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Why search for H->cc

e Standard Model Higgs boson discovered in 2012! EL:L, CTATLAS Protminary ]

= TE Vs=13Tev,245-133 1" 7 . .a" 3

e The measurements at LHC have established Higgs Ef'; - M, = 125.09 GeV. | <25. P, = 4% .--'if.‘r :

Yukawa couplings to Fermions are close to the AL . ) E

Standard Model(SM) expectation for the 3rd Fermion 10_2; i, ?

generation - i

e H->bb, H->TT, ttH 107 ?yi I _§

e universal Yukawa coupling for other Fermion ‘”4;... | q q -

generations has a little experimental constraint g 4 o | E

e evidence of H-> py, JHEP 01 (2021) 148 2“ 1'21;__" ____________________ { % ________________________ 5 ¥:

e The search of H->cc decay is crucial for directly 0_85_ . . . E
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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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 0bs 116xSM (exp 100 +47 -27)

z T T T T A z T T T T A % r T T T % ‘u Do T T
+ Data + Data - al
8 ATLAS Prod 8 ATLAS Prod 8 o ATLAS & L Background it 110 ATLAS
e VE=13TeV, 36.1 0" — Fit Result 2 VE=13TeV, 36.1 0" — Fit Result w F 15=13 TeV, 36.1 fb” ] @ Combinatoric 1s=13 TeV, 36.1 f’'
‘,; ' = 2 ctags, 75 < pf < 150 GeV ‘,; 2 c-tags, p? = 150 GV % o 4 Data p=d =7 FSR
I3 £ £ SO &= Background fit +1 K C1y(nS) background
g H g E [ Combinatoric < CIB(H— y(nSy)=107
* = " 2 g S g EIBZ winS)=10
[ ZH(bb) W ZH(bb) 40 [ w(nS) background o
— ZH(cE) (100<SM) — ZH(cE) (100<SM) F == ZFSR
E [IB(H-— w(nS))=10°
30 [IBZ— yinsy)=10"
20F
10F

o tab ey o 14 T o B, ; n

! —— i 2 12 g ¥ A 1L UL TR N L

29 J B ¥ 0y T 3 05 T osf M ) e
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35.9fb" (13 TeV)

e CMS, JHEP 03 (2020) 131 R =
e Z(v)H, W(IV)H, Z(I)H. 36/fb j
e obs 70xSM (exp 37 +16 -10) :

0 140 160 180 200
Higgs candidate mass [GeV]



ATLAS Detector and Run-2 Data-taking

Weight : ~ 7000 tons

25m

LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

g Transition radiation fracker
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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 "

e targeting ZH->vvcc, WH->lvcc, ZH->llcc O-Iepfon NVV\’

e Diboson processes, VW(cqg) 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-|epfon

bottom quarks, or light-quarks/gluons


https://cds.cern.ch/record/2771724

ATLAS full run2 VHcc search

OLep lLep
- i 2Lep
e 2 c-tagged jets (blue cones) e 2 c-tagged jets (blue cones)
e 1 electron (green) e 2 c-tagged jets (blue cones)

e large missing transverse
energy (dash-line) e large missing transverse e 2 muons (red line)
energy (dash-line)

A | -
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OATLAS
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Tagger

Object Selection

DL1 c-tagger

ctag + 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
. 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-iets 8%
e Additional cuts are applied to reduce backgrounds or define light-jets 1.6%

control-regions



75 GeV ppy < 150 GeV AR cut=23
150 GeV < p1y <250 GeV AR cut= 1.6
Prv> 250 GeV AR . cut= 1.2

Event Categorization

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

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

AR, < AR cut AR, cut < AR < 2.5
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Binned SR
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Post-fit m(cc) distributions for 6 selected SRs

e Binned profile likelihood fit on m(cc) distribution simultaneously in 16 SRs and 28 CRs
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Results

L LA AL A B L L BN
ATLAS Preliminary Vs=13 TeV, 139 fo’*

e SM VZ(cc) signal significance: 2.6 o —Total  —Stat. (Tot.) (Stat, Syst.)
e SM VW(cq) signal significance: 3.8 o
VZ,Z - cC +0.50 10.32 +0.38
e world’s tightest direct constraint on H->cc e M8 G (G as)
e W/ZH(cc) obs(exp) < 26 (31) xSM
e exp) =) YW W = Ho 0.83 o5 (%i1.%%)

1 0 1 2 3 4 5 6 7
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ATLAS Preliminary [J+1c
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------------------------------------------------------ —Total  =—Stat. (Tot.) ( Stat., Syst.)
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Obs.= 35 x SM oL ———— -8 (45,
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Exp.= 60 x SM
Obs.= 50 x SM 1L —e v 16 5 (fe, )
élept;n SM
xp.= 51x 25 18 417
Obs.— 49 x SM 2L ————— -4 22 (15, 1)
Combination
Exp.= 31x SM +15 +10 +12
Obs.— 26 x SM | | | Comb. H—e— 9 s (_10, 11 )
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Kc Interpretation

e Kc: quantify possible deviations from the SM

IJvVH(cE)

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

T T T T I T T T T I T T T T T T T T I T T T T T T T T
351 ﬂ
30 =
25 —
20 = ATLAS Preliminary B
15 f— —_—H VH(cE)(K“) _f
10 E_ lim, o, () =17 B _~346 _E
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o [x.| < 8.5at95% CL — 2-lepton (obs.) ]

........
------
.y -
. .

F95% CL

......................................................
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Signal and bkg MC

Process ME generator ME PDF PS and. . Tune Cross-section
hadronisation order
94— VH EOC‘;V HSEG-B[(;)‘,'-()]V2 .20 NNPDF3.0NLO [51] P 8.212[52] AZNLO [53] NNLOQCD)
_ T oSam . YTHIA 8.

(H — c¢/bb) + MINLO [60, 61] +NLO(EW) [54-58]
88 = ZH b hEG-Box v2 NNPDF3.0NLO PyTHIA 8.212 AZNLO NLO+NLL [62, 63]

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

’ ' +NNLL [66-72]

¢/s-channel PowHEG-Box v2 [73] NNPDF3.0NLO PyThia 8.230 Al4 NLO [74, 75]
single top
Wt-channel Approx.
single top PowHEG-Box v2 [76] NNPDF3.0NLO PyTHiA 8.230 Al4 NNLO [77. 78]
V +jets SHERPA 2.2.1 [46—-48] NNPDF3.0NNLO [51] SuEerra 2.2.1 Default NNLO [79]
qgqq —» VV 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

Common Selections

Central jets
Signal jet pr
c-jets

b-jets

Jets

p‘T/ regions

AR(jet 1, jet 2)

>2

> 1 signal jet with pr > 45 GeV

1 or 2 c-tagged signal jets

No b-tagged non-signal jets

2,3 (0- and 1-lepton), 2, > 3 (2-lepton)

75-150 GeV (2-lepton)
> 150 GeV

75 < p¥ <150 GeV: AR <2.3
150 < p,‘r/ <250GeV: AR< 1.6
p‘T’ >250GeV: AR< 1.2

region event selection

0 Lepton
Trigger E{ﬂi“
Leptons 0 loose leptons
E}“_i“ > 150 GeV
e > 30 GeV
Hr > 120 GeV (2 jets), > 150 GeV (3 jets)

min |AG(ES, jet)|

|AG(EF™, H)|
|Ad(etl, jet2)]
[AEF™, pi'™)|

> 20° (2 jets) , > 30° (3 jets)
> 120°

< 140°

< 90°

1 Lepton
Tri e sub-channel: single electron
Heset 1 sub-channel: E}ni“
Leptons 1 tight lepton and no additional loose leptons
E,E’Viss > 30 GeV (e sub-channel)
mpy < 120 GeV
2 Lepton
Trigger single lepton
Lentons 2 loose leptons
P Same flavour, opposite-charge for pu
my; 81 < my < 101 GeV

14



bkg modelling systematic uncertainties

VH(— bb)

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

WW /ZZ|WZ acceptance 10/5/12%
p‘{ acceptance 4%
Njet 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 + cl ratio 31-33%
W — 1v(+c) to W + ¢l ratio 11%
W — 1tv(+b) to W + ¢l ratio 27%
W — tv(+[) to W + [ ratio 8%%0
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
Nje; acceptance 7 —9%
0- to 1-lepton ratio 4%
SR/top CR acceptance (¢f) 9%
SR/top CR acceptance (Wr) 16%
Wt/ tt ratio 10%
Top quark (2-lepton)

Normalisation Floating
Multi-jet (1-lepton)

Normalisation 20 - 100%

15



signal strength uncertainty breakdown

Source of uncertainty HVH(cE) HVW(eq) MVZ(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

Statistioal o Leptons 0.5 0.01 0.01
atistical uncertainties Efrmss 0.2 0.01 0.01

Data statistics only 7.8 0.05 0.23 Pile-up and luminosity 0.3 0.01 0.01

Floating normalisations 5.1 0.09 0.22

- L and modell — c-jets 1.6 0.05 0.16
eoretical and mode ng uncertainties Flavour " in b—jets 1 ) 1 001 0‘03

VH(— c¢) 21 <001 001 selhis light-jets 0.4 0.01 0.06

Z+jets 7.0 0.05 0.17 T—thS 0.3 0.01 0.04

Top-quark 3.9 0.13 0.09

W+jets 3.0 0.05 0.11 Truth-flavour tacein AR correction 3.3 0.03 0.10

Diboson 1.0 0.09 0.12 seing Residual non-closure 1.7 0.03 0.10

VH(— bb) 08 <00l 0.01

Multi-Jet 1.0 0.03 0.02

Simulation statistics 4.2 0.09 0.13
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