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Understanding the Higgs boson

O Discovery of the Higgs boson in 2012: A new chapter of particle physics .

O Tremendous progress in our understanding of the Higgs boson in the past ten yedrs
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Probing the Higgs-charm coupling

0 Several methods explored by CMS to probe the Higgs-charm Yukawa coupling (y.)

Indirect constraint from Higgs kinematics

Search for exclusive H — J/WVy decays

Phys. Rev. Lett. 118, 121801
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B(H — J/Wy) < 220x SM(obs.)

B(H — J/¥y) < 170x SM(exp.)
Roughly translates to k. < O(100)

yc-independent
(dominant contribution)
Phys.Rev.D 90 (2014) 11, 113010
JHEP 08 (2015) 012

Phys.Rev.D 95 (2017) 5. 054018
Phys.Rev.D 100 (2019) 5, 054038

Corresponding ATLAS analyses: ATLAS-CONF-2022-002; Phys. Lett. B 786 (2018) 134.
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Direct search for H — cc

0 Search for H — cc decays: directly sensitive to y., but very challenging

Quite small branching ratio (x20 smaller than H — bb) H- pp, H-yy,etc ¢

QCD (reducible) and V+jets (irreducible) background H - bb, H > cc

/

Relatively poor invariant mass resolution

=» charm quark identification + improvement of mass resolution play key roles

0 Main backgrounds JHEP 03 (2020) 131

35.9 fo' (13 TeV)
" pp— VH(H— c5)

V + jets, single and pair production of top quarks, dibosons, VH(H — bb)

oL

O Exploit associated VH production (V =W, Z) et

Leptonic decays of V = handle to trigger events 1L

Exp.=72xSM
Obs.=110xSM

Boost of V = Reduce backgrounds

2L
Exp.=57xSM

Three channels: Z — vv (OL), W - &v (1L), Z > ¥® (2L) [ = e, \] Obs 50-SM
O Previous result (36 fb'1): [JHEP 03 (2020) 131] §§T§’JD§J‘°” :
.=70xSM ) 95% oxpected

O Today: result with the full Run 2 data set (138 fb™) 0 D o i 2
VH(

H—>cT)

Corresponding ATLAS analysis: arXiv:2201.11428. See also recent LHC seminar by A. Chisholm. A
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Analysis overview

Q AR(c,¢c)~2m(H)/pr(H) = Two complementary approaches for Higgs boson candidate reconstruction
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Resolved-jet topology Merged-jet topology
reconstructs H — cc decay with two small-R jets (R=0.4, “AK4”) reconstructs H — cc decay with one large-R jets (R=1.5, “AK15”)
probes the bulk (>95%) of the signal phase space small signal acceptance (<5%) but higher purity

better exploits the correlation between the two charm quarks

=>» The two topologies are made orthogonal via



Merged-jet topology




Overview of the merged-jet topology

A

CMS Experiment at the LHC, CERN ] . )
R e N Rk e al < Higgs candidate reconstruction
Run/ Event/LS: 300515 /205888132 /117 Select one AK15-jets with the highest pr as H — cc jet

Identification of H — cc using ParticleNet tagger
(dedicated calibration+mass sculpting mitigation)

Dedicated cc-jet mass regression for improved cc-jet
mass scale and resolution

O Analysis strategy (three channels: OL, 1L, 2L)
Control regions for background normalizations

Kinematic-BDT + cc-tagger score used for
categorization

Fit to soft-drop mass



H — cc identification

O Merged-jet topology: Higgs boson candidate reconstructed via a single large-R jet (pt > 300 GeV)

O ParticleNet tagger used to identify H — cc decay =» Large improvement vs previous techniques

O Multi-class DNN boosted jet classifier = Trained targeting hadronic decays of a spin-0 particle X (X — bb, cc)

JHEP 03 (2020) 131 (2016 analysis)

DeepAKS8 (DeepAK15) [INST 15 (2020) PO6005]
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ParticleNet architecture

Image from arXiv:2202.03772

O New jet representation: “particle cloud”
treating a jet as an unordered set of particles, distributed in the n — ¢ space o\l . / outgoing particles

Q ParticleNet [Phys.Rev.D 101 (2020) 5, 056019] \/ .
graph neural network architecture adapted from DGCNN [arXiv:1801.07829] collision point \3
permutation-invariant architecture leads to significant performance improvement prtonbeams -

An

Performance on top quark tagging benchmark
X, X [SciPost Phys. 7, 014 (2019)]
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Calibration of the cc-tagger

O Need to measure ParticleNet cc-tagging efficiency in data

No pure sample of H — cc jets (or even Z — cc) in data
Using g — cc in QCD multi-jet events as a proxy H > cc Soft radiations:
g like g Dominant contribution!

O Difficulty: select a phase-space in g — cc that resembles H — cc
Solution: BDT developed to distinguish hard 2-prong splittings from soft cc

Adjust the similarity between proxy and signal jets via BDT cuts

O Fit to the secondary vertex mass in the “passing” and “failing”
regions simultaneously to extract the scale factors (typically 0.9—1.3)

three templates: cc (+ single c), bb (+ single b), light flavor jets

corresponding uncertainties are 20—30%

AU

Effects of the BDT

H—cc

g— cc (sfBDT>0.90)
g— cc (sfBDT>0.99)

-1
- - =
B B

ParticleNet cc discriminant



Large-R jet mass regression

CMS DP-2021/017

O Jet mass: one of the most powerful observable to distinguish signal and backgrounds

0 New ParticleNet-based regression algorithm to improve the large-R jet mass reconstruction
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Analysis strategy — merged-jet topology

O Factorized approach for analysis design
event-level kinematic BDT developed in each channel to better suppress main backgrounds (V+jets, tt)
using only event kinematics, no intrinsic properties (e.g., mass/flavor) of the large-R jet
ParticleNet cc-tagger then used to define 3 cc-flavor enriched regions and reject light/bb-flavor jets
finally: fit to the ParticleNet-regressed large-R jet mass shape for signal extraction
O Kinematic BDT, ParticleNet cc-tagger and regressed jet mass largely independent of each other

Sand robust strategy for background estimation and signal extraction

138 fb™' (13 TeV
. B (13TeV) i (3TeV) o e IR
2 [ 7] @ P T E. E
% 400 CMS [T VZ(Z-—+ce) ] < 80000 CMS vz 3 9 E ~+- Observed [ vHiip--bb) E
[ o : i s [ VV(other) ] o r ] w £ Preliminary [(vz@-ce)  [vwomen
o - Simulation Preliminary g single To ] g - Simulation Prelimi [ Woothen 1 3sf : &
350} —¥ gl P — ] 70000 } imulation Pre iminary mm Single Top { E  Merged-jet - Single Top D“ E
: e [ Z(+ets ] [ Merged-jet %:ﬂ.e‘s E 30 1L () [ wejets [ vHH-~ce), u=7.7
300f- 1L [ Wajets = 60000f- 1L ] Weiets B o5 High purity S48 Uncertainty _|
E =- VH(H-+bb) : WF BDT>07 e VH(H-bb) 1 Bl E
- <oees VH(H-»cc) ] o . VH(H-cc) = 20F 1 .
250 - . Bkg. uncertainty | ” 50000 r 18323 Bkg. uncertainty / 2 F
s 1 (VH dcaled to total bkg) 1 L (VH scaled to total bkg) ]~/ B
200} . A 40000 = -
- ( g vk / E
. i /] B s ¢
150}~ v kY /o 30000 -/
- R / " L Y sk
- v P, ] 8 e E
100} _P.[J_rj_ g 20000p e 0
o - 3 - oA N 4
g TR ' 0 g 10000f: = g 45 RSN | /S BN | ‘
o — aaa. : ] u .:: ‘]l 1 I - ks \ e steicnsoot .
e T boee 1] S i I L I ERD S A P L i i i 20 1 ¥ H =
0 ———— ’ % 02 03 04 05 06 07 08 09 1 z§ 0.5 8 S G — l»JFt

i g e 0'4[ N ] o ' cc-tagging discriminant |
Kinematic BDT (1L ; - ! 60 80 100 _120 140 __160__1
() e ! Higgs candidate mass[GeV]i




Background estimation

O Normalizations of main backgrounds estimated via dedicated data control regions (CRs)

V+jets CR: use the low kinematic BDT region
tt CR (OL & 1L): invert the cut on the number of additional small-R jets (i.e., Ny = 2)

free-floating parameters scale the normalizations in CRs and signal regions (SRs) simultaneously

&
0 CRs designed to have similar jet flavor composition as the SR §
flavor-independent kinematic BDT + same cc-tagging requirement in CRs as in SR
allows to correct cc-tagging efficiency for backgrounds directly from data
cc-tagging SFs only needed for the signal VH(H — cc) process (and VZ(Z — cc)) kinBDT
conservative uncertainty (2x/0.5x) for the misidentification of H(Z) — bb as H(Z) — cc ot used in 2L channel Na(jets)

O Minor backgrounds (single top, dibosons, VH(H — bb)) estimated from simulation

dibosons: applying differential NNLO QCD + NLO EW corrections as a function of pr(V) [JHEP 2002 (2020) 087]


https://link.springer.com/article/10.1007/JHEP02(2020)087

Resolved-jet topology




Overview of the resolved-jet topology

CMS Experiment at LHC, CERN

Data recorded: Sun Aug 5 04:43:33 2018 CDT
Run/Event: 320854 / 196048575

Lumi section: 115

Orbit/Crossing: 30014116 / 2385

O Higgs candidate reconstruction

Select two AK4-jets with the highest c-tagger
discriminant score as Higgs jets

Dedicated c-jet energy regression for improved c-
jet energy scale and resolution (eg. recovery of
neutrino, unclustered hadrons, etc.) + Recover
FSR-jets

Kinematic-fit (2L channels)

O Analysis strategy (three channels: OL, 1L, 2L)
Control regions for background normalizations

BDT for final signal extraction



Charm-tagging in the resolved-jet topology

DeepdJet algorithm as charm tagger N T o
F Wac [ Bottom [Tudsg

[ Post-calibration 5 MC stat. unc. [ Total unc.

O C-jets have “intermediate” properties to b- and light-jets
Separate c-jets simultaneously from light-jets and bottom jets
O From Deepdet output score it is possible to build two c-jet taggers

CvsL.: it is optimized to differentiate charm-jets form light- or gluon-jets
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Improvement of the di-jet invariant mass reconstruction

O Dedicated c-jet energy regression + FSR-jet recovery

" Up to ~15% improvement in Higgs mass resolution

\

O kinematic fit in the 2L channel:

2018 (13 TeV)
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0.04

0.02

- 2L, High p,(V)
- Signal Region
0.06

o no cReg, no Kin-Fit |
e
" —p=1285,6=152

[ - * c-jet reg, no Kin-Fit |

= X
- —p=1282,0=135 -

o D»C{;X' 4 c-jet reg + Kin-Fit
Aﬁ

‘?‘ —p=1242,6=100 |

- jj -
o 7 ¥
b 5
- QG*/ & -
" &
2
1 l 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1 1
60 80 100 120 140 160 180 200

di-jet invariant mass [GeV]

QO Upto~30% improvement in Higgs mass resolution
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Analysis categories and background estimation

O Accurate modeling of jet flavor in V+Jet background is vital for proper signal extraction

Separate rate parameters for V+c, V+b, and V+light processes (no W+b) + tt +jets
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Uncertainties

U All correlated between topologies, except:
Background normalization SFs for V+jets and tt

c-tagging efficiencies

U Main uncertainties
Limited statistics of data
Statistical uncertainties of V+jets samples

Charm tagging efficiencies

Uncertainty source

Ap/ (Dp) o

Statistical
Background normalizations
Experimental
Sizes of the simulated samples
Charm identification efficiencies
Jet energy scale and resolution
Simulation modeling
Luminosity
Lepton identification efficiencies
Theory
Backgrounds
Signal

85%
37%
48%
37%
23%
15%
11%

6%

4%
22%
17%
15%
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VZ(Z—-cc) results

 Analysis validated by looking for VZ(Z—cc) process CMS . Obmfz —
Same analysis procedure, but extracting VZ(Z—cc) signal  Preliminary N
Resolved-jet: retrained BDTs with VZ(Z—cc) as signal T ol @es
VH(H—cc) fixed to SM expectation Combination l
Resolved-jet —-—-—
O Observed (expected) signal strength for VZ(Z—cc): -
Hvz(z-ce) = 1.015933(1.001533 T
with a significance of 5.70 (5.90) oL e ——
1L _—_E——
O First observation of Z—cc at hadron collider! -

-0.5 0 0.5 1 1.5 2 2.5

MVZ(Z—>cc)
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VH(H—cc) results

L Merged-jet topology: distribution of the Higgs boson candidate mass

O Resolved-jet topology and the combination:

Merged-jet Resolved-jet Merged + Resolved
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VH(H—cc) results

O Observed (expected) upper limit on VH(H—cc) signal .
strength at 95% CL: 1y ey < 14 (7.675%) T e P e

CMS —e— Observed ~ ----- Median expected
L. Preliminar, BB 65% expecte
Strongest limits on VH(H—cc) process to date! S o5 et
ATLAS Full Run 2 result: pypepoce) <26 (31)  gombinea || .
[arXiv:2201.11428] e
Merged-jet
Q Best fit signal strength: 1y o) = 7.773% Coeia oo
Consistent with the SM prediction within 20 O earos
IlL ted 11.5 | |
O Obs. (Exp.) upper limits from each topology: Opserved 91| | |
2L
Resolved-jet topology: 14(19) x SM Oborved 204
0 30 35 40 45
Merged-jet topology: 17(8.8) x SM 95% CLlimitonu,
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https://arxiv.org/abs/2201.11428

VH(H—cc) results

Results used to place new constraints on k.

O Only considering effects on B(H — cc) and fixing all
other couplings to their SM values

K¢

14+Bgp (H—cc)X (k2 -1)

HvH(H-cc) =
U The 95% CL intervals obtained with likelihood scans

observed: 1.1 < |k.| < 5.5

expected: |k.| < 3.4

0 Strongest constraints on |k | to date

Competitive with indirect measurements of |k,
PRD 92 (2015) 033016 and arXiv:2202.00487

Comparable to the previous projection for HL-LHC
[ATL-PHYS-PUB-2021-039]

- CMS

- Preliminary

— Observed
----- SM expected



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.033016
https://arxiv.org/abs/2202.00487
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/

Conclusions

O New results of the CMS search for the VH(H—cc) process are presented
Benefit from the full Run 2 dataset
Substantial improvements in charm tagging performance

Major upgrades of analysis techniques, such as jet energy/mass regression, kinematic fits, etc.

0 Analysis validated by measuring VZ(Z—cc) signal strength: pyzz _, o) = 1.015353

Significance of 5.70 (5.90) =» First observation of Z—cc at a Hadron Collider!

CMS Phase-2 Projection Preliminary 3000 fb' (14 TeV

Q Upper limits on VH(H—cC): pyyy o) < 14 (7.6 exp.) - o
~5X increase in exp. sensitivity vs JHEP 03 (2020) 131 10 2

Constraints on Higgs-charm coupling:

1.1 <[k < 5.5 (|r.| < 3.4 exp.) — Most stringent to date! | ]
A Projection for HL-LHC: pyyy . o) < 1.6 exp. B TSI O e



http://dx.doi.org/10.1007/JHEP03(2020)131

Backups



Particle-flow reconstruction

O Particle-flow (PF): powerful approach for jet reconstruction and flavor tagging
excellent energy and angular resolutions

each particle (PF candidate) contains a rich set of information from multiple sub-detectors — inputs to deep-learning
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Key: -

Charged Hadron (e.g.Pion)
= = = = Neutral Hadron (e.g. Neutron)

i

JINST 12 (2017) P10003
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Phase-1 pixel detector upgrade

CMS-DP-2020-049

(s =13 TeV, 2017 (Legacy)

0 New pixel detector installed during year-end stop 2016/2017 E 80— " oMS
= 160 Unbiased collision events (Data) =
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p u ]
L2 120 + 0.0<hi<14 -
= o 7
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3 u ]
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https://cds.cern.ch/record/2743740?ln=en
https://cds.cern.ch/record/2627468?ln=en

H — cc searches at the LHC

d ATLAS:
[Phys. Rev. Lett. 120 (2018) 211802] (36 fb")
[arXiv:2201.11428] (139 fb")
[ATL-PHYS-PUB-2021-039] (HL-LHC projection, 3000 fb")

O CMS:
[JHEP 03 (2020) 131] (36 fb-")
[CMS-PAS-HIG-21-008] (138 fb-'; HL-LHC projection, 3000 fb-')

O LHCb:
[LHCb-CONF-2016-006] (1.98 fb™1)
[LHCb-PUB-2018-009] (HL-LHC projection, 300 fb™")
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
http://arxiv.org/abs/arXiv:2201.11428
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/
http://dx.doi.org/10.1007/JHEP03(2020)131
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/
https://cds.cern.ch/record/2209531/
https://cds.cern.ch/record/2320509

Baseline event selections

Merged-jet topology Resolved-jet topology
Variable 0L 1L 2L Variable OL 1L 2L low-pr(V) 2L high-pr(V)
P4 — (>25,>30) >20 s —  (>25,>30) >20 >20
Lepton isolation — (<0.06,—)  (<0.25,—) Lepton isolation — (<0.06,—)  (<0.25,—) (<0.25, —)
N, =0 =0 — N, =0 =0 — —
M(£0) — — 75-105 M(£0) — — 75-105 75-105
NI ik <2 <2 <3 pr(y) >60 >25 >20 >20
piiss >200 >60 — pr(iz) >35 >25 >20 >20
pr(V) >200 >150 >150 CusL(j,) >0225  >0.225 >0.225 >0.225
pr(Heng) >300 >300 >300 CosB(j,) >0.4 >0.4 >0.4 >04
m (Hepng) 50-200 50-200 50-200 NI ik — <2 — —
AP(V,Hgng) >25 >2.5 >2.5 pimiss > 170 — — —
Ap(FT™,j) >0.5 — — piiss significance  — >4 — —
Ap(PF™s, £) — <15 — pr(V) ~170 >100 60-150 >150
Kinematic BDT >055 055-0.7,>07  >0.55 pr(Hng) >120 >100 — —
cc discriminant m (Heng) <250 <250 <250 <250
High purity >0.99 >0.99 >0.99 Ap(V,H_, ) >2.0 >25 >2.5 >2.5
Medium purity 0.96-0.99  0.96-0.99  0.96-0.99 Ap(pmiss j) >0.5 — — —
Low purity 090-096  090-0.96  0.90-0.96 Ap(Fmiss, 1) — <20 — —
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Uncertainties

0 Breakdown of the uncertainties in each topology

Merged-jet topology Resolved-jet topology

Table 3: The relative contributions to the total uncertainty on piyy ) In the merged-jet Table 4: The relative contributions to the total uncertainty on iy (H_cc) in the resolved-jet
analysis, with a best fit value pyy(ec) = 87735 analysis, with a best it value pyp(H_,ce) = —9.5 £ 9.6.
Uncertainty source Ap/ (Dp) o Uncertainty source Ap/ (AR) o
Statistical 88% Statistical 66%
Background normalizations 39% Background normalizations 28%
Experimental 40% Experimental 72%
Sizes of the simulated samples 24% Sizes of the simulated samples 59%
Charm identification efficiencies 26% Charm identification efficiencies 27%
Jet energy scale and resolution 15% Jet energy scale and resolution 17%
Simulation modeling 1% Simulation modeling 20%
Luminosity 5% Luminosity 13%
Lepton identification efficiencies 2% Lepton identification efficiencies 10%
Theory 25% Theory 22%
Backgrounds 21% Backgrounds 21%
Signal 14% Signal 7%
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Merged-jet topology: signal regions

2L(up), high cc-purity 1L(e), high cc-purity OL, high cc-purity

138 fb™" (13 TeV) 138 fb™' (13 TeV) 138 fb™! (13 TeV)
@ - @ T T T T @ S B e e e e
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Merged-jet topology: control regions

2L (ee), V+jets CR, low cc- 1L(M), tt CR, high cc-purity OL, V+jets CR, medium cc-purity
purity
415fb" (13 TeV) 59.7 fb™ (13 TeV) 36.3fb™ (13 TeV)
2] F T T T T T T T ® L L L B L RN B o) I L L B I
§ - CMS —4 Observed .VH(H—>bE) 7] § 140_—CMS —$— Observed B vH(H-bb) = § 250‘_CMS —¢— Observed Bl VH(HobD)
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Mass decorrelation

CMS-DP-2020-002

Plain training: Mass-decorrelated
no mass decorrelation training O “Mass sculpting”: background jet mass shape
becomes similar to signal after tagger selection
o >
g Background | q kground | 1
= Signejcsagr;oplg(fiS:enc]pmeass) = Signa?asgnfgl)e ?vai;?IZ;ass) D NeW approaCh tO prevent mass SCUIptlng
| using a special signal sample for training
— s A — . : :
H — - hadronic decays of a spin-0 particle X
X — bb, X —cc, X —qq
Jet mass Jet mass not a fixed mass, but a flat mass spectrum
Background jet mass ;5 1y . Background jet mass 5y, m(X) € [15, 250] GeV
= T N o N
< 04F Simuiation Prefiminary o, g, e D allows to easily reweight both signal and
0.35} Diiet sample Se =1% B 14| H-cE tagging: ParticleNet-MD 5 oey=1% - - . . . .
03] e e wamomn ] oral, o cmomtiaas OO background to a ~flat 2D distribution in (pr, mass)
' otfzo i for the training
o TR 1 QO Signal and background have the same (~flat)
g N : 4 mass spectrum, thus no sculpting will develop in
&2 seesstenstssteess, e fraining
N
P = 3
mg;, [GeV]
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https://cds.cern.ch/record/2707946?ln=en

Mass decorrelation (ll)

CMS-DP-2020-002

H—scc tagging performance O “Mass sculpting”: background jet mass shape

o 1 (13 TeV) becomes similar to signal after tagger selection
EE LT T EX L TR s mee [ ¢T 6F
(&) = 3 .
= - CMS : O New approach to prevent mass sculpting
'S | Simulation Preliminary i _ o .
£ 4| H-covs. aco mutijet | using a special signal sample for training
10 E 500 <p”" <1000 GeV, **" <2.4 | E : . .
2 _ T , . hadronic decays of a spin-0 particle X
5 i 90 < mg, < 140 GeV :
o L better 4 X —bb, X —cc, X —qq
m /
':‘% 107 E not a fixed mass, but a flat mass spectrum
m b 7/ DeepAK8 ] m(X) € [15, 250] GeV
- , - DeepAK8-MD 1
103k - ParticleNet . allows to easily reweight both signal and background
: . gami::;g?(s/) to a ~flat 2D distribution in (pr, mass) for the training
- g eep %, :
[ e O Performance loss due to mass decorrelation
10-40 5 /2- 5.2 : '0|6' : IOIBI — 3 greatly reduced compared to the previous approach
' Signal efficiency (DeepAK8-MD, based on “adversarial training”)
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Comparison of mass decorrelation methods

DeepAK8-MD

Feature extractor | - Classifier

B
Classification Joint loss
>
e

Mass predictor

Mass
prediction

back propagation

Background jet mass

(13 TeV)
2 ofcms T
0.18= simulation Preliminary “© Inclusive E
0.16— Dijet sample ® ey =5% 7;
0.14F H—ct la?ging: DeepAK8-MD g = 1% —
0.12 iﬁ- 500 <p; <1000 GeV, W'l <24 . =05% é
018g 3
008 * E
0.06 * E
0.04 'O'%* —
C -, 3
0.02 he P E
1.4
2 12f a5 .
5 | s . g s
<12 'F RS 2= 2 a2 B
208 ]
0.6
50 100 150 200 250 300

mgp [GeV]

ParticleNet-MD

A.U.

Background sample
Signal sample (variable mass)

——
= — »
Jet mass

Background jet mass ..\,
5 - T T T 3
2 %2Fcms , 5
0181 Simulation Preliminary o inclusive 3
0.16| Dijet sample ey m% ]
0.14 | H-—ce Sl Partsietit Mo S org=1% =
0.12% 500<p; <1000 GeV, Il <2.4 ., =05% i
0.1f*o .
g 3
0.08/- g e =
0061 ey E

50 100 150 200 250

Background efficiency

- I . 11 .
- CMS ]
[ Simulation Preliminary |
_4|_ H—>cc vs. QCD multijet ]
10 F 500 <p?™" <1000 GeV, ™" <2.4 | E
C 90< mg,, < 140 GeV i
I better 1
102 E
E — DeepAKS8 E
i .- DeepAKS-MD 1
« 0_3 s — ParticleNet -
- - - ParticleNet-MD 4
F % DeepAK8-DDT (5%) -
: " # DeepAK8-DDT (2%) :

10_4 oo P (T T ) (N SN
0 0.2 0.4 0.6 0.8 1

H—cc tagging performance
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Large-R jet mass regression

Loss function: LogCosh Signal jet mass resolution Background jet mass response

7% CMS Simulation Preliminary CMS Simulation Preliminary
L(y’ }P) — 2 log(cosh(ﬁ — yi)) E 0.7 H H H H 8 T L L L L A L L |
i=1 =~ 0.65 a fi—kT jets "0 H->Dbb (soft droP) ..8 0.1 4__ anti—kT jets  eeee QCD - c/cc (soft drop)
e 0.6 Sy H->bb (regression) ®© B B=15 —— QCD - c/cc (regression)
—Squared =05 e m H ->cc (soft drop) +~ 0.12 - .
——Absolute b‘" p,. > 200 GeV ) € . p_>200GeV 7
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C-tagger ROC curves

2016 ] 2017 2018 ]

o 100CMSSupplementary 2016 (18Tev) -, CMS Supplementary __ 2017(13Tev) -, CMSSupplementary 2018 (13 TeV)
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CMS c-tagging WP: ~40% (c), ~16% (b), ~4% (light)
ATLAS c-tagging WP [arXiv:2201.11428]: 27% (c), 8% (b), 1.6% (light)
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https://arxiv.org/abs/2201.11428

C-jet energy regression and kinematic fit

0 2-lepton Low-p+(V) category — 60 GeV < p(V) < 150 GeV
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|
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C-jet energy regression and kinematic fit

O 2-lepton High-p(V) category — p(V) > 150 GeV
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Charm-tagging in the “resolved-jet” topology

DeepJet algorithm — the cornerstone of the VH(cc) resolved-jet topology analysis

O Multiclassifier Deep Neural Network
Optimized for AK4-jets

Returns the probability for a given jet to be originated by a b-, c- or
light-quark

J DNN architecture:

Separate 1D CNNs to process three low-level feature classes

For each class, concatenate multiple CNNs with decreasing
dimensions

Compress the features to lower dimensional space
RNNs (LSTM type) applied after CNNs
Better handles the variable length sequence (PF candidates/SV)

Fully connected layer to connect all channels

0 Output:

Properties of PF-candidates

O Input variables:

6 raw scores

Global jet features

Secondary vertices

|Charged (16 features) x25/- 1x1 conv. 64/32/32/8|— RNN 150|— b
bb
[Neutral (6 features) x25|— 1x1 conv. 32/16/4 | RNN 50—  Dense lepb
200 nodes x1, [ =
_1x1 conv. 64/32/32!8H RNN 50]— 100 nodes x7 I
DeepdJet architecture
(from 2008.10519)

JINST 13(2018)P05011 . 1 13 TeV, 2016
> AR RGN AN RAREE RER AN RARAS RALAN LARLES> = > £ A BAES RARES LRRES DEREN RERRT DAL RE RAALE RAADA BRE, -
£ F E = [ CMS
g gmflation & | Smulation =
g_ [+ jets | g ‘- ff + jets /

5 107 p,>20Gev better - g 10y 200V 2 better
he Bl & 3 2k j ]
z | ] E :
3 3 *
D102k — CSW2 i 2 02 - — CS8V 4
3 ﬁ— g A E

— DeepCSV Cvslj -

- clagger cvsL |

10° ; :

10°

AT ETENE SRR FERTE FURTE FRTRE FERTE SURY SRR SR
0 01 02 03 04 05 06 07 08 09 1
c jet efficiency

001 0203 04 05 06 07 08 05 1
c jet efficiency

* DeepCSV: predecessor of DeepJet

* Used in the CMS VH(cc) analysis with 2016 data [JHEP 2020,131]
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https://arxiv.org/abs/2008.10519
https://link.springer.com/article/10.1007/JHEP03(2020)131

Charm-tagging in the “resolved-jet” topology

DeepdJet algorithm as charm tagger

CMS Preliminary Supplementary 2017 (13 TeV)

T g
[ ttjets pr> 20 GeV \ ]
i 08—
08—
0> ]
‘
Pice |
26 S N —
. |

K

c-tagging efficiency
| EE MC only
| W With SF
It's possible to define regions to isolate c-jets vs b- and light-jets + R
CvsL>0.225, CvsB>0.4 define the region with c-jet identification efficiency of ~43% with a %, \E
b-jet and light-jet mis-tagging rate respectively of ~15% and ~4% (depending on the year) ='°F S &“
O Improvement versus DeepCSV (used in the 2016 VH(cc) analysis)

o + |
o
2, ]
2, ]
S |
Light-jets b-jets mis-identified as light ones c-jets mis-identified as light ones
-2 e
0 CMS simuijon 2017 (13 TeV) "0 CMS simdigion 2017 (13TeV) ¢ imulsio = 10 5 o
Deeplet: b jets il cky " - 2 I\ N

102
(from CMS-PAS-21-008)

—_
o
=]

O Definition of leading-jet working point

Dedicated studies of the simulated jets distribution in the CvsB/CvsL 2D plane

Light-flavour jet mistag rate

Increase leading-jet c-tagging efficiency by ~30% for fixed b-jet and light-jet mis-tagging rate

o
b jet mistag rate

Deepjet Cv38

0 uoneld4
s39( Jo uondesy

(from arXiv:2111.03027)
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https://arxiv.org/abs/2111.03027

A new method to calibrate charm-taggers

DeepJet algorithm calibration

0 Methodology

Iterative approach exploiting three distinct control regions that are enriched
with either b-jets, c-jets, or light-flavour and gluon jets

First time that a calibration method to correct the 2D distribution of c-tagging
discriminator shapes is presented = arXiv:2111.03027 (accepted by
JINST)

O Search for an abundant and pure source of charm-jets
Target W production in association with charm quarks
The relevant events involve a leptonically decaying W boson and a c-jet

These c-jets are identified using the semileptonic decay of the charmed
hadrons, which produces a soft muon within the jet

Major background has 50% chance to have SS or OS final states =
performing an OS-SS subtraction reduces considerably the W+gluon
process

To enrich in b-jets and light-jets, the semi-(di-)leptonic tt+jets and
DY (Z-> uulee)+jets processes are considered

(from arXiv:2111.03027)
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Extraction of reshaping data-to-simulation scale factors
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Validate robustness of the SFs derivation

(from arXiv:2111.03027)
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A dedicated charm-jet energy regression

Goal: improve c-jet energy scale and resolution
O Inspired by b-jet energy regression [arXiv:1912.06046]

input: | (None,43)
ffwd_inp: InputLayer

output: | (None, 43)

Jet energy measurements not always accurate:

loss of neutrinos, hadrons outside jet radius. Effect enhanced in c-jets and b-jets input: | (None, 43) |
ffwd_bn0: BatchNormalization

L 4?

input: (None, 43)

output: | (None, 43)

Dedicated algorithm to determine c-jet energy scale and resolution

Algorithm pioneered for the observation of the H>bb decay mode

ffwd_densel: Dense
output: | (None, 1024)

U Regression performed using DNN architecture:

input: | (None, 1024)

ffwd_bn1: BatchNormalization
output: | (None, 1024)

Feed-forward fully connected Deep NN (neurons with Leaky ReLu activation)

6 hidden layers + batch normalization + dropout

% w] f oot Deopost input: | (None, 1024)
Trained using c-jets collected from W — cq decays in tf MC events L\ - e L
Target is represented by pr(gen)/pt(reco) Charm 'Jet input: | (None, 1024)

ffwd_act1_lrelu: LeakyReLU

output: | (None, 1024)

I

U Input features

-
X

Total of 43 input variables in input to the network . o out: Denge |21 _| (None. 128)

output: | (None, 3)

Jets: kinematics, energy fraction, leading+soft-lepton tracks, pile-up, secondary vertexes

Jet energy shapes (e.g. energy fraction, etc), jet constituents, pr(jet)/pr(lepton) 46
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FSR-jets recovery and H—cc reconstruction

O Higgs boson reconstructed using the two AK4 jets with highest CvsL scores o
Energy regression is applied to the two Higgs jets 4 %
O FSR recovery used to further improve m(H) resolution Va
Jets with pr < 20 GeV, |n| < 3, and within AR < 0.8 of Higgs jets are included in Higgs 4- FSR candidate
momentum
Variable Z(vv)H W(iv)H Z(f0)H low-pr (V) Z(£0)H high-py (V)
pr(V) > 170 > 100 [50 — 150| > 150
My - - 75 — 105 [75 — 105]
4 — . . .
) Sy P . e Q Baseline selections shared with merged
pr(jtwo) > 35 > 25 > 20 > 20 analysis
pr(ij) > 120 > 100 - i |
m(jj) < 250 < 250 < 250 < 250 Resolved further split 2L:
COSLjone > 0.225 > 0.225 > 0.225 > 0.225
CsBjpye > 0.40 > 0.40 > 040 > 0.40 High-pr channel (pt(V)>150 GeV)
N, ~ <2 = 2=
N;,: = =0 = - Low-pr channel (60<pr (V)<150 GeV)
o > 170 - - -
Al::ltljfrsisD by >40 - - O Additional event selections placed based
M,(V,'f)((:,ad) o \ ie 5% 5g on tagger scores of leading Higgs Jet
A¢(pfMET,trkMET )(rad 0.5 - - -
prorm i AN L - CvsL > 0.225 and CvsB > 0.4

47



Signal extraction — BDT training in SRs

Variable Description OL 1L 2L

m(H) H mass v v Y i

pr(H) H transverse momentum —_ v Y nggs and

rr(V) vector boson transverse momentum - v Y vector boson

my(V) vector boson transverse mass — v — ¢
T missing transverse momentum ¥ - propertles

pr(V)/py(H) ratio between vector boson and H transverse momenta v v Y

Cosl CosL value of the leading CosL jet v v Y

CosB_., CusB value of the leading CosL jet v v Y :

CosL CosL value of the subleading CosL jet v v Y C-tagglng

CosB_... vsB value of the subleading CosL jet o o score

PTmax pr of the leading CosL jet v v Y

PTmin pr of the subleading CosL jet  f

A¢(V,H) azimuthal angle between vector boson and H v v 7

AR(jy ja) AR between leading and subleading CusL jets - v Y

A¢(jy,a) azimuthal angle between leading and subleading CosL jets v v —

An(iyip) difference in pseudorapidity between leading and subleading CusL jets v v Y

Ap(Ey,E,) azimuthal angle between leading and subleading p leptons - - Y

An(ty, L) difference in pseudorapidity between leading and subleading py leptons - - Y

Ag(y,3y) azimuthal angle between leading pr lepton and leading CosL jet - -

Ap(bs,3) azimuthal angle between subleading py lepton and leading CusL jet - - v

Ap(,5,) azimuthal angle between subleading py lepton and subleading CosL jet - - Y event

Ap(&y, pT™) azimuthal angle between leading pr lepton and missing transverse momentum e kinematics

An(fy,t) difference in pseudorapidity between leading py lepton and b-tagged jet from top quark decay — v —

Ag(ty,t) azimuthal angle between leading py lepton and b-tagged jet from top quark decay - v -

AR(£y,t) AR between leading py lepton and b-tagged jet from top quark decay - v —

CuosL, Cusl. value of the b-tagged jet from top quark decay - v —

CuosB, CusB value of the b-tagged jet from top quark decay v -

P(b+bb), Deepet prob(b+bb) value of the b-tagged jet from top quark decay - v -

m(t) Reconstructed top quark mass - v -

| p Number of small-R additional jets after the FSR subtraction - v -

eregliy) leading pr jet resolution from c-jet energy regression v v Y

eregia) subleading py jet resolution from c-jet energy regression W kW

An(V, H) [ ingir difference in pseudorapidity between vector boson and H, after kinematic-fit —_ = Y

AP(V, H) |linge azimuthal angle between vector boson and H, after kinematic-fit —_ - Y

m(H) [ling: H mass after kinematic-fit - - Y .

pr{H) |lkinsit H transverse momentum after kinematic-fit _ - Y Kinfit

PTmax ll kinsit pr of the leading CosL jet after kinematic-fit e i

PTmin llkingie pr of the subleading CusL jet after kinematic-fit - = Y Variables

pr(V)/pr(H) ||y ratio between vector boson and H transverse momenta after kinematic-fit - - v

(H) |lgingis H invariant mass resolution from kinematic fit - — Y

U BDT trained to separate signal from background
samples

Use combination of kinematic observables and
particle flavor variables (tagger informations)

U Separate BDTs trained for each channel and
data taking year

Separate BDTs trained for high- and low-p+(V) 2L
Variables used dependent on channel

U Reshaped BDT distribution used in SR during
final fit

‘Back‘groumd

(ncluded VH(H-

>bb) and)v’Z(Z-— (\’H
ce

Signal
H-»ce))

>
BDT score 43



Charm-tagging in the resolved-jet topology

O Definition of leading-jet working point

Studies of CvsB/CvsL jet score distributions in 2D plane

CvslL>0.225, CvsB>0.4 = c-jet identification efficiency of ~43% with a b-jet and
light-jet mis-tagging rate respectively of ~15% and ~4% (depending on the year)

c-jets mis-identified as light ones

(from arXiv:2111.03027)
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0 Selecting an abundant and pure source of charm-jets

(from arXiv:2111.03027) T’mox-wcj:ms = ‘“'5'1(‘:;:\"’
O Methodology I g1 Weoon Do
. . s.d w 5.3 W’ d.d ) §80»— r E53 MC stat. unc.
lterative approach exploiting 3 distinct control regions, —{VVVV VWV e 21
g ¢ g g cb.. D [
. . . . . . ‘zRRRRRS—.— ’ZRRRRRS—O— m -
each enriched in b-jets, c-jets, or light-flavour jets ? cb... O “o
Sig: OS event Sig: OS event Bkg: 50% OS. 50% SS _g i
> b

Target W production in association with charm quarks (W+c)==="""" 5 S
. . DeepJet CvsL
Major background has 50% chance to have SS or OS final states w B 415113 Tev
° ¢ Data []Charm
. . . =2 ok [l Bottom [ uds:
performing an OS-SS subtraction reduces considerably the W+gluon process | e MG i ’
To enrich in b-jets and light-jets: semi-(di-)leptonic tt+jets and -——
~~~~~‘ ‘gwoiloéMS + Data 41.5%2:;%?1!) 2?
N N N N . . . ” E :’!f Abration . Bon:::L nc I IUdsg 1:_
Q First time that a calibration method to correct the 2D distribution o™= SHesse : i
of c-tagging discriminator shapes is presented T f ——
o R a7 i
DeepJet CvsL

= arXiv:2111.03027 (accepted by JINST)

.o
L s N
Teeeitosa,,
—
-

02 04 06 08 50

DeepJet CvsL

-
ey



https://arxiv.org/abs/2111.03027
https://arxiv.org/abs/2111.03027

A new method to calibrate charm-taggers

Application of the reshaping scale-factors

DeepJet CvsL

(from arXiv:2111.03027) ]
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O Very good data/MC agreement after the calibration

jets

Application through an event-by-event re-weighting: w; = Hsf,.(CvsL, CusB)
el 51
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A dedicated charm-jet energy regression

Goal: improve c-jet energy scale and resolution
O Inspired by b-jet energy regression [arXiv:1912.06046]

Jet energy measurements not always accurate:
neutrinos, hadrons outside jet radius, etc. Effect enhanced in c-jets and b-jets
Dedicated algorithm to determine c-jet energy scale and resolution

A DNN algorithm pioneered for the observation of the H—-bb decay

U Regression performed using DNN architecture:
Trained using c-jets collected from W—cq decays in tt+jets MC events

Target is represented by pr(gen)/pt(reco)

U Input features

Total of 43 input variables as input to the network

Jets: kinematics, energy fraction, leading+soft-lepton tracks, pile-up, secondary
vertices

Jet energy shapes (e.g. energy fraction, etc), jet constituents, pr(jet)/pr(lepton)
52
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A dedicated charm-jet energy regression

0 ~15% improvement in mass resolution

. . 2018 (13 TeV
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Further improve di-jet invariant mass resolution

Jets with pr < 20 GeV, |n| < 3, and within AR < 0.8 of Higgs jets are included in Higgs 4-momentum
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Background estimation — Resolved-jet

O Accurate modeling of jet flavor in V+Jet background is vital for proper signal extraction

Separate rate parameters for V+c, V+b, and V+light processes (no W+b)
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Postfit plots — Signal regions

O Postfit distribution of the BDT discriminant obtained with the 2017 data (more in the back-up)
7 Signal regions in each year: 2L(ee/uu) Low-p;(V) and High-p+(V), 1L(e/u), and OL
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Postfit plots — Signal regions - 2016

O Postfit distribution of the BDT discriminant obtained with the 2016 data
7 Signal regions in each year: 2L(ee/u) Low-p+(V) and —High-p+(V), 1L(e/u) and OL
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Postfit plots — Signal regions - 2017

O Postfit distribution of the BDT discriminant obtained with the 2017 data
7 Signal regions in each year: 2L(ee/u) Low-p+(V) and —High-p+(V), 1L(e/u) and OL
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Postfit plots — Signal regions - 2018

O Postfit distribution of the BDT discriminant obtained with the 2018 data
7 Signal regions in each year: 2L(ee/u) Low-p+(V) and —High-p+(V), 1L(e/u) and OL
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VZ(Z—-cc) results

O Observing the excess: distribution of events ordered by log,,(S/B)

138 fb™ (13 TeV)
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Resolved-jet topology - results

U Resolved-jet — all categories: ordering the events by log,,(S/B)
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Background normalization scale-factors

O Simultaneous fit to BDT in SR and tagger shapes in CRs 1 Allow V+c, V+b, V+udsg, and tt SFs to float
CvsL of CvsL-subleading jet in V+LF CR freely in each channel

CvsB of CvsL-subleading jet in V+HF, V+CC, and TT CRs Z+x rate parameters independent of channel

1L and OL channels share W+c and W+udsg rate
parameters

Year |

Z+cC

Z+b

Z+light

W+c

Wlight

tt

2L-High

2016
2017
2018

0.90 £ 0.07
1.12+0.08
1.19+0.09

0.99 £+ 0.06
1.21+0.08
1.224+0.09

1.04 +0.05
0.94 + 0.05
0.94 + 0.06

0.95 1 0.05
0.96 £+ 0.05
0.99 + 0.05

2L-Low

2016
2017
2018

0.81 +0.06
0.96 +£0.07
1.18+0.14

0.83 +£0.05
0.94 +0.06
1.04 +0.08

1.05+0.05
0.98 £+ 0.05
0.95 &+ 0.05

0.89 4+ 0.04
0.90 + 0.04
0.92 4+ 0.05

1L

2016
2017
2018

0.97 &+ 0.06
1.04 £ 0.07
1.20 £+ 0.07

1.04 £ 0.04
1.04 £ 0.05
0.93 + 0.05

0.93+ 0.04
1.08 £+ 0.05
1.05+0.05

OL

2016
2017
2018

096 +£0.12
1.31+0.17
1.14+0.12

1.16 +0.20
1.28 +0.22
0.90+0.20

1.28 +0.09
1.03 + 0.09
0.89 £+ 0.07

0.97 + 0.06
1.04 £+ 0.07
1.20 £+ 0.07

1.04 +0.04
1.04 £+ 0.05
0.93 +0.05

0.83 +0.05
1.134+0.07
1.00 £+ 0.07
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Combination — VZ(cc) results

O Analysis validated by first looking for VZ(Z—cc) process 196 1 (13 TeV)
CMS ® Observed
Same analysis procedure but extracting VZ(cc) signal during final fit — 1o (stat @ syst)
- Preliminary — 1o (syst)
Resolved: Use separate BDTs retrained with VZ(cc) as signal — 420 (stat @ syst)
VH(cc) fixed to SM expectation -
Combination ——eet———
resolved-jet merged-jet combination
(pr(H) <300GeV) (pr(H) >300GeV) OL 1L 21  all  pyzz_c ,
2016 (expected) 170 240 250 10¢ 190 3.0c 1.00754 Resolved-jet - e———
2016 (observed) 1.8¢ 2.00 360 10c 040 290 1.02+33 - '
2017 (expected) 220 X 290 130 260 370 100103 Merged-jet
2017 (observed) 170 2.60 130 00c 400 320 0.847072
2018 (expected) 170 3.00 31c 140 200 360 1.00753
2018 (observed) 1.90 310 400 140 120 _380_ 123%3% oL — ———
Full Run2 (expected) 330 470 480 21¢ 3701590 1.001321 '
Full Run2 (observed) 310 440 490 13¢ 33c!570 101493 - :
—_——— IL| ——————
0 Measure observed (expected) signal strength of: oL .
. . H H H o by by by by by
MWyzece) = 1.017933(1. 001952 with significance of 5.76 (5.90) _ 200 T To "2 25

H VZ(Z—cc)

O First observation of Z—cc at hadron collider! 62



Combination — VH(cc) results

L Observed (expected) upper limit on VH(H — cc)

signal strength at 95% CL: () < 14 (7. 6153 PR e D (18 TY)
CMS —— Observed ===+ Median expected
Strongest limits on the VH(cc) process oty — s
to date! s i
il
ATLAS Full Run 2 result: pyy ) < 26 (31) Observed 14.4
[arXiv:2201.11428] gllerg(-)dda-jgt

Q Best fit signal strength 1., = 7. 7732750 (20)

Resolved-jet

Expected 19.0
Consistent with the Standard Model prediction within 2o Oomerved 189
oL
resolved-jet merged-jet combination gbws‘:‘:‘v‘:‘; ’1";-53
(pr(H) < 300GeV) (pr(H) >300GeV) OL 1L 21 all pypm o) R -
2016 (expected) 34 19 26 25 30 16 107 1L
2016 (observed) 28 20 21 43 21 18 3274 i
2017 (expected) 32 17 24 25 26 15 10787 T —
+6.9 2L
2017 (observed) 24 24 29 26 31 18 4372, Eosiod 148
2018 (expected) 33 14 20 18 24 12 1.0%3§ Observed 20.4
2018 (observed) 26 26 34 18 42 21 _ 9.9%% 0 5 30 35 40 45
Full Run2 (expected) 19 8.8 13 12 14;76 10137 95% CLWmitony, . . o
Full Run2 (observed) 14 17 18 19 20) 14  7.7+38

O Obs. (Exp.) Run-2 single-analysis sensitivities: | Resolved: 14(19) xSM | Merged: 17(8.8) xSM | 63


https://arxiv.org/abs/2201.11428

Projection at HL-LHC: Setup

O Extrapolation of the merged-jet analysis to HL-LHC with 3000 fb-! data
O Modifications to the Run 2 analysis to allow for a simultaneous constraint on H — bb and H — cc
addition of 3 categories enriched in H — bb decays, selected with the ParticleNet bb-tagging discriminant
very small (1-2%) overlap of bb and cc categories — events assigned to a unique category

large-R jet pr threshold lowered from 300 GeV to 200 GeV - increasing signal acceptance

0 Systematic uncertainties adjusted according to the Yellow Report [CERN-2019-007]

theoretical uncertainties: reduced by half

most experimental uncertainties: scaled down with v/£
bb and cc tagging efficiencies: constrained by VZ(Z — bb) and VZ(Z — cc) events to ~3% and ~5%

misidentification of H — bb as H — cc: a prominent uncertainty on H — cc measurement at HL-LHC

assumed to be reduced from ~100% (Run 2) to 20% in the projection
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https://cds.cern.ch/record/2703572

Projection at HL-LHC

0 Simultaneous extraction of the H — bb and H — cc signal strengths
HvhH — bo) = 1.00 + 0.03 (stat.) + 0.04 (syst.) = 1.00  0.05 (total)
HvHH — o) = 1.0 + 0.6 (stat.) + 0.5 (syst.) = 1.0 + 0.8 (total)

H VH(H—>bb)
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A charming journey

w 138 fb™' (13 TeV)
g LHCh 1.98 - £ 1°F CMS W e
: S o7k Preliminary e
1< 7900 W 0F \ager) il Wing
108 [ Bl single Top

7] wiother)

-
o
o
o

ATLAS 36 fo-! 10°

k< 150 10°
- 10° =
100 . ATLAS 135 fo 1 10-_1_

Expected upper limit on Py

n<3l ]
P LHCh 300 f- of 1] ]
CMS 36 fir- k<010 i) . meesm———
v i<y A ) @ TSI’ R
th R .
P un 2/3%@0% h<bd First observation of Z — cc at a hadron collider!
. n<7.6 W’”’m% , A CMS 3[]0106fb'1 Opening a new era for future explorations.
"Mroy, n<l.
m,
7 Afirst evidence More channels: ttH(cc), VBF H(cc), indirect constraints, etc.

at HL-LHC? Improvements in advanced analysis techniques
(e.g., Deep Learning) and instrumentation (e.g., tracker)
Reduction of systematic uncertainties: c-tagging, event

From O(1000) to O(100) to O(10) in ~5 years. modeling, theoretical uncertainties, ...

A combmed-effort. and creativity ffom mslirumentatlon, A charming journey ahead!
physics objects and analysis techniques! 66



Signal extraction — BDT training in SRs

O BDT trained to separate signal from background samples

A
inati : : - Backqground
Use combination of event kinematic observables, Higgs and vector (el deg VH(H=>bb) Sighal

boson properties, particle flavor variables (tagger information), and and VZ(zZ-rcc) (\JH(H-?CC))
kinematic-fit variables (only in 2L channels)

U Separate BDTs trained for each channel and data taking year

Separate BDTs trained for high- and low-p(V) 2L

>

BDT score

Variables used dependent on channel

0 Reshaped BDT distributions used in SR for the final fit
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