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~~ Millions of Higgs bosons have now been
produced at the LHC, enabling

% Per-mille precision on Higgs boson mass

% Measurement of most Higgs boson

couplings, even rare decays such as H—=pyp.

~~ This unprecedented data set opens a new
frontier in exploration of H sector:

% The Higgs self-interaction!

< What can we expect for Run-3?
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~~ Shape of H potential is probably the

most important unmeasured H trilinear and quartic
H boson mass term self-interactions

parameter in the SM.

“ Implications for stability of the / \
universe, baryogenesis, ...
V(H) = > 2H* + AH? + A,H*

~» Higgs boson discovery confirms the
(quadratic) shape close to the
minimum, but we know little to

nothing about most of the potential. ( | v
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HH at the LHC

The driving channels for HH at LHC

HH final state branching fractions

4b: largest rate, but very large backgrounds

2b2y: "golden channel”, but very small rate

\

bb WW TT 4 Yy
bb
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(HL-)LHC schedule

e Peak luminosity = =—Integrated luminosity
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Year
we are here

~» Era of rapid total integrated luminosity and center-of-mass energy increases is ~over
= to make the most of the incoming data we need innovation!
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Where we stand today

bb bb bb Tt

~~ Huge progress made in probing HH with
Run-2 data

% 95% C.L. upper limits on HH production
rate of ~3 x SM

~~ |mprovements in precision during Run-2
going well beyond increase in data set

% Multiple novel methods, including many
ML applications

~~ With 3000 fb-1, expect visible SM HH signal,
precision on A at ~50% level

% Can we manage to measure HH
sooner....and better?
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http://dx.doi.org/10.1038/s41586-022-04892-x

Outline for today

~~ LS2 Insights: Trigger Limitation in HH Physics
% |dentified trigger as a key limitation for HH—4b scope using Run-2 data
“ HH—4b trigger efficiency in Run-2 (expected for SM HH) was approximately 18%

~= Challenges with Run-2 Data Analysis

% Innovations in analysis could only take us so far — data not collected due to trigger
limitations cannot be recovered (~80% of all HH—=4b events!)

~~ Advancements in Run-3 trigger: dedicated trigger-level ML for jet flavor tagging
“ Application of state-of-the-art ML for jet flavor tagging (ParticleNet)
% Implemented within the CMS trigger system since the beginning of Run-3

% Expect significant improvement in Run-3 HH physics reach
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HH—4b signal topology

Separable H decay products (b jets) Merged-jet H=bb decay

H-bb

b jet
b jet

pi(H) >~300 GeV

~= Fully hadronic multijet final state = huge backgrounds at LHC
~ At high pt(H), H decay products are highly collimated in lab frame
% Reconstruct H—bb as single large-radius jet

“* Reconstruction of such decays is key to maximizing sensitivity to HH—4b signal
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~» HH production driven by two diagrams that
destructively interfere

% variations in A change HH
kinematics significantly

% ~1000 times less HH than single-H
events expected at LHC

~~ Critical to efficiently select potential signals
throughout A range of interest ([-10,10])

~ We have designed the new HH triggers to
be as efficient as possible for range of A
scenarios

% Low muy = low jet pr's
% Critical to keep trigger jet pt thresholds

as low as possible, to maximize
acceptance throughout A range

30'0251 —k, =1, SM
0.02 :_ — k, =0, only box diagram
1 — k, =2.45, maximal interference
0.015 : k, =5, soft spectrum
r — k, =20, mainly triangle diagram
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HH production at leading order
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~5 KHz (<0.5s), ~15 GB/s

40 MHz 110 KHz (<4ps)
for HH4b: 30-35 Hz

High-Level
Trigger (HLT)

collision event ———P Level-1 Trigger —p Data storage

(partial detector readout) (full detector readout)

~~ Main handle to reduce HH—4b trigger rate is b-tagging in HLT

Trigger efficiency,
~~ Jet b-tagging is particularly challenging at trigger level: HH—4b signal
L Degrade.d mpu.ts: h!ghly simplified track reconstruction, RUN-2 18%
less precise calibrations, etc.

% Low latency requirements (~milliseconds)
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~~ Graph networks emerging in the last years as the new sharp tool in jet physics
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~= A data structure type naturally suited to jet physics:

“ Consider jets as collection of particles and vertices forming nodes in a graph, with edge
features giving relations among jet constituents

% The more the data structure is suited to the problem, the more efficient the ML
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~» Represent shapes with unordered set of points in space = natural representation as input to
graph-based neural networks

% Self-driving cars : efficiently represent complex and dynamic outside environment as given
by LiDAR (laser imaging using time of reflected light to return)

% Computer-aided design (CAD): store a design in any level of detail while minimizing size of
data

Self-driving car representation
of space with point cloud
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Reconstructed outgoing particles

collision event \\.\ , é/ 7
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~~ Represent jet as unordered set of particles (particle cloud) with variety of features:

% Spatial (n/®), pT, impact parameter, charge, ...

~» Learn nature of the jet and its properties from particle features and correlations

arXiv:2202.03772
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https://arxiv.org/abs/2202.03772
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~~ To apply ML to a particle cloud, need a differentiable function to pass information, learn given
task (e.g. b-jet classification)

~~ EdgeConv:
% An abstraction of convolutional layer as applied in image-based Al (e.g. ResNet)

% For each node in the graph (particle), calculate a new node representation based on N
nearest neighbor nodes

“ Output of each EdgeConv operation is a graph (stackable)
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Represent jet as particle € 3 o ; sitab jet?

—-0.4 -0.2 0.0 0.2 0.4
An

ParticleNet +

~» Putting it all together into ML for b-jet
tagging: ParticleNet

S

| DNN aggregation (192,160,128,96,64) |

==

Phys. Rev. D 101, 056019
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https://doi.org/10.1103/PhysRevD.101.056019

~» Putting it all together into ML for b-jet
tagging: ParticleNet*

Phys. Rev. D 101, 056019

Stephane Cooperstein
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An

ParticleNet *

Represent jet as graph built
from particles and vertices

Pass information among graph nodes

Jet origin probabilities | ;5 st3cked EdgeConv layers

» |
‘ p(b) Condense graph representation into
p(c) set of features to feed to deep neural

‘ (uds)\ '\network DNN)
‘ p(g) ‘ Output set of jet class probabilities
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https://doi.org/10.1103/PhysRevD.101.056019

~ We developed a b-tagging algorithm, based on particle clouds, for the CMS trigger system

% First such network in trigger system

“ First generation of online b-taggers trained on HLT-level jets

e Previous algorithms were suboptimal (no HLT jet training)

% Design of network to fit within trigger low-latency budget

107!

b-tagging performance

attrigger level 102

light-flavour jet misidentification rate

107°]

1074

Vs= 13.6 TeV

c M S : : : E E
Simu;Iation Pn?liminaryg b eff: 80%

[ N

—— DeepCSYV online

~ —— DeepdJet online

— ParticleNet online

---- Deepdet offline
---- ParticleNet offline : : : e : 5
= b eff: 65% 5 . b ef[f 8_O1é/ é =
C mistag: 1% 6m.ls ag: 17 ]
/ : L e T : Gé‘ : _
N2 .
"I‘I [ | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111

05 055 06 065 07 075 08 085 09 095 1

b jet identification efficiency

CMS-DP-2023-021

A powerful new tool
for CMS to select b jets
at trigger level in Run-3
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https://cds.cern.ch/record/2857440?ln=en

~5 KHz (<0.5s), ~15 GB/s

40 MHz 110 KHz (<4ps)
for HH4b: 30-35 Hz

High-Level

collision event ———p Level-1 Trigger ———p Trigger (HLT)

———P Data storage
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Trigger efficiency,
~ Leveraging the highly improved online b-tagger HH—4b signal
(ParticIeNei.:@HL'IT), we red.esigned Run-3 HH—4b trigger with Run-2 18%
much more inclusive selections
Run-3 42%

*actual rate in 2022 was ~60 Hz after update to HCAL calibrations
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~5 KHz (<0.5s), ~15 GB/s

40 MHz 110 KHz (<4us)
for HH4b: ~150 Hz

High-Level

lisi Level-1 Tri
collision event ———p Level-1 Trigger ———p Trigger (HLT)

——p Data storage
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(partial detector readout) (full detector readout)
Trigger efficiency,
~» |In 2023, opportunity for higher rate (150 Hz) in delayed data .
stream (“data parking”) = even looser thresholds HH—4b signal
Run-2 18%
~~ Absolute HH—4b signal efficiency improved by 300%* Run-3 42%
% Efficiency gain even larger for HH—=4b signals with A other =~ e

than SM Run-3 55%

*N.B. more background too - room to explore for Run-3! (parking)
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~ Efficiency gain is particularly large for
lower mpy events, which are critical in
constraining A

~~ \With many more HH—4b events saved
in Run-3, we have much more room to
explore

% Can HH—4b become a leading
channel in constraining A?

Trigger Efficiency
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With data parking (2023)
New Run-3 trigger (2022)

Run-2 triggers
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https://cds.cern.ch/record/2868787?ln=en

Improving HH— bbrT as well =

~ New trigger is significantly more
generic than in Run-2, improving

signal efficiency for a variety of HH—- bbrT trigger efficiency
ana/yses - 16 Vs = 13.6 TeV
s HH—-bbTT, ttH(bb), resonance O [ CMS Combination
h GC) 1.4 | Simulation Preliminary .
searcnes, ... S HH-» 2b2t__ with &, = 1 New Run-3 trigger
= 12 Run-2 r-based triggers
LLI -
~ In particular, it also improves signal o) L
o o ° c) B
efficiency in key HH— bbrr fully D o8l
- _
hadronic channel by about 70%. — o6l — :
0.4 —
i Event selection: = 2 jets, P, > 20 GeV, Inl < 2.5, loose b-tagging,
02 B —_—— = 2 T with p, > 20 GeV and Inl < 2.5, loose t-identification
O : ! l i 1 T } | ! ! | ! ! ! | . ! ! ! | !
200 400 600 800 1000

CMS-DP-2023-050 miece (GeV)
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https://cds.cern.ch/record/2868787?ln=en

...and HHH!

/ Vs = 13,13.6 TeV

L CMS
1 4 | Simulation Preliminary Run 3 HH trigger: ¢(HHH— 6b) = 92%
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-
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Run 2: ¢(HHH— 6b) = 81%
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Event selection: = 6 jets with P, > 30GeVandInl <2.5

~~ The latest place to explore: HHH production e e
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% SM production rate is very (very) small, mpeco (GeV)
but large enhancement when varying A4
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https://cds.cern.ch/record/2868787?ln=en

Merged H—bb triggers

~~ We have similarly deployed a dedicated
training of ParticleNet@HLT for merged bb-jet
tagging at HLT

~» Basis for new merged-H triggers, deployed
since start of Run-3, which will very significantly
expand available phase space

“ Run-2 analyses were strongly limited by
trigger acceptance

prH) >~300 GeV
% Merged HH—4b channel alone had

sensitivity comparable to 2b21 and 2b2y,
despite these limitations in trigger

~~ Expect a general large expansion in general
high-p1(H) physics reach for Run-3

% ...coming soon :)
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Validating in data

——

~~ Two years (2022+2023) of successful new 7
data-taking with new HH triggers W}ﬂ
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~~Focus today has been on new trigger developments for Run-3

% First priority, further innovations don‘t matter if we don't collect the data :)

~~However, this is just one piece in a multi-faceted effort to maximize HH reach
for Run-3

“Improvements in offline b-jet identification and pr regression

*New methods for tau identification and reconstruction

7/
%

~~ L et's see together how far we can push the HH frontier with Run-3 data!
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Additional Material
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CMS HH searches in Run-2

~~ Despite significant trigger limitations,
HH—4b was one of the driving

channels in Run-2 HH, honing in on
SM...

~~ HH—bbTT is another leading channel
that should improve substantially
from our new algorithms.

bb Z2Z
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2
Observed: 3.3

CMS

v\i
UCSD

138 fb' (13 TeV)
T T T T T T |

II|
K, =k =1
KV=K2V=1

More sensitive
measurement

T T |
—eo— Observed @ ----- Median expected

B 68% expected
----- 95% expected

<

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

L | 1 11 |
10 100
95% CL limit on o(pp — HH) / O rheory

Nature 607 (2022) 60-68
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https://www.nature.com/articles/s41586-022-04892-x

Network architecture, inputs

ParticleNet general architecture ~ Input features from:

% PF candidates (up to 50): similar to
Run-2 classifier + dedicated PF e/u/y
Inputs

SV vertices (up to 5)

% Lost tracks (up to 5)

. Good quality tracks not matched to PF
candidate, important for tau
reconstruction.

I DNN aggregation (192,160,128,96,64)
~= Unify tasks (jet flavor classification, tau
ID+reco, jet energy regression) by

combining into single loss function.

‘L = CatEntropy (X, Xrypm) + 4 X 10g(€oSh(y — y;m) + ¥ X [20.16(Z = Ziruin) + Po.84(Z — Ztruth)]‘

/ / %

* £ . . 1 ; TZ, ifz>0;
Classification Regression (pr,my) Quantile regression ‘Mz) - {<T_1>z, otherwise,‘
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Input features

~~ PF candidates (up to 50 per jet):
% Common between charged and neutral:
e log(pr), log(E), n, An(i,jet) Ap(i,jet), charge, PFID, H/E, EcaLo/Eprr Pt projected || or L to jet axis
% Specific to charged particles:

e PVassociation, Trk x2and quality, Az & Axy vs PV, Npix-hit Nstrip-hit, Niost-hit, A3d impact, decay
length

~~ Secondary vertices (up to 5 per jet):

’:’ |Og(pT): MSVI Ar](l,Jet), AcP(IlJet)l Ntrack: le AXyl AZ

~~ PF candidate specific features:
% Electrons: oiyin, Oipip, R?, AP(SC,trk.), An(SC,trk.)
% Photons: oiyin, R, eVeto

% Muon: isGlobal, ¥2, segment compatibility, Nhit, Nstation

~~ (Good quality tracks not associated with PF candidate (“lost tracks”)

% Input features the same as those specific to PF charged candidates.
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Training sample

~» General philosophy: sample jet kinematic phase space as much as possible, mix processes
to protect from process-specific biases

~~ AK4 PUPPI jets from a mix of Run-2 2018UL MINIAODSIM v2 samples: QCD, ttbar,
H/HH(bb/cc/t1/uu/ee), DY(T1/pu/ee), W+jets

~~ About 80M AK4 PUPPI jets with raw pt>15 GeV, |n|<2.5, and matched with generator-level

jet.
% 65% for training, 20% for validation, 15% for testing.

% Jets sampled such that distribution in jet prand n is ~uniform such that network output
is decorrelated.

Bins for uniform resampling:

jet_pt_raw: [15, 20, 25, 30, 38, 48, 60, 76, 97, 122, 154, 195, 246, 311, 393, 496, 627, 792, 1000]
jet_eta: [-2.5, -2.0, -1.5, -1l.0, -0.5, 0.0, 0.5, 1.0, 1.5, 2.0, 2.5]

Stephane Cooperstein LHC Higgs Working Group 15/11/2023



Jet truth classes

e C(Classify jets based on truth-level:
e Hadron flavor for heavy flavor jets (b, c)
e Parton flavor for udsg

e  Matching AR(j,lep.) with prompt GEN lepton from H/W/Z decay.

e Ensure orthogonality among classes, giving priority to lepton classes.

Truth classes selection

H jets GEN p with pr > 8 GeV from H/W/Z/t decays AR(j,p) < 0.4
e jets GEN e with pr > 8 GeV from H/W/Z/t decays AR(j,e) < 0.4 1
Th jets GEN 1, with prvis > 15 GeV from H/W/Z/t decays AR(j,t) < 0.4 1.5
b-jets Not p/e/tn + hadron-flavor = 5 2
c-jets Not p/e/t, + hadron-flavor = 4 2
uds jets Not p/e/tn + hadron-flavor = 0 + abs(parton-flavor) = 1,2,3 4

gluon jets Not p/e/tn + hadron-flavor = 0 + abs(parton-flavor) = 21 6

Stephane Cooperstein ParticleNet, JME-BTV 10/07/2023



~~ Rely on a few observables:
% Track impact parameters

% Secondary vertices (SV)

~ First single-variable algorithms, later
multi-dimensional likelihoods
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~~ Combine increasing number of high-
level input variables into multivariate
algorithms:

% Single layer neural network:
CSW2

% Deep neural network with
several hidden layers of 100
nodes: DeepyCSV

Stephane Cooperstein
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http://dx.doi.org/10.1088/1748-0221/13/05/P05011
http://dx.doi.org/10.1088/1748-0221/13/05/P05011

~ A paradigm shift: much larger
networks, low-level input features
based on jet particular constituents

“* Training on 40M jets!

~~ New inner tracking detector with
additional innermost layer also key to
pushing b-tagging performance
further

Stephane Cooperstein

LHC Higgs Working Group

CMS Deep Flavor - Recurrent neural network
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Trained on 40M jets, almost full set
of constituents
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