'] J‘\ , , Z leptonic decay
“Search for a heavy vector resonance decaying to a Z boson and a Higgs boson inpp  * Z<ept°"i°

collisions at Vs=13TeV”
g

(3)  arXiv:2109.06055 (B2G-19-002) Submitted PRD 13 Sep 2021 [£ = 137 fb™'] N W ’ W ’
“Search for heavy resonances decaying to WW,WZ, or WH boson pairs in the v l . i' ’

X
lepton plus merged jet final state in pp collisions at Vs=13TeV” ) ] v
et Aha Jet q
q q
All-hadronic decays : W o W
L w ”
()  PAS B2G-21-002 Published 26 Jul 2021 [£ = 137 fb7'] R - R e
“Search for resonances decaying to three VW bosons in the hadronic final state at N & 7
et N et IO

“Search for Wy resonances in pp collisions at Vs=13 TeV using hadronic decays of

\s=13TeV” ! g‘f. d T
(2)  arXiv:2106.10509 (EXO-20-001) Submitted PLB 19 Jun 2021 >' v s

Lorentz-boosted W bosons” q
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https://arxiv.org/abs/2109.08268
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-008/index.html
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-021-09348-6
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-006/index.html
https://arxiv.org/abs/2109.06055
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-002/
http://cds.cern.ch/record/2776919
https://arxiv.org/abs/2106.10509
http://cds.cern.ch/record/2753954?ln=en

(1

(2)

()

(4)

®)

(6)

PAS EXO-20-002 Published 23 Mar 2021 [£ = 137 fb™']
“Search for a right-handed W boson and heavy neutrino in pp collisions at Vs=13TeV”

PAS B2G-20-002 Published 16 Mar 2021 [£ = 137 fb™']
“Search for VW' decaying to_a vector-like quark and a top or bottom quark in the all-jets final state”

PAS B2G-19-004 Published 16 Mar 2021 [£ = 136 fb™']
“Search for single production of a vector-like quark T decaying to

a top quark and a Z boson with the Z boson decaying to neutrinos”

PAS B2G-20-010 Published 23 Mar 2021 [£ = 137 fb™']
“Search for a heavy resonance decaying into a_top and a VV boson in the
lepton+ijets final state at |3 TeV”

t

arXiv:2104.12853v| (B2G-19-003) Published 26 Apr 2021 [£ = 137 fb™']
“Search for a heavy resonance decaying to a top and a W boson at \s=13 TeV b w

in the_fully hadronic final state”

PLB819(2021)136446 (EXO-19-015) 10Aug 2021 [£ =137 fb7"]
“Search for singly and pair-produced leptoquarks coupling to

third-generation fermions in proton-proton collisions at \Vs=13TeV” LQ
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http://cds.cern.ch/record/2776884
http://cds.cern.ch/record/2756265
http://cds.cern.ch/record/2754160
https://cds.cern.ch/record/2758828
https://arxiv.org/abs/2104.12853v1
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-003/
https://www.sciencedirect.com/science/article/pii/S0370269321003865?via%3Dihub
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-015/
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Figure 8. An interpolation between the DeepCSV tagger [19] and Deeplet.
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Table 1. Summary of the CMS algorithms for the identification of hadronically decaying t quarks and W,
Z and H bosons. See text for explanation of the algorithm names. The column “Subsection” indicates the
subsection where the algorithm is described, and the column “jet py [GeV]" indicates the jet py threshold to
be used in each algorithm. The * in DeepAKS and DeepAKS-MD algorithms indicates the ability of these
algorithm to also identify the decay modes of each particle.
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Algorithm Subsection jet pp [GeV] tquark W boson Z boson H boson
mgp + T3y 6.1 400 v
mgp + T3 + b 6.1 400 v
mgp + Ty 6.1 200 v v
HOTVR 6.2 200 v
N;-BDT (CALS) 6.3 200 v
mgp + N, 6.3 200 v v v
BEST 6.5 500 v v v v
ImageTop 6.6 600 v
DeepAKS'’ 6.7 200 v/ v v v
Jet mass decorrelated algorithms
mgp, + NPT 6.3 200 v 7 ¥
double-b 6.4 300 v v
ImageTop-MD 6.6 600 v
DeepAK8-MD""/ 6.7 200 ¥ 7 v v
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Time schedule

https://project-hl-lhc-industry.web.cern.ch/content/project-schedule
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LHC will Restart in 2022
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