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The CMS detector

Conggiao Li (Peking University)
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LHC / HL-LHC schedule
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Typical CMS experiment workflow
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https://www.nature.com/articles/s41567-018-0342-2/figures/1
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Typical CMS experiment workflow

- Typical innovations often emerge from theory/
pheno studies, e.g.

« BSM models, new interactions...

 unexplored channel that can enhance specific
measurements

Phvsics analysis

2 Xoi

l @ Apply data selection

Create background model

\ 4
|—> Fit model to data

Physics results

’ Create signal model
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Typical CMS experiment workflow

Theory-oriented BSM searches: |
pseudo-scalar particles (ALPs) ‘
SUSY, LFV, LLPs, lepto-quarks, ...

See selected CMS result overview > ¢
But not our main focus today!

- Typical innovations often emerge from theory/
pheno studies, e.g.

« BSM models, new interactions...

 unexplored channel that can enhance specific
measurements

Phvsics analysis

- | Create signal model ’ (l/) {}G

@ Apply data selection

Create background model

\ 4
|—> Fit model to data

Physics results
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o h l. h ~ ° ° °
Highlight: experimental innovations

Physics analysis

Create signal model (/) {}G
@ / Apply data éelei'tion

ibackground model

« Experimental innovations are also
demanding

More focus
here!

 can we revolutionise the method
employed in detector technology
and data analysis?

Fit model to dat

Physics
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Highlight: experimental innovations

Decipher Explore llluminate
the New the
Quantum Paradigms Hidden
Realm in Physics Universe
Elucidate the Mysteries Search for Direct Evidence J Determine the Nature from 2023 P5 report

of Dark Matter

Understand What Drives
Cosmic Evolution

of Neutrinos of New Particles

Reveal the Secrets of
the Higgs Boson

Pursue Quantum Imprin
ew Phenomena

The most direct way of answering these questions is by discovering new fundamental
particles. If these are very massive they can only be produced directly in high-energy colliders, as
the higher the collider energy the higher the mass that can be produced. Another possibility is that
these particles are produced at lower energy but very rarely, for example in decays of known
particles such as the Higgs boson. This requires accelerators that produce very high numbers of
particles, including neutrino experiments with their high intensity beams and massive detectors.

These complementary approaches provide access to an extensive theoretical parameter
space that covers both higher mass scales and new physics that is weakly coupled to the Standard

« theory-motiv rch
theory-motivated searc Model. Overall, these searches can be broadly categorized into those that are guided by specific

* eXpe”mental data-driven search theoretical ideas, searches driven by questions resulting from experimental data (e.g. dark matter),

« model-agnostic search and searches that are model-agnostic and perform a general exploration of the unknown. Together,
these approaches provide comprehensive coverage of the Beyond the Standard Model (BSM)
landscape and have the potential to yield groundbreaking insights into the universe.

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023
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F f this talk

=> In addition to sharing new CMS results, we want to highlight more on experimental
innovations achieved these years

7/

“* broadly driver by the rapid advancement in machine learning

—> Cover two aspects

7/

% modern deep learning to process low-level data

7/

% model-agnostic resonance search

-> Hope to share experimental insights with the broader HEP community

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023 10
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Modern deep learning for low-level input
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Recent CMS results in Higgs sector

-=> We start with two recent CMS results
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PRL 131 (2023) 061801

> CMS measures k.. via VH(>cC) production mode, including the merged-

jet topology P i
% in merged-jet topology: leveraging advanced jet neural network Wiep!Ziep > -
(ParticleNet) to identify H->cc jets and reconstruct H mass < O
< obtain the most stringent direct limit (95% C.L.)onk.: 1.1 < |x.| < 5.5
c c
> ATLAS results: | K, | < 8.5[EPJC 82 (2022) 717] largely improved sensitivity!
-1
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x
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VH(H — o)
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Recent CMS results in Higgs sector

PRL 131 (2023) 041803

- Higgs self-coupling & quartic VWHH coupling (k)

measured via HH->4b channel H | 4
N

“* novel boosted-jet phase space explored by CMS Q)

% advanced NN (ParticleNet) for H>bb jet identificationand b .

Mass regression

< first time excluding k,,, = 0 (by 6.3 0)
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® )
Interpreting the improvement

-> Sophisticated networks have huge C
experimental potential when dealing with 7=
complex hadronic boosted-jet final states

7/

% sophisticated: modern NN designs brought
by the ML era (since ~2015)

% complex: a boosted jet contains O(50-100)
constituents

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023 14
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® )
Interpreting the improvement

—

Sophisticated networks have huge
experimental potential when dealing with
complex hadronic boosted-jet final states

7/

0

by the ML era (since ~2015)

% complex: a boosted jet contains O(50-100)

constituents

> “ParticleNet” is a benchmark algorithm
that leads the experimental advancement

*

% sensitivity highly improved (~2-5 greater

background rejection)

» view a jet as a point cloud

% allow message passing between

neighbouring particles

Conggiao Li (Peking University)

« sophisticated: modern NN designs brought

PRD 101 (2020) 056019

point cloud
representation

) °

ParticleNet: Jet Tagging via Particle Clouds

Huilin Qu (UC, Santa Barbara), Loukas Gouskos (CERN)
Feb 22, 2019
%) 250 citations

17th Workshop on TeV Physics
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Philosophy of “event selection’” and advanced NNs

-> Atheoretical upper bound exists to the “optimal event selection”

7/

% signal and bkg cannot be 100% distinguished: overlapping between signal and bkg phase space;
ambiguity caused by detector resolution/reconstruction efficiency...

R/

% but an optimal selection exists, and it is defined on the signal and bkg likelihood ratio (although
intractable due to its complexity)

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023 15
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Philosophy of “event selection’” and advanced NNs

-> Atheoretical upper bound exists to the “optimal event selection”

7/

% signal and bkg cannot be 100% distinguished: overlapping between signal and bkg phase space;
ambiguity caused by detector resolution/reconstruction efficiency...

R/

% but an optimal selection exists, and it is defined on the signal and bkg likelihood ratio (although
intractable due to its complexity)

=> The big question for experimentalists: where is that limit, and how close are we now?

% thisisstill an open question - current results imply that the data we collected at the LHC has not been
fully explored (especially for hadronic final states)
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Philosophy of “event selection’” and advanced NNs

-> Atheoretical upper bound exists to the “optimal event selection”

7/

% signal and bkg cannot be 100% distinguished: overlapping between signal and bkg phase space;
ambiguity caused by detector resolution/reconstruction efficiency...

R/

% but an optimal selection exists, and it is defined on the signal and bkg likelihood ratio (although
intractable due to its complexity)

=> The big question for experimentalists: where is that limit, and how close are we now?

% thisisstill an open question - current results imply that the data we collected at the LHC has not been
fully explored (especially for hadronic final states)

-> Advanced NN can serve as a powerful fitter to approach the theoretical limit

% thetraining target of NN guarantees an optimum in classification/regression under present NN’s capability

%  better NN: better data representation (an ML+physics problem [backup])

original of the jet?

-~

other jet
properties?

A jet described by its
constituent particles

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023 15
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Selected CMS BSM searches (X > YH > bbbb)

PLB 842 (2023) 137392

= Search for scalar particles in X>YH->bbbb final states
% reconstruct Hand Y in eachin alarge-R jet
< use advanced NN (ParticleNet) to select H>bb and Y-bb jets

< maximum likelihood fit on (m,,, mJY), model-independent constraint on the
cross-section
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Selected CMS BSM searches (H »> AA » 4y)

PRL 131 (2023) 101801

—> Search for low mass (0.1-1.2 GeV) ALPs < :

< first direct search for Higgs exotic decay to ALPs withALPto2y n |

< merged yy reconstructed as a single photon-like object T, < 7
regress on m(I') using low-level ECAL energy deposit as input

 setlimiton B(H > AA > 4y)

x10—3 ICMS | l I 41.5|fb-1 (1I3 TeV) . 1 136 fo! (13 TeV)
_I L LI LI L L LI L é_ 10— : | I | I I | | | | : | | | | | : :
. O{_N oooo ) E CMS 95% CL upper limits ]
prominent™ g T ° o > End-to-end | < i —e- Observed ]
peak S 15 ° = Photon NN | 1 i -~ Median expected ]
@ T > 3x3 clustering L B 68% expected
» ° 0 R 107°F 95% expected =
= S ° S - - CMSH-—yy ]
-} 000 = i
T [00® o - i
R10f 0= =
T E Q i
g B % 10—3 - |
O | C .
< | o - -
- g O\O : :
m(r) regressor 5 L1 11 | L1 11 Arl L1 1 I L1 11 | L1 1 1 l L1 11 I L1 11 8 O I IO|2I I IO|4I I IO|6I I IO|8I I I |1 I I I1 |2I
algorithm: 0O 01 02 03 04 05 06 07 ' ' ' ' '
PRD 108 (2023) 5, 052002 .
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Modern model-agnostic searches
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[
Modern model-agnostic searches

-> Begin of journey in the modern (machine-learning-based) model-agnostic
searching scheme at LHC

Anomaly Detection for Resonant New Physics with Machine Learning

Jack H. Collins (Maryland U. and Johns Hopkins U.), Kiel Howe (Fermilab), Benjamin Nachman (UC, Berkeley and LBL,

Berkeley)
May 7, 2018 e e
PRL, 121 (2018) 24, 241803 2) 161 citations
Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023
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[
Modern model-agnostic searches

-> Begin of journey in the modern (machine-learning-based) model-agnostic
searching scheme at LHC

Anomaly Detection for Resonant New Physics with Machine Learning

Jack H. Collins (Maryland U. and Johns Hopkins U.), Kiel Howe (Fermilab), Benjamin Nachman (UC, Berkeley and LBL,
Berkeley)
May 7, 2018 o L

PRL, 121 (2018) 24, 241803 2) 161 citations

-> A“general method” for resonant search with minimal requirements

R/

%* resonance localised in a mass window

R/

% can be reconstructed by two hadronic large-R jets

-> General strategy:

R/

% scan on the mass spectrum - apply model-independent selection > purify the
signal

-=> With no significant evidence of new physics found at LHC, a broader search
strategy will be a meaningful

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023
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[
Weakly-supervised approach

JHEP 10 (2017) 174

mixed sample 2
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=
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@006 |  ©C0CGCG
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1/

Classifier

Equivalent effect for training S vs B

Conggiao Li (Peking University)

-> Proposed “CWola (classification without labels)

Hunting”

% allow to detect anomalies purely from data

** train a classifier for mass window vs mass sideband
(mixed sample 1 vs 2)

% can prove that the effect is equivalent to training S vs B

17th Workshop on TeV Physics 15 December, 2023
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[
Weakly-supervised approach

JHEP 10 (2017) 174
mixed sample 2 -> Proposed “CWola (classification without labels)

Hunting”

>

7/

% allow to detect anomalies purely from data

dN/dMyes

R/

% train a classifier for mass window vs mass sideband
(mixed sample 1 vs 2)

‘ ° . ° °
% can prove that the effect is equivalent to training S vs B
Mres
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©CeOOO®O® | ©O©COOO®
©COCCOO® | ©O©COOO 106 —— , 100 —
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~elae _ | et S s WL O T _____\_l_______
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Training input mo; [ GeV
g npu PRL, 121 (2018) 24, 241803
My, AT )T Ton, T2, Tag, sk PRD, 99 (2019) 1, 014038
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- Improvement made to the weakly-supervised scheme

% CWola: train mixed sample 1 vs 2, i.e. taking sideband
as the background PRD, 99 (2019) 1, 014038

pbackground

/
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» m"‘ei’;a\m'p'e ° - Improvement made to the weakly-supervised scheme
é’ = % CWola: train mixed sample 1 vs 2, i.e. taking sideband
2 g as the background

z background  « CATHODE (Classifying Anomalies THrough Outer Density Estimation):
signall & e interpolate background from the sideband
N[ PRD, 106 (2022) 5, 055006

First,trainan NNto  Then, generate events

generate input in the mass window >

events conditioned l.e. interpolate

ON Mres background from
sideband

Finally, train a classifier over
mixed sample 1 vs
generated background

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023
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Pl& < - Improvement made to the weakly-supervised scheme
% CWola: train mixed sample 1 vs 2, i.e. taking sideband

as the background

ba‘CDground ¢ CATHODE (Classifying Anomalies THrough Outer Density Estimation):

interpolate background from the sideband

. % Tag N’ Train: apply autoencoder preselection on each

Mres fatjet > target resonance from anomalous dijet
JHEP 01 (2021) 153

A view on (variational) autoencoder for anomaly detection

_ / / /
o
X
(=3
=]

L / /
ormalize Lambda Conv
Expand ¢ R1%?
€ €R

input jet "

Encoder Latent Space € R1? Decoder

Input € R!

L
)
\ A
|
]
|
Output € R'00x3

>
i3 e € R'? Sampling € B2 Dense € R*® 4 ensec R Reshape 1D  Conv 1D Lambda Conv 2D Laml Un- M
RS U e rmend e A reconstructed e
Dense € R €R? € R3X16 € RIX12 ¢ RIOOXIXI2 ¢ RIX3x1 ¢ R100x3
djet tati

Training on SM background jet
> anomalous jet will produce outlier latent scores > make selection on the score
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®
CMS model-agnostic resonant search

CMS Simulation Preliminary
L —

CMS-NOTE-2023-013

CMS Simulation Preliminary
T T T T_T

% T T I 1 T 1 1 1 1 1 1 I T % I I
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o (oX
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10° o TNT N 10 o TNT 7
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1 0-7 | ] 1 0—7 - \‘ —
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10-9|- -@®- Inclusive 6o | 1001 -®- Inclusive \ 6o
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-> CMS systematically test all model-agnostic
approaches to search for resonance

R/
%*

first performed on toy data (from simulation)

R/
%

achieve comparable/better performance - Intermediate release
than conventional search using jet

, results - to perform on data
substructure selection (21, T32)
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’ del ti h
ATLAS’s model-agnostic searc

Trlgger (one lepton) and pre-selection

(s > 60 GeV, p!*! > 30 Gev) arXiv:2307.01612
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=> ATLAS applies full-event-level anomaly
detection
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Conclusion

-> We introduce the latest CMS results from an angle of experimental innovations

\/

% these aspects can be meaningful to a wide HEP community:
better use/analysis of the collected LHC data - accelerate our next HEP discovery!

-> We share two innovations to showcase how they might bring general impacts

to our physics programme

% advent of advanced NNs to process low-level data - change the way we put

selections/define observables, leading to substantial sensitivity improvements

% advent of modern model-agnostic search > transform searching paradigm of BSM

particles and still achieving optimal sensitivity
> Novel results including Run 3 data to bring more excitement

% improvement foreseeable brought by more collected data + improved strategies

-> Upgrade to HL-LHC is making good progress

Conggiao Li (Peking University) 17th Workshop on TeV Physics 15 December, 2023
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[ [
Lepton flavour violating

PRD, 108 (2023) 7, 072004

-> Search LFV signature for H>ey, also extending to X>ep (mx: 100-160 GeV)

7/

% type lll 2HDM predicts additional scalar bosons X, with LFV decays
-> Fitting m,,, distribution in signal regions (classified by BDT)
-> Largest excess: 3.80 (2.80) local (global) at 146 GeV

CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV) CMS 138 fb' (13 TeV
9 LI I LI I LU I LI I LI I LI I L l LI I L I LILIL l_
Diboson ~ HE QCD multijet =+ H-oep (B=1.0%) B QCD multijet = H-oep (B=1.0%) o L. ]
B Vijets, H - t/WW ¢ Data iboson W V+jets, H - Tt/WW ¢+ Data 95% CL limits
[ Singletop 22 Cross sec. @ stat. unc. [ Singletop 722 Cross sec. @ stat. unc. 8 ]

—e— Observed

- Expected * 1o

Expected + 26

Events / 0.02 units

95% CL limit on o(pp — X — ey) [fb]

o> 1.5
E 1.0E#%WW%%W//WW
Dos

0.0 0.2 0.4 0.6 H BDT g.g o t : : . 10 115 120 125 130 135 140 145 150 155 160
g9 iscriminan e g
VBF BDT discriminant mX [GeV]
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® [
New resonance in yy final state

CMS-PAS-HIG-20-002

-> Search for new resonance in the clean yy final state
-> Categories: 1 VBF + 3 classes defined by di-photon BDT

-> Test statistic based on profile likelihood ratio constructed from the mass
spectrum: 2.90 local (1.30 global) at 95.4 GeV

. -1
CMS rreliminary 132.21b" (13 TeV) CMS rreliminary 132.2 b (13 TeV) > x1039|\lllls .Pr.elfm.m?r}./ T .1,3.2'.2 LY ,(1.3.T.ey)
% 1:I TTT | TTTT | LI | TTTT | LI | TTTT | LI | LI I: % 1;\ T ‘ T T 1T ‘ T T 1T ‘ T T 1T ‘ T T 1T ‘ T T ‘ T T 1T ‘ T TT \E 8 100__HQYY p—
= F H—yy — Observed ] < = [ M,=95.4 GeV ¢+ Data ,
>= 09F — > 2 80 — S+B fit ]
’l\ - . Expected + 1o J o 107" S TN B component -
T 08F = Ei T Wb I =1o b
E - U | Expected + 20 J 3 - 3 i [ ]x20
0.7 - = -
X 2 L
L = @)
v 0.6 = i
S~ 8 -
o 0.5 20—
%\g 1072 (;i') L
0 =
200-4 Observed 13 TeV (2016) S W EP A B R B
? 0.3F 104 Observed 13 TeV (2017) _ 600 F component subtracted—
E Observed 13 TeV (2018) 400 | =
I 0.2F o 146 200
E C L ——— Observed 13 TeV (Run 2) | 0
x  0.1F 1075 — 2004
T C v b b b b b b g b o0 _400; =
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m,, (GeV) my, (GeV) m,, (GeV)
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CMS exotic search results

CMS Preli

Overview of CMS EXO results

August 2023

String resonance
Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k2 = 12

Scalar Diquark

Pp+ZIy+X

tE+¢, pseudoscalar (scalar), g%, x BR(¢-eefup) > =0.01(0.003)
i+, (scalar), g2, x BR(¢~ee/uy) > = 0.03(0.04)
ti+ 9, pseudoscalar, 63, X BR(9-TT) > =02

tE+¢, scalar, g2, x BR($-T7) > =02

Other

T TTTTTITTIT IS

05:7.9 1911.03947 (2))
0354.0 1712.03143 (2p+ 1y; 2e + 1y; 2j + 1y)
1590 2106.10509 (1 + 1y)
0.72:3.25 1808.01257 (1j+1y)
0537 1911.03947 (2j)
0575 1911.03947 (2j)
0.6-1.6 2303.04596 (pp + 11, pp +Y)
0.015:0.075 CMS-PAS-EX0-21-018 (3¢, = 48)
0108035 CMS-PAS-EX0-21-018 (3¢, = 41)
0.045:0.35 CMS-PAS-EX0-21-018 (3, = 41)
0.02:0.3 CMS-PAS-EX0-21-018 (3¢, = 48)

quark compositeness (££), Nuse = 1 Nurs
quark compositeness (££), Nupr = — 1 Nisn
Excited Lepton Contact Interaction M
Excited Lepton Contact Interaction M

Contact

Interactions

0.0-24.0 2103.02708 (21)

0.0-36.0 2103.02708 (21)

0.2:5.6 2001.04521 (2e +2j)
0.2-5.7 2001.04521 (2p +2j)

vector mediator (qd), gq =0.25, gou =1, m, =1 GeV

vector mediator (£), gg = 0.1, gom = 1,9y = 0.01,m, > 1 TeV
(axial-)vector mediator (qq), gq = 0.25, gow =1, m, =1 GeV
(axial-)vector mediator (xx), gq =0.25,gom =1, m, =1 GeV
(axial)-vector mediator (1), gg=0.1,gpu =1, .1, My > Mpneal2
scalar mediator (+t/tf), gq=1,gou=1,m, =1 GeV

scalar mediator (+F), go =1, gon=1,m, =1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV

pseudoscalar mediator (+j/V), gg=1,gom =1, m; =1 GeV
pseudoscalar mediator (+4/tf), gq =1, gou =1, m, =1 GeV
pseudoscalar mediator (+1f), gg = 1, gom = 1,m, = 1 GeV.

complex sc. med. (dark QCD), My, =5 GeV, cTx,, =25 mm

Baryonic Z', gq =025, gou=1,m, =1 GeV

7' mediator (dark QCD), Mgark = 20 GeV, iy = 0.3, tuar = afeas

7'~ 2HDM, g7 = 0.8, gon = 1, tanB = 1,m, = 100 GeV

Leptoquark mediator, B =1, B=0.1, Ay, o =0.1, 800 < Mo < 1500 GeV
axion-like particle, f~ =12 Tev-

inelastic dark matter model, y =107%,ap=0.1

inelastic dark matter model, y =107, ap = 0.1

dark Higgs, gq =025, gou = 1,6 = 0.01, m, = 200 GeV, mz = 700 GeV'

Dark Matter

TTTIIITTIITIITITTT I T TX

0.35-07 1911.03761 (= 3j)
0:2:1.92 2103.02708 (2e, 2p)
05-2.8 1911.03947 (2j)
0.0-1.95 2107.13021 (= 1j + pyss)
0.24:64 2103.02708 (2e, 24)
0.0-0.29 1901.01553 (0, 1£ + = 2 + py's})
00504 2107.10892 (0, 11 + = 2] + py'™*)
0.0-15 2107.13021 (= 1j + p§’)
0.0-047 2107.13021 (= 1j+ py™*
0.0-0.3 1901.01553 (0, 12 + = 2j + py'™*)
0.05:0.42 2107.10892 (0, 1 + 2 2j + p§'ss)
0.0-1:54 1810.10069 (4])
0.0-1.6 1908.01713 (h + py'ss)
155.1 2112.11125 (2j + py')
05-3.1 1908.01713 (h + p§'*®)
0.3-0.6 181110151 (1p+1j + p§'s:)
0,520 CMS-PAS-EX0-21-007 (pp + YY)
0,003-0.08 2305.11649 (2 displaced p + py'™)
0.02:0.08 2305.11649 (2 displaced y + pj’)
0.16:0.352 CMS-PAS-EX0-21-012 (1L + 2j + pF'™, 21 + py'**)

RPV stop to 4 quarks
RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

RPV

Tz ===

0.08-0.52 1808.03124 (2j; 4j)
0.1-0.72 1806.01058 (2j)
0.1-1.41 1806.01058 (2j)
0:07:0:2 CMS-PAS-EXO-21-004 (scouting boosted dijet)
0.07-0.075 & 0.095-0.105 CMS-PAS-EXO-21-004 (scouting boosted trijet)

ADD (jj) HLZ, ngp =3
ADD (yy, ) HLZ, nep =
ADD Gyx emission, ngp =2
ADD QBH (jj), nep =6

ADD QBH (ep), nep =4
ADD QBH (eT), nep =4
ADD QBH (u1), nep =4
ADD QBH (yj), nep =6

RS Gye(t), kiMp=0.1

RS Gye(yy), kiMp =0.
RS Gyk(qq, gg), kiMp = 0.1
RS QBH (jj), nep =1

RS QBH (yj), nep =1
non-rotating BH, Mp = 4 TeV, nep = 6 M
3-brane WED gxx(¢ + 9 - 999), 9grav = 6, Jge = 3, €= 0.5, m(9)/m(gke) = 0.1  mige)
split-UED, p =2 TeV 1R

Extra Dimensions
TIITITITITTTITT TSI

0.0-12.0 1803.08030 (2j)
0.0-9.1 1812.10443 (2y, 20)
0.0-10.8 2107.13021 (= 1j + py¥*™)
0.0-8:2 1803.08030 (2j)
0.0-5.6 2205.06709 (ep)
0.0-5.2 2205.06709 (eT)
0.0-5.0 2205.06709 (pt)
2.0-75 2305.07998 (y +j)
0.0-4.78 2103.02708 (21)
0.0-4.1 1809.00327 (2y)
05206 1911.03947 (2j)
0.0-5.9 1803.08030 (2j)
2.0:5:2 2305.07998 (y +j)
0.0-9.7 1805.06013 (= 7j(L, y))
2.0-43 2201.02140 (2j)
0.4-2.8 2202.06075 (£ + p}™**)

excited light quark (qg), A=m;
excited light quark (qy), fs
excited b quark, fs=f=f =
excited electron, f;

Excited
Fermions
=Tz ===

055%13 1911.03947 (2j)
1,060 2305.07998 (y +])
1.0:2.2 2305.07998 (y +j)
01259319 1811.03052 (y + 2e)
0:253:8 1811.03052 (y +2p)

UMSM, [Vey|2 =1.0, |Vy|? = 1.
UMSM, VeVl */(Ven|? + Vi|?) = 1.0

Type-Ill seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Vector like taus, Singlet

Heavy
Fermions
T T =X

0.001-1.24 1802.02965; 1806.10905 (3y; = 1j +2u)
0.001-1.43 1802.02965; 1806.10905 (3e; = 1j + 2e)
0.02-1.6 1806.10905 (= 1j+p+e)
0.1-0.98 2202.08676 (3, = 41, 1T+ 3, 21+ 2L, 37+ 14, 1T + 20, 21+ 10)
0.1-1.045 2202.08676 (3£, =4, 1T+ 30,21+ 2(, 31+ 1, 1T+ 2[, 21+ 10)
0.125-0.15 2202.08676 (31, =4f, 17+ 30,21+ 2,3t+ 14, 11+ 2,2t + 1))

Zp, narrow resonance, €2
Zp, narrow resonance, €2 =4 x 1075 (90% C.L.)
Zp, narrow resonance, e2=7 x 107 (90% C.L.)
Zp, narrow resonance, €2=3x 107¢ (90% C.L.)
SSM Z/(81)

SSM Z'(qq)

Z'(qq)

Superstring Z,,

LFV Z', BR(ey) = 10%

LFV Z', BR(eT) = 10%

LFV Z', BR(uT) = 10%

SSM W(£v)

Leptophobic Z/

SSM W'(qq)

LRSM Wa(uNg), My, = 0.5My,

SSM W/(1v)

LRSM Wa(eN), My, = 0.5Miy,

B3 =Ly Z, |gz]| X [1 TeV/m}] =0.08 , 63 =0
LRSM Wa(TNg), My, = 0.5My,

Axigluon, Coloron, cot8 =1

X107 (90% C.L.)

Heavy Gauge Bosons
T TITIITZITZITIZITZITITZTITTT=T=T =X

0.0011-0.0026

0.0115-0.075 1912.04776 (2p)
0.11-0.2 1912.04776 (2p)
CMS-PAS-EX0-21-005 (2p)
0.0042-0.0079 CMS-PAS-EX0-21-005 (2p)
0.2-5.15 2103.02708 (2e, 2p)
0.5-2.9 1911.03947 (2j)
0.01-0.125 1905.10331 (1], 1y)
0.2-4.6 2103.02708 (2e, 2p)
0.2-5.0 2205.06709 (ep)
0.2-4.3 2205.06709 (eT)
0.2-4.1 2205.06709 (pt)
0.4-5.7 2202.06075 (£ + p}™s)
0.05-0.45 1909.04114 (2j)
0.5-3.6 1911.03947 (2j)
0.0-5.0 2112.03949 (2u + 2j)
0.6-4.8 2212.12604 (T + p7'™)
0.0-4.7 2112.03949 (2e +2j)
0.35-2.2 2307.08708 (Z'»pp + = 1b)
0.0-3.5 1811.00806 (27 + 2j)
0.5-6.6 1911.03947 (2j)
!

1
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included)
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Evolution of jet NNs

feed-forward NN (high-level inputs) = <+ «®< <<+« 1D/2D CNN, RNN (low-level inputs)

Shallow networks

4+ Using high-level features
directly as inputto a
shallow network

FEATURE LEARNING

Conggiao Li (Peking University)

Typical CNN
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""" graph NN  (low-levelinputs) <P ?2?
% fiter_FRle i ¢, @
s ety coni:lélcyted Output D" Xm.\ <. ‘,,’% Q.
1 | EEE e o /./ °// v e X ®
Deep NN with low-level inputs Graph structure
4 Using particle-level features 4 Graph neural networks
4 Input data structure determines . treata jet as a permutational-invariant
the type of networks set of particles (or, point cloud)
. : : :  build “edges” between particles
« jetasaimage (fixed-grid data 5 P
structure)
. +
« Jetasasequence-> 1D CNN or Transformer networks
RNN « modern architectural designs; like a
full-connected graph
G G ¢
I e 3
)= [ o0 o A .
gl Coiml m G U
P cog;fz; DDDDDD ¥ é @5 ) . ’ ( }
CLASSIFICATION q/ \
Y 7
Typical RNN Typical graph
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o ®
ParticleNet architecture

EdgeConv block

ParticleNet full architecture

=

\ EdgeConv Block
k=16, C = (64, 64, 64)
edge features
P
ATieEy EdgeConv Block
k=16, C = (128, 128, 128)
:
Rett EdgeConv Block
l k=16, C = (256, 256, 256)
Linear
¥
[ Global Average Pooling }
ReLU v
1 Fully Connected

Linear 256, ReLU, Dropout = 0.1
’
Fully Connected
2
v H. Qu, L. Gouskos, PRD 101, 056019 (2020)
Softmax

f* Building block

Input features

Input coordinates

o} Architecture

(dimension C,,) K
) % :
Ty

®

Edge features Linear transformations ¢ - ¢ - ar-cl Aggregation over k nearest neighbours
-} i G 2c,, D . g
0 — H
_ femmgeam b
L2 1 15t nearest)
o S
k-nearest) 11 P’@ k 11 I}'
point size point siz
.......... thedata,and **  “eesesseess
double the feature dim:
-------------------------------------- X, = (%= %)
‘k-nearest nelghbours
i
) 2 G
...................................... EdgeConv block (& (C{). C2, C2))

(Global average poolina

Input

Input

EdgeConv \ 1

EdgeConv
(16, (128, 128, 128))
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=
= \ .
(16, (64, 64, 64)) (16, (256, 256, 256)| (o1, dimension €) - -0
g E 5 C =256
I E E s
N— J U )

connected

dropout p=0.1

Fully

(256)
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-O©>

Output
-0

Output features

ParticleNet’s full architecture

https://cms-ml.github.io/documentation/
inference/particlenet.html
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