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Motivation of the search
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Higgs boson coupling with gauge bosons and third generation
fermions measured with precision of ~10%

First evidence for H —» uu at 3o with Run-2 data

Higgs coupling to second generation quarks still out of reach
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o one of the highest priority goals
of CMS and ATLAS physics
program

o Discrepancies from SM prediction
could provide valuable insights
into new physics
(BSM model in backup)
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State of the art: CMS and ATLAS (1) I
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H — uii/dd toa small to show!

B

H - cc searches performed by CMS and ATLAS with Run-2 data (140 fb1)

N . a(VH)-B(H—c¢) Search for H — cc¢ extremely challenging
CMS: o(VH)sy-B(H~c)sm <14 @9S%CL 11 <[k <55 I because of the small branching ratio and the
> — ® overwhelming QCD multijet background
& U(;S)tm'gggﬁig <78 @95%CL kel < 3.0 L
=l il '\} Heavy-flavour tagging crucial
» ATLAS; —ZWHXBUZCO 495 @9504CL k.| < 4.2

o(VH)smB(H-cC)sm Most stringent

A.Zaza constraints to date 3




— CMS C‘\
Search for VBF H — cc at CMS & &
| OM:IS : : 138 fb"l(ﬂ‘s TeV‘)
Challenges of this search NP e
» Lack of a suitable trigger before this study E' c? . :
> development of a dedicated trigger with c-tagging online v Xw' § vectr osces
\7"/ i Third-generation fermions
> |dentiﬁcati0n Of C jets '.Qu""‘ I f :::::;T:sr::on fermions
> novel ParticleNet heavy-flavour tagger ok, . . ]
» Overwhelming QCD background § i + """""""""""" o ;fgg'"f"j
> machine learning approaches for signal vs background 0 e L N Gm e
discrimination ericle mass (G20
» Large number of resonant backgrounds: H->bb, Z->qq, W->qq ¢ 7
>  Sophisticated signal extraction : w.z ¢
w,Z 2 ]
q" q"
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Signal topology

Four quarks in the final state:



Signal topology
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Four quarks in the final state:

» two charm quarks produced by the
Higgs boson decay
emitted centrally



Signal topology
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CMS

Four quarks in the final state:

» two charm quarks produced by the
Higgs boson decay
emitted centrally

» two quarks produced by the VBF
emission
emitted forward and backward, with
large aperture




Signal topology
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CMS

Four quarks in the final state:

» two charm quarks produced by the
Higgs boson decay
emitted centrally

» two quarks produced by the VBF
emission
emitted forward and backward, with
large aperture

» Quarks hadronize into spray of particles reconstructed as jets

» Jet properties exploited in trigger development and BDT algorithm implementation




Search for H — cc at CMS:
Object reconstruction and
Trigger studies

Angela Zaza



EMS @@

Istituto Nazionale di fisica Nucleare

CMS Experiment

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 um) ~1m?* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m?* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers S
L:»\ LICE

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

. FORWARD CALORIMETER
 Steel + Quartz fibres ~2,000 Channel.

Compact Muon Solenoid (CMS)
General purpose detector at the
Large Hadron Collider (LHC)

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

proton-proton collisions in Run-3:
» center-of-mass energy: 13.6 TeV
» peak instantaneous luminosity: 2 - 10%* cm2 s

G ¥

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels
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Jets and heavy-flavour tagging Al &7

heavy-flavour jet

Displaced
~~ Tracks

Jet

Prompt o
Tracks g
s
Jet g
Heavy-flavour jets:
» Lifetime of b (c) hadrons ~ 1.5 ps (~1 ps)

— displaced tracks from PV (impact parameter)
— seconday vertex

ParticleNet

» Customized dynamic graph convolutional neural network (DGCNN)

» Each jet represented as an unordered, permutation-invariant set of
particles = particle cloud

» Developed for boosted jets in 2020, then adapted to small-radius jets

» Outstanding improvements wrt DeepJet (default tagger in Run-2)

1[—— ParticleNet BvsL
——- ParticleNet BvsC
—— DeepJet BvsL
jo1p = DeepletBusC | . o)
be //’// i/
%— V% /
102 e ..’;/.If.’..... SN S
10°E

» Larger mass and harder fragmentation wrt light quarks and gluons

— larger pr of the decay products

» Presence of a muon or electron in 20% (10%) of the cases

A. Zaza
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CMS Trigger system =8 G

Proton-Proton 2835 bunch/beam ImPOSSIbIe
€._’ y  Protons/bunch 10" to Store!

o ) Beam energy 7 TeV (7x10'2 eV)
C—
Luminosity 10% ecm? s @23 Bytes/year _/
Bunch .:‘.:‘“ :::." XTI Crossingrate 40 MHz

Proton o e Collisions ~  107-10°Hz

o ™ 2-level trigger:
oinelastic R p—— ;n b
jo® Detectors
b }‘n" Level 1 (Ll) HLT
m b 310

bl

Hz 10 " Front end pipelines|
max Detector output N
max L1 output 10
Max HLT iNpUt ey i

» Hardware

!;10 1

» Exploits information only from calorimeters and muon
HTopt——s | 10" system

1 Glf Switching network » Latency: 4 us

ke 410 " Readout buffers

Hz ;m’
» Rate from 40 MHz to maximum ~110 kHz

{10t

110t Processor farms

mHz g:lﬂ‘

F

e m,x 2 {0 CMS: 2 physical levels
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JetE; or particle mass (GeV)
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CMS Trigger system
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mb b ]:10
Mz 10 ©

max Detector output 3
maxL1 output 40

Max HLT iNpUt ey

Proton-Proton
Y Protons/bunch

Beam energy

Luminosity

Crossing rate

Collisions =

2835 bunch/beam
10!1
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10%cem?s?
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CMS: 2 physical levels

Detectors

Front end pipelines|

Readout buffers

Switching network

Processor farms
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Impossible
to store!

. G e

2-level trigger:

L1 High Level Trigger (HLT)

»  Software

»  Full detector information exploited

> Algorithms implemented to run both on CPUs and GPUs
- automatically directed to GPU if available

» Rate from 110 kHz to
2.6 kHz prompt + 3 kHz parking

13



Trigger studies: L1 seeds (1)

/' ¢ 7

W,z

W,z

\q " q m

o

First step for the implementation of the HLT path:

Definition of a set of L1 seeds

Large number of fake jets from Pile-up

interactions - study of kinematic distributions of

signal and fake jets for discrimination

Normalized to unity

Normalized to unity
3

Normalized to unity

> I@: INFN
A Istituto Nazionale di Fisica Nucleare
V5=13.6TeV = s=13.6TeV (5=13.6TeV
[ cms ) £ [cms £ Tems
- [ cjets from H - . 5
% Work in progress a VIBants é %I Work in progress [] fake jots H Work in progress g mm:zelm
I f j:
[ = sl =
ﬂm7 EUB@ "-[ E
2 2
004 004}~
[ b -
002 002 ‘|J\\
[ i o
L e oy e
n n
(5=13.6TeV 18=13.6TeV, Run 3
r-3
- CMS O gjets fromH 5 CMS
‘, W:A-'kmpmgress E fakajj.:s :; N Work in progress
] $°F 1 ¢jets from H
. [ VBF jets
10 oil- ] fake jets
oy HTT: scalar sum of jet
oos|-
M transverse momenta
I I R B — in an event
p, (GeV) an
(5=13.6TeV (5=13.6TeV
2
CMS € CMS
b Work in progress g :::;mm“ ; % Work in progress [[] veFiets
b3
2 |
L af
g .
2
o002|-
001}
" L :
e oo o 700
Mass (GeV)

Jets reconstructed with L1 information geometrically matched with
quarks from MC truth
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Trigger studies: L1 seeds (2)

List of L1 seeds included in the HLT path dedicated to VBF H — ¢¢

CMS @@

L1 seed

L1 _TripleJet_95_75_65_Doublelet_75_65_er2p5

L1 _TripleJet_100_80_70_DoublelJet_80_70_er2p5

L1_SingleJet180

L1_SingleJet200

L1 DoubleJet_110_35 Doublelet35_Mass_

_Min620

L1 _QuadJet_ 95 75 65 20 Doublelet_75_65_

_er2p5_Jet20_FWD3p0

L1_HTT360er

Selection
. ' 2 jets with
3 jets with
: pr > 75, 65 GeV
pr > 95,75, 65 GeV « Inl<25
. _ 2 jets with
3 jets with
pr > 80, 70 GeV
pr > 100, 80, 70 GeV Inl <25
1 jet with p; > 180 GeV
1 jet with pr > 200 GeV
2 jets with

2 jets with
e pr>110, 35 GeV

4 jets with

s pr>95,75,6520GeV
1 jet with p; > 20 GeV and
Inl >3

HTT > 360 GeV

. pr > 35 GeV
. Inv mass > 620 GeV

2 jets with
pr > 75, 65 GeV
In| < 2.5

15



Trigger path for VBF H — cc

HLT_QuadPFJet100_88_70_30_PNetTaglCvsAllOp5_VBF3Tight

s=13.6TeV Vs=13.6TeV

|:| VBFHcc | Work in progress |:| VBFHcc

Kinematic sequence

4 jets with p; > 100, 88, 70, 30 GeV
2 jets with p; > 30 GeV n < 2.5

1

L
200 2!
jet1 p, (GeV)

_L_

L
150

o
ElS

50 50

200 2
jet2 p_ (GeV)

/s=13.6TeV /s=13.6TeV

C-tagging sequence

1 jet with p; > 30 GeV,
n < 2.5 and CvsAll>0.5

[] vBFHee 2000|— Work in progress [] veFHee

VBF-tagging sequence

L
200 2
jet4 p_(GeV)

3 Among the 4 p;-leading jets: ot p (GoV)
» 2 jets with highest CvsAll: c-jets
» other 2 jets: VBF jets (qq), with

An(qq) > 3.5

M(qq) > 460 GeV

A. Zaza 16
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Trigger path for VBF H — cc

HLT_QuadPFJet100_88_70_30_PNetTaglCvsAllOp5_VBF3Tight

s=13.6 TeV \
- CcmMS £ VBFHee

2 verHeb ParticleNet @HLT

» first trigger path with c-tagging at HLT*
» one of the first trigger paths with
ParticleNet

Kinematic sequence

A

1

4 jets with p, > 100, 88, 70, 30 GeV
2 jets with p; > 30 GeV 7 < 2.5

Normalized to u
3 o
by 2

o
N

2

CvsAll = prob(c)
] prob(c)+prob(b)+prob(uds)+prob(g)+prob(tauh)

1 jet with Pr > £{0) GeV, CusAll
n < 2.5 and CvsAll>0.5

C-tagging sequence

» All paths with heavy-flavour tagging online moved to ParticleNet in 2024

VBF-tagging sequence
3 Among the 4 p,-leading jets:

2 jets with highest CvsAll: c-jets
other 2 jets: VBF jets (qq), with

An(qq) > 3.5
M(qq) > 460 GeV

A. Zaza 17




Trigger path for VBF H — cc =8l an €

HLT_QuadPFJet100_88_70_30_PNetTagl1CvsAllOp5_VBF3Tight

pileup

HLT_QuadPFJet100_88_70_30_PNet1CvsAllop5_VBF3Tight_v

Kinematic sequence

1 -'T | LU | L ‘ L ‘ L | T ‘ L Q_
4 jets with py > 100, 88, 70, 30 GeV It . A YN N B S -70 2
2 jets with p; > 30 GeV n < 2.5 E T} ] €
3 e gs 6o
2 : \! TI T Trigger acceptance: 1.8%
= BIFAY 450
C-tagging sequence £ Lt L 1 » Deployed online for 2023 data
1 jet with p, > 30 GeV = a0 taking and collecting data since!
T ) 4
n < 2.5 and CvsAll>0.5 ]
VBF-tagging sequence ?20
3 Among the 4 pT-Ieading jet5: L1 \ | | -I -\ I | L1l ‘. L1 ‘ .\ ‘ I'\ | | | \- | ‘ L 11 :10
» 2 jets with highest CvsAll: c-jets 0 5 10 15 20 25 30 35
« other 2 jets: VBF jets (qq), with Int. luminosity since fill 9072 [fb-1]
An(qq) > 3.5
M(qq) > 460 GeV
A. Zaza 18



Trigger performance studies - p; £ J<L

MC do not replicate data perfectly = mismatching in trigger performance to be accounted for with proper scale factors (SF)

SF = SFyr - SFetag - SFypr HLT_PFJetioo (0 <n<1.4) HLT PFJeti00 (1.4<n<2.4)
g.Lcems 4 Data2023C g.cms  } Dawzmc
% ; Work in progress t Mcaco uEJ ; Work in progress t mcacp
e ) Shistishisatintinn
1. pytrigger SFs: oaf- : o

Tag and probe method J: I
» Events with back-to-back di-jet topology selected T : S .
» Tag: leading offline jet matched to an HLT object o s

04— 04—

» Probe: subleading offline jet % " JHH***‘: % = M++++
S " oomoome = p,-probe (GeV) s " p,-probe (GeV)
For eaCh PT threShOId (thr) - 0.07 o' (13.6 TeV) - 0.07 fb" (13.6 TeV)
Efficiency: 5, CMs N § . CMS I
i . w Work in progress W mcaco w Work in progress M vcaco
pr probe, matched to HLT jet with p; > thr 10° 1o
Dy Drobe bl
10¢
. . 107
» validated on events selected with the control path -
HLT_QuadPFJet100_88_70_30: 0
exactly the same as the signal path, without '
c-tagging and VBF sequences %“izgg — ¢
g8 »* & B
a "0 £ 0 iEJ £ =0 £ [a] fo W 00 i3 ) =0 £

L ) =)
P, jet1 (GeV) P, jet1 (GeV)

A. Zaza .




Trigger performance studies - ctag* & o

MC do not replicate data perfectly > mismatching in trigger performance to be accounted for with proper scale factors (SF)

SF = SFpT ° SFctag ° SFVBF

2. c-tag trigger SFs:

> evaluated on data and QCD MC events selected with
control path HLT_QuadPFJet100_88_70_30 and VBF offline

selection

PNet offline score of the most c—tagged jet, HLT:signal+control

Efficiency =

3. VBF trigger SFs:

> Assumed to be ~1

A. Zaza

PNet offline score of the most c—tagged jet, HLT:control

Efficiency

Data/MC

HLT_PNetCvsAllOp5

T
1
CMS : 4 Data2023C
| .. 1 ¥ McCQcD
Preliminary ] .
0.8 : & MCVBFHCC ... e
1
L 1 3
H . 1|
1 ® I
0.6 :
] ‘ S
L H .
I . i
1 —y
0.4 i ¢ oy —h—
L i,
— .I ——
° 1 B S
. 1 -,
0_2 1 R
A 4 ° +| :
- b ==
" i '
C g
0_-_i_._|+ = P | 1 | ' |
1{_EL
2E4
ME . P . P S, st S o ot e
08
04E
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Offline PNet CvsAll
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Search for VBF H —» cc at CMS:

Statistical analysis of 2023 data
(27 fb1)

Angela Zaza



Analysis strategy

Signal: VBFH - cc
ggH - cc

Events

Main Backgrounds: QCD (dominant) } continuum ﬂ
VBF H — bb, gg H — bb } Ceconant

QCD Z/W - qq, EWK Z/W - qq

Offline pre-selection BDT for

Final result:
expected upper limit

Signal and
background
modelling
o

o : signal vs QCD
SRR (R, discrimination

on the signal
strength

» Blind analysis: only data in the Higgs mass
sidebands are accessible

QCD - data-driven
resonant bkg > MC

A. Zaza
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CMS Work in progress ~ 17.79 fo (13.6 TeV)

Offline pre-selection

10°

Events / 52 GeV

»  Trigger HLT_QuadPFJet100_88_70_30_PNet1CvsAllOp5_VBF3Tight_v
» Electron/Muon veto
»  MET p7 <170 GeV

» 4 leading pt jets with pt> 105, 90, 75, 35 GeV and |n| < 4.7
matching with HLT objects

Data/MC

» 2 jets with highest PNet CvsL score and || < 2.4: c-jets
respectively medium and tight c-tagging WPs

are applied o m.gMS Work in i:igress 17.79 o (1:.2:9\/}
> Other 2 jets: VBF-jets g e e
» VBF jets: invariant mass > 500 GeV, An > 3.8 o:
Data/MC corrections: Gen weights, :
PU reweighting, trigger SFs, JECs 3 T d
Q 10&; — :
s i %
a "
A. Zaza 23



H — cc vs QCD discriminator (1/4) £ I<i

BDT trained over signal from MC and bkg from data in sidebands with:
VBF related variables g Adqq
g

> Mgq: invariant mass of the two VBF jets
> |Angq|: absolute pseudorapidity difference of the two VBF jets

> Aggq- absolute azimuthal angle difference of the two VBF jets

WO-flow (S,B): (0.0, 0.07% /(0.0, 0.01%

> gq: Min(agq, agz), where agq /45 is the angle between the lead/sublead VBF
jet and the boosted system of the VBF jet pair

» QvsG: PNet QvsG score of the two VBF jets

Input variable: GvsG_VBF1

{1/M) dN/D.0252

w.Z

WMo (5,8 (0.0, 0000 (0.0, 0.07%

¢ 0.2 0.4 08 i 1

QvsG_VBF1

A. Zaza




H — cc vs QCD discriminator (2/4) £ J<i

BDT trained over signal from MC and bkg from data in sidebands with:
: : g
Higgs related variables : Cvsl - jetc,
£

» c-tagging: CvsL and CvsB PNet scores of the two c jets

> total longitudinal momentum of the selected four jets

WD Mow (5,8} (0.0, 0.07% /0.0, 0.07%

» normalized sum of the transverse momenta of the selected four jets

» angular distance AR between the Higgs boson candidate and the lead and 01 02 03 0408 08 07 98 08 1
sublead VBF jets

> A(@gq — Pco): difference of azimuthal angle of the VBF jet pair system and

Input variable: pt_narm

the c jet pair system g :
= i
q q" £ & - §
= 5 E 5,
. “ : {
H 2 J£
_________ ) i g
W.,Z - - ot 0z 03 04 o5 06 or
(¢ pt_norm

q a” 25
A. Zaza




H - cc vs QCD discriminator (3/4) & & a-

BDT trained over signal from MC and bkg from data in sidebands with:

Event related variables Z Jet multiplicity :
» jet multiplicity in the region |n| < 2.4 above 20 GeV is
i
» sum of energy and transverse momentum of all the jets with pt > 30 GeV o
and |n| < 2.4 excluding the selected four jets 5

njets

| Input variable: jetEne_sum |

g ot L] L] L] T L L T I-E

¢ 4 € oo :
2 ca Jet energy sum 3 g
e = onas J&
w.z 002 _ E
____H___ 0.015 5 g
i@
0.0 -;E
w,Z - 0.005 -é

ﬂﬂ 100 200 300 400 500 600 TOO B0O

jetEne_sum

q” q

26
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H — cc vs QCD discriminator (4/4)

(1/N) dN/dx

TMVA overtraining check for classifier: BDTG

3 [E07] Signal (fest sample) ' | | * 'sighal (traihing sample) |
:@ Background (test sample) ¢ Background (training sample)
25 [ Kolmogorov-Smirnov test: signal (background) probability = 0.671 ( 0.69) o
C |
2
- &£
7 :
1.5 _—/ g
s
1 s
s
o
0.5 a
g

-0.8

-06 04 02 0

02 04 06 08

BDTG response

BDT trained over signal from MC and bkg from

data sidebands

Overall good agreement between training and test

distributions

Three categories based on the BDT score

A. Zaza

Events / 0.04

Data/MC

CMS

27 th ' (13.6 TeV)

» CMS Work in progress

—+ VBFHce @ JetMET 2023C
— - ggHcc [ ach
-4- VFFHbb - \quaizm
Lo
L - ggHbb Waa
[ VBFWaq
TTBar

- smgwﬂ;y
5

10° pl ey o
Bl , ,I.-Hhh+
Wﬁ ?.¢¢y“?l+¢¢/'4+ Fpast bt e
i Yoy %///gyw‘%/m
o T e OBBDTO;core
category BDT score
CATO 0.8-0.9
CAT1 0.9-0.95
CAT2 0.95-1

<R

Istituto Nazionale di Fisica Nucleare

&

> QCD from MC
(mismodeling
effects)
better agreement
in the signal region

27




MC shapes (Hcc, Hbb, Zgq, Wqq)

27 b (13.6 TeV)

—m— MC (VBF.gg)Hee
—— CB+BRNit

[E] MC VBFHce

[ MC ggHee

CMS Work in progress

Events

Hcc

1 = 126.28 GeV
o = 12.58 GeV

180 200
m, (GeV)

27 tb™ (13.6 TeV)

—=— MC (QCD+EWK)Zjets
—— CB.4BRNfit
[ acb Zjets.
I WK Zjets
Zjets

CMS Work in progress

events
n
o
o

080 100 120 140 160 180 200

m,, (GeV)

A. Zaza

Events

events

CMS Work in progress 27 b (13.6 TeV)

o —m— MC (VBF+gg)Hbb
| — CB+BRNfit
[ MC VBFHbD
15 [ MC ggHbb
1.0
L W= 117.04 Gev

160 180 200
m, (GeV)

CMS Work in progress 271b™ (13.6 TeV)

1200
—m— MC (DY+EWK)Wjets
—— CB + BRN fit

1000 B e

800

Wiets

600
400
200
%o 100 120 140 160 180 200
m,. (GeV)

MC distributions fitted with CB and Bernstein polynomial function

CMS

&

No thresholds applied

«—  onthe BDT score

Istituto Nazionale di Fisica Nucleare

INFN

—_— e e e e e e e e e e e = = = == == ==

Yields in each category
process CATO CAT1 CAT2
VBFHcc  2.66 +0.02 2134002  201+0.02
ggHce 0.14 + 0.01 0.09 +0.01  0.06 +0.01
VBFHbb  1.39 +0.07 0.98 +0.06  0.51 + 0.04
ggHbb  0.06 + 0.04 - -
Zjets 9202+ 1.61 4580+ 141 2471+ 1.21
Wiets 24106+ 1.98 5289 +342 2421+174
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Continuum background modelling

> The continuum background shape is extracted from an exponential fit of the mass spectrum in the
sidebands of Higgs nominal mass: [80,104] - [146,200] GeV

> QCD, Z peak and W peak fitted to data sidebands simultaneously
(Z/W model taken from fit to MC histograms)

CMS Work in progress CMS work in progress CMS Work in progress
v S B B B B @ L LA LA NN NLELELE BLEL i) LA LR BRI BLELELEN BLELELE NLELE
% C 2023 SingleC CATO & C 2023 SingleC CAT1 ] S 2023 SingleC CAT2
> 500 + - = ’ * . > a0 -
1 ?# w200 - T
thy I {\‘#} ]
400 3 4 { .
. '“""‘--.._ } 1 150~ I, \ 60
300f \“*W &I - X 'L “"'--h______ {
F 3 100f- .#_______ 40
200 exp*pol0+Zpeak '! C exp*pol0+Zpeak ﬂ exp*pol0+Zpeak
1005_ x*/ndof = 0.96 3 50:_ ¥*ndof =0.79 _ ool %*/ndof =1.40
F P() =056 ] g P(x) 0.88 ] PO =002
F 1 Lol ] 1 il PR BRI B 1 1 1 TN
g LER T T E 1.2§I+ﬁ{l{+ _________________________ m{f%ﬂ £ LB ﬁ b ]
1.2 = ] = . E
-Eﬁ T T 7 w - P 'I. LI ]
'8 1.0 ?#*%ﬁ *%i*#W'! '8 L e H#ﬂ# ““““ * 'i '8 1.0 %# {' | .{' i i #F
F 3 A
DB-,,,._,,._, O'B'. | M PR B B B 0'8'...|...|...|l.| I
80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200
m,. (GeV) m (GeV) m,. (GeV)
QCD yield: 19491.0 + 153.6 QCD vyield: 8130.8 + 99.2 QCD vyield: 3119.7 + 61.9
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Systematic uncertainties (1/2) =8 o

»  Fit bias uncertainty:
- related to the choice of the continuum background fitting function
- assumed a conservative 20% on the signal (spurious signal method)

Source of | Bl ot | ggH — ¢ | VBFH — bb | gg H — bb | 2/W-Hets
I uncertainty I
! Luminosity | 1.4% 1.4% 1.4% 1.4% 1.4% |
| VBF model | 8% - - 8% - - I
| Trigger 3% 3% 4% 1% 3% |
| ctagging 10% 10% 10% 10% 10% I
| Higgs XS +0.4% +4.6% +0.4% +4.6% _ |
QCD scale -0.3% —6.7% —-0.3% —6.7%
[ [
Higgs XS
| 2.1% 3.2% 2.1% 3.2% . I
PDF + a,
| Higgs decay | 5o 5% I
| BR —3% —3% [
G SEEE S SN BN EEEE BEEE BEEE BEEE BEEE BEEE BEEE SN BEEE BEEE BN BN A e e . -
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CMS
| | | |
Systematic uncertainties (1/2) 2@ a
»  Fit bias uncertainty:
- related to the choice of the continuum background fitting function
- assumed a conservative 20% on the signal (spurious signal method)
. T A T
> ctagging: I SO“I:: ‘f’ft VBFH — ¢ | ggH —ct | VBFH —bb | ggH — bb | Z/W-tiets
- assumed a conservative 10% uncertainty on the yields haminhie'
! Luminosity | 1.4% 1.4% 1.4% 1.4% 1.4%
| VBF model | 8% - - 8% - -
| Trigger 3% 3% 4% 1% 3%
| ctagging | 10% | 10% | 10% | 10% | 10%
| Higgs X5 +0.4% +4.6% +0.4% +1.6% _
I QCD scale —0.3% —6.7% —0.3% —6.7%
| Hisss XS 1 g 3.2% 2.1% 3.2% -
PDF + a,
| Higgs decay | 5o 5%
I BR —3% —3% - N -

A. Zaza
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Systematic uncertainties (1/2) =8 o

»  Fit bias uncertainty:
- related to the choice of the continuum background fitting function
- assumed a conservative 20% on the signal (spurious signal method)

> ctagging: I Sc'“rc: ‘f’ft VBFH = 2| ggH = cc | VBFH —bb | ggH = bb | Z/W+jets |
- assumed a conservative 10% uncertainty on the yields haminhie'
! Luminosity | 1.4% 1.4% 1.4% 1.4% 1.4% |
» JES and JER: | VBF model | 8% - - 8% - - |
- affects the shape of the reconstructed Higgs boson candidate mass | Trigger 3% 3% 4% 1% 3% |
and is therefore treated as a source of shape systematic uncertainty | ctagging | 10% 10% 10% 10% 10% |
- i i iati Higgs XS ; _ 4% 6%
whole analysis reprocessed with up and down variations I +0.4% e +04% +1.6% - I
I QCD scale I
CMS Work in progress 27 b (13.6 TeV CMS Work in progress 27 1b™' (13.6 TeV) I Higgs XS 2.1% 3.2% 2.1% 3.2% - I
_"_,c" :IIIIIII IIIIIII III|III 5":_'! :III TTT TTTTTTT IIIIIII PDF-FQH
@ - — [ r J— .
di 25F s & *°F i | Higgs decay | 4% ] ] ] |
- — JESDown : — JERDown | BR -3% —3% |
20F 20 E _— e e e e e e e e e e e e e e e e e e e -
C u = 127.36 GeV o 1 =126.49 GeV
15E o =12.39 GeV 15+ o = 12.89 GeV
C w=126.01 GeV F 1= 126.28 GeV
C 6 =11.99 GeV o o = 12.58 GeV
1.0 1 = 124.69 GeV 1.0 E 1t = 126.06 GeV
C a =11.70 GeV - o = 12.26 GeV
05 05F
0 111 I 111 111 I 11 T 0.0 C1 11 I 111 111 111
'080 100 120 140 160 180 200 1] 100 120 140 160 180 200
m,, (GeV) me. (GeV)
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Systematic uncertainties (1/2)

A. Zaza

Fit bias uncertainty:
- related to the choice of the continuum background fitting function
- assumed a conservative 20% on the signal (spurious signal method)

c tagging:

- assumed a conservative 10% uncertainty on the yields

JES and JER:

- affects the shape of the reconstructed Higgs boson candidate mass
and is therefore treated as a source of shape systematic uncertainty
- whole analysis reprocessed with up and down variations

Parton showering and hadronization model for VBF production:
- estimated by comparing the signal acceptance of two generators:
PYTHIA and HERWIG

Source of
uncertainty

- [

<R

Istituto Nazionale di Fisica Nucleare

b | Z/W-jets I

Luminosity

[ 1.4%

[ 1.4% |

VBF model

| 8%

Irigger

3%

| 3%

¢ tagging

10%

10%

Higgs XS
QCD scale

+0.4%
-0.3%

Higgs XS
PDF + a,

2.1%

Higgs decay
BR

+5%
—3%
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Systematic uncertainties (1/2) =8 o

A. Zaza

Fit bias uncertainty:
- related to the choice of the continuum background fitting function
- assumed a conservative 20% on the signal (spurious signal method)

c tagging:
- assumed a conservative 10% uncertainty on the yields

JES and JER:

- affects the shape of the reconstructed Higgs boson candidate mass
and is therefore treated as a source of shape systematic uncertainty
- whole analysis reprocessed with up and down variations

Parton showering and hadronization model for VBF production:
- estimated by comparing the signal acceptance of two generators:
PYTHIA and HERWIG

Trigger:
- estimated with trigger SFs up and down variations

£ , ;
I Source of | Bl ot | ggH — ¢ | VBFH — bb | gg H — bb | 2/W-Hets
uncertainty |
! Luminosity | 1.4% 1.4% 1.4% 1.4% 1.4% |
| VBF model | 8% - - 8% - - |
| Trigger | 3% I 3% ‘ 4% | 1% ‘ 3%
| ctagging 10% 10% 10% 10% 10% I
I Higgs XS +0.4% +4.6% +0.4% +4.6% I
QCD scale —0.3% —6.7% —0.3% —6.7% I
I
Higgs X
 Hiess XS, g 3.2% 2.1% 3.2% - I
PDF + a,
| Higgs decay | 5o 5% |
| BR % % ) |
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Systematic uncertainties (1/2)

A. Zaza

Fit bias uncertainty:
- related to the choice of the continuum background fitting function
- assumed a conservative 20% on the signal (spurious signal method)

c tagging:
- assumed a conservative 10% uncertainty on the yields

JES and JER:

- affects the shape of the reconstructed Higgs boson candidate mass
and is therefore treated as a source of shape systematic uncertainty
- whole analysis reprocessed with up and down variations

Parton showering and hadronization model for VBF production:

- estimated by comparing the signal acceptance of two generators:
PYTHIA and HERWIG

Trigger:
- estimated with trigger SFs up and down variations

Integrated luminosity

Source of
uncertainty

CMS

¢| VBFH — bb

&

<R

Istituto Nazionale di Fisica Nucleare

b | Z/W-jets I

Luminosity

| 1.4%

[ 1.4%

VBEF model

- 8%

Trigger

4%

3%

¢ tagging

10%

10%

Higgs XS
QCD scale

+0.4%
—-0.3%

Higgs XS
PDF + a,

2.1%

Higgs decay
BR
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Systematic uncertainties (2/2)

A. Zaza

Theoretical uncertainty on Higgs production XS:

- uncertainty arising from
- approximations used in perturbative calculations of QCD
- uncertainty on the parton distribution functions (PDFs)
- uncertainty on ag

- [

<R

Istituto Nazionale di Fisica Nucleare

Source of | ppH ot | ggH = ¢z | VBFH — bh | gg H — bb | Z/W-iets

uncertainty |

Luminosity | 1.4% 1.4% 1.4% 1.4% 1.4% |

VBF model | 8% - - 8% - - I

Trigger 3% 3% 4% 1% 3% |

¢ tagging 10% 10% 10% 10% 10% I

Higgs XS +0.4% +4.6% +0.4% +4.6% _ |

QCD scale -0.3% —6.7% -0.3% —6.7%

Higgs XS 1 19 3.2% 2.1% 3.2% -

PDF + o,

Higgs decay | 5o 5% ) ) ) |

BR —3% —3% I
———————————————————— -
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Systematic uncertainties (2/2) =8 o

» Theoretical uncertainty on Higgs production XS:
- uncertainty arising from
- approximations used in perturbative calculations of QCD [ e e D T T T T T

Source of

- uncertainty on the parton distribution functions (PDFs) | uncertainty | * 07 0 cc| g9t 2| VBFH =0 | ggH = bh | Z/Wrjets |

- uncertainty on ag ! Luminosity | 1.4% 1.4% 1.4% 1.4% 1.4% I

» Theoretical uncertainty on H — c¢ decay BR: | VBF model | 8% - - 8% - - '

_ . e | Trigger 3% 3% 4% 1% 3% |

uncgr ainty arising from . . . | ctagging | 10% 10% 10% 10% 10% |
- higher order QCD and electroweak corrections considered in Higas XS

. . | +0.4% +4.6% +0.4% +4.6% _ |

theoretical calculation | QCD scale ~03% —8.T% —03% —8.7% |

- uncerta!nty on the c quark mass | Higes XS |, o/ 3.9% 91% 3.9% i |

- uncertainty on ag | PDF +a, .

! Higgs decay | 5y 5% B ~ ~ '

| BR o % I
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CMS

Results

Final result: expected upper limit on the signal strength u at 95% CL with 27 fb?!

» estimated with CLs method by giving as input
- the parametric shapes modelling the signal and the background
- the expected yields estimated for signal and peaking backgrounds from MC simulation
and for the QCD multijet background from the fit to data sidebands

» most relevant systematic uncertainties taken into account

Category Upper Limit

CATO 75.88
o(VBF)-B(H - cc)
= 30.87 95% CL CAT1 60.00
CAT2 40.25
Combination 30.87
A. Zaza 38



Conclusions

A. Zaza

VBF H — cc investigated for the first time at CMS

Developed new trigger specific for this search
- first trigger with c-tagging online

- one of the first triggers with ParticleNet

- deployed online for 2023 data-taking

Implemented strategy to analyse 2023 data (27 fb1)

- offline preselection similar to trigger

- BDT for signal vs QCD background discrimination

- signal and background modelling

- statistical analysis for expected upper limit extraction

Results

> [

INFN

Istituto Nazionale di Fisica Nucleare

Qﬂt q "

oVBF) B >cO) 3557 @950 cL
o(VBF)sy-B(H - cOsy ’
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Projections

» Projection full Run-3
- expected L = 360 fb1 to be collected by CMS in 2023-2026

o(VBF) - B(H — c¢) ' Competitive with VH
o(VBF)gy - B(H = cC)sy <8 @95% CL results!

» Projection HL-LHC
- expected L = 3000 fb™! to be collected by CMS until 2041
o(VBF) -B(H — cc)

<3 95% CL
o(VBF)sy - B(H = cC)spy @95%

Further improvements on

- reasonable to assume a V3 improvement from VH, VBF and ttH e tag.glng pel:formance
and analysis techniques

combination expected in the next future

o+-B(H - c0C)

<2 95% CL
osy * B(H = cC)sy @955
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Standard Model 2@ o

Symmetry group:
4 ) SU(3) x SU(2) x U(1)

1 1 1
+(D;9)'(D*¢p) — V(¢) \ Dy =0y +igsGy + igWy + ig'ByY
+£Yukawa + h.c.

\_ . B

J .
Interaction between
l \ Gauge fields

Interaction between fermions and the Higgs field Higgs term

Po

— L
['Yukawa,ll = _CeeR(;bT( eL) + h.c. me = _Ceﬁ

v
o electrons

I = u g7 u . .
Lyukawa,q1 = —C'qligd” (d')L — cqd'rpT (d')L + h.c. } First-generation

quarks
A. Zaza 422




CMS

BSM theory - EFT

Basic premise of EFT: dynamics at low energies does not depend on the details of the dynamic at
high energies

- low energy physics can be described using an effective Lagrangian that contains only a few degrees
of freedom, ignoring additional degrees of freedom present at higher energies

In d spacetime dimensions,
S = /ddﬂ? ﬁ(ﬂ’l) the Lagrangian density has dimension d ‘ [.,29(:13)] = d

_‘2,0(3;) — E C; Oi(x) 0;: local, gauge invariant and Lorentz invariant
operators

(3

The operator dimension is denoted by D, and its coefficient has dimension d-D

A. Zaza 433




BSM theory - EFT e f<i

(2) H(2)

¢ 0 . %z Z
Z AZ—d AT—d ‘ ZrrT = Lo<4 + A5 + AS + ...
220,i 220

A: scale introduced so that the coefficients Ci(D)

(scale at which new physics occurs)

LrrT =

are dimensionless

Standard Model EFT (SMEFT)

(5) 8

£cﬁ=£gm+z +Z G{E}Jrz Zi4ﬂ}§5}+~--1

e 0P:SU(3) x SU(2) x U(1) invariant operator of dimension D
«  cP: Wilson coefficients

A. Zaza 44




BSM theory - EFT <

» Switch from the k-parametrization to the one given in terms of Wilson coefficients
* |tis possible to identify a one way mapping between the { k;} and { C; }

k? = 1+ Ak;, with Ak; a linear combination of EFT parameters

Example: h — bb

Only direct d=6 contribution,

A_E h — bb SMEFT which is due to the operator Q y,
HE = ( E =1+ Axy ' F that perturbs the Yukawa
A? (h‘ —* bﬁJHM coupling

! '

A. Zaza
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« Model within the Spontaneous Flavour Violation (SFV) framework
 The Higgs sector is extended with an additional doublet

BSM theory - Two Higgs Doublet Model

Results of this study
« Possible to have a second Higgs with Yukawa couplings of O(10-1) with any

up-type quark

* For instance, it is possible to have a new Higgs that couples at this strength
only to the charm quarks
When this new Higgs has a non-zero mixing angle with the SM Higgs, this
allows for large deviations of O(10) to O(104) to the SM charm and up
Yukawa couplings consistent with measurements of flavour changing neutral

currents (FCNC)

46
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CMS

ParticleNet - architecture

M ( features ) . Three EdgeConv blocks allow the model to learn hierarchical jet
I substructures
e - for each particle the EdgeConv block identifies the k nearest
‘_'1 ’ neighboring particles and builds edges (reletionships between
EdgeConv Block | nearby particles)
k=16, G = (128, 128, 128)
—— » The learned features from all the particles are combined by a global average
EdgeConv Black . 0
k=16, C = (256, 256, 256) pooling operation, followed by a fully connected layer

-

+

| Globa "‘“’:‘9" Pookey | « Finally, a fully connected layer with two units and a softmax function

Fully Connected provide the output for a binary classification task (PNet was first evaluated

256, Rel U, Dropout = 0.1 . .
- - ) on two jet tagging benchmarks)

Fully Connected
2

+

Softman

{a) ParticleNet

A. Zaza 447



Efficiency

Data/MC

Efficiency

Data/MC
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Validation plots for HLT p, SFs Ll &

Before SF After SF Before SF After SF
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Plot Data/MC i o
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Plot Data/MC
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BDT for QCD bkg mitigation

Feature importance

Background rejection versus Signal efficiency

g 1 T e T

‘-E : DR_HiggsVBF2 :
o 0.9 : QvsG_VBF1 1 6.812e-82
- : Dphi_qgg_cec 1 6.620e-02
'E 0.8 1 mgq : 6.617e-02
g : Cwsl_jetC2 : 6.54Pe-02
5 0.7 : Dphi_qgg : 6.101e-82
- : C\.rsB_:ietCl : 6.993e-02
3 0.6 : CvsB_jetC2 : 6£.882e-02
: Deta_qq : 6.061e-82
: DR_HiggsVBF1 : &.822e-82
L : CvsL_jetCl : 65.234e-02
: JetPt_sum : 5.184e-02
0.4 : Alpha_qgq : 5.115e-82
: njets 1 4.943e-02
0.3 - : pt_norm : 4.683e-B2
- : : : : : pz_4jets : 4.195e-82
Y | S I P U I P F B ST R : QusG_VBF2  : 3.959e-82

0 01 02 03 04 05 06 07 08 09 1 : jetEne_sum :

Signal efficiency
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H — cc vs QCD discriminator il A
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CMS

UL estimation

Test statistic Likelihood ratio u: signal strength Counting experiment
— 210 A(u) M) = L(y,?) L : likelihood function L. 6) = H (185 4+ 0" _Guus )
L(f,0) @: nuisance parameters n,!

p-value: probability of observing a disagreement with the null hypothesis
as large as the one observed in data

P = / f(qu, 1)dg, f(qu; 1): pdf of g, under the assumption of the signal strength p

Qg obs

For the calculation of the UL, the modified test statistic for upper limit is used

]L_L(.u_é)_ i3 <0, This way: . .
L{0.6(0)) * the data is assumed to show lack of agreement with the
Gu=191—-21n i_'{.{i-:_lg} if0<f<p, hypothesized ponly if i < u

» If i <O (number of data events smaller than the one
expected from background only because of statistical

fluctuations), the ML value of u issetto O 54
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CMS

UL estimation

The Upper Limit is the largest value of u such that the p-value is larger than or
equal to a fixed threshold (0.05 for 95% CL)

Pu= fq ) f(qu, p)dgu <1 - CL

CLs method:

P
[ <1 CL,with p, = / f(qolus = 0)dao

The CLs method is used to prevent aggressive exclusion of signal hypotheses,

especially in cases where data shows fewer events than expected from bkg alone.
In such cases, 1-p, becomes small

A. Zaza
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Kc constraints - Likelihood fit 1 Fai

ttHcc - VHcc combined

VHcc CMS Preliminary 138 fo~' (13 TeV)
o 10¢ % IKel o em < 3.0 @95% CL =+ ttH(H—cE) — Observed |
95_ CMS — Observed 7 kol <3.5@95% CL -+ VH(H—-cE) Expected .

E Preliminary e SM expected LT + Comb. /

Kb fixed to 1 |
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