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List of publications

» ATLAS paper, HIGG-2018-50, Measurements of simplified fiducial cross sections for
the associated production of a weak gauge boson and a Higgs boson decaying to bb
using Vs = 13 TeV pp collisions collected by the ATLAS detector (accepted by JHEP)
(79.8 fb1)

> ATLAS paper, HIGG-2018-04, Observation of H>bb decays and VH production with *
the ATLAS detector (Phys. Lett. B 786 (2018) 59) (2015-2017 dataset 79.8 fb?)

» ATLAS paper, HIGG-2016-29, Evidence for the H->bb decays with the ATLAS detector
(JHEP 12 (2017) 024) (36.1 fb)

> ATLAS Note, Pub-HIGG-2018-56, Evaluation of theoretical uncertainties for
simplified template cross section measurements of V-associated production of the
Higgs boson

» ATLAS Note, CONF-HIGG-2016-17, Search for the Standard Model Higgs boson
produced in association with a vector boson and decaying to a bb pair in pp collisions
at 13 TeV using the ATLAS detector (ICHEP 2016)

» ATLAS Note, CONF-HIGG-2016-03, Search for a CP-odd Higgs boson decaying to ZH in
pp collisions at Vs = 13 TeV with the ATLAS detector (Moriond 2016)
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List of contributions to the analysis

» Main analyzer in 1-lepton channel :

® Developing and maintaining the analysis code.
® Multijet background estimation in 1-lepton channel.

® Multivariate analysis: multivariate discriminant construction, training,
optimization and evaluating.

® \arious optimization for 1-lepton channel analysis: events selection optimization,
adding new analysis regions, etc.

® Producing the 1-lepton channel inputs for the statistical analysis.

» 1-lepton channel fit and combined fit (0+1+2-lepton channel) studies.

» Supporting note co-editor. » Gave the approval talks in Higgs working group
for both the evidence and observation papers.
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The Standard Model and ATLAS detector



The Standard Model

» The SM is the most thoroughly tested theory of particle physics that has had a
great success to explain experimental results of particle physics.

» Inthe SM, the Higgs mechanism provides masses to bosons and fermions
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leptons

photon
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weak bosons

Higgs boson was
discovered in 2012 with a
mass ~125 GeV.
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Higgs boson phenomenology at hadron colliders

1 IIIII

LHC HIGGS XS WG 2016

» The dominant decay (BR~58%) of the SM Higgs
boson is to pairs of b-quarks.
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® Measurement of the Yukawa coupling to down - o
type quarks.
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® Constrain the Higgs boson decay width.
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channel to detect H - bb decays. L
- _
,_ngOZE pp — H (N3LO QCD + NLO EW) @=13T9V§§
® The leptonic decay of the vector boson allows for 2 I §
efficient triggering and significant reduction of the ? Job I
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The LHC collider

» The largest and highest-energy particle collider in the world.

» Housed in a circular tunnel with 27 km in circumference and 45-175 m in
depth underground.

LHC

» Four main experiments: ATLAS, CMS, LHCb, ALICE.

» Designed proton-proton collision energy: 14 TeV (13 TeV at Run 2).



The ATLAS detector

» World's largest particle detector with a diameter of 25 m and length of 44 m.

» General-purpose detector, designed mainly to search for the Higgs boson and
new physics.

> Sub-detectors:

® Inner detector:

* Measure the trajectories and
momenta of charged particles  2m

® EM and Hadronic calorimeter

Tile calorimeters

it !flgrhagronilcc_end;cap and
 Measure the energy of kL e L / Pixel defectoy \ forvard calorimete

Toroid magnets LAr electromagnetic calorimeters
electrons, photons and hadrons o b Eanglimgaed | TN RRGGHTEERST

Semiconductor tracker

® Muon spectrometer ® A new pixel-detector layer, IBL, inserted

* Measure the trajectories and during LS1, improved the performance of
momenta of muon tracking, vertexing, b-tagging, etc.



Object identification—b-tagging

» Excellent object identification performance is the key ingredients for H>bb,
especially for the b-tagging identification.

Event fraction

107°E

Becoqstructed
Reconstructed jet axis
/ B-hadron
flight
axis

‘ —/ ’v’jet axis

IP based (IP2D, IP3D) Winclusive B/D
Re® vertex

secondary vertex (SV1)_ :
SERERERN AR AN RRRRRERNREN, V) JAREREES="
- ATLAS Simulation ]

: \/5 = 13 TeV, ti — b-jets
— - c-jets
- - -- Light-flavour jets

» Multi Variate Analysis (BDT) to combine
observables into a single discriminant.

» At 70% b-jets efficiency, the rejection factor of
light and c-jets are 300 and 8, respectively.

—_ —
e e T

jet pT>20 GeV, m|<2.5

B bov b b b b b b b Ly i
-1 08 06 04 02 0 02 04 06 08 1

MV2c10 BDT output distribution
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1-lepton channel WH analysis



Event selection

» 3 Sub-channels: 0-lepton, 1-lepton, 2-lepton, based on the number of charge
leptons (electron or muon) from the W/Z decay

O-lepton 5 1-lepton ; 2-lepton ]

q q
! A 74 Z

AN AN
q H< q H< q
b b

I/

> Common selection

® Exactly 2 /3 jets (>=3 in 2-lepton)

® Exactly 2 b-tagged jets (70% b-jet efficiency working point)

12



Event selection---1 lepton channel

» W boson selection 31800?2\'}1'_)\‘5‘”” S e T
' S 1600 15 =13TeV,79.8 0" - ‘[/)'i':)’o':; bb (”=1'16)_:
1 _ miIsS 1 ~ I 1 lepton, 2 jets, 2 b-tags - m
® Single-electron or E;™s trigger £ 1400= o rcor T
. . p- . T F Multijet E
® Well identified, isolated electron (>27 GeV) or muon B O - ot ]
1000 - Y Uncertain =
(>25 GeV) E ] gre-fi:‘ba::ground -
8002_ — VH,H - bb x5 %
® \/eto additional leptons p;>7 GeV 600/ =
400F =
. pTW > 1SOGeV 200;_ §—_
. . . < 1.5 FT T T T T T T T T T T
» Higgs boson candidate selection ] SNSRI SRR
B 0.5 Fre el bbbl L
® 2 b-tagged jets, pr > 45 (20) GeV 877 0™ 50 100 150 200 250 300 350 4(|)(r)n4s[sge\5;;)o
® 1 additional jet max (reducing ttbar) $ Famas 0 wom
Q \s=13TeV,79.8 fb" I VH, H - bb (4=1.16)
® 10 ! Diboson
; E 1 lepton, 2 jets, 2 b-tags f
.o . . % T py =150 GeV I Single top
» Multijet Background rejection 8 1oL wemeon = e
i . - Z+jets )
® E. ™M >30 GeV in electron channel " | S Prerit background

® Data driven estimation
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® Purity >75% 13




Main backgrounds after event selection

x10°
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» Non-resonant backgrounds from W+jets,

ttbar purity > 75%

and single-top.

» Resonant W7, Z = bb background, used to validate the analysis procedure.

» Small residual component.
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Multivariate analysis (MVA)

» MVA setup

® Use Boosted Decision Tree (BDT) technique.

® |nput variables and training parameters tuned to
yield best sensitivity, various checks performed to
make sure the training works well.

TMVA overtraining check for classifier: BDT_AdaBoost v9_200Tree_4Depth_5node

(1/N) dN/ dx

;-éign'ai (fest'sarhple) ' ' "'+ signai (training saniple)

’) Background (test sample) | |  Background (training sample)
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Multivariate analysis (MVA)

» Inputs variables

® Kinematic variables, some specific to

3-jet regions.

® m,,, AR, p;/ most important ones.
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1 lepton channel Multijet estimation



Overview

» Multi-jet backgrounds produced with very large cross-sections.

® Despite not providing genuine leptonic signatures, still have the potential to contribute
a non-negligible background component.

® Difficult to model this background using MC simulation, data driven approac is
needed to estimate this background.

» The contributions to this background come from :

® Real muons or electrons from heavy-flavour hadrons that undergo semileptonic decays.

® Photons conversion (electron channel).
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Lepton isolation requirements optimization

® The default lepton isolation requirements used in the previous analysis were not
optimal, tested all the different isolation cuts (ptconeXX, ptvarconeXX,
topoetconeXX, with XX=20,30) with signal and multijet MC samples.

*“E"ECone20 distribution in electron channel
® New isolation WPs proposed: o ~ Signal
008; — Multijet
* Electron channel: LooseTrackOnly + E;*°"¢20<3.5 GeV - (-'LFL.
0.025— Jr j. Li Lh
GE, loy ,,ijxmuﬂ N U-J_l MI'-J‘
* Muon channel: LooseTrackOnly + p;°"¢20<1.25 GeV oo NCI— a"

® The optimized results are also tested and confirmed by the data-driven method.

2.
1.8 ~1S/VS+B
6F -« Signal Efficiency
Electron sub-channel 4: —IMJ Background Efficiency
Working Points Signal events efficiency | multijet events efficiency multijet events efficiency E
] . ) ) of Cone20
(PYTHIAS8 samples) (SHERPA 2.2.1 multi b-jet samples) C E d|StrIbUtIon Scan
— - s eeeesee s e
FixCutTight 98% 38% + ™% 58% + 4% i
1.8 —
Egne02 < 3.5 GeV 95% 10% + 4% 11% + 2% f
.6
Muon sub-channel C
)4
FixCutTrackOnly 99% 97% + 2% 94% =+ 2% F
).2| e
pEone02 < 1,25 GeV 95% 29% + 8% 31% + 5% F = i R e e
[} | NI NP 4 § L - - |
4000 2000 0 2000 4000 6000 8000 10000

topoetcone20_E|
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MJ estimation — The whole picture

» MJ shape estimated by inverting the isolation requirements in 1 tag region .

I[solated Region

Inverted Isolation Region

Electron | LooseTrackOnly LooseTrackOnly
Egme02 < 35GeV Egre02 > 35 GeV
Muon LooseTrackOnly LooseTrackOnly

pge0? < 1.25GeV

pene0:2 > 1,25 GeV

P L B o S o
S  ATLAS Intemal ¥ Ks ] ——
i 3000:_JLdt=79.8fb" \S=13TeV Stat 145 1740 I diboson
[ 1lepton, 1 b-tags, 2 jets, p! > 150 GeV 7 ttbar
2500— -] [ single top
H- . I Wb
o = I W-+be
20001 ol
-+ MJ =data - EWK - ece
1500 — — Wicl
- = W+l
+o00F - 3 I 200
F - B I Z+bc
E : N Z+bl
500 .= 3 B Z+cc
T ——. ] N Z+l
?i T, u Z4l
o] S e e SR Loy (70 + | s
@ b gy
p——— ——
2 o2 e (Data-BKkg)/Bkg
B~ 0 BenEnys TR s e i UL LD
Q 5o e g LT i Stat
& Ty | _.
g 04 -t
= 0 50 100 150 200 250 300 350 400 450 500
my¥_EI [GeV]

» MJ normalization extracted by fitting to m;" in 2-tag signal region .

® The template for the EW contribution in the signal region is obtained directly

from MC predictions.

® The variable m;V is chosen as it offers the clearest discrimination between the
multi-jet and EW processes.

» The estimation performed separately in the electron and muon sub-channels,
and in the 2- and 3-jet categories.
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MJ estimation — Template fit

900 =TT T T T T T T T T [T T T T T T T T T T
- ATLAS Internal x2 KS

300

u"zj 80 Lat=798 15" 5= 1aTey Stat 113 0.456 f " data ® Bins 1-21 correspond to the e only channel,
7onilpton,2age 2 et > 190 Gev I bins 22 to 42 correspond to the p only
600~ E channel, and bins 21 and 42 represent the
"y E .O‘“e' W + HF control region.
400 —; .W+jets

g_ Top Region Top (tt + single top) W+jets
é_, Multjet high p¥ 2-tag, 2-jet 1.02 + 0.02 1.27 £+ 0.06
§: —* (Data-Bkg)/Bkg high py 2-tag, 3-jet 0.99 + 0.006 1.13 £ 0.04
; R s
SR

mTW_El.mTW_Mu

» Simultaneous fit of W+jet and top normalizations in the el and mu channel,
with separate MJ normalizations.

® The m;V distributions of the W + jet and top quark backgrounds are sufficiently different
that a common normalization factor induces a bias in the multi-jet estimate.

» In order to improve their relative separation, only overall yield used for the W + HF
control region (one bin).
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MJ estimation — Template fit
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» Good data/MC agreement observed not only for the variable used for the template
fit (m;"%), but also the other variables.



MJ estimation — Systematics uncertainties

» In generally the systematic uncertainties can have an impact on the multi-
jet estimates in two ways :

® Change the mTW distributions used in the multi-jet template fits 2 impact the extracted
multi-jet normalizations. *

® Change the multi-jet BDT distributions used in the global likelihood fit directly 2
impact the multi-jet shape. *

» Several sources of uncertainty are considered as listed below :

® Use the alternative variables instead of m;" as the template fit variable. *

® Include the E;™'*s < 30 GeV region for electron channel.*

® Use a tighter single-electron trigger to probe a potential trigger bias in the isolation
requirements.

® Use a tighter isolation requirements to derive the MJ template. * *

® Vary the normalization of the contamination from the top and V + jets processes in the

multi-jet control region.
23



MJ estimation — Final results

> o T e =
> F o E s . . r .
Gasoo-ATLAS b (116 ] » The multi-jet contribution in the 2-jet region
A C P Diboson 7 .
5 3000 1 leton- et 2 tags i = is found to be 1.91% (2.76%) of the total
S - p¥2 e 7Sing.l_etop E . . .
& 2500F- o e = background contribution in the electron
C _._«Q« siets E . . o o
2000 caemaed S ncerainty (muon) sub-channel, while in the 3-jet region
e I LT Pre-fit background | .. .
1500 > —VHH O BDx70 it is found to be 0.15% (0.43%), with
1000 = normalization uncertainties from 0.15% to
500} mm = 2.07%
o T SOY Hingn
r= S L B B
a1 f_.._.__wh_..._ﬂ.wn".\\.\\\\\\\\\T\.ﬁ*\\\\\\\\\\\\'ﬁ.&;
= F —— ———— ]
§0.5'—...1|\..1|1.1.|J.1.|....1—'
0 50 100 150 200 250
M, (W) [GeV]
Region MJ Fractions (%) | MJ norm. uncertainty -
Source of uncertainty Op
2-tag, 2-jet, e 1.91+1:%6 -100% / +105%
e e ¢ / Total 0.250
. 1200 . Statistical 0.161
"bag, Lt 4 e “00% / +75% Systematic 0.203
9 fe s =+0.24 07 07, . .
2-tag, 3-jet, e 0.157) 75 -100% / +160% I\“‘Illltl—Jet 0.005
2-tag, 3-jet, 1t 0.437519 -100% / +260%

» MJ impact on the mu is very small 24



1-lepton channel optimization

>

>

Hadronic decay tau veto in 1 lepton channel

Using 1L medium pTV (75 GeV < pTV < 150 GeV) region

Using 1L extended ttbar MC sample

ttbar reduction cut study *

® New cut proposed, 9% Stat. only significance increase in 3-jet region, overall ~2%
W(tau_had nu)H investigation *
® < 4% signal events increase, not adopted (In back up) *

1-lepton channel trigger studies *

® Test the single muon trigger in muon sub-channel, ~¥3% signal events
increase, not adopted

Dijet-mass analysis optimization *

® Optimize the selection and categorization, Exp. Significance increased by ~5%



Hadronic decay tau veto in 1 lepton channel

Region | W H signal tt single top | W + HF > Considering only electron or muon,
2tag2jet 99.7% 79.4% | 93.8% 99.6% no tau veto applied by default.
2tag3jet 99.7% 93.2% 97.4% 99.3%

» ~20% ttbar events removed in 2jet region, without signal loss.

g 8 8 § 8 B

N
~ bW &

Se eSS
h o NS v

ttbar events W/O tauveto  —wwmws 3 The removed ttbar events are

mainly have low BDT value.

is therefore modest.

; —W/O tau veto
= ttbar events W tau veto

: T

Ee o b e

S S R S S—
*? 68 0.6 -0 0.2 0 0.2 014 Ulﬁ 018

1
mva

» The improvement of analysis sensitivity
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Hadronic decay tau veto in 1 lepton channel

Region | W H signal tt single top | W+ HEF Considering only electron or muon,

2tag2jet 99.7% 79.4% | 93.8% 99.6% no tau veto applied by default.

2tag3jet 99.7% 93.2% 97.4% 99.3%

» ~20% ttbar events removed in 2jet region, without signal loss.

® bb—>both the b-tagged jets in the ttbar
event match the truth b-hadrons.

30 bb

25 bc

® bc—>one b-tagged jet matches a truth b-
hadron while another one matches a truth
c-hadron.

20
15

10

® bc events dominate in the high BDT region,
o the tau had veto could only remove ~2% such

1 1 1 1 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1

mva events.

ttbar events with high BDT value (>0.4) Add to the baseline for the next iteration of
the analysis = work in progress

I{IY{IYIIIIIYIY|I\IY{||IY[N

(==}
T
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Adding 1L medium pTV region in the fit

» The default 1L channel analysis consider only high pTV region (>150GeV), the

medium pTV region (75-150GeV) could:

® provide additional constraints on the largest backgrounds (V +jets and ttbar) in the

global fit.

® Recover quite a lot signal events ( increase ~150%), and therefore improve the

analysis sensitivity.

» The main challenge to use the medium pTV region is the much larger multijet
background contribution than those in high pTV region (>150 GeV)

) T

- [T T T T
& %00 ATLAS Internal

a  F JLdl =7981" §=13TeV

2 KS

Stat 196 00179 -

500011 tepton, 2 b-tags, 2 jets,75 GeV < p < 150 GeV

4000— |

3000:—

2000[—

1000}~

[y
oo
NS

(Data-Bkg)/Bkg
(=]

25

fe=]
|
=
(=]
=
aF
™)
(=]

30 35 40

mTW_El_mTW_Mu

Multijet

== (Data-Bkg)/Bkg

D Stat

® Seem template fit method used to

estimate the MJ in medium pTV region

® Additional mTW>20GeV cut adopted

Region

MJ Fractions (%)

MJ norm. uncertainty

2-tag, 2-jet, e

= 40.44
3.5 79

-12% / +22%

2-tag, 2-jet, u

2.761 58

-25% / +40%

2-tag, 3-jet, e

0.8510:37

-40% / +45%

Region Top (tt + single top) W+jets
medium pY. 2-tag, 2-jet ‘ 1.05 &+ 0.009 1.49 + 0.05
medium p¥. 2-tag, 3-jet ‘ 1.07 £ 0.004 1.10 £ 0.04

2-tag, 3-jet,

2.1419028

50% / +12%
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Adding 1L medium pTV region in the fit

» The 1-lepton only conditional likelihood fit to data with p= 1 is performed with

medium pTV region

® Modelling uncertainties in the medium pTV region

inherited from those in high pTV region

, With

dedicated studies for the correlation scheme

B B e B B R EBARRREEEES S
| ATLAS Internal —s—Dan ] E ATLAS Internal

(3] (2} 6
5 5 10
VH, H — bb (1=1.00) | E g
P ,| F=13Tev.798 ' =D|b°s:n o P F 5=13Tev, 798"
S 10°E 11epton, 2 jets, 2 b-tags & — S - 1lepton, 3 jets, 2 b-tags
o E 75Gev < p;' <150 GeV [ Single top 3 o | 75 Gev <pY <150 Gev
C Multljet ] 10°
L Bl W+jets i S
. B Z+jets P
10 [5] Uncertainty = B
umm Pre-fit bac[ground .| b Y
=== VH,H - bb x100 104

T

A

IREEE e
—e— Data

I VH, H — bb (1=1.00)

[ Diboson

t
0 Single top
Multljet
Bl W+ijets
Bl Z+jets
[5] Uncertainty

s=uu Pre-fit background
=== VH, H — bb x 100

T

Lol Ll Lol

1L high pTV region only fit

POI Central Value
SigXsecOverSM 1
Set of nuisance parameters Impact on error
Total +0.462 / -0.424 | +£0.443
DataStat +0.270 / -0.262 | +0.266
FullSyst I +0.375 / -0.333 | £0.354

1L high+medium pTV region fit

= POI Central Value
g 15 P = gISFTTTT T T SigXsecOverSM 1
C 1Tfe—o—e o0 oo o ~ C 1fpe—e - 3 -
L T R T L T e Set of nuisance parameters Impact on error
© 1 08-06-04-02 0 02 04 06 0. O 1 08 -06-04-0. 2 04 06 0.
4B%$VHOO?HPUJ IS0.6 00504 0.2 08 0.2 °4B%$VH°Oﬁtput‘ Total +0.430 / -0.391 | +£0.410
DataStat +0.244 / -0.238 | +£0.241
FullSyst +0.354 / -0.310 | £0.332
Fit Expected significance

® 8.2% (5.5%) sensitivity increase

in 1L (combined global) fit

1-lepton channel fit without medium p¥ region 2.32
I-lepton channel fit with medium p¥. region 2.51
Combined global fit without 1-lepton medium p¥. region 4.33
Combined global fit with 1-lepton medium p¥. region 4.57

Add to the baseline for the next iteration
of the analysis = work in progress 29




Using 1L extended ttbar MC sample

» Default sample: at least one of the W bosons decays leponically (non-all-had)

» New extended sample produced with
different generator level filters

ratio

atio of bin error

ﬁ

Default

|

HI| I\‘HI‘IH|\H‘JII‘IH‘\I |I\

ttbar_2tag2jet_150ptv_WhfSR_m

—Nominal

—Merged

Merged

1vaR21

bin error

Y
MC stat. uncert.

reduced by ~40%

® The expected significance increased by

4.7% in 1L fit

Already the baseline for the next

iteration of the

analysis

e both of the W bosons decay leptonically (dilepton)

e non-all-had 100 GeV < p¥¥ < 200 GeV

e non-all-had p}¥ > 200 GeV

1L fit with default sample

POI
SigXsecOverSM

Central Value
1

Set of nuisance parameters

Impact on error

Total +0.462 /-0.424 | £0.443
DataStat +0.270 /-0.262 | £0.266
FullSyst +0.375 / -0.333 | +0.354
MC stat | | +0.143 /-0.148 | +0.146

1L fit with merged sample

POI
SigXsecOverSM

Central Value
1

Set of nuisance parameters

Impact on error

Total +0.450 / -0.412 | +0.431
DataStat +0.268 /-0.261 | +0.265
FullSyst +0.362 / -0.319 | +0.340
MC stat | +0.113 /-0.115 | +0.114
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Systematic uncertainties and statistical analysis



Experimental Systematic Uncertainties

Systematic uncertainty

[ Short description

Jets

Event

Luminosity
Pileup Reweighting

uncertainty on total integrated luminosity
uncertainty on pileup reweighting

Electrons

EL_EFF_Trigger_Total_INPCOR_PLUS_UNCOR
EL_EFF_Reco_Total_INPCOR_PLUS_UNCOR
EL_EFF_ID _Total_INPCOR_PLUS_UNCOR
EL_EFF_Iso_Total_INPCOR_PLUS_UNCOR
EG_SCALE_ALL

EG_RESOLUTION_ALL

trigger efficiency uncertainty
reconstruction efficiency uncertainty
ID efficiency uncertainty

isolation efficiency uncertainty
energy scale uncertainty

energy resolution uncertainty

Electron

Muons

MUON_EFF _TrigStatUncertainty
MUON_EFF _TrigSystUncertainty
MUON_EFF_RECO_STAT
MUON_EFF_RECO_SYS
MUON_EFF_RECO_STAT_LOWPT
MUON_EFF_RECO_SYST_LOWPT
MUON_ISO_STAT
MUON_ISO_SYS

MUON_TTVA _STAT'?
MUON_TTVA_SYS!?

MUON_ID

MUON_MS

MUON_SCALE
MUON_SAGITTA_RHO
MUON_SAGITTA_RESBIAS

trigger efficiency uncertainty
reconstruction and ID efficiency uncertainty for muons with pr > 15 GeV
reconstruction and ID efficiency uncertainty for muons with pr < 15 GeV

Muon

track-to-vertex association efficiency uncertainty

isolation efficiency uncertainty

momentum resolution uncertainty from inner detector
momentum resolution uncertainty from muon system
momentum scale uncertainty

charge dependent momentum scale uncertainty

» Follow closely the combined performance

(CP) group recommendations.

JET_23NP_JET EffectiveNP_1
JET_23NP_JET EffectiveNP_2
JET_23NP_JET EffectiveNP_3
JET_23NP_JET EffectiveNP_4
JET_23NP_JET EffectiveNP_5
JET_23NP_JET EffectiveNP_6
JET_23NP_JET EffectiveNP_7
JET_23NP_JET EffectiveNP_8restTerm

JET_23NP_JET Etalntercalibration_Modeling
JET_23NP_JET Etalntercalibration_TotalStat
JET_23NP_JET Etalntercalibration_NonClosure_highE
JET_23NP_JET Etalntercalibration_NonClosure_negEta
JET_23NP_JET Etalntercalibration_NonClosure_posEta
JET_23NP_JET_Flavor_Composition
JET_23NP_JET_Flavor_Response
JET_23NP_JET_Pileup_OffsetNPV

JET_23NP_JET Pileup_PtTerm

JET_23NP_JET Pileup_RhoTopology
JET_23NP_JET_PunchThrough_ MC16

JET_23NP_JET SingleParticle_HighPt
JET_JER_SINGLE_NP

JET_SR1_JET Etalntercalibration_NonClosure
JET_SR1.JET_GroupedNP_1
JET_SR1.JET_GroupedNP_2
JET_SR1_JET_GroupedNP_3

JET_JvtEfficiency
FT_EFF_Eigen_B0
FT_EFF_Eigen_B1
FT_EFF_Eigen_B2
FT_EFF_Eigen_C0
FT_EFF _Eigen_C1
FT_EFF_Eigen_C2
FT_EFF_Eigen_LO
FT_EFF_Eigen_ L1
FT_EFF_Eigen_L2
FT_EFF_Eigen L3
FT_EFF _Eigen_L4
FT_EFF_Eigen_extrapolation
FT_EFF_Eigen_extrapolation_from_charm

Jet

B-tagging

energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty from the in situ analyses splits into 8 components
energy scale uncertainty on eta-intercalibration (modeling)

energy scale uncertainty on eta-intercalibrations (statistics/method)

energy scale uncertainty on eta-intercalibrations (non-closure)

energy scale uncertainty on VV and VH sample’s flavour composition
energy scale uncertainty on samples’ flavour response

energy scale uncertainty on pile-up (NPV dependent)

energy scale uncertainty on pile-up (pt term)

energy scale uncertainty on pile-up (density p)

energy scale uncertainty for punch-through jets

energy scale uncertainty from the behaviour of high-pT jets

energy resolution uncertainty

JVT efficiency uncertainty

b-tagging efficiency uncertainties (“BTAG_MEDIUM”): 3 components
for b jets, 3 for c jets and 5 for light jets

b-tagging efficiency uncertainty on the extrapolation to high-pr jets
b-tagging efficiency uncertainty on tau jets

MET

METTrigStat

METTrigTop/Z

METTrigSumpt

MET Softtik ResoPara [\f]E T
MET _SoftTrk_ResoPerp
MET_SoftTrk_Scale

MET_JetTrk_Scale

trigger efficiency uncertainty

track-based soft term related longitudinal resolution uncertainty
track-based soft term related transverse resolution uncertainty
track-based soft term related longitudinal scale uncertainty
track MET scale uncertainty due to tracks in jets

» The dominant experimental uncertainties originate from the b-tagging correction
factors, the jet energy scale corrections and the modelling of the jet energy

resolution.
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Background modelling---general picture

» Use state-of-the-art MC generators (except MJ which
is modelled in 1-lepton using a data-driven method).

» Constrain (shape and normalization) from data by

using high purity control regions

» Main background normalizations

O-lepton

T T
F ATLAS

T T
—e— Data

o 4
P _ ]
S 1400— V5 =13TeV,79.8 6" -Vﬂ,Habb(u=1.1s)i
> - N % Diboson |
o E 1 lepton, 2 jets, 2 b-tags ® =
1200E 4y 150 Gev 1 Single top
F wsHFCR Multijet
1000~ B Wijets -
n W Zsjets 9
soo WHHF CR ssuncersainy 3
- ===+ Pre-fit background
600[— —
400
200
0
o 1.5 FT T ) rrT T 9
o 3
g1 )4 \ :
T05 & M/I s \\‘\ L
e 806 -04 02 0 02 04\06 08 1
T, output

floating in the fit.

Events /0.13

Normalisation factor

0.98 £ 0.08
1.06 £ 0.09
0.95 £ 0.06

Process

tt 0- and 1-lepton
tt 2-lepton 2-jet
tt 2-lepton 3-jet

T T
ATLAS
fs=13TeVv,79.8 10"

0 lepton, 2 jets, 2 b-tags

pY > 150 Gev

T T
—e- Data
B VH, H — bb (1=1.16)
0 Diboson

[ ]

W + HF 2-jet

Data/Pred.
o

1.19+£0.12

T

=S| 1

W + HF 3-jet
Z + HF 2-jet
Z + HF 3-jet

1.05 £ 0.12
1.37£0.11
1.09 £ 0.09

» Parametrize extrapolation uncertainties
across regions as uncertainties on ratios
of yields.

» Shape uncertainties on BDTs.

Events /0.13

Data/Pred.

1

0

1 1 Il | 1 |
-1 -0.8 0.6 -0.4 0 02 04 06 08 1
BDT,,, output
2-lepton
T

10*E\s = 13Tev, 79.81b 1 = \;::,’o:o_’" bb (u=1.16) =
leptons, 2 jets, 2 b-tag: W Z+jets
> 150 GeV I
I Single top —
Uncertainty 3
==+« Pre-fit background

5
1
.5

T T T T
—e- Data

— VH,H - bb x 10 b

-1 08 -06-04-02 0 02 04 06 08 1
BDT,, output

Events / 50

Data/Pred.

Events /0.1

1-lepton

5[ T T
E ATLAS

F Vs=13TeV,79.81b"

1 lepton, 2 jets, 2 b-tags

< LN/ > 150 GeV

T T
—e— Data =
B VH, H — bb (u=1.16) J
0 Diboson -

& i
I Single top -
Multijet E
Bl Wi+jets
Bl Z+sjets
Uncertainty
«+=- Pre-fit background 3
— VH,H - bb x20 3

5 1.5 F

0.

5 T —
1 }H—H—Mpm:&wm*\\ﬁ
.5

Data/Pred

I I I I
-1 -08 06-04-02 0 02 04 06 08 1

BDT,,, output

200 ATLAS ~Dma
E \s=13TeV,79.81b" L XH’ H = bb (1=1.16)
350 2 leptons, > 3 jets, 2 b-tags [ Single top
E pYy 2150 Gev Uncertainty
3001 eu CR <3 Pre-fit background
»c  TOp ep CR
S ke
200
£ SANSSS ey E
= m&m 3
100E =
50F- E
resegueceed -
5 T T T T 3
T El
5 E 1 1 1 [ =
0 50 100 150 200 250 300
My, [GeV]
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Background modelling---ttbar

tt (all are uncorrelated between the 0+1 and 2-lepton channels) é 0125_ flep_Optag2jet vpt150_SUM— ppg _f
tt normalisation Floating (0+1 lepton, 2-lepton 2-jet, 2-lepton 3-jet) . . & —+- tibar_ME -
0-to-1 lepton ratio 8% o ‘:# +¢ — ICHEP shape 1
2-to-3-jet ratio 9% (0+1 lepton only) 008 . N E
W + HF CR to SR ratio 25% 006 + -
Meb,; P ¥ S o.o4:$ he _:
C - ]
» The acceptance and shape uncertainties are derived 002}~ T— E
from comparing the nominal sample s Rdt M
(Powheg+Pythia8) to the alternative samples KT D aar i = = Smp— —
0.9 .;'+' e — E
085555700 150 200 250 300 350 400 450 500
mbb[GeV]
Systematic 0/1Lep 2j | O/1Lep 3j | O/1Lep 2+3j .. .
MCstat, (PPS) $1.6% | 0.6 % £0.6 % » Shape uncertainties are derived only for
MCstat. (RadHi) || +1.3% | 0.5% +0.5 % V. Aictrilgiti
MCstat. (RadLo) || +1.4% | +0.5% +0.5 % the my;, and p;" distributions
MCstat. (PH7) +1.7% | +0.7 % +0.6 %
MCstat. @MCP8) | +2.6% | #£1.0% | =+0.9% ® highest ranked variables in the BDT training.
ISR (PPS) F04% | F1.1% 1.0 %
(PP8 VS H7) 7.7 % 5.8 % 6.1 %
(aMCPS8 VS PP8) +2.5 % +2.5 % +2.4 % ® have only very weak correlation.
TOTAL +81% | +6.4% +6.6 %

Acceptance|Regiona(nominal M C))

Acceptance|Region a(alternative M C)|

Acceptance[Regiong(nominal M C')]

/

Acceptance|Regionp(alternative MC')]’
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Signal modelling

Signal
Cross-section (scale) 0.7% (qq), 27% (g9)
Cross-section (PDF) 1.9% (qq - WH), 1.6% (qqg — ZH), 5% (g9)
H — bb branching fraction 1.7%
Acceptance from scale variations 2.5 — 8.8%
Acceptance from PS/UE variations for 2 or more jets 2.9 — 6.2% (depending on lepton channel)
Acceptance from PS/UE variations for 3 jets 1.8 - 11%
Acceptance from PDF+ag variations 0.5 - 1.3%

My, p¥ , from scale variations
mey, Py, from PS/UE variations
My, p}l:, from PDF+ag variations
p}; from NLO EW correction

Y nn »nn »n

» Standard prescriptions for systematic uncertainties: from theory calculations
and from comparisons of Monte Carlo modelling variations, or variations of
parameters

» Separate systematic uncertainties on production from acceptance effects
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Fit model

» Perform a binned maximum likelihood fit simultaneously in different
categories to extract signal significance / signal strength (p).

L(p,0) =

nbins

15;(0) —{-'bi(HQ)”" e~ msi(0)+bi(0) 5 £ ,ux(6).

ocg-BR

OSM - B RSM

. N . .
nuisance parameters (NP): sources of systematic uncertainty
could have effect on the signal strength measurement

Categories . )
Chamnel | SR/CR  |2GeV < pY. < 150 GeV | p% > 150 GeV ® 38 Signal Regions (SR).
2 jets 3 jets 2 jets | 3 jets
O-lepton SR - - BDT | BDT
1-lepton SR - - BDT | BDT
2-lepton SR BDT BDT BDT | BDT
1-lepton | W + HF CR - - Yield | Yield
2-lepton epn CR mpyp mpp Yield meyp

® 2 W+HF (heavy flavor) control regions (CRs) in 1-lepton channel (Purity:~75%).

® 4 Top e CRs in 2-lepton (Purity: ~99%)
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Pre-unblinding validation: Diboson MVA analysis

» Same analysis strategy as the VH MVA analysis §
2 10°

® Re-train the BDTs to look for VZ instead of VH g
10°

® Robust validation of background model and associated

.. 10*
uncertainties

10°

» Signal strength compatible with the SM prediction @

» The whole analysis procedure validated

ATLAS
Vs =13 TeV, 79.8 fb™

0+1+2 leptons
2+3 jets, 2 b-tags

IIH] T \IIIII'I" T TT

t

—o——o—0—

¢

——_o

mVZ,Z - bb (1=1.20)
it

[ Single top
Multijet

W Z+jets

Il W+jets

Significance >>5 0

R R I R I
ATLAS VZ, Z— bb

IR R I I R I B I L URREE L UL R
{s=13 TeV, 79.8 fb™ ATLAS VZ,7Z- bb 1s=13 TeV, 79.8 b
—Total  —Stat. Tot. ( Stat, Syst.) —Total  —Stat.
+0.24 (4011 +0.21 Tot.  (Stat, Syst.)
o freH 112 %2 (Coiis o7 ) +046 (4017 +0.43
Wz —-o— 0.90 “. (D047 T041)
L[ el 0.93 *Sae (*310.08)
77 e 1.26 02 (#0170 4020
+0. +0. +0. -0.20 -0.10 » -0.17
2L He-— 133 %55 (%915 0k )
Gomb. o 120 00 (0. ‘056 ) Comb. o 120 37 (06 %0%)
0 05 1 15 2 25 3 35 4 45 5 0 056 1 15 2 25 3 35 4 45 5
“bb ubb
\'V4 vz
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VH MVA analysis results

» Significance of VH(bb) signal at 4.9 0 (4.3 o exp.)

® Signal strength compatible with the SM prediction

Signal strength Signal strength Po Significance

Exp. Obs. Exp. Obs.
0-lepton 1.0410°5 95.107* 51.107Y 31 33
1-lepton 1.097045 8.7-107% 4.9.107°| 24 26
2-lepton 1.387945 4.0-107% 33.107* 26 34
VH, H — bb combination 1.167032 73-107° 53.1077| 43 49

» Individual production modes significances

® 2.50(2.3 0exp.)for WH

® 4.00(3.50 exp.) forZH

0 T L B BN BN B
@ 10°= -o-Data _ =
e g ATLAS B VH,H - bb (n=1.16) 3J
2 - Vs=13TeV,79.81b" tt 7
oy 5 -Slr_rgle top
o 10— W Z+jets =
= Multijet 3
W Wijets 7
I Diboson
10* =
10° 3
102 =
IS
L
=
a
ATLAS VH Ha bb Is= 13 TeV, 79. 8fb1
— Total — Stat
Tot. ( Stat., Syst.)
0.47 0.27 +0.38
WH = 1.08 s (%0575 2054 )
P 0.33 0.23 +0.23
ZH H 1.20 j031 (:ro.zs sto.zo )
Comb. o= 0.27 0.16  +0.21
F 116 t025 (j016 j019)
e b b b b b b b b L
00.51152253354455
MVH
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VH MVA analysis results

Al Source of uncertainty o,
-0.1 -0.05 0 0.05 0.1 Total 0.259
L L L L ‘ Statistical 0.161
. 777777 Systematic 0.203
Wajets p . JAAAA Y, /5// | Experimental uncertainties
Z+jets mshape g // / ‘:—.—l ‘
Diboson my shape : / J : .]et§ 0 035
g ! ERpiss 0.014
VH acceptance (PS/UE) E /) A E ‘ LeDtonS 0.009
VH acceptance (QCD scales) : # // ;: L i b—jets 0.061
b it tacin o 7 : ‘ b-tagging c-jets 0.042
jet tagging efficiency 1 s ' . .
] ; 777 i light-flavour jets  0.009
tm,, shape /1 extrapolation 0.008
QCD scale for ggZH i /j= é ‘ Pile—up 0007
2lepion i m, shape : e Luminosity 0.023
.t tagging eficiency 1 3;/ ‘ Theoretical and modelling uncertainties
b-jet tagging efficiency 0 ; _% ] g Slgndl 0094
c-jet tagging efficienc : ‘// 4 :
ot tegaing eflcency 0 S : ‘ Floating normalisations 0.035
: Z : g
VH 2-t0-3 jets acc. (QCD) ° // 7 + j'ets 0.0?5
b-jet tagging efficiency 2 /éﬁ. E ‘ I/I/ + _]etS 0060
7 ; tt 0.050
Single top acceptance (Wt—other) 4 g . ) .
: I : Single top quark 0.028
Vs =13 TeV —— Full: (3-6,)/40 Diboson 0.054
ATLAS 79.8 fb™! /)] +1c Postfit Impact on Multi-jet 0.005
m,=125 GeV I:I -1o Postfit Impact on p
NN EEENE FRNNE ARR N RN RN RNRR] ANENE RNREE| MC statistical 0.070
-15 -1 05 0 0.5 1 1.5 2

» Measurement dominated by systematics (signal and background modelling, MC
statistics, b-tagging).
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Post-fit plots VH MVA

Events /0.13

Data/Pred.

Events /0.13

Data/Pred.

T B o R
1055_ATLAS —eo— Data 3
= 4 Il VH, H - bb (1=1.16)
F E=13TeV: 79.8 fo [ Diboson B
L 1lepton, 2 jets, 2 b-tags & u
10°E p¥2150GeV [ Single top —
; Multijet 3
r Bl W+jets .
e Bl Z+jets _
3 XY Uncertainty
10°E b . e Pre-fit background
E — VH,H »bb x20 3
1.5 P T T T T T T T
1Mmm«k*m
0.5:—;"[...I...I...\H‘I...I...I.Hmul..
-1 08 06-04 02 0 02 04 06 08 1
BDT,, output
B o e o BLAR A e
10°= ATLAS —-Data E
E " B VH, H — bb (1=1.16) J
F E—13TeV: 79.8 fb [ Diboson B
1 lepton, 3 jets, 2 b-tags f 1
10°E pY > 150 GeV [ Single top E
E Multijet 3
C Il W+jets ]
104‘;"‘-0'1-.-1. Bl Z+jets _
E XY Uncertainty 3
= E Pre-fit background
C i, — VH,H—bb x100 -
10° Az E
—
-
1.5 P T I T T T T T
1; oo g *_‘__‘_;
05 B et b b b b b b b ey A
-1 08 06-04 02 0 02 04 06 08 1
BDT,,, output

Events /0.13

Data/Pred.

Events /0.13

Data/Pred.

1.5
1
0.5

T
T ATLAS —e— Data b

5 =1.16)
10°E {s=13TeV, 79.8 fb" I VH, H = bb (4=1.16) g
= ’ [ Diboson 3

[ 0 lepton, 3 jets, 2 b-tags f 7

[ pY =150 Gev I Single top ]
ne Bl Wi+jets |
10°E Bl Z+jets 3
E Uncertainty 3
:’_'3-—&-. ««=« Pre-fit background
e, 4

10°

102

1.5
1
0.5

ATLAS —eo— Data E
VH, H b (u=1.16) -
s=13TeV,79.8 0" I VH, H = bb (4=1.16) 7
’ [ Diboson

0 lepton, 2 jets, 2 b-tags f
pY > 150 Gev [ Single top 3
Bl W+jets ]
B Z+jets N
Uncertainty 7

===« Pre-fit background
— VH,H - bb x 10

1 IIIIII[l

S e T
B b b by b by by b by n By
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Cross check: Di-jet mass analysis (DMA)

» Important cross-check to test robustness of result

® Additional p;¥ Split at 200 GeV
® Additional cuts on AR,, (p;/ dependent), m;W (1 lepton), E;™s significance (2 lepton)

® Fit m,, instead of BDT output

LA L L LN L L L L L L

/-.\ T ‘ LI | TT B UL | L [ TT 1T ‘ LI | T I_lV

S gk ATLAS —-Data E ATLAS VH, H— bb 1s=13 TeV, 79.8 fb"’

7] F Vs=13TeV,79.81b" Il VH, H — bb (1=1.06) ]

5 16 0+1+2leptons Diboson 3 —Total Stat. Tot. (Stat, Syst.)

G qqf 2lets 2bras Nuncertainty OL:DMA|  H—p—— 1.03 055 (‘o500 )

< - Weighted by Higgs S/B Dijet mass analysis q +0.34 4025 +0.24

2 of E OL: MVA F—p—H 1.04 o5 (D24 021 )

-o N - +U. +0.. +0.

8 1L: DMA ——e——1 139 070 (‘03,708

k= 1L: MVA ——o—— 109 00 (0%, 70%)

=3 OL:DMA| H—e—m 0.85 0% (‘0i.70%)

E 2L: MVA p—e—n 138 ‘0% (%, 05)

o ' 0.

qC)—2—.\‘..|...|‘..|..‘|...|.‘.|...\.H|.— 0 05 1 15 2 25 3 35 4 45 5

o 40 60 80 100 120 140 160 180 200 P«bb
m,, [GeV] v

A\

Significance of VH(bb) signal at 3.6 6 (3.5 o exp.)

> Consistent with MVA result in all channels
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Post-fit plots VH

di-jet mass analysis
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Combination of H>bb searches

» Combine Run 1 and Run 2 analyses in
VH, VBF and ttH production modes

® Results assume SM Higgs boson
production cross-section

® Only H>bb branching ratio is
correlated across the six analyses

> Observation of H>bb decays at 5.4 o (5.5 c exp.) "

» Main contributions from VH channels
(contributions of VBF and ttH channels 1.50

and 1.9 o)

» Compatibility of the 6 measurements
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+1.22 +0.73 +0.98
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Combination of VH searches

» Combine Run 2 analyses in bb, yy and 4| decays
® Updated analyses with 2015-2017 Run 2 data in all channels

. _ , 2 1oL ATLASPreliminary * % ]

® Results assume SM Higgs boson branching fractions & FHozz 4 oo ]
10 -13Tev,79.8 1" .t _

[ 115<m, <130 GeV .z 7

tt+V, VWV

» Observation of VH production at 5.3 0 (4.8 o exp.) 8§ oy ]

» Main contributions from bb channels (contributions m—— -
of 4] and yy channels 1.10 and 1.9 o) oF 7 1

CD

) :
T -1-0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1
» Compatibility of the 3 measurements 96% BDT

> T T T T T [T}
(] ¢ Data ATLAS Preliminary @ 10° -.-Data —
S — Signal+ background V8- 13 TeV, 79,815 ATLAS VH 1s=13 TeV, 79 8 fb1 S ATLAS -VH H — bb (u=. 15)
= | -~ Total background m, = 125.09 GeV i %] Vs=13TeV,79.8 0"
~ 40 === Continuum background  In(1+S/B) weighted sum, S =VH = ’ Sln le to
£ / —Total —Stat. g mziets
g — ] Tot. (Stat,Systie 9 " Muitet
*  W+jets
< . . +1.30 +1.26  +0.32 DIk
e 2 ] H> 22 | 4 094 oo (Zoss s 014 ) 10 [ Biboson -
(7] o~
\
+0.60 4053 +0.28 10°
g o } } + t } t { H% YY H———d] 1-03 _0.54 (_0_50 y —0.22 )
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Conclusions

» VH(bb) analysis carried out on full 2015-17 dataset

® With Run 2 79.8 fb-! dataset, found strong
evidence for VH(bb) with a significance of 4.9 o
(4.3 o exp.) and a mu value of 1.16 +/-0.26

» With full Hbb combination, 5.4 (5.5) o observed (
exp.) for H>bb with mu value of 1.01 +/- 0.20

» With Run 2 VH combination, 5.3 (4.8) o
observed ( exp.) for VH with mu value of 1.13
+/-0.24

Weighted events / 10 GeV

Data - bkg

100

80
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40

LI L L L I L I L Y L L B Y

| ATLAS - Data - .
L Vs=13TeV, 79.8 b I VH, H — bb (1=1.06) |
L [ Diboson i
0+1+2 leptons i

|— 2+3 jets, 2 b-tags I Single top |
- Dijet mass analysis Bl W+jets 4
| Weighted by Higgs /8 Il Z+jets i

Uncertainty |

----- Pre-fit background |

—VH,H - bb x5 -

C1 | 111 | L1 1 | 111 | 111 | L1 1 | 111 | 111 ‘ L1 1 | 17
40 60 80 100 120 140 160 180 200
Mg, [GeV]

These results provide an observation of the H - bb decay mode, and also
of the Higgs boson being produced in association with a vector boson.
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Outlook

» Couplings of the Higgs boson beyond those
predicted by the SM are far from ruled out.

> More data, more precision measurements!

® ~60 fb! data from 2018 data taking, another 150 fb-!
data expected in Run 3 data taking.

® The Higgs p; spectrum is highly sensitive to new physics
with the sensitivity increasing with higher Higgs p-.

® Boosted analysis techniques, simplified template cross
section measurement.

» Work more closely with CP group to reduce the
experimental uncertainties.

» New techniques for modelling uncertainties, more
dedicated control regions/ data-driven methods.

» More dedicated filters at generator level.

Source of uncertainty o,
Total 0.259
Statistical 0.161
Systematic 0.203
Experimental uncertainties
Jets 0.035
ET™ 0.014
Leptons 0.009
b-jets 0.061
b-tagging c-jets 0.042
light-flavour jets  0.009
extrapolation 0.008
Pile-up 0.007
Luminosity 0.023
Theoretical and modelling uncertainties
Signal 0.094
Floating normalisations 0.035
Z + jets 0.055
W + jets 0.060
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070
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Higgs boson phenomenology at hadron colliders

» 4 main production at the LHC, total cross section 56 pb at 13 TeV

Gluon fusion (ggF) Vector boson fusion (VBF) ttH
88% of the total 7% of the total 1% of the total

» Coupling to gg and gamma gamma through loops w  z

0.23% (. 15%
™~ 0.008% (e,u)

» The more Higgs boson decays we see, the less
“space” remains available for
“undetected/invisible” decays
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H->bb searches at the LHC

Production mode :i;:;::)r"e
A ® Huge multi-jet background
;Nﬁt\f 5 JUSt e Triggering possible at high pt(H), but S/B
i / )% . H — bb expected to be ~ O(0.1%)
OOR000 e Jet substructure analysis by CMS (pt(H)>450 GeV)
ector boson fusion (VEF) ® large multi-jet background
o q 2 VBF jets e Still a fully hadronic final state: trigger and
t‘(/g :",jrivi. bl (+ Y) background modeling is challenging
~__q ® Additional Y helps (~similar sensitivity, higher S/B)
ZSSOC’ated RRELON S e Exploit leptonic signatures for trigger, and
Wz W yA suppression of multi-jet background.
q H ®  Main search channel for H — bb at the LHC!
assoc’a’ei’p’o‘fw”th - ® Leptonic signatures for trigger, but challenging
g ' t_ H top+anti-top due to combinatorics and tt+bb backgrounds
g A t ® But gives access also to top quark coupling!

51



Previous results for VH, H>bb

. Significance : Significance
: Signal strength (expected) (observed)
combination [I] E i (3.1 global)
ATLASRun-1py i 0527032 260 | 1.40
CMSRun-Ip § 0897041 | 250 | 2.10
---------------------------- L R
ATLAS+CMS +0.29 i
Run-1% 1 0.70, 5~ 3.70 5 2.60

> With mH ~ 125 GeV
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Other results for H=>bb

Analysis Dataset  Obs. limit  Exp. limit  Signal strength arXiv
CMS ggF Run-2 5.8 3.3 2.311:8 1709.05543
ATLAS VBF Run-1 o 5.4 —0.8 4+ 2.3 1606.02181
CMS VBF Run-1 5.5 2.5 2.8 £ 1.5 1506.01010
ATLAS VBF  Run-2 5.9 3.0 3.01%7 1807.08639
ATLAS ttH Run-1 3.4 2.2 1.5 £ 1.1 1503.05066
CMS ttH Run-1 4.2 3.3 1,218 1502.02485
ATLAS ttH ~ Run-2 2.0 12 0.8475% 1712.08895
CMS ttH Run-2 1.5 0.9 0.72 £ 0.45 1804.03682
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LHC performance

T 1 T 1 T T T [ T T T ] T T 1

"2 160F 2 — ATLAS Online, 13 TeV
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=1 C ] é - T<qu> =31, .
— — _
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§ 80— -] o) - ]
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£ "t . S - =
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» Stunning performance of the LHC: lumi up to 2 *103*cm2s!

» Excellent operation of the ATLAS detector

» High rates and large pile-up: Challenges for triggers, jets reconstruction, b-tagging...
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The ATLAS detector---ID and IBL

r R =1082mm

> IBL

TRTY | il
® Smaller pixel size (50x250 vs 50x400 um) < I\/ \

L R =554mm
( R=514mm

® Closer to interaction region (R~3.3cm) o
SCT

R=371mm

\ R=299mm

® H - bb primary physics motivation for
R =122.5mm
the new detector! Pixels{ il
R =50.5mm
R =33.25mm

R=0mm

® Improvement of 10% for the b-tagging
algorithm performance in Run 2



Object identification—b-tagging

1/N dN/dMV2

1 > 4o

ATLAS Prelimin s S - ATLAS Preliminar C_)S eu events -

SPre aryz:“malu:zms 2 12~ Vs=13TeV, 43 fb'y tt-enriched sample —

1 s =13TeV,0.5fb" ——MC16 S B ]

10” 2017 configuration 5::2: S 1L b

[ light-flavour jets § - Jet p‘->25 G_G.\L_'_,_._._._. ® .

© - _

S 08 -

10¢ S :

o 06 =

= N = a2 —8 ]

107 % 0-4:_ Jet pT>60 GeV _

2 02— A Ak Sl

1.5 - Jet pT>1 00 GeV ]

1 _l 11 1 I 11 1 | I 11 1 | I L1 1 1 I L1 1 1 I 11 1 1 I 1 I_
S P T PO PO T PO T T OO 10 20 30 40 50 60

-1-0.8-0.6-04-0.2 0 0.20.4 0.6 0.8 1 Pileup ()

MV2

> Well modelled in simulation

» Good performance even at high pile-up
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Object identification—b-tagging and JVT

Efficiency

5
©
<

|

o
©

o
©
3]

\I\I‘I\I\lHH‘\I\I‘I\I\l\l\l

o

0.8

Illl\l\l‘l\l\

— JVT>0.941

— JVF>0.5
b-jets,JVT>0.941
b-jets,JVF>0.5

20<P<50Gev,[n|<2.4

v b v L
8 10 12 14 16 18

cor]VE = 2k PtTrkk(PVo)
- K St Zi PPV,
Zipr (PVo) + == <k'.,l,§E>
trky . .
. (PVoy) 2D likelihoo
Ry = 2:Pr TVO JVT
ry =

» New track-based pile up jets suppression variables are developed in such a way
that the resulting hard-scatter jet efficiency is stable as a function of <p>.

1.1

09

0.8

0.7

B-jet
- NoJVTCut
| — Entries 260492
E A t-tbar sample —— NoJvTCut
O J AntiKt4LCToopJets —— JVT>0.2
- F5 20<Pi<50Gev,l[<2.4 — JVT>0.941
— L ’_r’ JVT>0.941
~ ntries 243342
N i
= T, '__-f"_
= ﬁx% T
C T i 1 s
.................
= 0.5 0.5

MV2c20

» The impact of JVT on the b-tagging
output studied, in order to identify and
study any JVT/b-tagging inefficiencies.
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MET trigger

3‘ B I I LA DL L LR L L DAL L ]
» Efficiency ~ 80% w.r.t. offline s T g T
selection at MET > 150 GeV, > 95% L . -
at 200 GeV N :@ -
06— _]
o ] 04— & _  ATLAS Preliminary _
» Efficiency measurementin Z, W and - . gata2017, i$=13TeV, 154" 4
- -y — MU i
ttbar events 02l . —e— L1_XE50 ]
B . " —m— HLT_xe110_pufit_L1XE50 ]
00'”""13‘_.:'1*1130' = '1510' = '2(1)0' = '2fl>0' = 3(;0
p. (2) [GeV]

» The MET trigger can also be used to select events with W—=>mu nu cays
® Muons are not part of the computation of MET at trigger level
® More efficiency than single muon trigger at pTW > 150 GeV
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Signal and Backgrounds Samples

Process ME generator ME PDF PS and UE model Cross-section
Hadronisation tune order
Signal, mass set to 125 GeV and bb branching fraction to 58%
99 — WH Pownec-Box v2 [76] + NNPDF3.0NLO™ [77]  Pyrmia 8.212 [68] AZNLO [78] NNLO(QCD)+
— fvbb GoSaAM [79] + MINLO [80,81] NLO(EW) [82-88]
99 — ZH  Pownpc-Box v2 + NNPDF3.0NLO™) PyTHIA 8.212 AZNLO NNLO(QCD) "+
— vvbb/llbb  GoSam + MINLO NLO(EW)
99— ZH PowHEG-BoX v2 NNPDF3.0NLO™ PyTHIA 8.212 AZNLO NLO+
— vwbb/Llbb NLL [89-93]
Top quark, mass set to 172.5 GeV
tt PownEg-Box v2 [94] NNPDF3.0NLO PyTHIA 8.230 A14 [95] NNLO+NNLL [96]
s-channel Pownec-Box v2 [97] NNPDF3.0NLO PyrHiA 8.230 Al4 NLO [98]
t-channel PowHEG-Box v2 [97] NNPDF3.0NLO PyrH1A 8.230 Al4 NLO [99]
Wt Pownec-Box v2 [100] NNPDF3.0NLO PyTHIA 8.230 Al4 Approximate NNLO [101]
Vector boson + jets
W — (v SHERPA 2.2.1 [71, 102, 103] NNPDF3.0NNLO SHERPA 2.2.1 [104, 105]  Default NNLO [106]
Z/~" — et SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Z — vv SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Diboson
qq > WW SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
qq - WZ SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
qq — Z7Z 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 and Backgrounds Samples

> 1200 T T T T T T =
e 8 F ATLAS = 3Ht H — bb (1=1.16)
Slgnal S [ G-13Tev, 7080 T Bitanon o 0= )
- 1000; [ Olepton, 2 jets, 2 b-tags i -
E Py =150 Gev | Single top b
> C » Bl W+jets ]
& 800 Py B Z+jets ]
'+: i Uncertainty

® Both qqVH and ggZH using latest Powheg+MIiNLO +
Pythia8 samples
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V (W/Z)+jets : Sherpa 2.2.1 with jet flavor filter e (Gov)

Data/Pred.

31805 irias | b

. i S 1600/ Vs =13TeV, 79.8 0" -‘ Y)::;o:c; bb (1=1.16)
® Dibson : Sherpa 2.2.1 for quark induced samples (qQVV). s jrmese= oo
After EPS, include also gluon induced (ggVV) samples with " s,

Sherpa 2.2.2 P TR

: Powheg+Pythia8, 2-lepton also incorporates di-

lepton filtered sample. Dedicated MET filter ttbar samples g/ T
EO.Sw...l....x.H.1““1“..1.-.’..l....\:.\....\.mf
also used |n O Iepton O 0 50 100 150 200 250 300 350 40%4?86\5/?0

® Single-top : updated to Powheg+Pythia8 samples since EPS § s 2o " 00

F pY > 150 GeV

n
o
o

150 — VH,H > bb x5

Negligible in 0 and 2 lepton (confirmed by lots of
detailed studies), data-driven in 1 lepton channel
(fraction: ~2-3%)
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Event selections

. 0-lepton 1-lepton 2-lepton
Selection e sub-channel 1 sub-channel
Trigger s Single lepton Emiss Single lepton
Leptons 0 loose leptons 1 tight electron 1 tight muon 2 loose leptons with pp > 7 GeV
P with pp > 7 GeV pr > 27 GeV pr > 25 GeV > 1 lepton with pp > 27 GeV
ET™ > 150 GeV > 30 GeV - -
Myp - - 81 GeV < Myp < 101 GeV
Jets Exactly 2 / Exactly 3 jets Exactly 2 / > 3 jets
Jot > 20 GeV for |n| < 2.5
Ses Pr > 30 GeV for 2.5 < || < 4.5
b-jets Exactly 2 b-tagged jets
Leading b-tagged jet pp > 45 GeV
Ht > 120 GeV (2 jets), >150 GeV (3 jets) - -
min[Ag( EE™ jets)] > 20° (2 jets), > 30° (3 jets) - -
A(ER= bh) > 120° - -
Ap(by,by) < 140° - B
A(]s(E%[‘n]SS ﬁ%}lss) < 900 o o
py regions > 150 GeV 75 GeV < py < 150 GeV, > 150 GeV
Signal regions - my, > 75 GeV or my,, < 225 GeV Same-flavour leptons
& & bb = top = Opposite-sign charges (pup sub-channel)
Control regions - my, < 75 GeV and my,, > 225 GeV Different-flavour leptons

Opposite-sign charges
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Additional cuts for di-jet mass analysis

Channel
Selection 0-lepton 1-lepton 2-lepton
m?f - < 120 GeV -
E'III‘HSS/\/ ST - - < 3.5'\/ GeV

1% .

pt regions
D 75 — 150 GeV 150 — 200 GeV > 200 GeV
(2-lepton only)

AR(by,by) <3.0 <1.8 <1.2
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Figure 5.3: Distance in AR between the two b-quarks from the Higgs boson decay
as a function of Higgs boson transverse momentum.
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MJ estimation — Systematics Uncertainties---some details

» Trigger Bias

data_Otag2pjet_0_500ptv_lowmBBcr_lepVecPt_El

: N : Eriries 77423 » Instead of using the combination of
3000 Py Seiber = ses triggers, simply the lowest pT trigger
- b ; . . .
2500} Hf" ’ z — data is used to probe the potential trigger
= N T . non-isolated bias
2000 R : region
- 4 :
- H H + H
1500— ¢ 1 : + : L . .
: . 3 A E——— Dataset Single e Tngger
T R T 2015 e24_Thnediun
EoC : 1 [t giraiy 2016 | e26_lhtight_nod®_ivarloose
500— : g, T
0500180500 580500580 300 480 500
electron p,

» Tighter isolation requirements

® Additional isolation cuts applied to the inverted isolation region :
topoetcone20 < 11 GeV for electron and ptcone20 < 2.25 GeV for muon

® The additional cuts are optimized for keeping about half of data events in the full inverted
regions : closer to the signal region, smaller extrapolation uncertainty
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MJ estimation — post fit plots
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» Post fit plots in medium pTV region without m;" > 20 GeV cut applied
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MJ estimation — post fit plots
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» Post fit plots in medium pTV region without m;" > 20 GeV cut applied
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MJ estimation — evidence paper results
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N goof- = & 1000
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» The multi-jet contribution in the 2-jet region is found to be 4.8% (4.6%) of the total
background contribution in the electron (muon) sub-channel, while in the 3-jet region it is
found to be 0.3% (0.5%), with normalization uncertainties from 0.3% to 4.6%
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W(tau nu)H investigation

» Test if a channel explicitly selecting hadronic tau decays could bring
additional sensitivity for this analysis.

® For the tau leptonic decays, current 1 lepton channel can cover the signal events.

® For the tau hadronic decays, current O lepton channel has some sensitivity (No tau-veto,
~ 20% expected signal events are W(tau nu) H).

Single 7haq trigger ® Only 5.28 WH signal events can be
Data period Irigger name recovered, compared to the default WH
2015 - 2016 (A) HLT _tau80_medium1 _tracktwo_LL1TAU60 signal y|e|d (12292)’ the gain of signal
2016 (B-D3) HLT taul25 medium1_tracktwo y|e|d is 4%
2016 (> D4) HLT taul60_medium1_tracktwo

Thad + EF'SS trigger
All HLT _tau35_medium1_tracktwo_xe70_L1XE45 ® Additional selections need to be
considered apart from the trigger, which

will reduce the gain further

MiSS +rigoar
E778 trigger

2015 HLT xe70_mht_L1XE50
2016 (A-D3) HLT xe90_mht_L1XE50
2016 (> D4) HLT xel10_mht_L1XE50 ® Not worth complicating the analysis

Summary of the possible triggers can be used for the
tau had selection
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1-lepton channel trigger studies

» summarize the choices/considerations we had on the choice of triggers in
2015+2016 analysis in 1 lepton channel.

® Single electron trigger used in the one electron sub-channel

@ Test the signal loss with the raised offline lepton pt cut due to the raise of single
lepton trigger threshold

® MET trigger used in the one muon sub-channel

€ Muons are not part of the computation of MET at trigger level, the
W->unu signature becomes analogous to Z->nunu

@ Only high pTV region(pTV > 150GeV) were considered in 2015+2016 analysis,
MET trigger has very high efficiency in such region

@ Single muon trigger also tested



1-lepton channel trigger studies

No Trigger MET trigger Muon trigger MET or Muon
Trigger
2tag2jet 33.10 32.13 25.05 32.86
Efficiency(%) 97.1 75.7 99.3
2tag3jet 37.63 35.90 27.64 37.11
Efficiency(%) 95.4 73.5 98.6

» Added all other requirements except trigger selection.

» In No Trigger case , MET trigger SF added when event pass the MET trigger, inefficiency
SF added when events fail the MET trigger.

» In MET or Muon Trigger case, first try the MET trigger ,if false then add the inefficiency SF
and go through the muon trigger.

» In High pTV region , MET trigger efficiency is higher than muon trigger.

» Adding the muon trigger , we have a 2.2%(3.4%) efficiency increase in 2tag2jet(3jet) region,
compared with MET trigger only. 70



Dijet-mass analysis optimization

Channel

Vs. (Asimov)

Exp. significance

Exp. Significance
(data)

1.49(1.81)

2.78(3.03)

L L B L L T T

ATLAS Internal
—totd)

e |
F—o—H

H

—e——

~stat.

F—e—— 2.20 ",

T
/s=13 TeV, 36.1 fb™'

4050 4043 +0.40
0.53 T35 (%415 038 )
4053 4039 +0.36
045 o7 (%37, 5034 )
4078 (4048 +0.62
1.51 Zo59  (Zods s 051 )
4069 4040 +0.56
1.43 -0.59 (—0.38 1 -0.45 )
4093 4061 +0.70
(2059 049 )
4078 (4051 +0.59
1.90 5 (Zodes Doz )
4046 4028 +0.37
1.29 ) (D027 029 )

1-lepton (SR + CR) 1.43(1.81)
0,1,2-lepton (SR + CR) 2.78(3.19)
> FrrrrrrrrrrrTrT T T '6' 177773
8 1605 ATLAS Internal 2 Vit Vbb (best i)
=] F f5=13TeV,36.11b" == Diboson R
‘\n 1 40‘_Ilep.,2]els,2tags -alnlgllie:op |
< E p:zZOOGeV I: e, c,cc, 3
£ 1205 sn SV e ] OLOBA
1005_ g:‘;:l?:‘a’::kgmund_f OL MVA
80 E 1L: CBA
- = 1L: MVA
40:_ _: 2L: CBA
200 b = 2L: MVA
T T Comb: CBA
o QE[TTTIITII I I I I I IT I TT T
. ) Comb: MVA
] hanararia NN
g'o.I...J...I...I...J...l.‘. riil I

40 60 80 100 120 140 160 180 200
m,, [GeV]

3 4 5 6 7 8

best fit oy

Obs. Significance

2.02(2.30)

3.51(3.54)

» Very nice mass peak in cut
based analysis

» Compatible mu values for the
individual fit and combined fits

» Sensitivity typically 10-15% lower than MVA in Asimov fit, less in data

» We may need to pay more attention to CBA when moving towards measurements

» Before going too far with the hybrid cutbased-MVA approach, good to see if there is still
space for optimization with current cut-based selections (never had a real re-examination

of these cuts before)
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Dijet-mass analysis optimization

» Consider a new split at 250 GeV in view of the simplified template cross section

® Split the pTV >200GeV region into two regions: 200 _250 and >250GeV

® Or consider two regions split at 250GeV : 150 250 and >250GeV

® Also tried split also at 300GeV : 150 250; 250_300; 300GeV_

VH | (1 leptoncV) » After many different studies, new split at only
! l 250GeV proposed (150_200; 200_250; 250GeV )
| qq +VH | | g9 = ZH |

® Avoid pTV bin (pTV>300GeV) with very
large statistical fluctuation

[ o5t | ® 150 250GeV pTV bin maybe too large

® Minimum change wrt the default one,
only add a additional split at 250GeV
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Dijet-mass analysis optimization

2D plot for 200_250 and >250GeV regions

209 211 212 212 211 2,09 208 207 206 205 205 205 205 205 2.3 §
2.4 210 212 213 212 211 209 208 207 206 206 205 205 205 205 8

210 212 213 212 211 210 208 207 207 206 206 206 206 205 E
2.2 210 212 213 213 212 210 209 2.08 207 207 206 206 206 206 —2.2 (%

211 213 214 213 242 210 209 208 207 207 207 206 206 206
212 214 215 214 213 211 210 209 208 208 208 207 207 207
212 214 215 215 214 212 241 210 209 208 208 208 208 207 | — 21

-
(o]

213 215 216 215 214 213 212 211 210 209 209 209 209 2.08

214 216 217 217 216 214 213 212 211 211 210 210 210 210

—_
(o]

216 218 219 218 217 216 214 213 213 212 212 212 212 21 —2

Upper dRBB cut. (pTV>250GeV)
N

219 221 222 221 220 219 218 217 216 215 215 215 215 214

—
o

—_
N
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221 220

221 220 219 219 218 218 218 218

0.8

2.0 | 2.;11 | 2.‘[13 | 2.‘]14 | 2.?3 | 2.‘]12 | 2.?0 I 2.(])9 I2?8 ] 2.?7 | 2.?7 . 2.|06 | 2.|05 IZ?B IZ?B
1.2 1.4 1.6 1.8 2 2.2 2.4
Upper dRBB cut. (200GeV<pTV<250GeV)

» For dRBB cuts scan and stats. only significance calculation, different dRBB cuts proposed
in different pTV region :

dRBB < 1.7 (150_200GeV); dRBB < 1.4 (200_250GeV); dRBB < 1.2 (250GeV._)
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Dijet-mass analysis optimization

Default (V1) New_Set2 (V2) NewSet2_WithMediu
mpTV Region (V3)

pTV Categories 150_200;200 150 _200;200 250; V2 +75 150

(GeV) 250

mTW cuts (GeV) mTW<120GeV mTW<120GeV V2 + mTW>20GeV

dRBB cuts 1.8;1.2 1.7;1.4;1.2 V2 + 0.8 < dRBB <
3.0

Exp Significance 1.61 1.69 (+5.0%) 1.81 (+7.1%)

(asimov) (+12.4%)

» Comparing V2 (new cuts, new split in high pTV region) to V1, the Exp. Significance is
increased ~5%

» Also tried to add medium pTV region in the analysis (preliminary study shows the multijet
background can be controlled well in the region )

» Comparing V3 (medium pTV region added) to V2, the Exp. Significance is increased ~7%
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Dijet-mass analysis optimization

» RARE MRS RS R A AR R =
e = -+ Data 4 o . . .
& 5000/ ATLAS = VH Vb (u=1.00) < © Without medium pTV region Vs.
w ~ E=13Tev,36.1 10" gl o ]
° .o .o .
s = Sindle lop 1 . With medium pTV region
4000/ 75 GeV < p” < 150 GeV mm We(bbbccebl) | S £ @
L 771 Uncertainty = 5 m > ! Q 5 £ £ a I2 m
= Pre-fit background - o o - § éf § 5 O = = o [a) =
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» High statistics medium pTV region dominated by the top background, high constraints
will be propagated to the high pTV regions

» Can be alleviated by decorrelations (see this talk page 8)
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Dijet-mass analysis optimization
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Dijet-mass analysis optimization
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» Good agreement for the postfit data/MC comparison 7



ttbar reduction cut study

» Default 1 lepton analysis remove events which have more than 3 jets in order
to reduce the large background arising from ttbar production.

» Try to find a discriminating variable to cut on
in instead of removing such events directly.

» HtRatio ( Ht(two b jets) / Ht(all jets) )
could be a discriminating variable for
signal and ttbar events.

® Scan the HtRatio distribution to find the cut value
yields the best sensitivity (Stat. only, calculated with
mBB distribution).

i=1

S = \ji@ X ((si+b;) X In(1 + s;/b;) = s5)),

® Retrain the BDT in the nJ>=3 region with the
HtRatio cut on top.

® Recalculate the sensitivity with BDT distribution.
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E Whonth. 2 - cySyst 108 0274 o . VH
[ WH-Ivbb, 2 tag, 3p jets,p; > 150 Ge Shape 108 0.274 -| diboson
40000 - toar
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L — . Wb
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L T Wice
C . = Wacl
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10000 [, . e
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ttbar reduction cut study

TMVA overtraining check for classifier: BDT_AdaBoost_v9_200Tree_aDepth_Snode TMVA overtraining check for classifier: BDT_AdaBoost_v9_200Tree_aDepth_Snode

§ 2 [ Signai (lest sarple) | ' | |' Signbl (traifing sarhple) | 1 § 0 Signal (tést sample) ' | ||| +'Signal [irainind sampid) | '
% 1.8 Background (test sample) | | * Background (training sample)—| % 2.5 /7] Background (test sample) | | * Background (training sample)—|
Z 161 = zZ i i .
=l Default 3J events . ] = ,pf 3Pevents with HtRatio cutontop 7

12 ;_ 25 _Eé 15 | :é

1F =N = ' 18

0.6 |- A = 1g

0.4 ; / _; g 0.5 —: g

0.2 / g — % . %

0 ~ i e 0 3
-1 -08 -06 -04 -02 0 02 04 06 08 -1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8
BDT_AdaBoost_v9_200Tree_4Depth_5node response BDT_AdaBoost_v9_200Tree_4Depth_5node response

» Clear better signal and background separation.

> 9% Sensitivity improvement can be Region W H signal events | ttbar events | Sensitivity (S)
. . . 2-tag 3-jet 58.35 22095.3 1.65
achieved by using the HtRatio cut a8 e
. . (Baseline)
in the 3+-Jet region. :
2-tag 3+-jet 129.44 259073 1.21
(No HtRatio cut)
» The main analysis sensitivity comes  9tag 3+-jet 58.25 16838.75 1.79
from the 2Jet region, the overall (HtRatio > 0.75)

improvement when considering also the
2Jet region is only 2%—2>not adopted. 79



Signal acceptance

Acceptance [%]

Process o x B [tb]

O-lepton 1-lepton 2-lepton
qq — ZH — (0bb 29.9 <0.1 0.1 6.0
gg — ZH — (0bb 4.8 <0.1 0.2 13.5
qq — WH — lubb  269.0 0.2 1.0 =
qq — ZH — vvbb 89.1 1.9 - —

g9 — ZH — vvbb 14.3 3.5 _ B
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Background Modelling
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Background Modelling

O-lepton

I-Iepton

2-lepton
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Background Modelling

O-lepton

| -lepton

2-lepton
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Background Modelling

Z + jets 2z
- - Normalisation 20%
Z 4+ Il normalisation 18% 0-to-2 lepton ratio 6%
7 + ¢l normalisation 23% Acceptance from scale variations 10 — 18%
. . P . . Acceptance from PS/UE variations for 2 or more jets 6%
Z + HF normallsa’tl?n Floating (2 ‘]eotf 3 ‘]et) Acceptance from PS/UE variations for 3 jets 7% (0-lepton), 3% (2-lepton)
Z + be-to-Z + bb ratio 30 — 40% My, p¥, from scale variations S (correlated with WWZ uncertainties)
Z + cc-to-Z + bb ratio 13 - 15% My, py, from PS/UE variations S (correlated with WZ uncertainties)
Z + bl-to-Z + bb ratio 20 — 25% My, from matrix-element variations S (correlated with WZ uncertainties)
0-to-2 lepton ratio 7% w2z
Vv . . )
Normalisation 26%
Mbb, PT S
’ 0-to-1 lepton ratio 11%
W + jets Acceptance from scale variations 13 - 21%
Acceptance from PS/UE variations for 2 or more jets 4%
W + Il normalisation 32% Acceptance from PS/UE variations for 3 jets 11%
W + ¢l normalisation 37% My, p¥, from scale variations S (correlated with ZZ uncertainties)
v . . o
7 . . s (Ol - My, P17, from PS/UE variations S (correlated with ZZ uncertainties)
W + HF normahsatlc_)n Floating (2 Jet, 3 ‘]et) My, from matrix-element variations S (correlated with ZZ uncertainties)
W + bl-to-W + bb ratio 26% (0-lepton) and 23% (1-lepton) pr—
W + be-to-W + bb ratio 15% (0-lepton) and 30% (1-lepton) — .
. isati
W + cc-to-W + bb ratio 10% (0O-lepton) and 30% (1-lepton) ornansanon 2
0-to-1 lepton ratio 5%
W + HF CR to SR ratio 10% (1-lepton)
‘f
Mpb, PT S

tt (all are uncorrelated between the 0+1- and 2-lepton channels)

tf normalisation Floating (0+1-lepton, 2-lepton 2-jet, 2-lepton 3-jet)
0-to-1 lepton ratio 8%

2-to-3-jet ratio 9% (0+1-lepton only)

W + HF CR to SR ratio 25%

Mpb, P"‘r S

Single top-quark

Cross-section 4.6% (s-channel), 4.4% (t-channel), 6.2% (Wt)

Acceptance 2-jet 17% (t-channel), 55% (Wt(bb)), 24% (Wt(other))

Acceptance 3-jet 20% (t-channel), 51% (Wt(bb)), 21% (Wt(other))

My, Pr S (t-channel, Wt(bb), Wt(other))
Multi-jet (1-lepton)

Normalisation 60 — 100% (2-jet), 90 — 140% (3-jet)

BDT template S
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Post-fit yields---signal region

O-lepton 1-lepton 2-lepton

pr¥ > 150 GeV, 2-b-tag p}; > 150 GeV, 2-b-tag 75 GeV < p¥ < 150 GeV, 2-b-tag p¥ > 150 GeV, 2-b-tag
Process 2-jet 3-jet 2-jet 3-jet 2-jet >3-jet 2-jet >3-jet
Z + 1 17+ 11 27+ 18 24+ 1 3£ 2 14+ 9 49 + 32 4+ 3 30+ 19
Z +cl 45+ 18 76+ 30 3+ 1 T+ 3 43+ 17 170 + 67 12+ 5 88+ 35
Z + HF 47704 140 5940 4+ 300 180+ 9 348+ 21 7400 £120 14160+ 220 1421+ 34 5370+ 100
W+ 20+ 13 32+ 22 31+ 23 65+ 48 <1 <1 <1 <1
W+l 43+ 20 83+ 38 139+ 67 2504+ 120 <1 <1 <1 <1
W + HF 1000+ &7 1990 + 200 2660 + 270 5400+ 670 2+ 0 13+ 2 1+ 0 4+ 1
Single top quark 368+ 53 1410 £ 210 2080 + 290 9400 + 1400 188+ 89 4404+ 200 23+ 7 93+ 26
tt 1333+ 82 9150 £ 400 6600+ 320 50200 4 1400 3170+ 100 8880+ 220 104+ 6 839+ 40
Diboson 254+ 49 318+ 90 178 + 47 330+ 110 152+ 32 355+ 68 52+ 11 196 + 35
Multi-jet e sub-ch. — — 100 4+ 100 41+ 35 — — - —
Multi-jet p sub-ch. - - 138+ 92 260+ 270 - - - -
Total bkg. 78504+ 90 190204140 12110+£120 66230+ 270 10960+100 24070+ 150 1620+ 30 6620+ 80
Signal (post-fit) 128+ 28 1284+ 29 131+ 30 1254+ 30 51+ 11 86 + 22 284+ 6 67+ 17
Data 8003 19143 12242 66348 11014 24197 1626 6686
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Post-fit yields---control region

1-lepton 2-lepton

py > 150 GeV, 2-b-tag ~ T5GeV < pyn < 150 GeV, 2-b-tag  py > 150 GeV, 2-b-tag
Process 2-jet 3-jet 2-jet >3-jet 2-jet >3-jet
Z + HF 1514+ 1.4 33 £ 2.5 2.5+ 0.2 2.1+ 0.2 <1 <1
W+l 21+ 1.5 3.8+ 2.6 - - - -
W +cl 8.4+ 4.1 13.5+ 6.6 - <1 - -
W + HF 498 + 34 1044 +92 2.5+ 0.3 8.4+ 1.0 <1 3.3+ 04
Single top quark 23.8+ 54 122 £23 189 490 450 £ 210 224+7.1 93 4£27
tt 68 +18 307 £77 3243 +098 8690 + 210 107.3+6.7 807 +37
Diboson 134+ 3.7 2264+ 7.5 - <1 - <1
Multi-jet e sub-ch. 8.3+ 8.5 3.6t 2.9 - - - -
Multi-jet p sub-ch. 6.9+ 4.6 13 £13 — - — —
Total bkg. 644 +23 1563 +£39 3437 +£58 9153 + 95 130.1£6.7 905 427
Signal (post-fit) <1 23+ 0.6 <1 <1 <1 <1
Data 642 1567 3450 9102 118 923
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Significance

Signal strength Signal strength Po Significance
Exp. Obs. Exp. Obs.
0-lepton 1.041037 9.5-107* 5.1-100* 3.1 3.3
1-lepton 1.097005 8.7-107° 4.9-107° 24 26
2-lepton 1.381005 4.0-107% 33.100* 2.6 34
VH, H — bb combination 1.16105: 7.3.100° 53.1007 43 4.9
Channel Significance Channel Significance
Exp. Obs. Exp. Obs.
VBF +ggF 0.9 1.5 H—-ZZ"—4 11 1.1
ttH 1.9 1.9 H — v 1.9 1.9
VH 5.1 4.9 H — bb 4.3 4.9

H — bb combination 5.5 5.4 VH combined 4.8 5.3
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Jet energy correction

> 2 [ T | L I LI | LI I | LI I L LI
& . sF ATLAS Simulation o
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= C zs
g 1-4__ pT_15OGeV “1}”0'\ _
E\ - [[] Standard Jet Calibration (Std.) g&@
4y} 12— /\  Std. + p-in-jet Correction ot
E C (O Std. + p-in-jet + PtReco Correction A
_e 1— db Std. + p-in-jet + Kinematic Likelihood Fit %‘M
- (D
< B c (GStd -6)/(5Std L
0.8— ' - y
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® muon-in-jet correction in all three channels;

® PtReco in 0- and 1-lepton channel;

® Kinematic fit in 2-lepton channel,;
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VH MVA analysis : correlations

> Correlation of NPs from data fit.
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VH MVA analysis results
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1-lepton only fit result

Events

[T T [T T T[T I T[T T T[T T T[T T T [T T T[T T T[T T T [TTT

- ATLAS Internal

14001 (5= 13 Tev, 79.8 "

[ 1lepton, 2 jets, 2 b-tags

12001 pv > 150 Gev
T

1000

800

W+HF CR

II|III|II

—e— Data

B VH — Vbb (u=1.02)
i Diboson
1t

mm Single top

Multljet

I W+(bb,bc,cc,bl)

o Wl
I Z+(bb,b

[C] Uncertainty
=sam Pre-fit background

c,cc,bl)

II|lIlIIII|III|Il

600

I

O T T
.qc;1.5:_IIIIIIIIIIIlIllllII]IIIIIIIIIIIIIII]IIl_:
% ] S — e
go.s:—...|..1|...|...1...|...|...|...|...|...—:

-1 08 06-04-02 0 02 04 06 08 1

BDT,,, output

w LANLENL IR LI I L N L L L L Y N L L LB
£ 10°F —e—Data =
§ = ATLAS Internal BN VH — Vbb (u=1.02) J
w - \s=13TeV,79.81" I Diboson ]
|- 1lepton, 2 jets, 2 b-tags -‘Stlngletop -

4l pY > 150 GeV Multljet N

10°"r mm W+(bb,bc,cc,bD E
= o W+el =

- W+ ]

el T T I Z+(bb,bc,cc,bD i

[ Uncertainty
10°E =sam Pre-fit background |

E = SM VH — Vbb x50 2
_81.5—_|IIIl|||IIIIIIIIII|III|III|III|III|II|_—
= Fo o o PP —— +4_&—.L_+—:
% 1: hd —— ——= B ARERLARSS, A2 E
go,s:—...|..||...|...|...|...|...|...|...|...—:

-1 08 06-04-02 0 02 04 06 08 1

BDT,,, output

[7)] FrorT | T ] TTT | T | T | TTT | TTT | TTT | LI | T 114
c C —o— Data 7
& 3500 ATLAS Internal m VH — Vbb (1=1.02 —]
w F Vs=13Tev,79.8 " —] tEiNboson 3
3000 1 lepton, 3 jets, 2 b-tags 1 Single top ]

- pY 2 150 GeV Il W+(bb,bc,cc,bl) 3

C B Z+(bb,bc,cc,bD ]

2500 W+HF CR Uncertainty —

C «m Pre-fit background |

2000 —
150055 e =

Data/Pred.

Events

Data/Pred.

15_IIIlIII]III]IIllIIIIIIIIIII]III]IIIIIIL
1 ; ...... N EVETETE VRPN ;
0.5 :—\..I...]...I...I...I...I...I...Iu.l..:—:
-1 -08 06-04-02 0 02 04 06 08 1
BDT,,, output

. ”'lll‘]”II”IIH'I'”l‘D'altaI”II”'I'”
— - —
10°E" ATLAS Intemnal B VH — Vbb (u=1.02) 3
F {s=13Tev,79.8 1" -glboson 3

— 1lepton, 3 jets, 2 b-tags mm Single top 1
10°E p¥ = 150 Gev Multljet =
ET B W+(bb,bc,cc.bl) 3

C o Wecl ]

- W+l .

-'0'1-0«....““ I Z+(bb,bc,cc,bl

10°E [ Uncertainty E
E wusm Pre-fit background 3

C = SM VH — Vbb x 100 -

10

1.5:_llIIII!]IIIlIIIIIIIIIIIIIIIlIIIlIIIIIIl_:
1;: *—o—0—0 90— 0o 00 ‘+_¢'_;
05 B v bov b b b b b b Ly A

L

-1 08 06-04-02 0 02 04 06 08 1
BDT,,, output

93



1-lepton only fit result

NP set | Signed impact ’ Avg. Impact
Total +0.457 /-0.429 +0.443
DataStat +0.2717-0.264 +0.267
FullSyst +0.367 /-0.339 +0.353
Floating normalizations | +0.060 /-0.074 +0.067
Multi Jet +0.011/-0.013 +0.012
Modelling: single top +0.097 /-0.092 +0.095
Modelling: ttbar +0.071 /-0.065 +0.068
Modelling: W+jets +0.158 /-0.165 +0.162
Modelling: Z+jets +0.005 /-0.006 +0.005
Modelling: Diboson +0.056 /-0.056 +0.056
Modelling: VH +0.147 /-0.051 +0.099
Detector: lepton +0.010 /-0.006 +0.008
Detector: MET +0.012/-0.011 +0.012
Detector: JET +0.044 /-0.021 +0.033
Detector: FTAG (b-jet) +0.066 / -0.051 +0.058
Detector: FTAG (c-jet) +0.094 /-0.081 +0.087
Detector: FTAG (1-jet) +0.032 /-0.029 +0.031
Detector: FTAG (extrap) | +0.020/-0.019 +0.019
Detector: PU +0.005 /-0.003 +0.004
Lumi +0.027 /-0.009 +0.018
MC stat +0.146 /-0.161 +0.153
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Evidence paper results
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ATLAS VH H(bb) \1s=13 TeV, 36.1 fb ATLAS VH H(bb) 1s=13 TeV, 36.1 fb
—Total Stat. (Tot.) ( Stat., Syst.) —Total Stat.
oL : 0.45 *058 (+0.39 +0.36 ) (Tot.) (Stat., Syst.)
F—o—- . )
051 \-037:-034 WH H——i—i 1.35 f§§§ (tg.'gg ,tg_.gg)
L H-e—— 143 ‘050 (%035 045 )
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2L b—e—m 190 01 (0, 02) o
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s B v e S S o e e e S T
Best fit u®® for m, =125 GeV Best fit u®® for m, =125 GeV
VH VH
0 Significance
Dataset P 5
Exp. Obs. Exp. Obs.
O-lepton 4.2% 30% 1.7 0.5
1-lepton 3.5% 1.1% 1.8 2.3
2-lepton 3.1% 0.019% | 1.9 3.6
Combined | 0.12% 0.019% | 3.0 3.5
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Evidence paper results

Events / 0.25

Pull (stat.)

Source of uncertainty Ou
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108EIHIHHIHH ' eData | Statistical 0.24

= ATLAS -g.*l[.go‘;bb (n=1.20) 5 Systematic 0.31

107 é— (s=13TeV,36.1fb" = ti_l E; Experimental uncertainties

(gL 0+1+2 leptons e 3 Jets 0.03

= 2+3jets, 2b-tags B W+(bb,bc,cc,bl) 3 E%ISS 0.03

10°E - W:ﬁl - Leptons 0.01

B Z+(bb,bc,cc,bl) -

10* 5 E b-jets 0.09

10° E: b-tagging c.—Jets. 0.04

= light jets 0.04

102 E; extrapolation 0.01

10E E Pile-up 0.01

1E i Luminosity 0.04
E. = " Theoretical and modelling uncertainties

5f""""|""|""|""|"_'+'_|"""'i Signal 0.17

0 T Ty T e T Floating normalisations 0.07

35 3 25 2 45 14 05 0 05 Z + jets 0.07

log, (S/B) W + jets 0.07

tt 0.07

Single top quark 0.08

Diboson 0.02

Multijet 0.02

MC statistical 0.13




e my,: invariant mass of the dijet system constructed from the two b-tagged
jets

o AR(by,by): distance in 77 and ¢ between the two b-tagged jets

. p‘;: transverse momentum of the b-tagged jet in the dijet system with the

higher pr

. pf’r’: transverse momentum of the b-tagged jet in the dijet system with the
lower pr

e pY: transverse momentum of the vector bosos; given by Ej*** in the 0 lepton
channel, vectorial sum of Ef***¢ and the transverse momentum of the lepton
in the 1 lepton channel and vectorial sum of the transverse momenta of the
two leptons in the 2 lepton channel

e Ad(V,bb): distance in ¢ between the vector boson candidate, i.e. EF in
the 0 lepton channel, EF** and the lepton in the 1 lepton channel and the
di-lepton system in the 2 lepton channel, and the Higgs boson candidate, i.e.
the dijet system constructed from the two b-tagged jets

e P57 transverse momentum of the jet with the highest transverse momentum
amongst the jets that are not b-tagged; only used for events with 3 or more
jets

e my;: invariant mass of the two b-tagged jets and the jet with the highest
transverse momentum amongst the jets that are not b-tagged; only used for
events with 3 or more jets

0 lepton channel uses two additional variables:

e |An(by,bo)|: distance in 7 between the two b-tagged jets

e m,;; @ scalar sum of EJ**** and the py of all jets present in the event

1 lepton channel uses two additional variables:

e E#: missing transverse energy of the event

o min[A¢(l,b)]: distance in ¢ between the lepton and the closest b-tagged jet
e mY : transverse mass of the W boson candidate, more details see @

e AY(V,bb): difference in rapidity between the Higgs boson candidate and W
boson candidate, the four-vector of the neutrino in the W boson decay is
estimated as explained in Section [5.3] for m,.

® m,,,: reconstructed mass of the leptonically decaying top quark, more details
see Section B3]

2 lepton channel uses three additional variables:

e E7= significance: quasi-significance of the EF*** in the event, defined as
Eqs2 [\/S with Sy the scalar sum of the py of the leptons and jets in the
event.

e |An(V,bb)|: distance in 7 between the dilepton and dijet system of the b-
tagged jets

e my: invariant mass of the dilepton system
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