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Introduction

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

O Tremendous progress in our understanding of the Higgs boson in the past ten years

35.9-137 fb' (13 TeV)
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How charming is the Higgs boson?

O Tremendous progress in our understanding of the Higgs boson in the past ten years

35.9-137 fb' (13 TeV)
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Probing the Higgs-charm coupling

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

Indirect constraint from Higgs kinematics Search for exclusive H — J/Wy decays
Phys. Rev. Lett. 118, 121801 Phys. Lett. B 792 (2019) 369 § - oY owy 2016359 1 (13TeV)
- 4OCMS 35.9 fb'1 (13 TeV) -7 8 60:— CMS Inclu:ive ca:gory N
[F|— Combination c (3] r ata
é Lar —He=-10 4 8 30£_Sﬁbzz ............... s 5 E 50 I Expected signal=x250 ]
§ — Ke= -5 E ST g — . % § ; Non-resonant background model 1
:§ 1.2+ 20? \ P W 4of B e g 20 ]
3 10 o yedependent 30+ Eur. Phys. J. C 79 (2019) 94 ]
>§- 107 0* -3 :
% r 201
R o0s -1k I’ g
g —20; 1 10:
= ‘ ‘ ‘ ‘ “I‘BES”It *SM --2c —1c ‘ Bunconstr [ ‘ ‘ ‘ ; ; ‘ ‘ 3
0 20 40 60 80 100 305540 20 0 20 40 60 ° 900 105 110 115 120 125 130 135 140 145 150
prn [GeV] Ke —independent m,,, (GeV)
' minant contribution
(dominant contribution) B(H — J/Wy) < 220x SM(obs.)
Variation of pr(H) shape -33 < K, < 38 (obs.) Phys.Rev.D 90 (2014) 11, 113010
as a function K, = yo/y:M -31 e Mt B(H — J/Wy) < 170x SM(exp.)
¢ = Yo/Ye 31 <k, <36 (exp.) Phys.Rev.D 95 (2017) 5. 054018
Phys.Rev.D 100 (2019) 5. 054038 Roughly translates to k. < 0(100)

Corresponding ATLAS analyses: ATLAS-CONF-2022-002; Phys. Lett. B 786 (2018) 134.



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
http://dx.doi.org/10.1016/j.physletb.2019.03.059
http://dx.doi.org/10.1140/epjc/s10052-019-6562-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.113010
https://doi.org/10.1007/JHEP08(2015)012
https://doi.org/10.1103/PhysRevD.95.054018
https://doi.org/10.1103/PhysRevD.100.054038
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://doi.org/10.1016/j.physletb.2018.09.024

Direct search for H — cc

O Search for H — cc decays: directly sensitive to y., but very challenging Ye ,©
small branching fraction (~3%) vs. large backgrounds (at a hadron collider) H < a
charm quark identification is the key

O Exploit associated VH production (V =W, Z) W/Z
three channels: Z — v (OL), W — v (1L), Z —» 22 (2L) [ = &, ]

O Main backgrounds JHEE 03 (2020) 133:%_‘(13Tev)
V +jets, single and pair production of top quarks, dibosons o [ i
VH(H — bb): small but largely irreducible o

O Baseline event selections ]

(high-pt) vector boson recoiling against a Higgs boson candidate itpgaz
veto events with high jet multiplicity to suppress tt contribution (OL & 1L) e TR [T _ """ """
O Previous result (36 fb™"): [JHEP 03 (2020) 131] o 0 | 510 1

95% CL upper limit on Horiorc)

O Today: result with the full Run 2 data set (138 fb') CMS-PAS-HIG-21-008

Corresponding ATLAS analysis: arXiv:2201.11428. See also recent LHC seminar by A. Chisholm. 6



http://dx.doi.org/10.1007/JHEP03(2020)131
https://arxiv.org/abs/2201.11428
https://indico.cern.ch/event/1120561/
http://dx.doi.org/10.1007/JHEP03(2020)131
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/

Particle-flow reconstruction

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

—g

excellent energy and angular resolutions

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

)

Transverse slice

through CMS

Slllcon
Tracker

Electromagneuc
Calorimeter

Key: -

Muon
Electron
Charged Hadron (e.g.Pion)

= = = - Neutral Hadron (e.g.Neutron)

Hadron

Calorimeter Superconducting

Solenoid

= = Photon

Iron return yoke interspersed
with Muon chambers

0.1

Angular resolution

JINST 12 (2017) P10003

0.05

- CMS

L Simulation

Anti-k;, R = 0.4

mRef| < 1.3

—s— —=— Calo |

—~ —« PF

2\0 L

il (GeV)

Energy resolution

0.6

I. Simulation

| cMs

Anti-k;, R=0.4 —=— Calo_|

mRefl < 1.3

— PF

2\0\‘\\\

I L
100 200
PP (GeV)

Ll :
1000


http://dx.doi.org/10.1088/1748-0221/12/10/P10003

Phase-1 pixel detector upgrade

CMS-DP- 2020-049

13TV2017L
180 ‘\F‘ c (egacy)

160 Unbiased collision events (Data) CMS 4

O New pixel detector installed during year-end stop 2016/2017
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Improved tracking and flavour tagging performance in the 2017 — 2018 data set! 8


https://cds.cern.ch/record/2743740?ln=en
https://cds.cern.ch/record/2627468?ln=en

Analysis overview

O Two complementary approaches for Higgs boson candidate reconstruction

16 (13 TeV)
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O Resolved-jet topology O 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 9
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H — cc identification

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

JHEP 03 (2020) 131 (2016 analysis)

DeepAKS8 (DeepAK15) piNsT 15 (2020) PO6005]
multi-class DNN boosted jet classifier
directly uses jet constituents (particle-flow
candidates / secondary vertices)
1D convolutional neural network
mass decorrelation via adversarial training

»

Background efficiency
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http://dx.doi.org/10.1088/1748-0221/15/06/P06005
http://dx.doi.org/10.1007/JHEP03(2020)131

H — cc identification

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

O A major improvement: ParticleNet tagger used to identify H — cc decay

(13 TeV)
. > F
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>2x improvement in the final sensitivity 12


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/
https://cds.cern.ch/record/2707946?ln=en
http://dx.doi.org/10.1088/1748-0221/15/06/P06005
http://dx.doi.org/10.1007/JHEP03(2020)131

ParticleNet architecture

. . . Image from arXiv:2202.03772
O New jet representation: “particle cloud”

/ outgoing particles

treating a jet as an unordered set of particles, distributed in the n — ¢ space

O ParticleNet [Phys.Rev.D 101 (2020) 5, 056019]

graph neural network architecture adapted from DGCNN [arXiv:1801.07829] collision point_/” K
permutation-invariant architecture leads to significant performance improvement prton b/

An

Performance on top quark tagging benchmark
~ [SciPost Phys. 7, 014 (2019)]
B .,,,

E(]g Cony -.i '-/1 iz
) @ \ = N / 1/e, at e, = 30%
Uil
\. ResNeXt-50 1147 + 58

®
O S fey, 5y M P-CNN 759 + 24
o O ‘@ PFN 888 + 17
fif Jis ParticleNet-Lite 1262 £+ 49
ParticleNet 1615 +-93
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https://doi.org/10.1103/PhysRevD.101.056019
https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/2202.03772
https://doi.org/10.21468/SciPostPhys.7.1.014

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
<Dc' Backgruum( mmP{e <DC Backgrow:d _\'am}’fe D N h | H
ngwa[ .\'am{?h (ffxu‘ ma:s) Sigha{ :am{?h (varfalofe ma:s) eW approac to prevent maSS SCU ptlng
using a special signal sample for training
— ;o A —
- — . hadronic decays of a spin-0 particle X
X —bb, X — cc, X — qq
Jat mass Tt mass not a fixed mass, but a flat mass spectrum
Background jet mass | (1 oy, _ [Backgir ound !'et mass | uatey) m(X) € [15, 250] GeV
SO s ] ipecms o ]
< 04t Simuiaton Proliminary  « ,.sn PO S e allows to easily reweight both signal and background
O e esin:Despaa st O o araas T to a ~flat 2D distribution in (pt, mass) for the training
0.3F 500<p""<1oooeev,|rﬂ"l<z.4 £y =0.5% 3 0125 T ey =0.5% E
F E 0.1_;-0- *; .
025f .. ; 0835, 7 0O Signal and background have the same (~flat)
001: . 00 *’”‘% 4 mass spectrum, thus no sculpting will develop in
OE E 0.021 = ..
Foo s ot Wessas  the training
E ] _ :1.21: % %ﬁiﬁé
V’Eo.a == 1
ool 50 100 150 200 250 3(;0
mg;, [GeV]

14


https://cds.cern.ch/record/2707946?ln=en

Mass decorrelation (Il)

CMS-DP-2020-002

Hcc tagging performance O “Mass sculpting”: background jet mass shape

’ (13 TeV) becomes similar to signal after tagger selection
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https://cds.cern.ch/record/2707946?ln=en

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
O Difficulty: select a phase-space in g — cc that resembles H — cc

solution: a dedicated BDT developed to distinguish hard 2-prong splittings
(i.e., high quark contribution to the jet momentum) from soft cc radiations
(i.e., high gluon contribution to the jet momentum)

also allows to adjust the similarity between proxy and signal jets

by varying the sfBDT cut — treated as a systematic uncertainty

U

O Perform a fit to the secondary vertex mass shapes in the “passing’
and “failing” regions simultaneously to extract the scale factors

three templates: cc (+ single c), bb (+ single b), light flavor jets
O Derived cc-tagging scale factors typically 0.9—1.3

corresponding uncertainties are 20—30%

’éééljge cc like g Soft radiations:

AU.

Dominant contribution!
Effects of the BDT

H—cc

g—cc (sfBDT>0.90)
g—cc (sfBDT>0.95) o

ParticleNet cc discriminant



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

Large-R jet mass regression

CMS DP-2021/017

O New ParticleNet-based regression algorithm to improve the large-R jet mass reconstruction

event fraction

training setup similar to the ParticleNet tagger; the regression target:

signal (X — bb/cc/qq): generated particle mass of X [flat spectrum in 15 — 250 GeV]

background (QCD) jets: soft drop mass of the particle-level jet
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https://cds.cern.ch/record/2777006/

Analysis strategy

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

allowing for a simple and robust strategy for background estimation and signal extraction
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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 & TL): 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

8
O 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 © Not 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]

19


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

Resolved-jet topology



Charm quark identification

arXiv:2111.03027

O Resolved-jet topology: Higgs boson candidate reconstructed with two small-R jets

O Charm quark jet identification: DeepJet algorithm

~2x (~40%) improvement in light (b) jet rejection at 40% c jet efficiency compared to DeepCSV

100 CMS Simulation 2017 (13 TeV) - CMS Simulation 2017 (13 TeV)
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http://arxiv.org/abs/2111.03027

Charm tagging calibration

O Novel calibration method to correct the entire distributions of the c-tagging discriminants aXv:2777.03027
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http://arxiv.org/abs/2111.03027

Charm jet energy regression

O Dedicated jet energy regression algorithm developed to improve the c-jet energy scale and resolution
based on the b jet energy regression [Comput.Softw.Big Sci. 4 (2020) 70] used in several CMS H—bb analyses

re-trained for c jets instead of b jets

c jets collected from W—cx decay in tt MC events
— 2018 (13 TeV) |

provides simultaneous estimation of the ¢ jet energy and its resolution
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both used as inputs to the signal extraction BDT 0.08}- Simulation Preliminary emsoo152
: :: s:ilg\;: ‘;-j(evt) ¢ c-jet reg, no Kin-Fit :
I Signal RegTion ﬁ’ —un=1232,6=135 A
In[ u O [J 0.06 j ﬂ,?& i
43 high-level features: . ¢ @ Outputs L 2 °\§ 1
jet kinematics ERC I ¥ = py(gen)/py(reco) 0.04 - f .
jet composition = . - * ot 50,251 25% quantile Ot j X ]
pllegp |nformat|on . Yo.75: 75% quantile [ - % ]

semi-leptonic decays & : " -4 A\
secondary vertex 1 002 jﬁ‘ \'X 7
© o Resolution estimator: 6 = 5(5)75% = Yos9) L o o ]

£x Ty
s Mg P
ol b e L L T
60 80 100 120 140 160 180 200

Joint loss function for correction (Huber) and resolution (quantiles) : di-jet invariant mass [GeV]

Loss = Huber(y, F(x)) + py 75(y = F) + po.5(y — F(x))
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Higgs boson candidate reconstruction

O Higgs boson candidate reconstructed using the
two small-R jets with highest CvsL scores

O To improve the Higgs candidate mass resolution:

recovery of final state radiations (FSR)

additional jets within AR < 0.8 from either of the two
selected jets are included in the calculation of the Higgs
candidate’s 4-momentum

improves the Higgs mass resolution by a few percent
new DNN-based c-jet energy regression

~20% improvement in Higgs candidate mass resolution
improved kinematic fit in the 2L channel

better reconstruction of the Higgs candidate’s 4-
momentum using constraints from the Z — 29 system

up to 30% improvement in Higgs candidate mass
resolution

a.u.

0.08

0.06-

0.04

FSR recovery

FSR candidate

Kinematic fit

0.02

2017 (13 TeV)
T T ‘ T T T ‘ T T T

| CMS ' o + o no cReg, no Kin-Fit
| Simulation Preliminary ﬁ’\# 128402153 ]
" Resolved-jet o e -
L oL High pT(V) ! *%x c-jetreg, no Kin-Fit |
I Signal Region l /%‘K g —pn=1240,6 =124
1 Nﬁ\ 4 c-jet reg + Kin-Fit
[l \& —u=1245=92
b
B etk
L f b¢
W&g* i o
Il I Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il 1 AW el
60 80 100 120 140 160 180 200

di-jet invariant mass [GeV]
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Events

Signal extraction strategy

O Event-level BDT trained in each channel to maximize the signal vs background separation

inputs: event kinematics, Higgs candidate properties, c-tagging discriminants f i
Signal Region ®

+ kinematic fit variables in 2L (€vsL;20.225 + CusB>0.4) veto the Hog

mass region

O Background estimation

dedicated CRs to constrain the normalizations of main backgrounds (V + jets, tt) °°  o2s GvsLy

invert Z mass (2L)
require add. jet (1L)

V + jets split based on flavor: V+ b, V + ¢, V + udsg require add. £and jets (0L) 7

O Simultaneous fit of SRs (BDT shapes) and CRs (c-tagging discriminants) for signal extraction

x10° : 597 fo" (13 TeV) w 12210 ‘ 59.7 f?" (18TeV) - 0® : 597 fb"‘ (3Tev) x10° ‘ 50.7 o (13 TeV) 59.7 b (13 TeV)
2z - P=3 @2 P T T T T T T T T =
CMS ¢ Data [vzzse) S CMS ¢ Data [Cvzzse S 20r cmMS 4 Data Ovzesy 7§ CMS 4 Data [vze- S CMS —+—Observed [l VH(H->c5), =77 5
0.4| Preliminary [ wiother) Wsretor | 3 10[ Preliminary [ wviother) Wsngeor | G Preliminary [ wviother) [l single top o Preliminary [ vv(other) [l single top ] o Preliminary Il vhobh) [ vzz-ce)
Resolved-jet O« [z Resolved-jet [ Mz Resolved-jet [ Mz 601 Resolved-jet O Mz Resolvedjot = VW(other) [l single Top
2L (ee), Low V-p _ Czo [zeudsg 2L (ee), Low V-p [z [zeudsg 15[ 2L (ee), Low vp_ [z [zsudsg ] 2L (ee), Low V-p_ [z [zsudsg "B 2t ooy O« [z
03| Z+LF Control Region I vi-sco) I vHHo0E) ] 8| Z+HF Control Region [l vki(h->c5) W vt ] 2+CC Control Region [ vii(H-»c5) I VHHobE) TT Control Region i I vH(-o05) +E- 60 < p.2) <150 GeV IEI :;cm - Ieg:ﬁl :'s ::"m_n
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Results



Combination of the two topologies

O The two topologies are made orthogonal via the presence of large-R jet with p; > 300 GeV

pr threshold chosen to maximize expected sensitivity

(13 TeV)
“Resolved-jet” 1.8y “Merged-jet”
S 4i CMS —e— Resolved: 2 AK4 jets ]
S 't Preliminary = Merged: 1 AKS jet
E1.2F waw Merged: 1 AK15 jet
© “F H—>bb,cc T
[ - P ] ~
s T | gromeromore-orgl o g
"6 C [Fc . al-:."'.'- 7] —d
H Soaf af "
206
PT o
\ ® 0.4]
v = =
0.2 ] vV
7\\\\\*'@ ;\\H\‘\H\\‘\\H\‘\H\\‘\\H\‘\\H\‘\\H\:
0500 400 600 800 1000 AR(c, <) ~ Zm(H)/p(H)

p.(H) [GeV]
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Uncertainties

O Systematic uncertainties correlated between topologies, except:

background normalizations for V+jets and tt

charm quark identification efficiencies

U Main uncertainties
limited statistics of the data set
size of simulated samples (especially NLO V+jets)

charm quark identification efficiencies

Relative contributions to the total uncertainty on u

Uncertainty source

Ap/ (DR) 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%




VZ(Z — cc) results

O The full analysis procedure is validated by measuring the VZ(Z — cc) process
resolved-jet topology:
BDT re-trained using VZ(Z — cc) as signal
fit to the BDT shapes to extract the signal
merged-jet topology:
no change to the analysis procedure

fit to the large-R jet mass shapes to extract the signal
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VZ(Z — cc) results

O The full analysis procedure is validated by measuring the VZ(Z — cc) process CMS-PAS-HIG-21-008

138 fb' (13 TeV)
n F
§ vl cus L,
UCJ 107 — Prelimiflary B vHHocs) [l VH(H-bD)
F VZ(Z—cc) [ z+jets [ weets

10° ——=o it Il single Top

108 E ° ] v(other)

10*F

’
T 2
93 1.5 . I
82 A . et ee
g 0.5 T e froeegeeey g gy
3 25 -2 -15 -1 -05 0
log, (S/B)

Observed significance for VZ(Z — cc): 5.70

- expected significance: 5.90

First observation of Z—cc at a hadron collider!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/

VZ(Z — cc) results

O The full analysis procedure is validated by measuring the VZ(Z — cc) process CMS-PAS-HIG-21-008
138 fb™ (13 TeV)
® Observed
CMS = +1c (Stat @ syst)
~ Preliminary — 1 (syst)
— 120 (stat @ syst)
Combination ——— L +0.23
| Best-fit signal strength: [, =1.01_5 57
Resolvedset - very good agreement with SM expectation
Merged-jet - consistent results between topologies/channels
oL
1L
2L
L P P | PRI
5 5 1.5 2 25
-0 0 0 m

VZ(Z—cc)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/

VH(H — cc) results

O Post-fit distributions in the two topologies and the combination CMS-PAS-HIG-21-008
Merged-jet topology Resolved-jet topology Combination
138 fb™' (13 TeV) 138 fb™' (13 TeV) 138 fb" (13 TeV)
C100F Kira T T T T g o _ D sl
§ C CMS E::szerved Ez:(H;bb) ] g 10 CMS ;3;'(1%05) 72:1Er;cenalnty -.G:_'J 10 ? CMS ;\[[):t(aH - 7:ul;\certainty
m - Preliminary (Z—cc) /V(other) 4 e s . [ VH(Hobb) [ Z+udsg c 7L Prelimi e i
5 1000— Il single Top Ot 1 O 10" Preliminary Tz D z+c L 10" Preliminary Bl vH(Hob) [ zZ+jets
2  Merged-jet [ wsiets [ zeiets ] VH(H->CG), Resolved-jet [ wsudsg  Ew+b of VH(H—cT) [ Waists O
.% 800 All categories [ VH(H->cE), p=7.7 £33 B uncertainty _| 108 ﬁ =g;;ﬂop %Sv(other) 10 * L [l single Top ] VV(other)
E - S/(S+B) weighted ] 10° ] VZZco) 10° = [Jvz(z-co)
g - 1 g
b 600 — -
%) C ook ]
- — 3
400, ! 10
200 = 10°
10
0 —— 1
100 | 1
i B subtracted | T 15 15
50 N e oS 3 +%7
E a 1 o ° P — * T > 1 o ° ————8— o &
O P BN X 0-5 l 3%
‘ ‘ ‘ ‘ ‘ + gO,SHH\HH\HH\HHH‘-HH 80.5wwww\wwww\wwww\wwww\wwww\wwww
506080 100 120 140 160 180 200 -6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0

Higgs candidate mass [GeV] |091O(S/B) Iogm(S/B)


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/

VH(H — cc) results

O Upper limits on the VH(H — cc) signal strength CMS'PAS":’;?S_?;?:? )
e
at 95% CL CMIS | I—O— OblservedI L I\I/Iedian (Iexpectet;
Preliminary BB 68% expected
P—VH(H N <14 (7.6) observed (eXpected) ----- 95% expected
substantially stronger than ATLAS full Run 2 result  combined
xpected 7.
Observed 14.4
MVHH — co) < 26 (31) obs. (exp.) [arXiv:2201.11428] Merged-jet
Ovearved 160
) ] Resolved-jet
 Best fit signal strength Ovoned 13
+ 3 . 8 (E))I(_pected 12.6
IJ.VH(H —>CC) - 7.7 _3.5 Observed 18.3 | N
. . . . L 1L
consistent with the SM prediction within 20 Expected 115
2L I )
Expected 14.3
Observed 20.4
ol I

95% CL limit on B

(H - ct)
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https://arxiv.org/abs/2201.11428
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-008/

VH(H — cc) results

(d Results used to set a constraint on the charm CMS-PAS-HIG-21-008
: . - N
quark Yukawa coupling modifier k. =y [ y° o 10
for simplicity, only considering effects on B(H—cc) of CMS — Observed
. . - Preliminary e SM expected
and fixing all other couplings at SM values: 8-

K

PVHH-c) = 77 Boy (H— ce) x (kZ—1)

O The 95% CL interval on k_:
observed: 1.1 < |k < 5.5

expected: |k | < 3.4

most stringent constraint on k. to date!

comparable to the previous projection for HL-LHC w/
3000 fb*: |k | < 3.0 [ATL-PHYS-PUB-2021-039]
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Prospects: HL-LHC



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 — bband 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 py threshold lowered from 300 GeV to 200 GeV - increasing signal acceptance

O 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

O Simultaneous extraction of the H — bb and H — cc signal strengths

CMS-PAS-HIG-21-008

Hvi@ — bb) = 1.00 £ 0.03 (stat.) + 0.04 (syst.) = 1.00 £ 0.05 (total)
My — o) = 1.0 £ 0.6 (stat.) £ 0.5 (syst.) = 1.0 + 0.8 (total)

—_
[

“VH(H—)bb)

0.9

0.8

0.7

0.6

CMS Phase-2 Projection Preliminary 3000 fb' (14 TeV)
I B L B B B B B

CMS pPhase-2 Projection Preliminary 3000 fb" (14 TeV)
L L

zo 4
E ¢+ SM E i + SM

—z*1c ] 3l —z*1oc .
- t20 = e t20 ]
- 4 2F ]
T C """""" T i ]
S o "’ E of ]
:- ] :
: : -2F .

P R R S SR SR _al [ 1 1 1 | 1 1
0'5—2 -1 0 1 2 3 4 3—2 -1.5 -1 -0.5 0 0.5 1 1.5 2
MV h(Hoeo) Ky

Expected sensitivity approaches the SM value for the Higgs-charm coupling.
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Prospects: ML for jet tagging



Beyond ParticleNet

O Particle Transformer (ParT): a new Transformer-based architecture for jet tagging

Particles

' Embedding ’

Class token

L blocks
A
-
Particle Particle
Attention Attention === ===
x0 Block x! Block xt!

A

Particle
Attention
Block

Class
Attention
Block

I

Interactions =

' Embedding ’

Interaction features

A=/(Ya— )2+ (o — Pb)2,

kT = min(pT,a7pT,b)A7
z =min(pr.a, prp)/ (P10 + Prp),
m? = (Ea + Eb)2 - Hpa + prz,

Motivated by LundNet
[F. Dreyer and H. Qu,
[HEP 03 (2021) 052]

(Linear) (Linear) (Linear)
N

S

X

(b) Particle Attention Block

Xelass
(¢) Class Attention Block

H. Qu, C. Li, S. Qian,
arXiv:2202.03772



https://doi.org/10.1007/JHEP03(2021)052
https://arxiv.org/abs/2202.03772

Beyond ParticleNet: JetClass dataset

H. Qu, C. Li, S. Qian,

O A new large-scale public jet dataset: T00M jets in 10 classes ,
arXiv:2202.03772

MadGraph + Pythia (Herwig) + Delphes

oot H — bb ot H — cc ot H — gg i H — 4q ot H — lvqq

0.29 0.29 0.2 0.29 0.29

5 0.0 $ 0.0 § o004 § o0.04 B § o0.04
@®
-0.24 & -0.24 -0.2 -0.2 -0.2
-0.4 -0.41 —=0.41 -0.4 -0.4
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An An An An An

1 t — bqq’ 41 ¢ — bly “1 W — qq’ “1 Z —qq 1 q/g

§ 0.0 $ 0.0 § o004 5 o0.04 § o0.04
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Beyond ParticleNet: Particle Transformer

O Performance of Particle Transformer (ParT) on the JetClass dataset AL Qu, C. L, 5. Qian,

arXiv:2202.03772
Performance comparison on the JetClass dataset
All classes H—bb H-—ce H-—gg H—4g H—lvggd t—bggd t—bly W —=qfd 7 —qq
Accuracy  AUC  Rejsop  Rejsoy,  Rejsoy  Rejspy Rejogy Rejso,  Rejog s, Rejsoy Rej509

PFN 0.772 09714 2924 841 75 198 265 797 721 189 159
P-CNN 0.809 0.9789 4890 1276 88 474 947 2907 2304 241 204
ParticleNet 0.844 0.9849 7634 2475 104 954 3339 10526 11173 347 283
ParT 0.861 0.9877 10638 4149 123 1864 5479 32787 15873 543 402
ParT (plain) 0.849 0.9859 9569 2911 112 1185 3868 17699 12987 384 311
Fine-tuning result on Top-tagging Benchmark [SciPost Phys. 7 (2019) 014] Model complexity

Accuracy  AUC Rejs o, Rejzo9 Accuracy #params FLOPs
P-CNN 0.930 0.9803 201 +4 759 £ 24 PFN 0.772 86.1k 4.62M
PFN — 09819 247+3 888 + 17 P-CNN 0.809 354k 155M
ParticleNet 0.940 09858 397+7 1615 + 93 ParticleNet 0.844 370k 540 M
JEDI-net (w/ >_ O) 0.930 0.9807 — 774.6 ParT 0.861 214M 340 M
PCT 0.940 0.9855 39247 1533 £ 101
LGN 0.929 0.964 _ 435 4+ 95 ParT (plain) 0.849 2.13M 260 M
rPCN — 0.9845 364+9 1642 £ 93
ParT 0940 09858 413+£16 1602 + 81 Significant performance improvement.
ParT-f.t. 0.944 0.9877 691 £15 2766+ 130

Similar computational cost.



https://arxiv.org/abs/2202.03772
https://doi.org/10.21468/SciPostPhys.7.1.014

Summary & Outlook



A charming journey

138 b (13 TeV)
[}
QO 108k ¢ D B i
. LHCb 198 fh_] "E 10 cMs DVZ'(;a.;E) 7S:Enoemam|y
w 107k Preliminary W vHt-c) [l VH(H—bb)
u < 79 [] [] VZ(z->ct) [Jz+jets [ Weiets
10°E Ot Wl single Top

[ v(othen)

< 1000 -
: ATLAS 36 ! ol
3 p< 150 10°F o
2 IR .
£ A p<3 1 ;
L LHCh 300 fh- g 2 i
5 ® I n<0(10) 3 e
-g 10 CMS 36 b 1 . 0'513 25 -2 -15 -1 -05 0
g <z A ) Pk 09, (S/B)
Tth
..%& CMS 138 fh™! n 2p@’ﬁnnance h<bd First observation of Z — cc at a hadron collider!
1 n<76 ”""/'more i A CMSF:’EU:]:h'1 Opening a new era for future explorations.
f0ye,” .
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 combined .eﬁrort- and creativity ﬁom mst.rumentatlon, A charming journey ahead!
physics objects and analysis techniques! 43
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H — cc searches at the LHC

O ATLAS:
[Phys. Rev. Lett. 120 (2018) 211802] (36 fb™)

[arXiv:2201.11428] (139 fb)
[ATL-PHYS-PUB-2021-039] (HL-LHC projection, 3000 fb)

U CMS:
[UHEP 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™)
[LHCb-PUB-2018-009] (HL-LHC projection, 300 fb")

45


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

ATLAS HL-LHC projection for H — cc

g § 1 _6 : T 17T I 17 I T T I 17 I 17 I 17 I 17 I T T I 17 : Mo _I 1T I L I L I L I L I L I L I 1T I_
= 1.5 ATLAS Preliminary - 10;_ ATLAS Preliminary E
= Projection from Run 2 data 3 8- Projection from Run 2 data =
1.4 = Vs=14TeV, 3000 fb* = - Vs=14TeV, 3000 fb" ]
1.3 VH(— bb,ct) - 6= VH(— bb,c3) i
.25 E aF 3
1.1 E : :
1E E 2 .
0.9F - o =
0.8f -~ Expected 68% CL E o -~ Expected 68% CL E
- — Expected 95% CL 3 B — Expected 95% CL ]
0.7 — + SM = _4F + SM ]
0 6 : 11 1 I 11 1 I 1 11 I 11 1 I 11 1 I 11 1 I 11 1 I 1 11 I 11 1 : _I 11 1 111 I 111 I 111 I 111 I 111 I 111 11 1 I_
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CcC
vy b
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Baseline event selections

Merged-jet topology Resolved-jet topology
Variable OL 1L 2L Variable oL 1L 2L low-p(V) 2L high-pr(V)
P4 — (>25,>30) >20 ps — (>25,>30) >20 >20
Lepton isolation — (<0.06, —)  (<0.25,—) Lepton isolation —  (<0.06,—) (<0.25,—) (<0.25,—)
N, =0 =0 — Nay =0 =0 - -
M(e0) — — 75-105 M(ee) — — 75-105 75-105
L <2 <2 <3 pr(ip) >60 >25 >20 >20
pimiss >200 >60 — pr(y) >35 >25 >20 >20
pr(V) >200 >150 >150 CosL(j,) >0225  >0.225 >0.225 >0.225
pr(Heand) >300 >300 >300 CosB(j,) >0.4 >0.4 >0.4 >0.4
m (Hegng) 50-200 50-200 50-200 NI — <2 — —
AP(V,Hepng) >25 >25 >25 pimiss > 170 — — —
Ap(PF™,]) >05 — — piiss significance — >4 — —
Ap(Fiss, () — <15 — pr(V) >170 >100 60-150 >150
Kinematic BDT >055  055-0.7,>07  >0.55 pr(Heng) >120 >100 — —
cc discriminant m (Heng) <250 <250 <250 <250
High purity >0.99 >0.99 >0.99 AP(V,Hypng) >2.0 >2.5 >25 >2.5
Medium purity 0.96-0.99  0.96-0.99  0.96-0.99 Ap(Fmiss,j) >0.5 — — —
Low purity 090-0.96  0.90-096  0.90-0.96 Ap(Fmiss, ¢) — <2.0 — —
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Uncertainties

O Breakdown of the uncertainties in each topology

Merged-jet topology Resolved-jet topology

Table 3: The relative contributions to the total uncertainty on pyg_cz) in the merged-jet Table 4: The relative contributions to the total uncertainty on piyg o) in the resolved-jet

analysis, with a best fit value pyp ) = 8.73:8.

Uncertainty source

A]’[/ (Aﬂ)tot

analysis, with a best fit value pyyHe) = —9.5£9.6.

Uncertainty source

Ap/ (D)ot

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

Events

2L(pp), high cc-purity

obs/ N exp
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Merged-jet topology: control regions

2L(ee), V+jets CR, low cc-purity
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Comparison of mass decorrelation methods
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Large-R jet mass regression

Loss function: LogCosh Signal jet mass resolution Background jet mass response
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C-tagger ROC curves
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C-jet energy regression and kinematic fit

Q 2-lepton Low-py(V) category — 60 GeV < p1(V) < 150 GeV
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Q 2-lepton High-pr(V) category = p7(V) > 150 GeV

a.u.

C-jet energy regression and kinematic fit
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A new method to calibrate charm-taggers

DeepdJet algorithm calibration (rom arXiv:2111.03027)
) W ._, w+ ,_
O Methodology _._s I AN\ —.—s ‘ VaVaVa ¥ e ww
Iterative approach exploiting three distinct control regions that are enriched g c g G u,u b
with either bjets, cjets, or light-flavour and gluon jets OO0 ——— OO0 ———— g T
c,b...
First time that a calibration method to correct the 2D distribution of c-tagging Sig: OS event Sig: OS event Bkg: 50% OS, 50% SS
discriminator shapes is presented = arXiv:2111.03027 (accepted by JINST)
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A new method to calibrate charm-taggers

Extraction of reshaping data-to-simulation scale factors
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A new method to calibrate charm-taggers

Validate robustness of the SFs derivation

(from arXiv:2111.03027)
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Signal extraction — BDT training in SRs

Variable Description OL 1L 2L H H
(F) Fmass 7 [ O BDT trained to separate signal from
pr(H) H transverse momentum - v v
rr(V) vector boson transverse momentum - v v vector bOSOﬂ baCkground Samples
mr(V) vector boson transverse mass - v - prope rties
T missing transverse momentum oY= Use combination of kinematic observables and
prr(V)/pr(H) ratio between vector boson and H transverse momenta v v v . . . .
Cosl o, CosL value of the leading CosL jet vV 7 particle flavor variables (tagger informations)
CosB,.. CosB value of the leading CusL jet v v v o tagglng score
CosL i CosL value of the subleading CosL jet v v v : .
CosBrm CosB value of the subleading CoxL et v v v Q Separate BDTs trained for each channel
Trmax 1 of the leading CosL jet v v Y B
i p of the subleading CosLjt ‘v and data taking year
A¢p(V,H) azimuthal angle between vector boson and H v v v
AR(jy,jz) AR between leading and subleading CosL jets ' -7 Separate BDTSs trained for high- and low-p(V) 2L
A¢(j1,ia) azimuthal angle between leading and subleading CosL jets v v -
Ay iy dp) difference in pseudorapidity between leading and subleading CvsL jets v v v .
Ap(ly,£,) azimuthal angle between leading and subleading pr leptons - - Vv Variables used depeﬂdent on channel
An(y, £,) difference in pseudorapidity between leading and subleading py leptons - - v
Ag(£y,j,) azimuthal angle between leading py lepton and leading CosL jet - v - . . . .
Acp(t‘z,j:) azimuthal angle between subleading pr lepton and leading CosL jet - = v D ReShaped BDT dIStrIbUtlon used in SR
Ap(Er,5,) azimuthal angle between subleading pr lepton and subleading CosL jet - = v event d u I'I n f| n al f|t
Ap(by, pPiss) azimuthal angle between leading py lepton and missing transverse momentum - v - kinematics g
An(fy,t) difference in pseudorapidity between leading pr lepton and b-tagged jet from top quark decay — v — A
Ap(by,t azimuthal angle between leading pr lepton and b-tagged jet from top quark deca — v - .
A(Ig((f‘,, t)) AR between lgading pr lepton a;g\cfb—tapgged jet fromgtgoep (ﬁmrk decal;l 4 Y - v - BQC k rouhd .
CosL, CosL value of the b-tagged jet from top quark decay - v - (U’\CLU, ed \;H(H_ SLSMQL
CosB, CosB value of the b-tagged jet from top quark decay - v -
P(b+bb), DeepJet prob(b+bb) value of the b-tagged jet from top quark decay - v - ?bb) and VZ(Z- (\!H H"‘?CC))
m(t) Reconstructed top quark mass - v — CC) ‘
N2 ir Number of small-R additional jets after the FSR subtraction - v -
Tcreg (i) leading pr jet resolution from c-jet energy regression v v v
ereglj) subleading pr jet resolution from c-jet energy regression v v Y
An(V, H)||xinsit difference in pseudorapidity between vector boson and H, after kinematic-fit - — v
A¢(V, H) [luinst azimuthal angle between vector boson and H, after kinematic-fit - - v
m(H)||xingit H mass after kinematic-fit - - v ol .
Pr(H) [xinie H transverse momentum after kinematic-fit - - v Ki nﬂt Va”ables
PTma || kinfit pr of the leading CosL jet after kinematic-fit - = v (2|_ on |y)
PTmin || kinéit pr of the subleading CosL jet after kinematic-fit - = v
pr(V)/ pr(H)|linge  ratio between vector boson and H transverse momenta after kinematic-fit - = v >
o (H) || yinge H invariant mass resolution from kinematic fit - = Y T
BDT score 59



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 - 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

L o B
415" (13 TeV) 415 fb‘ (13‘TeV 415 fb‘ (13‘TeV 4“5 fb‘ (13"I'eV
e

@ panaa Anane 2 panaa ARRRREaAS 2 BAAREARARS Reas Ranss naney
2 w0 CMS T T ‘+°b‘m Ed‘ B, per7 S CMS —4 Observed [ VH(HGR), =77, 5 CMS —4 Observed [ VH(HGR), =77 S CMS —4 Observed [ VH(H->D), ue7.7
5 4 BT = 5 > 5 > \bb)
o Preliminary Wl vipov)  [vzez-ce) w Preliminary B vionh) ] vzoe w Preliminary W vheonh) vz w Preliminary ]
. [ vWiothen Il single Top - [ vviother) [l single Top ) [ wiother) [l single Top 3 [ vV(othen) [l single Top
9 posolveddet g me Resolved-jet = Dz Resolved-jet O Dz Resolved-jet = Do
-
wE o 2L (ee) 20 () 2L (ee)
60 iW)(Z)<|50 cev 07 [ Jzesdg 60<p,(2) <150 GeV !::u_. 20 lgg;ssl:‘:s:g rai p,(2)>150 GeV !::u ) «20 lgg;sslz‘:s:g ral P,(2)>150 GeV !::n %) « 20 %:::9 ertai
P —— VH(H->c8) %20 §8 S+B Uncertainty u (H>G8) x 4B Uncertainty 0 (Ho>cE) « +8 Uncertainty & (Hc) « incertainty
g g g 15 ] g 1ol T ]
5 z z Ll z 't [ B
3 2 » T RS o 40 i m ‘w F b = ‘L WW’
3 05 = 05 = 05 Tt ﬂ{ = 05 t
= o C [ [ -
007 05 04 05 06 05 05 09 1 0 01 02 03 04 05 06 07 08 0.9BDT1 0 01 02 03 04 05 06 07 08 O.SBD 1 0 01 02 03 04 05 06 07 08 o.sBD 1
BDT

41517 (13 TeV) 4151 (13 TeV) 4151 (13 TeV)
T T T T T T T T

o) T T T ) T T T 1)
T ——Observed [ VH(H-B), 1=7.7 = ——Observed [ VH(H-cB), 1 T ——Observed [ VH(H-cB), 4=7.7
2 CMs B VH(HbE) V2200 2 cms B VH(HbE) V22560 2 cms B VHHobE) ] VZ@ZcR)
w Preliminary [ VWW(other) I Single Top w Preliminary [ W(other) [ Single Top w Preliminary [ VV(other) [l Single Top
(=l I wsb /=t awsb 107 /=t awsb
Resolved-jet B wee [ Wusdg Resolved-jet B wae [ Wausdg Resolved-jet B wie [ Wausdg
1L (e) Iz e 1L () Iz Dz 10°E oL z+b iz
[ zsusdg — VH(H-eE) x20 [ zsusdg ~ VH(H-»cB) x20 @ [ zsusdg ~ VH(H-scE) x20
1888 S+B Uncertainty 388 S+B Uncertainty 3888 S+B Uncertainty
102 B
o o
3 1.5H E 3 g 1.5£L
o
3 ‘§ ‘ 3 3 1% et
= o ] - - o
1 [
DT

0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
Bl BDT BDT 62



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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Transformer 101

Vaswani, Shazeer, Parmar, Uszkoreit, Jones, Gomez, Kaiser, Polosukhin, arXiv:1706.03762

Input Thinking Machines X we Q
Embedding x: [T o HH - - HH
Queries q [ q: [T X WK K
Keys < [ DI - - HFH
Values V1 Djj V2 Djj

X wv \'

Score qie ki= qr e ko = EEEE x

Divide by 8 (Vdy )

B

Softmax Q KT
v
Softmax softmax( HEH ) @ ) BEH
X vi [ v2 Vi
Value
- HH
sum z [ 2z [

https://jalammar.github.io/illustrated-transformer/
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