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Discovery of the Standard Model
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After the Higgs discovery 2012...

Higgs boson §

ParticleZoo.net

Exploit all production modes.
Many decay channels accessible for 125 GeV Higgs.
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Beyond the Standard Model Physics : Open questions

Big mysteries the Standard

Model cannot explain !
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Big Open questions

Unknown Phenomena Experimental results-SM misfits Theory question

COMPOSITION OF :
THE UNIVERSE B-meson decays, Flavor Anomalies ? Too many SM parameters ?
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New theoretical ideas and direction

To solve Hierarchy problem,

Compositeness GUT
Unnatural ! Supersymmetry ‘

SUSY particles LSP Many more...
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https://www.nature.com/articles/nature06079

The Large Hadron Collider (LHC)

ATLAS

LHCF

Source: CERN
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LHCb and MOEDAL

General purpose

detectors _

L

Oo * S~ Bunch Crossing 4x107 Hz colliding beams

7x10"2 gV Beam Energy
1084 cm2s1 Luminosity

2835 Bunches/Beam
10" Protons/Bunch
) .‘Ism‘es»ns)

7 TeV Proton Proton

Proton Collisions 10° Hz

Parton (gluon or quark) Collisions

New Particle Production <1 Hz (Higgs, SUSY, ....)

(Example) Rate : Run-2 (20Hz/nb)

4000 | W bosons/sec
1200 | Z bosons/sec

17 ttbars/sec

1 Higgs bosons/sec




General Purpose Detectors at LHC

CMS ATLAS
Compact Muon Solenoid A Toroidal LHC Apparatus

CMS DETECTOR STEEL RETURN YOKE 44m
Total weight 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 um?) ~1.9 m? ~124M channels T
Microstrips (80-180 um) ~200 m? ~9.6M channels = 2

Overalllength ~ :28.7m
Magneticfield  :38T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers .
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers ~ messesnesn = 777"

PRESHOWER
Silicon strips ~16 m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

Tile calorimeters
HADRON CALORIMETER (HCAT)
Brass + Plastic scintillator ~7,000 channels

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

Toroid magnets

LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker
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Data taking at LHC

iy

LHC data taking
Run 1:7 TeV (2010-11), 8 TeV (2012) ___ _ .
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Overview of BSM searches at CMS

BSM program at the LHC has a broad and di

Coloron/Diquark/...
Contact Interactions

Dark Matter

CMs prelimina;

Ive rse topi\g\hew of CMS EXO results

16-140 fb~1 (13 TeV)

Extra Dimensions

BSM Model

Heavy Fermions

Leptoquarks

Heavy Gauge Bosons

A\

In this talk, not cover large programs on
Dark matter, SUSY, Long-lived particles
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https://twiki.cern.ch/twiki/bin/view/CMSPublic
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

Search Strategy

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 various models

m

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.

13



Advanced Identification algorithm

boosted final state partlcles

.. H .
e Jet Tagging technique :

o Exploiting the latest jet substructure and novel ML algorithms
o Heavy resonances can produce highly Lorentz boosted decay @

products W/Z/H-tagged jet, t/b/q/g-tagged jet.

Boosted jets: Increasing transverse momentum

Soft drop algorithm Deep Learning Based algorithm at CMS:
Removes soft and wide-angle radiation o DEEPJET
: JINST15(2020)P12012
min X AR\ ?
pT(lpTJ: ,sz) >z°”t( 012) ©  CNN (ImageTop) JINST15(2020)P06005
DEEPAKS
© \ PR(2020)841
N-subjettiness o ParticleNet G ]
Compatibility of a jet with having N-prong substructure -+ - wgee | w° ) "w |~ z 7 oo
_ ity TR SRS R L H (bb) ]\. top (bca) | - W(a) | |- Z(ob) | |- QCD (bb) |
o dOZpr, mm[ & % N’] - H (co) |’» top (bga) | - W(aa) | - Z(ec) | - QCD(cc) |
! - H(VV*-4q)| - top (bc) | - Z(q) | - QCD(b) |
7,/t, : 2-prong jet (W/Z like) 7./z, : 3-prong jet (top-like) < top (ba) | 1 QCD (o) |
QCD

" (others)
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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

Jet Tagging evolution in CMS

N!l?,agged
B = total
Ng B (13 TeV)
> =3 T T T | T T T T T T | T T T | T T T E
e - CMS JME-18-002 ] Mg, T,y D .
@ [ o . JINST 15 P06005 (2020) | [ — Traditional Jet Substructure
O Simulation S
= E" Top quark vs. QCD multijet 1 E
° 1000 < p}™ < 1500 GeV, ™| < 2.4 1 B N,-BDT — Boosted Decision Tree based
% - 105 < mgy® < 210 GeV 1 B
O 10 110<m3'"® <210 Gev H =
= g ° {1 ! Boosted Event
(@) - 140 <m, <220 GeV Y o ParticieNet ] o)
S i o —peeppaks 1 (@] Shape Tagger (BESPFep Neural Net (DNN) based
ch 102l ---DeepAK8-MD | o
et o] B eepuet
- Tt | ] peePAKe — Convolutional NN based
10°F _BEST © 3 = mage fop 1D Convolutional neural network (CNN)
i —HOTVR 1 s ) Mass decorrelated (MD) DeepAK8
1780 | | —Ns-BIDT (CA15)1 I ParticleNet — Graph NN based
10_40. 02&' L |O4| L |06| L |08| L L 1
' ' N o Jet represented as “particle cloud”
Signal efficiency - Mass-decorrelated ParticleNet
S
q= Néolul
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Search for New Force carriers/Boson

Spin-1 W’/Z’ in many model; Sequential Standard Model (SSM),
Heavy Vector Triplet Model (HVT), composite Higgs model

Spin-2 Graviton (G)

Spin-0 Radion (¢) in extra dimension model (ED)
Spin-1 W,
Spin-0 h, H, H, A in the extended higgs sector introduce additional higgs

2 Higgs doublet model (2HDM), SUSY

Spin-0/1 leptoquarks | Possible explanation for flavor anomalies
(B meson decay, muon g-2)

Spin-0 Axion-like particle | Possible solution to Strong-CP problem (DM candidate)

16



Heavy gauge boson W’—Iv Search (1/5)

Events / 40 GeV

Data/Bkg.

Golden channel : High p_ | (e or mu) and p,™**
o Search for excess in high M. tail

o Target BSMs : SSM,

CMIS miss |

e+py
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Model independent Limit and application (2/5)

138 fb (13 TeV)

L B o o o e o 3
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Using a single bin counting experiment
ranging from M_™" to infinity.
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Application to RPV SUSY model
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stau

Coupling A’3ij(production vertex) : 0.05-0.5
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First EFT Interpretation with Iv data (3/5)

] _ o 101 fb' (13 TeV)
Indirect search in effective field theory (EFT) < 20pTrr T T T T AR RARRN RARRNRRRRN RRRR

o F ) e |

NP can induce universal effect on SM predictions : the s CMfmpmigs ; A"°W‘E‘I’E:f:f”;5°/ o
oblique EW parameters; S, T, W and Y. >105_ - . —ous E
Parameterizing in the framework of EFT B
S 1 7

2 : 05‘ """""""""" ';' """""""""" —f

NP P\\ — |14 (2 IV f,z “@ "l\\ r : n
weight P\(\O) B 1 gt m“ ‘5:_ E B
o | 10 i E
This is the first time using LHC data to constraint - : -
on W oblique parameter in v channel. e : E
_202-5I 111 2'(5 Luugi ) 1|5I 111 1Id g I, 1 I_;_l_(l)_' 111 ‘l, 111 I1IOI 11 I1|5I L1 I2|0I L1 I;s

Significantly improving the constraint obtained Wx10*

from LEP data (gray). 3
Most stringent to date! : W = —1. 2+0 6 X 10
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Composite Higgs Model (4/5)

The basic structure of the composite Higgs scenario

4 Composite Sector Elementary Sector
Avvy £int |
Myl exact G [T WN, BN, GH ”
e tr? iv:1506.01961
Heg/H g fr, Ir, (tr?) arxiv:1506.
JHEPQ06(2007)045

-> Composite sector + Elementary sector (SM quarks, leptons, gauge bosons,_no Higgs)

-> Higgs boson = pseudo Nambu-Goldstone boson of broken symmetry

-> It allows Higgs boson to be considerably lighter than confinement scale confinement scale m,

-> If EWSB effects small (m, would be ~1 TeV or above)

m.———= Resonances (p)

Predicted new particles! Higgs (i pNaB)
Additional heavy vector bosons from composite sector dynamics o or Higgs m.=1/I
(analogs of p meson in QCD) and scalars ~ 8 g € [1’4;]

p or Higgs p or Higgs
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https://arxiv.org/pdf/1506.01961.pdf
https://iopscience.iop.org/article/10.1088/1126-6708/2007/06/045

First Interpretation the Composite Higgs Model (4/5)

(0 00182 GeV ™ )m, (13 Tev)

b‘VIII|IlII|IIII|IIII|IIII|IIII|IIII
cMS

[ Indirect search (Oblique W), 101 fb
£ Direct search (SSM W'), 138 fb™'
[ Direct search (HVT W'), 101 fb
Higgs EPJC79(2019)421
doi:10.1140/epjc/s10052-019-6909-y

Exploiting Important interplay between m o 6«
direct W’ (coupling) limits and indirect
constraints from precise 5k

and EW W parameter. ;

Set new constraints on composite Higgs

Precision Higgs physics is
model parameter (m*-g*) :

telescope to high scale physics

Direct search for W’ in 92 I‘fin?":jagcalrl]y\/
SSM and HVT models | 9w/’ = .~ imited by the Vs

g, < (4770 GeV)/m,

The high-m* probed by W ]
oblique parameter

Indirect constraint on
oblique W parameter | , g2 ]W\Q;V

[w = —1.2*38 x 107 s :W

!III|IIIIIIIIIII|IIII_

2 v2 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
D=2 m«(GeV)
Ajuzt < 0.20 at 95% CL e m, < 3 (1) TeV excluded @95%CL
Nature 607.60-68 (2022) the (HVT) W’ assumption.
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https://link.springer.com/article/10.1140/epjc/s10052-019-6909-y
https://www.nature.com/articles/s41586-022-04892-x

a Paired-dijet Search (1/4)

Resonant pp —Y = XX = (jj)(jj) e or 907
p 7w uu—= S = xx — (ug)(ug) arx1y. :
/ et First signatures to explore
Dijet Pair 1: P&“"z‘z;frev
oz pt = 3.49 TeV N
diquark model LZEEZ Lo Ty 3*. 75
,\\:\li'/é; ‘e ‘;
p N Jet 1733 Tev ‘{/%:*‘ ‘:
i el
’ *
3 ?

Non-resonant pp — XX — (jj)(jj)
ds)(ds)

RPV SUSY model

pPp STt = (ds)(

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 28 12:41:12 2017 EEST
Run/Event: 305814 / 971086788

Lumi section: 610

7, ” [
N S pt = 1.408 TeV

N - eta = -0.74
’ 7,\ | phi=-1.17

/,,

= Dijet Pair 2:
p&ﬂ.ﬁz Tev pt = 345 TeV
ohotzr mass = 1.86 TeV

Four-jet mass
8 TeV

22


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-010/index.html
https://arxiv.org/pdf/2206.09997.pdf

Paired-dijet Search (2/4)

e Optimal dijet pairing with small
ARPAI'<?2 0 AnFar<1.1, M Asylrn<0.1
e Background-fit in various
a bins = <m,_>/m, _,.
(Scan various o bins)

CMS Dijet Pair 1:
pt = 3.49 TeV
mass = 1.88 TeV
PF Jet 3,
pt=1733TeV.
eta=021
phi=245 ‘
w P s
v
Dijet Pair 2:
PF Jet 2, o
CMS Experiment at LHC, CERN pt %iog Tev pt =345TeV
RenfEvent s05814 /o7 1006788 0 Eeot [pnesiar mass = 1.86 TeV

Lumi section: 610

Average dijet mass [TeV]

138 fb™' (13 TeV)

T R R =

- e :~ »; hY N %

»~ " ¢ \ 7] =

B ) S

I il 1 =

{ Ij,l / .l

= 4 3

,/ l —

/ 1.
\s e J/ —
- i
m  Diquark ]

S — xx — (ug) (ug)

c e by by

68% and 95%
contours

Ly

L

6

7 8 9 10

Four-jet mass [TeV]

a2 g
Events/bin
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Paired-dijet Search (3/4)

—_
o O O
w b

N

-—
<
- -

102"

dcs/dm4j [pb/TeV]
o

107
107
10°°
[
107”7

(Data-Fit)
Uncertainty _,

138 fb” (13 TeV)

(@)

2 |
)

¢ Data

—LO QCD MC
PowExp-5p fit
— ModDijet-5p fit
--- Dijet-5p fit

o>0.1

Diquark: S— yx — (ug)(ug)
M(S) = 8.6 TeV

M(S)=5.0 TeV

M(S) = 2.0 TeV

M(x)/M(S) = 0.25

P I 1

4 6 6 7 8
Four-jet mass [TeV]

C X B X A [pb]

Scan a value (Avg. mass of
the 2 dijets divided by the
four-jet mass)

uu - S = xx — (ug)(ug)

138 fb' (13 TeV)

1 TTr 1T | TT 17T | L | L | TT 1T | TT1r 1T | L lg
-~.CMS Y - XX = Gi)i)

~1 _

10 95% CL limits E

—e— Observed ]

10_2 [ Expected + 1s.d. _|

------- Expected + 2s.d.

~ T MX)/M(Y)=0.25 ]

107 E

im* 3

10_5 ----- Diquark: S — xy — (ug)(ug) ;

Yiul= 0.4, ¥ = 0.6 3
10—6|\||||||||||||||\|\|||||||\|x||||1

2 3 4 5 6 7 8 9
Four-jet resonance mass [TeV]

0 X B x A[pb]

First model independent
cross section upper limit
at 95% CL

pPp —tt — (ds)(ds)

138 fb™' (13 TeV)

— T
| cms XX = (i)Gi)
10° E

95% CL Limits

—e— Observed |
1072 B Expected £ 1s.d.

------- Expected * 2 s.d.

-.-.= Top squark: T * — (@ 5)(ds) |
1073k RPV coupling A;,,, B(ds)=14
107

-5 |\\\
o571 15 2 25 3

Dijet resonance mass [TeV]
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138 fb (13 TeV)

m IIIII I r7T1TT | |||||||| I ||||||||||||||||
= f Y XX - (i) (i)
g 1 CMS M(X) / M(Y) = 0.25
2 .

1072
More data are needed [
to establish if these 107°F
events are the first i
hints of a signal !!'  10™E

10~k

2 3 4 5 6 7 8 9 1
Four-jet resonance mass [TeV]

Resonant mass
Local 3.9 o

@ 4-jet Mass = 8.6 TeV
dijet Mass = 2.15 TeV
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CMS-B2G-21-003. arxiv:2204.12413

Search for 2 new scalars (X, Y) in 4b

Motivated from NMSSM Higgs scalars model New jet substructure tool; ParticleNet

jet as kind of “particle cloud”, clustered to get information

el ParticleNet is the state of art :
g N AR J-I o a GNN trained on jet particles that outputs m
s} % \ ighly . : ) .
z33> LBl --Lorentz a classifier score for different signal jets.
(', \\\\) ) ! \§OOSted simulated top quark jet 3 *_, :‘;‘:ei;'i‘:l"‘e‘
g N Y/,\\ H b || anti-kr, R = 0.8, pr = 600 GeV R = §:§Nem
My > My + My o i ..O =
- = & :‘2103
e 2 large-R b-pair jets fromY and H ParticleNet ¢
e M,(H):110-140 GeV, M (Y) > 60 GeV [1902.08570] 5
e To increase signal sensitivity,
special techniques are used to ‘
reconstruct the final states containing @

the collimated bb pairs

Boosted jets: Increasing transverse momentum

26


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-003/index.html
https://arxiv.org/pdf/2204.12413.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056019
https://arxiv.org/pdf/1902.08570.pdf
https://arxiv.org/abs/1902.09914

Boosted Boson tagging techniques :ParticleNet (2/3)

Event categorization based on bb-tagging score
P(R = bb)/(P(R — bb) + P(QCD))

ParticleNet used for tagging bb jets

100 CMS Simulation Preliminary 2018 (13 TeV) o i3 TEW)
> T T T (i
2 | — DoubleB 3 CMS simulation Signal Region (SR)
S — DeepCSV b+bb paie . Mx=1600 GeV ;
s — DeepAK8MD_ZHbbvsQCD [} o Multijet " My=90 GeV has a ParticleNet
Q1|  DeepDoubleBuL v2 i} < — : — = tagger selection on
S ParticleNetMD_XbbVsQCD ; © o 1 {1 ° » ;
Background g OGSVSBC - ys1 o - DSR1 both jets.
. . D. ) . O@ ol o ) g Oo o o o ;
. »rejection power -[vs4| - vs2 [lsR2 . 7
10 times 3 o S R
H . ' :6 ? co?m%goo o SOO.EO(? o? o %, 0. e %l 5 0°
IncreaSIng " § 2 b%giooiom% ooooozcoo o gg" 008 (foo % W \
T ) E o & om
1073} ~ | > 2 R ]
H — bb vs. QCD multijet o8, ; Sidebands (SB)
400<pr, ;<600 GeV, Injl<2.4 .
90<msp <140 GeV . . . used to estimate
4 1 f J Validation Regions multijet background
0.0 0:2 0 0B o 08 __ 14 used to validate the S
Signal efficiency
CMS-DP2020 002 background 06 08 094 098 1.0
estimation method H-candidate ParticleNet score
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https://cds.cern.ch/record/2707946/files/DP2020_002.pdf

Heavy resonance X — Y(bb)H(bb) Search (3/3)

138 fo'(13TeV) 138 fb~'(13TeV)

s TP il ey | o 2Dfitto (M, - M,)in SR, SB, M (top)
3 My=1600 GeV | 5 My=1600 GeV | ’ ’ p
3 10t CMS + Data — Mv=150GeV | @ - CMS + Data — My=150 GeV t ti t XSM g K d J
S - Myx=2000GeV 1 S [ - it Mx=2000 GeV J
% 10° Multijet == My=300 GeV 5 Jf Multijet == My=300 GeV | O eslimate ac groun S.
sz Total bkg. Mx=3000 GeV 10%¢ sz Total bkg. Mx=3000 GeV 7
102 uncertainty ~ ~ My=400 GeV uncertainty — " My=400 GeV
s 102 . E
| o(pp = X = YH - bbbb) =1 fb 3 a(pp - X - YH - bbbb) =1fb j H H € H H
10’ m ; estimated in SRs “Pass to Fail Ratio
10! - o W

ttbar background

1
!.._"(

0ok

-

M, (110 - 132) GeV result (ParticleNet)

2 2.5 3 35 4
My[TeV]

RS ST [ B estimated I+ 1 bjet + ptmiss + large-R jet
BT T e e o (3 categories : bgq, bq, other)
cf N W Wi M (top) is fit to data with all-jet categories.
100 200 300 400 SOK/II [ég%] 1000 1500 2000 2500 3000 Miiofeec/(ioo
1387 (3TeV) .o
g CMS ——- Observed for NMSSM I 2 )
z T OpenedforTiSM 4 218 e Model-independent limit is interpreted in the
600} P
=09 gl NMSSM, TRSM.
S8 E o If M,=M, (125 GeV), o, B(H—bb) ~ 5e-2 fb
N s 1 e Factor 2 improved than previous HH—bbbb CMS
— M, (0.95 - 1.33) TeV g &
é’ (o]

10-
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X — YH Complementary Sensitivity

107! CMS Preliminary 138 fb™' (13 TeV)
Lol (SRR T T USEE B | L T LR | T 9
€ of bb Tt - JHEP 11 (2021) 057 3
= 10°F bb bb merged-jet - Sub. to PLB (2204.12413) ]
re] - bb yy - CMS-PAS-HIG-21-011 -
T 1o fm T ~ Narrom Widt appr. 1
— £ i m, =400 GeV (x 107)  Assumes SM H BR 4
> s i
8401 £ e expected ]_:
<7 F m, =450 GeV (x10°)  ___ .o oo
t g
x Li
? m, =500 GeV (x 10%) Fi
g f
T m, =550 GeV (x 10?) A
c I
2 10" s
E ]
o 10° 5
X 4
m =
D 10—9 E
10—13 : ::

r 3

1077} ]
102 ]

Y(bb)H(yy) channel

most sensitive for Mx < 600 GeV

= 10%®

) (f

125

—h__Y,Y —bb

102

95% CL limit on o(pp = X

10°

10°

1072

107

10"

10°F

CMS Preliminary ‘ 1:|38 o' (13 TeV)
[ Smmminnn expected ———— bbtr - JHEP 11 (2021) 057 -
= observed ——=—— bb bb merged-jet - Sub. to PLB (2204.12413) —
Narmow Widih appr. ———— bbyy - CMS-PAS-HIG-21-011 E

| Assumes SM HBR E
o —— — — B

m, =1000 GeV (x 10") N\ A

m, =1200 GeV (x 10°) I’

m, =1400 GeV (x 10%) I_

m, = 1600 GeV (x 10%) 14

m, =1800 GeV (x 10%) 15

my =2000 GeV (x 10™) 1

m, =3000 GeV (x 10™) I E

=7 1

M, (GeV)

CMS SummaryResu

ltsHIG

Y(bb)H(bb) channel
most sensitive for high
Mx > 1 TeV
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

Heavy resonance X — Y(bb)H(yy) Search (1/3)

—

b CMS-HIG-21-011
g < Signal identified with Neural Network (NN) training, Boosted
O CHIYA b  Decision Tree (BDT) using b-jet ID, photon ID and kinematic
...‘l:~.)_.(=::'___:ﬁ:i”"’ variables. N
H ! Extract signal from 2D fit (M,-M,,) in window of M,
g T 5 T T My = My — Moy — M+ My + My y m
=
T kb ey cus ey 1201372
= v =250 Ge — S+H+B i 1 3;mY= e —SHBRt
First time looking at NMSSM and TRSM ¢ ° :Sfmp””"t‘— : - :Efmpr""t‘
(X—YH) motivated searches a R e
also RS bulk ED (X—HH). 2 T :
X = Bulk Radion or KK Graviton | L HHHH
41 '””‘””‘”"‘H#éé&;ﬁ;;gn;'nt‘;dbkr;'cxéc‘jé £
§MMM|[||||m|||m|mi|||||||nn§ :
N
100 110 120 130 140 150 160 170 180
m,, (GeV)
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http://cds.cern.ch/record/2815230?ln=en

Heavy resonance X — Y(bb)H(yy) Search (2/3)

CMS Preliminary 138 fb™' (13 TeV)
T T | T T T [ T T T | T T T |

— T T T T _ ]
240™ b > m, =300 GeV (x10") pp—X—HY—yybb (Spin-0) M, = 650 GeV, M, = 90-125 GeV
o~ 013 m, = 350 GeV (x10%) : Expected limit + 2 std. deviation
'gmm e I Expected limit + 1 std.deviation Local 3.80, Global 2.60 (MY <150 GeV)
201" i A U Expected 95% upper limit 3.50 (M, =100 GeV)
T1 010 > ™ =450 GeV (x10") —e—— QObserved 95% upper limit
e =500 GeV (x10"°)
1 og o G 9
— T OV 1) E t (90-125 G
T 10° _ Excess at (90- e -
. =600 GeV (x10 . .
7107 > m Va0 |tk Mx= 650 GeV Obs. Limits on the NMSSM and TRSM
6 my = 650 GeV (x107) |
><10 = 700 GeV (x10° i 1
X 00 T ——————— > ™ = 700 GeV (10 o0, CMS Preliminary 138 fb” (13 TeV) , _
Q 4 H my = 750 GeV (x10%) %—‘ 800 - Limits below theory cross section — %
o2 1 03 e — > ™ = 500 GeV (10°) %ggg ''''' - o 5 :
o 02 h >, = 850 GeV (x10°) %00F My (400-600) TeV I§
T 1 1O0 ity a00f- M, (90-250) Ge\. %
S 1 R " 950 Ge\/ (<10 il = s
©10" w-—w = 1000 GeV (x10") e §
5 2
10 1 L | I I I l I 1 L | 1 I 1 | I I 1 | MX (300-800)TeV | _%
200 400 600 800 1000 0ol My (90-150) GeV B £
mY [GeV] 400 soo eor 0 P00 B0 toon oo

my [GeV]
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Hints for New physics with Higgs (3/3)

CMs Prellm/nary

138 o' (13 TeV)

Heavy resonance X—H(bb)Y(yy);
1~ Excess 3.80 (local), 2.80 (global) at M, = 90-125 GeV, M, = 650GeV

Interesting excess with Higgs observed from CMS :
H(¢)—7r; excess 3.10 (local), 2.70 (global) at M¢ =90-100 GeV CMS-HIG-21-001

excess 3.80 (local), 2.60 (global) at M, = 650 GeV

1 GMS-HIG-21-001+

107 'E

95% CL limit on o(ggd)B(d0—17) (pb)

Low-mass

High-mass

¢—17

4 I
70 100 200 300

1
1000

2000
m, (GeV)

S0 -5 10 " pP—X—HY>yybb (Spin-0)’
/-1013 o ™ =350 GeV (x10") Expected limit + 2 std. deviation_J
18 2 .. I Expected limit + 1 std.deviation
010" m, =400 GeV (x10") A
;*_10” E e Expected 95% upper limit 3
0% E g ™ - 450GeV (<10') —e— Observed 95% upper limit E
- m, =500 GeV (x10") =
R El
10°F i =
T 187 E i, =600 GV (x10") 3
>\</ 105 Er m, = 700 GeV (x10%) E
@ 10tE- m = 750 GeV (c10°) E
S10°E \ = 800 GeV (x10%) = .
S — = 3 HoWW
T 10 ;_ [ — S, = 900 GeV (x10%) _E
S IE — G, - 550 o 10 3 H —YY
B10- E{ [——=— g >, - 1000 GoV (<10°)_J
102F .
E | T S AT g
200 400 600 800 1000
my [GeV]
W CMS 138 b (13 TeV) q CMS preliminary 1381 (13 TeV)
T T o F T
—e— Observed % f Low-mass High-mass
102 | Expected E Z_
I 68% expected =
10F [ 95% expected E §

/

¢—17
102 E|
’ HIG-21-001
10°F g (local) s
P . 999
60 100 200 1000 2000
m, (GeV)

95% CL limit on 6(H—WW—s212v) [pb]

o

=

_.
2

1072

1078

104

138 fb™' (13 TeV)™
T

More data are needed to find out the origin !

cms

Preliminary

CMS-HIG-20-016 |

-»-Observed
----Expected

[168% expected
[195% expected
— Exp. for SM-like Higgs

Scenario: f,;.=0 El

H-WW -

|
1000

2000

3000

4000 5000
m,, [GeV]

SM

/ oy xB(H— vY)

95%CL

G, X B(H - vy),

, excess 2.80 (local), 1.30 (global) at M, = 95 GeV

CMS-HIG-20-016

CMS-HIG-17-013

Phys. Lett. B 793 (2019) 320

CMS 19.7 o' (8 TeV) + 359 fb™ (13 TeV)
1.6 e
H_)YY — Observed
1.4 -Expectedtb E
I Expected £ 26 ]

2.80 (local)

-

0.8

0.6

0.4

0.2\~

CI\/IS HIG 17 013

Hoyy-

80

85

90

M
105 110
m,, (GeV)

95 100
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/
https://linkinghub.elsevier.com/retrieve/pii/S0370269319302904
https://linkinghub.elsevier.com/retrieve/pii/S0370269319302904

Leptoquarks (LQ)

R(D*)

Leptoquarks can couple to both leptons and quarks

Both scalar and vector bosons are possible.

Carry fractional electric charge

Processes can violate lepton flavor universality (LFU)

Possible hints for Flavor-anomalies in B decays
o strongly couple to 3rd generation SM fermions

Predicted in RPV SUSY, GUTs and Composite models.

O

A

O

Pair LQ Single LQ ' LQ mediator
q

g non- resonant
(t-channel)

0.2

LU S S S S S S S B S LA S S S e s
[ HFLAV average

{

Ay? = 1.0 contours

HFLAV-EOS

BaBarl2

da

LHCH18

““BeHeld

llllllllllllllllllllll

IIIIIIIIIIIIIIIII|IIIIIIIII

HFLAV
3

PO = 27%

+ Average of SM predictions
R(D) =0.299 +0.003
R(D*) =0.258 +0.005

I.
1S
L1 1

0.3 04
I'(B— D™7rp)
L' (B — D™p)

0.5
- R(D)

> 0.25

RD(:«) =

r (B — K(*)/z,,u,)
r (B — K(*)ee)

\”T

Ry =

K+
DY

K+ B+
l)Jr

’)/Z”!

33


https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/html/RDsDsstar/RDRDs.html

Overview of leptoquark searches at CMS

Overview of CMS leptoquark searches

Signatures

CMS Preliminary 20-137fb71(8, 13 TeV)
02-1.44
LO(ej)LQle)), BRILQ=ep) =1, j=u,d 1811.01197 36 fb~! (13 TeV)
= o o 0212
Q LQ(e)LQlej) + LQ(&jLQve)), LQ, j=u,d 1811.01197 36 fb~! (13 Tev)
~ 03-176
Q) eLQlej). BRILQ»ej)=1,A=1, j=u,d 1509.03750 20 fb~! (8 TeV)
q 02-134
LO(et)LQ(et), BR(LQ=et) =1 2202.08676 137 o1 (13 Tev)
Scalar leptoquarks Py
LQ(ue)LQ(uc), BRILQ »pc) =1 1808.05082 36 fb~! (13 Tev)
P 02-1.20
= LO(HOLQ(C) + LOIUCILQUY,S), BRILQ > pc,v,s) = 0.5,0.5 1808.05082 36 fb~! (13 Tev)
= 03-066
~— HLQW)) BRILQ-)=1,j=u.d 1509.03750 20 bt (8 TeV)
g LOWOILQ(uD), BRLQ>pt) =1, A =1 1809.05558 — 36 fb~! (13 TeV)
02-1.42
LO(ut)LQ(ut), BRILQ»ut) =1 2202.08676 137 fb~! (13 Tev)
(thLQ(Th), BRLQ - Tb) 1811.01197 — 36 b1 (13 Te)
LO(THLQ(tb), BRILQ - Tb) =1 . 3 e
. = Mass
o> TLQ(Th), BRILQ»Tb)=1,A=1 1806.03472 . 36 fb~! (13 Tev)
t, LO(THLQv:b) + v:LQ(TH), Equal LQ coupling to Tt, vb, A=2.5 2012.04178 — Exc' usions 137 ol (13 Tev)
S‘ LQ(THLQ(v.t) + TLQ(v-t), Equal LQ coupling to Tb, vt, A=25 2012.04178 137 fb~! (13 Tev)
02-1.12
LQ(TtLQ(TE), BRILQ - Tt) =1 2202.08676 137 fb~! (13 Tev)
3 & 05-114
LO(Ve(uLQVery), BRILQ S Vey) = 1, j=u.d,s, 1909.03460 137 fb~! (13 Tev)
= =
S LQ(u:bLQv:b), LO-vb) =1 1909.03460 137 b~ (13 Tev)
= 05-114
Q Lowrtkow:d. Lo-vt) =1 1909.03460 137 b~} (13 Tev)
i}
1-15
=~ LO(V.UL Q) +VeLO(Veu), BR(LQ - veu) =1, A=1 M E;Cale 2107.130211 Tev 2 Te\/m b1 (13 Tev)
0.00 025 050 075 100 125 150 175 200
Scalar ~ mmm \Vector(k=0)  mmm Vector(k=1) Mass [TeV] ICHEP 2022

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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3rd generation LQ with tau+b

b o+ CMS-EX0O-19-016
g 1 Events with 7 and at least one b-jet selected.
.-~ Nb  Limits on scalar & vector LQs with various couplings
" N _— Aand M are set.
, LQ < Excess (3.40) for LQ—br at M, ;=2 TeV and A = 2.5
- in combined channel.
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Non-resonant LQ in t-channel

Newly search for the non-resonant production of zv and zz via t-channel m

q T
CMS-EX0O-21-009
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b
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[
LQ | ¢ 24
[

e~

b T

_|_

8E:l\lﬁslPr]eli‘mi‘naf'yI 1 1‘38|fb'|1 (|13|TeV)
B v t-channel production
3 o has higher sensitivity towards
T . high coupling strengths
£ TV ;
CMS preliminary 137 ™' (13 TeV)
3:_ _: (_é 95% CL upper limits ~— Single Nonres.
E ] by — Observed — Pair —Total
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Search for New Fermions

e Vector-like quarks (VLQ) Z3u fie it
o VLQs are colored spin %2 fermions A |is b
o L/R-handed transform in the same way Pair production Single production
. . (strong) ., . (EWK)
o Mass from mixing, not Higgs. B
O

Many extensions of SM have VLQs

e Heavy Neutral Leptons (HNL)

o Potential BSM solutions for neutrino mass :
m Type-l Seesaw models : HN mix with SM v e e
,“"Eﬁw‘ i .

<

m Type-lll Seesaw models : SU(2) triplet 3°,5*, =" leptons
m Left-Right Symmetry model (LRSM) : W, Z" along with 3 HN,
m Composite model

o If HN is Majorana neutrino, Lepton Number Violation is possible ) W+

ot
Er—]é




Overview of Vector-like Fermion searches at CMS

Single Vector-like quark production Vector-like quark Pair production

35.9 - 138fb~1 (13TeV), 19.7fb~1 (8 TeV)

Signatures Signatures

Noven 21

2.3-138fb™! (13TeV), 19.7fb"! (8 TeV)
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VLQ pair in leptonic states (TT, BB)

W+*.Z,H _CMS prefiminary 137 ! (13 Tev)
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<
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std. dev.
Lo o
}
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o
S
N

and 3rd quarks.
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> 3 DEEPAKS tagged jets, AR(l,j)>0.8
Multilayer perceptron network (MLP)
CR/SRs

2L : Target T»tH (H-WW), and B—tW
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3 SRs : ee, ey, Yy

3L : Target T>tZ and B—tW
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SRs in high S
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These are the strongest limits to date
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Vector Like Lepton (VLL) pair in 4b+Nt

4321 Model

w

T JHEP 2018, 81
b
Decay of VLL to 3rd gen
g+l (tt+z/v) via LQ(U)
Tau VLL production Final
multiplicity + decay mode state
EE — b(tv;)b(tv,)  4b+4+2v,
0T EN — b(tv, )t(tvy)  4b + 6+ 2v,
NN — t(tv)t(tv,)  4b+8+2u,
EE —» b(bT)b(tv,) 4b+2j+T+1,
P EN — b(tv,)t(bt) 4b+4j+1+v,
EN — b(b7)t(tv,) 4b+4+7+v,
NN — t(bT)t(tv,) 4b+6j+T+ v,
EE — b(b71)b(bT1) 4b + 27
27 EN — b(b7)t(bT) 4b +2j+ 27
NN — t(b7)t(bT) 4b + 45+ 27

Event categorization based on Nz
- 0-t (QCD dominated) fit w/ N(jets) =1
- 1-7 (QCD and tt) tight-, fit w/ DNN

59.8 b (13 TeV.

c R AT EEE RN EREEN PR LIRS EREEN EES RS RN RARE
a8 CMS , pata I Multijet

©600 Il tt (misid. 1) Il ttbb b

= | tij m ttX ]
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400 11 7

Signal Region ]
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-
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%% 01020304 0506070809 1
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Data / Sim.

- 2-t (tt dominated) medium-z, fit w/ DNN

2 event-wide Graph Networks:
- QCD vs VLL : 0-r region
- ttbarvs VLL : 1,2-7 regions

A mild excess in
17 and 27 SRs
2.80 observed at
M,, =600 GeV

arXiv:2208.09700

DNN inputs

Variable Description

7 Pseudorapidity

¢ Azimuthal angle
log(<&%) Logarithm of the py
log(dsy) Logarithm of the mass
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DEEPJET score b tagging discriminant
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£ 1 std. deviation
+ 2 std. deviation
e Observed 95% CL
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Heavy Majorana neutrino (HN) pair in 2I+Nj

Heavy Majorana neutrino

7 CMS-EXO-20-006

HN can be pair produced from Z' in LR Symmetric Model
v First result in CMS with 13 TeV (ATLAS 8 TeV)
2 More complicated topology : 3 SRs
o 2resolved (0 AK8Jet, 2 leptons) m,/m., ~
o 1resolved + 1 boosted (1 AK8Jet, 1 or 2 leptons)
7 o 2 boosted (2 AK8Jet, 0-2 leptons) m /m,, << 1

Combinations of dilepton(same-flavor)+jets

Wi

H H CMS Prelimina 138fb 13 TeV, Full Run2
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Large number of BSM scenarios and signatures explored with LHC Run-2 data.
No discovery yet, Sensitivity significantly improved with novel techniques.

New challenging models/signatures are probed for the first time.

Many intriguing results to follow up in Run-3 and beyond.

More result in CMS publications. Collisions That Ghangec[ The World

CMS Experiment at the LHC, CERN
' Data recorded: 2022-Jul-05 14:49:05.562944 GMT
=
L —

Run / Event / LS: 355100 / 51966930 / 54

Stay tune for,Run-3!

4
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