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Introduction

> Why V (W/Z)H, H>bb
99 w2y
® The dominant decay (BR~58%) of the SM Higgs % 0% 015w

boson is to pairs of b-quarks

* Measurement of the Yukawa coupling to down type quarks

e Constrain the Higgs boson decay width

@® VH production mode is the most sensitive
channel to detect H - bb decays

2.9%

Dominant bb decay: ~ 58%
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Introduction
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» Run 2 evidence result at EPS 2017 (36.1 fb1) jof & raTev e o arob (=130}
- T2l tons [ Uncertainty 7]
(JHEP12(2017)024) 8:* ;Z;:i::;ig: Dijet mass analysis

® Evidence for VH(bb) with a significance of 3.5 ¢
(3.0 o exp.) and a mu (signal strength) value of
1.20 +/-0.39
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Events / 10 GeV (Weighted, backgr. sub.)

» This talk will focus on Run2 VH, H>bb measurement with the full 2015-2017
data (79.8 fb1)

® To achieve the observation of H>bb decay and VH production mode, the result is also
combined with:

e the Run 1 analysis
e other searches for bb decays of the Higgs boson

e other searches in the VH production mode



Event Selection

> Leptonic decays of Z/W for background rejection and trigger =3 channels : 0,1,2 leptons

» Exactly 2 b-tagged jets (70% b-tagging efficiency), Leading (Sub-leading) jet p;>45 (20)
GeV, with 0 or 1 (>=1 for 2-lepton channel) additional jet

O-Lepton 1-Lepton 2-Lepton
E,™ss trigger Single-electron or E;™' trigger Single-lepton trigger
Veto leptons p;>7 GeV Exactly one isolated lepton 2 electrons or muons p;>27 (7) GeV
p>25 (27)GeV for muon (electron)
p%(E{™%) > 150GeV p(l,v) > 150GeV p%(1,1) [75-150GeV] or >150GeV
Angular cuts to remove MJ| [ E;™ss>30 GeV in electron channel 81 <m; <101 GeV
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Main Backgrounds after Event Selection
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Non-resonant backgrounds from W/Z+jets, and single-top

Resonant VZ, 7 — bb background, used to validate the analysis procedure

Small residual component in 1-lepton channel (<3%)



Multivariate Analysis (MVA)

>

Events /0.13

Data/Pred.

MVA Setup Variable O-lepton  1-lepton 2-lepton
Py = Efs X X
® Use simple and robust Boosted Decision Tree (BDT) Emiss X x
. " . Py X X X
® Input variables and training parameters tuned to yield best /. 9 » »
sensitivity Mbb X X X
AR(b 1, bz) X X X
> i by, b X
Inputs Variables VA y y y
. . . . . . |An(V,bb)| X
® Kinematic variables, some specific to 3-jet regions Mgt x
min[A¢(¢, b)] X
Vv i W
® m,, AR,,, p;’ mostimportant ones o m x
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Fit Model

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

_ 0-BR
: osm - BRsy
Categories

. 75 GeV < py < 150 GeV | p1 > 150 GeV
Channel SR/CR 2 jets 3 jets 2 jets | 3 jets
0-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 Mpp Mpp Yield mpp

® 8 Signal Regions (SR)

® 2 W+HF (heavy flavor) control regions (CRs) in 1-lepton channel (Purity:~75%)
My, > 225 GeV && my, <75 GeV.

Use only the normalization info in the fit

® 4 Top e CRs in 2-lepton (Purity: ~¥99%)

Use m,, distribution (or only the normalization info) in the fit



Background Modelling

» Use state-of-the-art MC generators S TS e
(except MJ which is modelled in 1- et Shme
lepton using a data-driven method) wo- W+HHF CRSbo

400

» Constrain (shape and normalization) from
data by using high purity control regions

N
€

Data/Pred.
e

> Main background normalizations 0-lepton

floating in the fit
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An Useful Standard Candle : Diboson MVA analysis

® Robust validation of background model and associated 10°

» Same analysis strategy as the VH MVA analysis § FTTTTTT Tom
e oL ATLAS mVZ,Z - bb (u=1.20) |

# 10°s {s=13TeV,79.81b" it 5

® Re-train the BDTs to look for WZ+ZZ instead of VH E = osts2leptons = Single top -
10° ;_ 2+3 jets, 2 b-tags = 5\;'1?;‘55 _;

® The yield of VZ is typically 2-3 times higher than a8
those of VH 0'e L ting-c N 3

uncertainties .
0
» Very clear diboson signal, good agreement g e AT
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log. (S/B)
10
"""""""""""" AN R RN R L L L I U UL I R IR R
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reH A2 020 (010 0717
WZ b——a i 0.90 ‘3ut (o17.7043)
L] p—taf— 093 78 (04.708)
“ He 126 %550 (%50, 07 )
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VH MVA analysis results

. . . Source of uncertain o,
» Significance of VH(bb) signal at 4.9 ¢ (4.3 ¢ exp.) e ) e
Statistical 0.161
® Signal strength compatible with SM Systematic 0.203

Experimental uncertainties

8 T e ] L R R B ) S IS RS BN R
g ATLAS -\?:FH = bb (u=1.16) = ATLAS VH, H— bb 1s=13 TeV, 79.8 fb Jeiis 0.035
e Vs =13TeV,79.8 " et : Total Stat Er 0.014
@ i Single top —_ — .
; - Leptons 0.009
I Wi+jets T :
i Diboson T +0.47 4027 +0.38 b-taggin c-jets 0.042
- o—— 1.08 , 88Ing )
3 WH i oas (S027. 03¢ ) light-flavour jets  0.009
7 extrapolation 0.008
3 Pile-up 0.007
] ZH K—o—H 120 05 (0% . 0w ) Luminosity 0.023
I I O R Theoretical and modelling uncertainties
| Comb. o= 116 027 (1016 +021 Signal 0.094
5 sf 19 525 (046019
g 0% E 0051152253354455 Float.ing normalisations 0.035
R o[ 2+ jets 0.055
' ' ' ' Iogm(S/B) VH gf + jets 8828
» Individual production modes significances Single top quark 0.028
Diboson 0.054
® 250(2.30exp.)forWH @ 4.00(3.50 exp.)forZH Multi-jet 0.005
Sionifice MC statistical 0.070
Signal strength Signal strength Po lgnincance
Exp. Obs.  Exp. Obs. measurement dominated by
1-lepton 1.097045 8.7-107% 49-107° 24 26 ]
2-lepton 1.3879-6 40-107% 33.107* 26 34 background modelling, MC
VH, H — bb combination | 116792 | 73.10° 53.1077 43 4.9 statistics, b-tagging)

» The compatibility test of u among three channels: 80%. 10



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

> Consistent with MVA result in all channels



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 0 (5.5 o exp.)

» Main contributions from VH channels (contributions

of VBF and ttH channels 1.50 and 1.9 o)

» Compatibility of the 6 measurements 54%

Entries / 4 GeV

Data - Bkg

(See Zhijun’s talk for more details)
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Combination of VH searches

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

2] RERA AR RE AN RARE AR ARRERARNRARN RARE RN
) . . S 12-ATLAS Preliminary _* D@ .
® yy and 4l analyses have both leptonic and hadronic categories & [z -4 o
10 13 Tev, 79.8 b . ]
. . . [ 115<m, <130GeV | P24
® Results assume SM Higgs boson branching fractions oF ]
L w7 Uncertainty -
6 __ ]
» Observation of VH production at 5.3 0 (4.8 o exp.) ]
4W/////// g
. . . ok 77 ]
» Main contributions from bb channels : .
. . 0
(contributions of 4| and yy channels 1.16 and 1.9 o) ~1-0.8-0.6-0.402 0 02040608 1
BI:)TVH-Had
» Compatibility of the 3 measurements 96%
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Conclusions

L L By s B L B B B B B E S H N R

««=« Pre-fit background |
— VH,H - bb x5

>
» VH(bb) analysis carried out on full 2015-17 dataset S 100 ATHAS | VA bbe106) ]
- e I Diboson
; : 0+1+.2 leptons tt ]
® \With Run 2 79.8 fb! dataset, found strong g B0 e mardewr ]
evidence for VH(bb) with a significance of 4.9 o B Moot B ey
A

(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

Data - bkg

» With Run 2 VH combination, 5.3 (4.8) o observed ( : _
exp.) for VH with mu value of 1.13 +/- 0.24 TR R R T E R
My, [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

SDU (Lianliang Ma; Mario Sousa; Yanhui Ma) contribution:

* Supporting note co-editor; Analysis approval talk;

* Main 1-lepton analyzer: data/MC validation; multijet estimation; optimization;
provide inputs;

e Statistical analysis for the final results.




Back Up



Event Selection

. 0-lepton 1-lepton 2-lepton
Selection e sub-channel 1 sub-channel
Trigger s Single lepton s Single lepton
Lebtons 0 loose leptons 1 tight electron 1 tight muon 2 loose leptons with pp > 7 GeV
P with pp > 7 GeV pr > 27 GeV pt > 25 GeV > 1 lepton with pp > 27 GeV

ET™ > 150 GeV - -
Myp - - 81 GeV < Myy < 101 GeV
Jets Exactly 2 / Exactly 3 jets Exactly 2 / > 3 jets
Jet > 20 GeV for |n| < 2.5

pr > 30 GeV for 2.5 < |n| < 4.5
b-jets Exactly 2 b-tagged jets
Leading b-tagged jet pr > 45 GeV
Hr > 120 GeV (2 jets), >150 GeV (3 jets) - -

min[Ap(BE™, jets)]
AG(E™= b
Ap(by,by)
A(]s(E%I‘llSS,ﬁ"[II‘HSS>

> 20° (2 jets), > 30° (3 jets)
> 120°
< 140°
< 90°

V .
pT regions

> 150 GeV

75 GeV < py < 150 GeV, > 150 GeV

Signal regions

my, > 75 GeV or my,, < 225 GeV

Same-flavour leptons
Opposite-sign charges (pp sub-channel)

Control regions

my, < 75 GeV and my,, > 225 GeV

Different-flavour leptons
Opposite-sign charges
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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

17



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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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 @</ 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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Signal and Control Regions

Events /2

E wsHFCR

Multijet

Data/Pred.

-0.8 0.6 -04 -02 0

| 1
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BDT,,; output

Events / 50
B
o
o

T
- Data

Data/Pred.
o h
Qo o

E T
£ ATLAS VH, H — bb (1=1.16; 3
E fs=13Tev,7981" -ﬁ’ = bb (u=1.16)"3
: 2 leptons, > 3 jets, 2 b-tags Single top i |
E Py 2150GeV Uncertainty E
" euCR ==« Pre-fit background —
ks E
St 4
i L L
E T T T 3
ot
1 1 Lo T
50 100 200 250 300

m, [GeV]

Categories
_ 75 GeV < pt < 150 GeV | pt > 150 GeV
Channel SR/CR 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 mpp mMpp Yield mpp
. o » With total 8 signal regions and 6 control regions
[ ATLAS —-pData ]
E =13 TeV, 79.3242.'”95 - ‘é:a-‘::n bb (u=1-16)—E

» A highly pure (>70%) 1L W +hf CR to provide additional
constraint and validation of W + hf normalization

® Mtop>225GeV and mBB<75GeV
® Implemented as a single bin in the fit

» 2L Top ep CR with very high top purity (>99%) and same
kinematics selectios as ttbar in SR

® Constrains top background normalization and shape

® mbb discriminant is used in the fit
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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

Vv .

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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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

Z + jets 2z
- - Normalisation 20%
Z 4+ ll 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 WZ 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%
Mpb, 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 . . (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) ormaneanon 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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Signal Modelling

Signal

Cross-section (scale)

Cross-section (PDF)

H — bb branching fraction

Acceptance from scale variations

Acceptance from PS/UE variations for 2 or more jets
Acceptance from PS/UE variations for 3 jets
Acceptance from PDF+ag variations

Mpps p}i: , from scale variations

My, Py, from PS/UE variations

Mpps p}l':, from PDF+ag variations
p}; from NLO EW correction

0.7% (qq), 27% (g9)
1.9% (qqg - WH), 1.6% (qq — ZH), 5% (g99)
1.7%
2.5 - 8.8%
2.9 — 6.2% (depending on lepton channel)
1.8 -11%
0.5 - 1.3%

Y 0 »n2
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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 + 1l 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 g 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 22.64+ 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

25



Significance

Signal strength Signal strength Po Significance

Exp. Obs. Exp. Opbs.
0-lepton 1.04103 9.5-107* 5.1-100* 3.1 3.3
1-lepton 1.0970°05 8.7-107° 49-107° 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

The probability that the signal strengths measured in the three lepton channels are
compatible is 80%.

Channel Significance Channel Significance

Exp. Obs. Exp. Obs.
VBF+ggF 0.9 1.5 H—ZZ"—4 1.1 1.1
ttH 1.9 1.9 H — vy 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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Ranking

Wijets p¥

Z+jets m. shape
Diboson m,, shape

VH acceptance (PS/UE)
VH acceptance (QCD scales)
b-jet tagging efficiency 1
tt my,, shape

QCD scale for ggZH
2-lepton tt my, shape
c-jet tagging efficiency 1
b-jet tagging efficiency 0
c-jet tagging efficiency 0
VH 2-to-3 jets acc. (QCD)
b-jet tagging efficiency 2

Single top acceptance (Wt—other)

ATLAS

Ap
-0.1 -0.05 0 0.05 0.1
| T T T | T | T T | 1T 177 | T
V.
7
L |
WA/ R
D —
—Z-
W% s
: i :
: 2. :
: % :
g ///fi‘“/:/ g
i — % o
: 7/ ;
E L — Z — H
5 777,
: L/ :
: < :
— =
Vs=13TeV —&— Pul: (8-6,)/A0
79.8 fb™! m +1o Postfit Impact on p
m, =125 GeV |:l -1o Postfit Impact on p
I||||II||IIII|IIII|II|I||II||I|II|IIII|
-15 1 -05 0 05 1 15 2
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Post-fit plots VH MVA

Events /0.13

Data/Pred.

Events /0.13
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! I Diboson

0 lepton, 2 jets, 2 b-tags ft

p: > 150 GeV I Single top

Bl W+jets

Bl Z+jets

Uncertainty

----- Pre-fit background
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Post-fit plots VH di-jet mass analysis

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

[ ATLAS —e- Data ]
500 . 4 I VH, H — bb (u=1.06) ]
[ {s=13 TeV: 79.8 1b 1 Diboson
ro lepton, 2 /ets, 2 b-tags f
- 150 GeV < p < 200 GeV I Single top
400 Bl W+jets
* B Z+jets
S Uncertainty
300 S S e Pre-fit background

200

100

L L B

= VH,H - bb x7

S NS N NS N

1_5j"".|,‘“...‘Hw..w‘..wu‘.. ;
1N ;twmwmm\\\m\\\‘\k)&
(oY = P N A B I B B B
40 60 80 100 120 140 160 180 200
m,, [GeV]
BT
220 5 _137Tev, 79.81b" =\L.I’:)’°:;‘ bb (1=1.06)
200 1 lepton, 2 jets, 2 b-tags &
180 p¥22006ev I Single top
Multijet
160 Bl Wijets
140 Bl Z+jets
120 Uncertainty
----- Pre-fit background

100
80
60
40
20

— VH,H > bb x3

[EER NN NS N N SR ST AN SR FAa AN

1.5

0.5

I L L L L B
‘\\II\\\‘III‘\\\III\‘\II'\\ g

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

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

240#[ LI NN R LA N B LU L L B B L L B B L) BN L ‘-‘j
E ATLAS —-Daa E
220 3 Tev, 798 10" I VH, H = bb (4=1.06) 5
200 - e 0 Diboson =
F 0lepton, 2 jets, 2 b-tags f 3
180F- pY = 200 Gev [ Single top -3
= Bl Wijets =
160E Bl Z+jets 3
140 _+_ Uncertainty -
120 E NS e Pre-fit background 3
E — VH,H - bb x2 3
100:— =
80;* =
60 3
40 —
20 —
15 ‘H.|,H‘...‘H,|..“‘..|‘H‘.. T
i R —_—— \Q\\\ \N
o5 ety
. o e b b b b L B L

40 60 80 100 120 140 160 180 200

My [GeV]

ATLAS —e— Data _
fs=13TeV, 79.8 o = ;::)’o'::" bb (1=1.06)
2 leptons, 2 jets, 2 b-tags B Z+jets
150 GeV < p¥ <200 GeV it

Uncertainty

----- Pre-fit background

— VH,H > bb x5

+

ool b b b b e b b

-
|m ,|m|

vlv|vv|[|v|v|v|vv1

, T
\\\\ \\:&r\k:i:;\t_ «*«3:\ \\\\\ \\\\\\\ %ﬁ

60 80 100 120 140 160 180 200

my, [GeV]

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

700

600

500

400

15 F

-

0.5

SR L L B B L L L B A L

r ATLAS

Vs =13TeV,79.81b"
1 lepton, 2 jets, 2 b-tags
150 GeV < p: <200 GeV

—e— Data
Bl VH, H — bb (1=1.06)
[ Diboson
it

[ Single top
Bl Wi+jets
Bl Z+jets
Uncertainty

=« Pre-fit background
— VH,H - bb x 15

|||v\||||‘H||||v‘|||||u|||||uu|

=l b b b b b b b g

50—

40

30

20

1 RN &R&\;\i\\\\\\\\\\\$\i\> \\\\ \\\ \

40 60 80 100 120 140 160 180 200
my, [GeV]
L B B L L I B B
- ATLAS —-Data = _ ]
4 B VH, H — bb (1=1.06) —
L Vs=13TeV, '793 fb 1 Diboson
2 leptons, 2 jets, 2 b-tags B Zijets
P: > 200 GeV Uncertainty

== Pre-fit background
— VH,H - bb x 1

poa v b by Ly

05 ‘.‘\.\.I\.\

||.||

T L T

100

140 160 180 200

m,, [GeV]

29



Jet energy correction

> 2 [ T | LI I T 1 | LI I L LI I LI LI L
& . sF. ATLAS Simulation o
o [ \s=13TeV,36.11fb" [ Y.
~ 18 Powheg MINLO SM ZH — I'lbb
12] " 2leptons, 2 jets, 2 b-tags I
i L z
g 14__ pT215OGeV W )
E\ - [[] Standard Jet Calibration (Std.) g&@\
E 1.2— /\  Std. + u-in-jet Correction v "__
[ — (O Std. + p-in-jet + PtReco Correction A
_e 1— db Std. + p-in-jet + Kinematic Likelihood Fit %‘y
- (D
< C 6 (O, " 9V/Ogyq %
0.8— ' - 3|
- —15.2 GeV 0% b
06— === 13.2 GeV 13%
L == 124 GeV 18 %
0.4 :_ — 8.8 GeV 42 %
0.2~ @
I . 'J _ _|:w‘= +' .
0 Lp e e o R O T Lo T | el
20 40 60 80 100 120 140 160 180
m,,, [GeV]

® 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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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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