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Why search for H—cc
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e Standard Model Higgs boson discovered in 2012! £h ATLAS Prefminary :

%— 1E" Vs=13Tev, 24.5- 139 o' z.a" 3

e The measurements at LHC have established Higgs 5 | Mum12509GeV.ly,|<25.py=04% e T 3

. . & gl ememeeees SM Higgs boson ]

Yukawa couplings to Fermions are close to the e "

Standard Model(SM) expectation for the 3rd Fermion ol N

g -* b 3

generation - 3

e H->bb, H->TtT, ttH 10 gﬂi S . _g

" m,(m,) used for quar .

e universal Yukawa coupling for other Fermion 104 5

generations has a little experimental constraint % f4r 5

@ 12F =

e evidence of H— pu, JHEP 01 (2021) 148 * 1:_____" ____________________ {{ ________________________ % §_

e The search of H—»cc decay is crucial for directly osfk | | , -
107 1 10 10

probing the Higgs mechanism for the 2nd generation of _
Particle mass [GeV]

fermions/ quar ks https://atlas.cern/updates/briefing/higgs-boson-finds-strength-unity
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VHcc Candidates from ATLAS Run?2
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ATLAS PATLAS © ATLAS

Run: 350440 ; EXPERIMENT EXPERIMENT

Event: 1105654304
2018-05-16 23:55:11 CEST

Run: 329964 Run: 303892

Event: 500775771 Event: 4866214607
2017-07-18 06:31:13 CEST 2016-07-16 06:20:19 CEST

e 2 c-tagged jets (blue cones) e 2 c-tagged jets (blue cones) e 2 c-tagged jets (blue cones)

e large missing transverse e 1 electron (green) e 2 muons (red line)

energy (dash-line) e large missing transverse

energy (dash-line)



e Binned profile likelihood fit on m(cc) distribution simultaneously in 16 SRs and 28 CRs
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- ATLAS Preliminary
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Post-fit m(cc) distributions for 6 selected SRs
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Results
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ATLAS Preliminary Vs=13 TeV, 139 fb”*

e SM VZ(cc) signal significance: 2.6(2.2) o —Total  —Stat. (Tot.) (Stat. Syst.)
e SM VW(cq) signal significance: 3.8(4.6) o

Weae 2GR Ho— 16 0a (0% .50%

e world’s tightest direct constraint on H—cc e e | )

* WizH(cc) obs(exp) < 26 (31) xSM WW ool e oss 9B (911,92)
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K. interpretation

e Kc: quantify possible deviations from the SM

e signal strength as a function of coupling enhancement Kc

e Assuming k=1 for other fermions and bosons and no BSM contributions to Higgs width

g 35__IIIIIIlII LI L L ||||_ /TMQ 5_|||\|||\||\|||\|||C|||bJ(||bl)\||\||
T - — A X . — Comb. (obs. 1
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ATLAS Detector and Run-2 Data-taking

Weight : ~ 7000 tons
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Previous ATLAS/CMS Direct Search Results

e ATLAS, PRL 120 (2018) 211802 e ATLAS, PLB 786 (2018) 134
e Z(II)H only, 36/fb e H—-J/yy, 36/fb
e obs 110xSM (exp 150 +80 -40) e obs 116xSM (exp 100 +47 -27)
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ATLAS-CONF-2021-021

ATLAS full run2 H—cc search

e Full Run2 Dataset, 139 fb-1

e Looking for Higgs bosons produced together with a vector boson (W/Z) to moderate the
contamination from huge QCD background

e events are separated by number of leptons A
e targeting ZH—vvce, WH—lvce, ZH—llce O-lepton e

e Diboson processes, VW(cq) and VZ(cc), are used to validate
the analysis strategy 1-lepton

e Multivariate flavor tagging algorithms are used to distinguish

jets originating from the hadronization of charm quarks, 2-|epton

bottom quarks, or light-quarks/gluons



Tagger

Object Selection

DL1 c-tagger

c-tag + b-tag
e Muon and electron veto

e 2Lep channel: 81<m(ll)<101 GeV

e diff. rate of fake lepton, 1Lep and 2Lep channels use diff.
selection criteria

we |

e Jet: anti-kt algorithm with radius parameter R=0.4

e the two leading jets must be in detector central region for MV2c10@70%
flavor tagging (b-veto && c-tag) Perf
errormance
e b-veto for rest of jets .
o c-tagging
e Missing transverse momentum efficiency
e negative of the vector sum of the pT of jets, electrons, muons, c-jets 27%
hadronically-decaying tau, and “soft term” b-iefs 8%
e Additional cuts are applied to reduce backgrounds or define light-jets 1.6%

control-regions
11



Event Categorization

e O/1Lep: num(jets)<4, in order to reduce top backgrounds

75 GeV pry < 150 GeV
150 GeV < pry <250 GeV
pPrv> 250 GeV

e low pTV(75-150) is used in 2Lep channel, because of less QCD contamination

AR_ < AR_ cut

pTvV>
oL 150
e1\"

pTV > Otag 2jet
IL 150
GeV Otag 3jet

T Otag 2 jet
pTV Otag 3+jet

pTV > Otag 2 jet
150
GeV Otag 3+jet

2L

DETEED EENEN (Mwedier] [mgdjer [2mgsier

AR cut<AR_ <25

EETI vk e oo

g 24
g
g 21
g

Legend
Binned SR

One-bin CR

16 SRs
+ 28 CRs
= 44 regions

AR . cut=23
AR cut= 1.6
AR . cut= 1.2
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post-fit m(cc) distribution after subtracting bkg
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top control region
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Signal and bkg MC

Process ME generator ME PDF PS and. . Tune S
hadronisation order
L i HSEG_B[(;);]Vz DR 51]  Pyrma8212[52] AZNLO[53] NHXQLD)
e 0SAM : YTHIA 8.

(H — c¢/bb) + MINLO [60, 61] +NLO(EW) [54-58]
88 HZH  _  powmrnlioxvd NNPDF3.0NLO PyTia 8.212 AZNLO NLO+NLL [62, 63]

(H — cc/bb)
tt PowHEG-Box v2 [64] NNPDF3.0NLO PyTHiA 8.230 Al4 [65] R

' ' +NNLL [66-72]

s PowrEG-Box v2 [73] NNPDFE3.0NLO PyrHia 8.230 Al4 NLO [74, 75]
single top
W t-channel Approx.
single top PownEG-Box v2 [76] NNPDF3.0NLO PytHiA 8.230 Al4 NNLO [77, 78]
V+jets SHERPA 2.2.1 [46—48] NNPDF3.0NNLO [51]  SHEerpra 2.2.1 Default NNLO [79]
qq = VYV SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
gg —»VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 Default NLO
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Signal region event selection

Common Selections

Central jets =2
Signal jet pr > 1 signal jet with pt > 45 GeV
c-jets 1 or 2 c-tagged signal jets - -
b-jets No b-tagged non-signal jets 1 Lepton
Jets 2,3 (0- and 1-lepton), 2, > 3 (2-lepton) e sub-channel: single electron
Tri ‘ .
¥ repions 75-150 GeV (2-lepton) HaErr p sub-channel: EIM
. > 150 GeV Leptons 1 tight lepton and no additional /oose leptons
T5<pY < 150GeV; AR < 2.3 E%’Vm > 30 GeV (e sub-channel)
AR(et 1, jet2) 150 < pY < 250 GeV: AR < 1.6 M < 120 GeV
p‘T/ > 250GeV; AR =12 3 Lt
epton
0 Lepton
: oy Trigger single lepton
EZ‘;%‘;IS g 30096 leptons Leptons 2 loose leplons
Emiss < 56 GeV P Same flavour, opposite-charge for pu
prl}ﬂss 5 30 G my; 8l & my < 101 GeV
Hy > 120 GeV (2 jets), > 150 GeV (3 jets)
min |[AG(E™S, jet)] > 20° (2 jets) , > 30° (3 jets)
|AG(ERSS, H)| > 120°
|Ad(jetl, jet2)] < 140°

|A¢(E¥1iss, p$155)| < 900




bkg modelling systematic uncertainties

VH(— bb)

WH(— bb) normalisation 27%
ZH(— bb) normalisation 25%
Diboson

WW |ZZ]W Z acceptance 10/5/12%
pY. acceptance 4%
Njer acceptance 7-11%
Z +jets

Z+hf normalisation Floating
Z+mf normalisation Floating
Z+If normalisation Floating
Z +bbto Z + cc ratio 20%

Z + bl to Z + cl ratio 18%
Z + bc to Z + cl ratio 6%
p¥ acceptance 1 — 8%
Njet acceptance 10 —37%
High AR CR to SR 12 — 37%
0- to 2-lepton ratio 4 — 5%

W +jets

W+hf normalisation Floating
W+mf normalisation Floating
W+If normalisation Floating
W + bb to W + cc ratio 4-10 %
W + bl to W + ¢l ratio 31-32%
W + bc to W + ¢l ratio 31 —33%
W — 1tv(+c) to W + ¢l ratio 11%
W — 1tv(+b) to W + ¢l ratio 27%
W — tv(+[) to W + [ ratio 8%
Njer acceptance 8 - 14%
High AR CR to SR 15 - 29%
W — 7v SR to high AR CRratio  5-18%
0- to 1-lepton ratio 1-6%
Top quark (0- and 1-lepton)

top(b) normalisation Floating
top(other) normalisation Floating
Njer acceptance 7—-9%
0- to 1-lepton ratio 4%
SR/top CR acceptance (1) 9%
SR/top CR acceptance (W) 16Y%
Wt / tt ratio 10%
Top quark (2-lepton)

Normalisation Floating

Multi-jet (1-lepton)
Normalisation

20 — 100%
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signal strength uncertainty breakdown

Source of uncertainty HVH(cE) HvW(cq) HVZ(ce)

Total 15.3 0.24 0.48 Experimental uncertainties

Statistical 10.0 0.11 0.32

Systematics 11.5 0.21 0.36 Jets 2.8 0.06 0.13

r— e Leptons 0.5 0.01 0.01
atistical uncertaimnuces E{‘[‘liSS 0‘2 001 001

Data statistics only 1.8 0.05 0.23 Pile-up and luminosity 0.3 0.01 0.01

Floating normalisations 3.1 0.09 0.22

Theoretical and modell - c-jets 1.6 0.05 0.16
eoretical and modeling uncertainties Flavour " in b-je—ts 1.1 001 0.03

VH(— c?) 21 <001 001 geing light-jets 0.4 0.01 0.06

Z+jets 7.0 0.05 0.17 T-jets 0.3 0.01 0.04

Top-quark 3.5 0.13 0.09

W+jets 3.0 0.05 0.11 T P AR correction 3.3 0.03 0.10

Diboson 1.0 0.09 0.12 S2ME  Residual non-closure 1. 0.03 0.10

VH(— bb) 0.8 < 0.01 0.01

Multi-Jet 1.0 0.03 0.02

Simulation statistics 4.2 0.09 0.13
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