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Motivation for H=cc

 Damaseoimnay
= Vs=13TeV,36.1-1391b"" e . .
5 125,06 GoV, yl<25.p, ~19% T Coupling between Higgs boson and all 3rd
EE oL e SM Higgs boson W generation quarks has been measured.
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Overview

VAwee e Phys.Rev. Lett. 120 (2018) 211802
o Previous ATLAS Z(I+l-)Hcc result with 36 fb'+/s = 13 TeV data
o Observed (expected) limit of uzpycc is 110 (150789)

e JHEP 03 (2020) 131
o Previous CMS VHcc result with 36 fb'y/s = 13 TeV data
o Using 3 channels: W=lv, Z=ll, Z »vv
o Both resolved and boosted (2 charm jets merged into one
large-R jet due to large boost) regions are used

o Observed (expected) limit of uyyec is 70 (371154

0o e H-J/U+vV,]/P—-putu~,36"Run 2, ATLAS 125 x SM
Phys. Lett. B 786 (2018) 134, CMS 642 x SM Phys. Lett.
B 797 (2019) 134811



http://dx.doi.org/10.1103/PhysRevLett.120.211802
https://link.springer.com/article/10.1007%2FJHEP03%282020%29131
https://www.sciencedirect.com/science/article/pii/S037026931830724X?via=ihub
http://dx.doi.org/10.1016/j.physletb.2019.134811

VH(H=cc) search strategy

. e Use 139 fb full Run 2 data recorded by ATLAS
Patiiiiar Olepton o Cut-based analysis: final discriminant is m_,

v / e 1and 2 c-tag (defined using tagging algorithms)

- 3 / categorized in several p;¥ and nJet bins:

L SN 1 lepton
Pos ;
P
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Tagging

MVA tagger

(DL1, MV2c10, etc)

Sub-
leading jet
Combined tagger: c-tagging + b-veto: b
o DL1as a c-tagger
o b-veto using MV2c¢10 70% WP ‘ clb
Dedicated optimization of WP: .
Ic!
©)

c-jets (27%), b-jets (8.3%), light-jets (1.7%)
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b-jet

c-jet

light-jet

VH(cc) SR

Oc-tag 1c-tag O c-tag

1-ctag

1lc-tag | 2ctag 1 c-tag

2-ctag

Oc-tag 1c-tag O c-tag

Iclb c'b b Leading jet




Event sele

* Region-specific selections -

ction

Common selections

¥

0 Lepton
Trigger Ess
Leptons 0 loose leptons
Emiss > 150 GeV
(s > 30 GeV J

Ht

> 120 GeV (2 jets). > 150 GeV (3 jets)

min [AG(EDS, jet)|

> 20° (2 jets) , > 30° (3 jets)

Common Selections

|AG(ERSS, H)| > 120°
|Ap(jetl, jet2)| < 140°
[AG(ET"™, p™™)I <90°

1 Lepton

Central jets
Signal jet pr
c-jets

b-jets

Jets

p¥ 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 < py <150 GeV: AR < 2.3
150 < pY < 250 GeV: AR < 1.6
py >250GeV: AR < 1.2

e sub-channel: single electron

Trigger 4 sub-channel: Eg‘i“
Leptons 1 tight lepton and no additional loose leptons
E%“V“ > 30 GeV (e sub-channel)
my < 120 GeV
2 Lepton

Trigger single lepton
Lentons 2 loose leptons

P Same flavour, opposite-charge for pu
myp 81 < my < 101 GeV




Signal regions

O lepton selected SRs 1lepton selected SRs 2 lepton selected SRs  Main backgrounds:

2 lepton

— SM VH(-> cT) x 300

2107 210°
> 1 T T T T T > T T T T T T > 2000 T T i T " T T T T ] O I n
3 ATLAS Prellmlnary -~ :::al + Background 3 ATLAS Prellmlnary -~ :::al + Background 8 ATLAS Preliminary -~ :i:r.-\ + Buckground e pto
] 5= 13 Tev, 139 16" . VZ( cE) (u=116) ] e 15 =13 TeV, 139 " - VI B (u=116) S 1800 Vs =13 TeV, 139 " -V eB) =116
Z 0 lepton, 2 jets, 1 - — Vw(acq) (4=0.83) e y 1 lepton, 2 jets, 1 ¢- [ VW(-» cq) (1=0.63) 3 2 lepton, 2 jets, 1 ¢- B V(s ca) (14=0.83) ] q q
3 leplv Je tag M E P ”"‘v Je tag top{other) = 2 1600 m, e ted YV Bkg = Z+ ets W+ etS
5 SR, p, = 150 GeV wp(unan n g SR, p, = 150 GeV top{b) 3 s SR, p, = 150 GeV . Z:hi ]
> top(b) = > 1 multi-jet + other — > 1400 o Zemf -
w . Wbt ] w - Wbt E LU Zet 1
o Wemf ] | :+;;nl A -eﬁcm&r}s A
Walf — » — ] — 3
=TAY 7 I VH(- 5b) 3 [] Uncertainty = 1 I e ptO n
o Zemf = [ Uncertainty 3 — SM VH({-» ¢B) = 300 B
Zalf . = SM VH(-> cT) » 300 3 ]
W VH(— bB) 3 3 =
[] Uncertainty = 3 E

= SM VH(-+ cT) = 300

VZ (Z»cc), VW (W=cq) and VV bkg
* Top (ttbar and Wt) as:
ST T TS - top(b) — > 1jet from b-quark
1.5F I
‘++—+—_+__+__{_—+— 1 - top(other) — jets from W boson
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250 Wl = Welt Ezﬂcﬂn:‘)w 3 V +| f
E 7 VH(—+ bb ncertain ]
=§:::r 3 Eu:“unxn:w — SMVH{-c8) x300
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ATLAS Preliminary

Vs=13TeV, 139 1b"
0 lepton, 3 jets, 1 c-tag

—.— Dalt!\ I
—— Signal + Background
B VZ(— cT) (u=1.16)
I VW(— cq) (u=0.83)

Background control regions

L[ —
" ATLAS Preliminary

2 (5-13Tev, 139"

I Olepton, 3 jets, 1 c-lag

—— DLla I

—— Signal + Background
W VZ(— cT) (u=1.16)
I VW(— cq) (u=0.83)

O c-tag control region

Events / 20 GeV

@ .
§ 1o00r POR Py ISOGY 10 anon ey ™ o None of the two leading
* 000 v 8 —eed jets is c-tagged
m Z+mf W Z+hf
Z+lf Z+mf N
500 -l 6 . e Top control region
[ Uncertainty [ VH(— bb)
600 w— SM VH(—> ¢T) » 300 [ Uncertainty

— SM VH(—+ ¢8) x 300

o The third jet is b-tagged
o Only for 1c-tag
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60 80 100 120 140 160 180 =200 100 150 200 250 300 .
m,, [GeV] m,, [GeV] region
top control region High AR control region e High AR control region

o Inverse the AR cut



Uncertainties

Experimental uncertainties:

e Luminosity and Pile-up Simulation

Lepton triggers

MET trigger

Lepton and MET Reconstruction
Jet Energy Scale and Resolution
Flavour Tagging

Truth Flavour Tagging (*)

(*) weighting events by the probabilities for each jet to
be c-tagged

Modelling uncertainties:

Acceptance ratio = j Z <<—
- Lo

Acceptance Ratio

Normalization
Uncertainty

\

J

Shape uncertainty

Derived using
different generators
across different
regions

Derived using
different scales
(muR, muF) and
PDF sets



Fit strategy

L) 0,7) = 1_[ [Pois(Ni|usi(§) — yibi(g))]x HL/%_“ 6_92/2}( 1_[ [Gauss(,b’dyiﬁi,\/ﬁ)]

i€Ebins 0eco i€bins

POI Poissonian likelihood Constraints on NPs Constraints on MC statistics

e Simultaneous binned likelihood fit to m_. distributions of the analysis categories (16 SRs
and 28 CRs)

e Simultaneously measuring 3 parameters of interest (POIS): Lo Hvzico , Hyw
e Nuisance Parameters (NPs)
o Experimental uncertainties: flavor tagging, jets, leptons, MET, luminosity, pile-up
o Modelling uncertainties
o MC statistics uncertainty

e Floating normalizations of main backgrounds: Z/W+hf, Z/W+mf, Z/W+If, top (b) and top
(other) in O and 1 lepton channels, and ttbar in 2 lepton (from top emu CR)

cq)



Best-fit Results

e Signal strengths from
the 3 POI fit:

rrryrrrTryrrTTyTTTTTTTT T T T T T T T T T T e T F S T R T T T
ATLAS Preliminary VH,H —» ¢t Vs=13 TeV, 139 fb” ATLAS Prelliminalry | Vo=1 3|TeV, 13‘9 i
o VH(cc): -9 +/- 15 —Total ~ —Stat. (Tot.) (Stat, Syst.) —Total  —Stat. (Tot.) (Stat., Syst.)
oL ——e—+ 8 X (3,
o VW(cl): 0.8 +/- 0.2
o VZ(cc):12+-0.5 Lo 18 G (G &) | V22 o 116 9 (9%.42)
. . ——— -4 2 (1R
e All signal strengths in 2o
VW. W= cq Heri 083 9% (5i1.5%)
agreement with SM  como. ——a—t 9 B (19,2
v s by by by Ly by by
. . v by by oy Wy by by by by s by _
within 1o 60 40 20 0 20 40 60 80 100 120 t o 1 2 3 4 5 6 7
I”lVH H "
,H—cC

e Compatibility with SM
(L=1): 84%

H(cc) in combined fit and

Diboson POls in 3 POI fit
decorrelated across channels
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Statistical results

e Observed VH(cc) limit of 26 x SM (31 x SM expected)

o Highest sensitivity in O lepton channel

e Diboson

o VW(cq) significance of 3.8 o (4.6 o expected)
o VZ(cc) significance of 2.6 o (2.2 ¢ expected)

e Uncertainties

o Dominated by statistics

o As for systematic uncertainty, modelling uncertainty

for Z+jets is dominant

Expected Observed

VH(cc) limit 31.1%1%2 26.0
Firstin | VYW(cl) significance 460 3.80
ATLAS VZ(cc) significance 220 260

0 lepton
Exp.= 40 x SM
Obs.= 35 x SM

1 lepton
Exp.= 60 x SM
Obs.= 50 x SM

2 lepton
Exp.= 51x SM
Obs.= 49 x SM

Combination
Exp.= 31x SM
Obs.= 26 x SM

Expec
and

(LA LA AL LA AL N HN N B B S B
ATLAS Preliminary [+t
{5=13 TeV, 139 fb' B £ 20
VH, H— ¢t

- P T
0 20 40 60 80 100

95% C.L. limit on uVH( .
cC

ted and observed limit in combined fit
with POl decorrelated into channels

1




K. interpretation

KZZ

o pulic) = B(H—»cc‘);cg+(c1—B(H—>cc‘))
(other coupling modifiers set to 1)

e Expected limit on k. at 95% CL in
combined fit [k | <12.4

e Observed limit on k. at 95% CL
Ik < 8.5

Combined fit 68% CL 95% CL
Expected [-4.9, 4.9] [-12.3, 12.4]
Observed [-3.5, 3.5] [-8.5, 8.5]

“VH{OE )

“InL_ /L)

35k -
SOf— —f
25— =
20 ATLAS Preliminary E
15i —_— (k) -
105_ lim, ., (<)=17 B =348 7
£ 2 J
5 _ Ko -
: Mo T B 1) :
D_ o b e e b e e e b e b
0 5 10 15 20 25 30
Ikl
5g|"'\"‘\"\‘c‘ Ib‘(ll_‘)l)“‘ll
E - — Comb. (obs.
450 ATLAS Preliminary +er- Comb. (exp.) ]
i 4 ]
4;_ is=13 TE_V, 139 fb — 0-lepton (obs.) ]
E VH, H— < 1-lepton (obs.) ]
3.50 Il <8.5at95% CL — 2.lepton (obs.) E
3F
25 T
2L T
[ 95% CL
1.5F

o
[4)]
T

'\I....\.\\\E...
-30 -20 -10
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Summary

e Full Run 2 VH, H=>cc search is performed, with all three lepton channels and
background control regions compared to previous ZH(cc) 36 fb' analysis

e Diboson measurements:
o  VW(cq): 3.84 c obs (4.60 c exp)
o  VZ(cc): 2.61 0 obs (2.24 o exp)

e Observed limit of 26 x SM on VH(cc) (110 x SM for previous ZH(cc) paper)
o K.@95% CL with Ik < 8.5, current best limit on K.

e New opportunities underway
o LHCRUN Ill and HL-LHC

o Complementary decay channels

13



EXPERIMENT
Run: 329964
Event: 500775771
2017-07-18 06:31:13 CEST
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ATLAS detector and Run 2 Data Taking

"o 1600
= ATLAS

o fs =13 TeV
140_Prel|m|nary

B . Delivered: 156 b
120~ [FILHC Delivered  Recorded: 147 "

tmge -1
[ ]ATLAS Recorded "Mvsics: 1391
D Good for Physics

MS dét_géct‘or '

Total Integrated Luminosity
[es]
o

60
40 ;
20 :
L I I I B )
= 30 V230 420 B AT (T B B

Month in Year

Proton-proton collision at 13 TeV 139 fb' usable
for data analyses

\ /R T
N
i \ LAr hadronic end-cap and
N forward calorimeters
Torold magnets LAr electromagnetic calorimeters

Muon chambers Solenold magnet | Transition radiation fracker
Semiconductor fracker

2008 JINST 3 S08003




VH(H=cc) analysis syllables

Missing ET

(MET) '\ e Jet

Objects
electron
muon} Lepton —/
tau

ggZHcc
Signal K 3\
qqVHcc

tagging

MC Events

> Selection (Cuts/MVA)

A

ttbar >

single top
Background

V+jets

J

diboson

Separate

\Apply

Data

17



Resolved and boosted

R=0.4

4
-~ .-} ¢ hardron

" T~<&// chardron
‘\\\ S -

R=0.4

Resolved o 1
AR(j1,J2) X —iegs
Pr

Boosted

¢ hardron
.}

¢ hardron

18




Simultaneous profile likelihood binned fit to all regions

Systematic o
Signal  uncertainty MC stat!stlcal
strength / uncertainty

> g B - - 1 _n2
£(16,7) = | | Pois(Milusi(® +yibi@) x | [ m=e 2 x | | Gauss(Bilyibi v
i€bins 0co n i€bins
—
bins in all signal regions

e Control regions are not shown
e 3 parameters of interest (POIS): typycep Mvzico) , Hywicq)

e The free-floating normalization factors are not listed in the formula:

top background which decay into one b quark and one other quark (or tau lepton) (bc, bl, bb, bT)
top background which decay into one ¢ quark or light flavor quark and one other quark (cl, I, cc)
ttbar (2L)

Wmf, Zmf (bc, bl, cl and W(tv)+b, W(tv)+c in OL)

Whf, Zhf (cc, bb)

WI, ZI (W(tv)+l in OL)

0 O O O O O

19
D



Events / 10 GeV

Data/Pred.

Post-fit plots and normalization factors

1.5F

0.5E

O Lepton, pTV 2150 GeV

] R

P —e— Data
ATLAS Preliminary — Signal + Background
s=13TeV, 139t

W VZ( cE) (1=1.16)
0 lepton, 2 jets, 2 c-tags I YW( cq) (1=0.83)
SR, p: > 150 GeV

VV Bkg
top(other)
top(b)

. W+hf

o Waemi
Weif

. Z+hf

N Z+mf
Z+lf

I VH(-> bb)

[7] Uncertainty

m— SM VH(— ¢) x 300

= S ++-+— _4_+

60 80 100 120 140 160 180 200

m;; [GeV]

Events / 10 GeV

Data/Pred.

1 Lepton, pTV =150 GeV

450

SR, p: > 150 GeV

T S e
ATLAS Preliminary
{s =13 Tev, 139 10"

1 lepton, 2 jets, 2 c-tags

—e— Data
— Signal + Background
W VZ(-> cT) (1=1.16)
W VW(— cq) (1=0.83)
top(other)
top(b)
1 multi-jet + other
. Weht
o Wemf
Welf
B VH(— bb)
[_] Uncertainty
= SM VH(-+ cT) x 300

15:‘|--w--w--w---w-w--
0_5:‘I..‘\..‘I..‘\...M..I..‘\... =
60 80 100 120 140 160 180 200
me. [GeV]

Events / 15 GeV

Data/Pred.

2 Lepton, pTV >150 GeV

e
ATLAS Preliminary
s=13TeV, 139 10"

2 lepton, 2 jets, 2 c-tags
SR, p: > 150 GeV

T
—e— Data
— Signal + Background
N VZ(- cE) (u=1.16)
I VW(— cq) (1=0.83)
VV Bkg
. Zeht
W Z+mf
Z+lf
ti + others
[ VH(-» bb)
[ Uncertainty
= SM VH(— ¢C) = 300

80

e

60 80 100 120 140 160 180
M, [GeV]

1.5

0.5

Background p,‘rj Jets Value
top(b) 0.91 +0.06
top(other) 0.94 +0.08
2 0.76 +0.22

Vv

pp > 150 GeV
17 2 lep) 3 0.96 £ 0.13
2 1.08 £ 0.08
v

75 < pyp < 150 GeV 3 1.06 = 0.07
Whf 1.16 £0.35
W+mf 1.28 £0.14
2 1.02 £ 0.04
Wi 3 0974005

v
py > 150 GeV 1.19 +0.22

Z+hy T
W 75 < p¥ < 150 Gev 1.25£025

v
Zimf Py > lS()GcV 1.10 £ 0.15
75 < pp < 150 GeV 1.11 £0.15
v 2 1.07 +0.03

pY > 150 Gev

Z4if 3 1.08 £ 0.05
v 2 1.12 £ 0.04
75 <pp < 150 GeV 3 1.07 £ 0.06
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Higgs production mechanisms and H=cc search strategies

g ! e (a) Gluon fusion (87% of o)
o Large QCD background
- — - H - — - H
¢ _ _ e (b) Vector boson fusion (VBF) (7% of o,)
q q
O S/Bissmall
(a) (b) : , : o
; Wiz e (c) Associated production with W/Z (4% of o)
¢ t O W/Z leptonic decay can be used to trigger the signal
w/z
N -~~~ " e (d)Associated production with ttbar (1% of o)
N N . ] O Semi-leptonic decay product of top can be used to
1 H t trigger the signal
(€) (d)

Main Higgs production processes (Production
cross section: oy = 56 pb at 13 TeV)




Samples

e Data
o pp collision data recorded by the

ATLAS detector during Run 2 of LHC
from 2015 to 2018 at a centre-of-mass

energy of 13 TeV

o Corresponding to integrated luminosity

of 139 + 2.4 fb™

o Collected with a suite of MET (OL, 1L),

single-electron and single-muon
triggers (1L, 2L)
o Events are required to be of good

quality and recorded while all relevant

detector components were in
operation

e MC

Process ME generator ME PDF PS and‘ . Tune Cross-section
hadronisation order
Pownec-Box v2
—-VH NNLO(QCD
R 1bfy +00SAu NNPDF3.ONLO  Pyrimia 8212 AZNLO +NLO((§W) )
( ce +MINLO
gg —>ZH
- PowHEG-Box v2 NNPDF3.0NLO PyTHiA 8.212 AZNLO NLO+NLL
(H - c&/bb)
_ NNLO
tf PowHEG-Box v2 ~ NNPDF3.0NLO PyTHiA 8.230 Al4 +NNLL
t/s-channel Pownec-Box v2  NNPDF3.ONLO  Pyrma 8230  Al4 NLO
single top
Wt-channel Approx.
single top PowheG-Box v2 NNPDF3.0NLO PyTHia 8.230 Al4d NNLO
V +jets SHERPA 2.2.1 NNPDF3.0NNLO  Suerea 2.2.1 Default NNLO
qq - VV SHERPA 2.2.1 NNPDF3.0NNLO  Suerpa 2.2.1 Default NLO
gg > VV SHERPA 2.2.2 NNPDF3.0NNLO  SHERPA 2.2.2 Default NLO

All samples of simulated events were passed through the ATLAS
detector simulation, based on Geant4 and were reconstructed
using standard ATLAS reconstruction software

22



Object and event selection — Object selection

e Leptons - e Jets
o Electron o reconstructed using anti-kt with R=0.4
B pT>7GeVandInl <247 m forward jet
® loose identification (OL, 2L) ® pT>30GeVand25<iInl<4.5
@ tight identification (1L) B central jet
o Muon ® pT>20GeVandInl <25
B pT>7GeVandInl <25 - ‘ o Overlap removal to avoid double counting
® loose identification (OL, 2L) o Tagging applied
® medium identification (1L) e MET
; Ea(;;.oz I;gl lé:\icaa:(;nl?]lti;.S except © é‘)TrPiSS :_)_ Z(ﬁT,elec + ﬁT,muon + ﬁT,hardronic—T +
137 < |n| <152 pT,j.et + Pt soft term)
B medium identification | o pyss track-based MET using all ID tracks

associated to the primary vertex

23



Truth Flavour Tagging

Select events passed c tagger

1000 events » 20 events

Flavour Tagging

1000 events

weight events by possibility
passing the tagger

» 1000 weighted events

Truth Flavour Tagging

24



Object and event selection — Tagging

Sub- VH(cc) SR
leading jet
L4 C'tagging + b-veto WP: I 0 c-tag 1 c-tag O c-tag
o DL1as a c-tagger
o b-veto using MV2c¢10 70% WP ‘ Il 1 c-tag 2ctag 1c-tag

e Dedicated optimization of WP:
o cjets (27%), b-jets (8.3%), light-jets (1.7%)

Tagging background iclb  clb b Leading jet
events

DT TT  TT+AR()

[elll O c-tag 1ctag Oc-tag

Low statistics ;
Signal

Diboson
Ttbar
Instead of Directly Tagging (DT) events, weighting events ~ Single Top

by the probabilities for each jet to be c-tagged, based on
its flavor label, doing Truth Tagging (TT) (*) AR dependent correction
25
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Breakdown of uncertainties

e Statistical and systematic uncertainties of the
same magnitude

e Main systematic uncertainties:
O  Background modelling: V+jets and top
O  Simulation statistics
O  Truth-flavour tagging (TT)
B AR dependent correction applied for V+jets
B Small remaining Direct Tagging/TT non-
closure:
® Correction of TT yields to match DT
® Additional norm-only systematic
uncertainty
B Use of truth-tagging represents nevertheless
10% improvement on limit w.r.t direct tagging

e Possible improvements with more simulated
events and use of latest MC generators

Source of uncertainty HvH(cé) HVvWicq) HVZce)
Total 153 0.24 0.48
Statistical 10.0 0.11 0.32
Systematics 1.5 0.21 0.36
Statistical uncertainties
Data statistics only 7.8 0.05 0.23
Floating normalisations 5.1 0.09 0.22
Theoretical and modelling uncertainties
VH(— ¢¢) 2.1 < 0.01 0.01
Z+jets 7.0 0.05 0.17
Top-quark 39 0.13 0.09
W+jets 3.0 0.05 0.11
Diboson 1.0 0.09 0.12
VH(— bb) 0.8 < 0.01 0.01
Multi-Jet 1.0 0.03 0.02
Simulation statistics 4.2 0.09 0.13
Experimental uncertainties
Jets 2.8 0.06 0.13
Leptons 0.5 0.01 0.01
Eqis 0.2 0.01 0.01
Pile-up and luminosity 0.3 0.01 0.01
c-jets 1.6 0.05 0.16
Flavour tagein b-jets 1.1 0.01 0.03
£ging light-jets 0.4 0.01 0.06
T-jets 0.3 0.01 0.04
Truth-flavour tagein AR correction 33 0.03 0.10
81N Residual non-closure 1.7 003 010
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Background subtracted plots
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Background subtracted plots

Background subtracted mass spectrum from unconditional 3 POI fit to data
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Tagging working point

ZH(cc) 36 /fb 41% 25% 5%
VH(cc) 139 /ib 27% 8% 1.6%
CMS VH(cc) 36 /fb 27% 17% 4%
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1 lepton candidate event W(ev)H(cc) *
A =-1.37
Mec = 124.29 GeV
Pry; = 111.6 GeV
Pry, = 81.27 GeV
n;; = 0.83
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