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Introduction
- H—bb decay

» Largest branching fraction of ~58 %.

77 2.6%

» Direct measurement of bottom Yukawa coupling.

» Allows the overall Higgs bosons width to be
constrained

- ggH production: bb final states are difficult to
trigger on and discriminate large QCD background.

» Accessible in ttH, VBF and VH production modes.

» The VH processes have the highest sensitivity.

V: Vector boson

VBF: Vector Boson Fusion

VH: Vector Boson + Higgs boson
ggH: gluon gluon — Higgs boson
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Event selection for VH production 3
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To suppress large backgrounds:

Events / 15 GeV

Single top
Il W+jets
Uncertainty
===« Pre-fit background
— VH,H — bb x 80

Leptonic decays of weak bosons reduce multi-jet :
background and provide distinct signature for the trigger. L

Focus on high ptV regime since signal is produced with 1o
harder distribution than backgrounds.

T
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Three analysis categories: O, 1 or 2 electrons or muons.

Data/Pred.

8 Slgnal RegiOnS (SRs) are defined. 100 150 200 250 300 350 400 450

pY [GeV]

ptV = transverse momentum of vector bosons

O lepton 1 lepton 2 lepton
q

|+

le]

» Single electron or muon trigger
» ee or uM pair

v

Single electron or Missing ET trigger
One electron or muon

v

Missing ET trigger
Missing Et > 150 GeV

v
v

y 2 b-tagged > pTW > 150 GeV : 91Z<m;<51 g] \?ev
» 2 SRs = (2 jets, 3 jets) » 2 b-tagged sz > de
» 2 SRs = (2 jets, 3 jets) » ¢ b-tagge

» 4 SRs: (#jets) x (pT12)
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b-jet energy & tagging 4

b-tagging discriminant
- b-jet tagging £10°
£ 22°§Q'AfL;\'s'ﬁraanaihar'_y1'"""""""""""
» Multivariate technique combines information on - 3 %é:;;g;gigozg
- ’ - - jet
secondary vertices and track’s impact parameters. ; - = e
40—5 140;_ | avour je
» 70% b-jet tagging efficiency. Eg;—FTAG—ZO] 7-006
» Mis-tag efficiency for c/light jets are ~13%/~0.3%. Zgi—i
40
20
.- b-jet energy correction 0 oE
_ _ S (09000 ee0 00 000,004, o
» Muon energy recovery for semi-leptonic decay of 8 qf E
_ "1 08 06 -04 02 0 02 04 06 08 1
b-hadrons. MV2¢10 output
» Scale b-jet energy by derived factors to recover
neutrino (in semi-leptonic decay) and out-of-cone dijet mass resolution
energy. - - - > A B I B BN BN BN LR I
_ o Kinematic fit| ¢ s ATHAS Simulation i
» Klnematlc flt -~ Q0 16 PowhegMINLOSM:H—>I+I'bB l 3‘}”
-]€ (2} 2 leptons, 2 jets, 2 b-tags
A ' = g \
(~10%) b-jet % 14 P7=150GeV o
- 2 |ept0n Only ppA (~10%) g - g ng'nila:(-iir;{gtthli:'rattiior:] (Std.) @\
- Balance of dilepton and 2 § et A
° (O, Vg, ;

0.8

two b-jets momenta
in the plane transverse

— 15.2 GeV 0%
----- 13.2 GeV 13 %
== 124 GeV 18 %

0.6

04 - 8.8 GeV
to the collision axis. 02
(~1%) A-_LL-'A 2 1 ‘ ) ’A:f
lepton 0 ‘778 PR P T l l l 160

(~1%) 100 120 140 180

Y. Noguchi (Kyoto) - ICPPA - 22nd October 2018 M, [GeV]



Background components

- Dominant backgrounds after event selection:

Events / 20 GeV

Data/Pred.

—
N
o

Signal

B VH,H — bb

Resonant

— used as validation

Diboson

Non-resonant
background

tt
B Z+jets
Multijet

— estimated by data-driven method

Single top
B W+jets

O Iepton

1 Iepton

]
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Multivariate analysis o

- To further enhance the sensitivity,
Boosted Decision Trees (BDTs) are employed to take into account full
event topology.

- BDT is separately trained
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Background model and Control Regions /

- Theoretical uncertainties of backgrounds are mostly derived by comparing different MC
generators and parameters.

- Experimental uncertainties, such as b-jet tagging efficiency uncertainty, are derived in
calibration.

- 6 Control Regions (CRs) are defined and fitted simultaneously in the signal extraction procedure
to estimate shapes and normalizations of backgrounds.

W+heavy flavor CR Top ed CR

» 1 lepton channel 2 lepton channel

» W+jets background ttbar and single top background
Mbobb < 75GeV and Mtiop > 225GeV eM final state

75-80 % purity 99 % purity

v

v
v v

v
v

» Only yield are taken into account » Mob distribution
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Signal extraction strategy

Simultaneous profile likelihood fit performed on 8 SRs & 6 CRs.

» Extracts signal strength (u), constrains shape/normalization of
backgrounds.

- BDT distributions are fitted for SRs.

- Backgrounds

- CRs & low score bins of SRs
provide constraints.

- Signal

Signal strength

o - Bbg
(0 Byp)sm

IU,:
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High score bins are sensitive.
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Result with 80 fb-1 data

- Observed VH H—bb signal at significance of

490 (4.30 exp.).

- Signal strength y: 1.16+0.26.

» Consistent with the SM expectation.

. Determined WH and ZH with small correlation.

—
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it
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' log, (S/B)
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Validation: diboson analysis 10

- Form dedicated BDTs taking diboson (Z—bb) as the signal and VH as a
background.

- Extract signal strength of diboson in the same manner used for Higgs boson.
» Same event selection, categorization, background modeling are used.
- Signal strength for diboson: u=1.20+0.19.

- Robust validation of background model and analysis technique.
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Crosscheck: dijet mass analysis (DMA) | |

- Use dijet mass distribution as input to fit.
- To improve the sensitivity:
» Additional cuts are applied in SRs.

» Additional split into multiple p1V regions to
exploit better purity at high prV.

- Result
» M= 1.06x£0.35.

» Consistent with BDT analysis.

ATLAS ~ VH,H—bb  (s=13TeV,79.81"
—Total Stat. Tot. (Stat., Syst.)
OL: DMA ——p—— 1.03 ‘e (Y050 054 )
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1L: MVA ——lo—i 1.09 0 (‘0% ‘058 )
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oL: MVA h—e——  1.38 ‘0n (105 f0a)
Comb:DMA|  Fife—m 106 036 (3020 =050y
Comb:MVA[ wed 116 o (Core:Tore)
0 056 1 15 2 25 3 35 4 45 5
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VH
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Selection criteria for DMA
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H—bb combination

. Combined with Run 1T & Run 2

results of ttH and VBF production

modes.

- Observed H—bb decay at
5.40(5.50 exp.) significance.

- Signal strength is 1.01+0.2.

L | LI
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https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016v
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052003

Summary

VH (H—bb) results with 80 fb-1 of Run 2 data.
» u=1.16%£0.26 with significance of 4.90.

» Robust validation (cross-check) from diboson
(dijet mass) analysis.

- Observation of the H—bb decay.

» Combined ttH, VBF and VH production modes.

» Significance of 5.40.
» Observed p=1.01+0.20.

- Observation of VH production at 5.3 0 by
combining H—y ¥ and 4l decay modes.

- Now all production modes and the Yukawa
coupling to 3rd generation fermions were
established.
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All BDT score distributions
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All control region distributions

1 lepton W+hft jet CR

N o L o e EEE mm s s
2 - ATLAS +\[;:|taH bb (u=1.16 .
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otV distributions 17

O lepton 1 lepton 2 lepton
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Uncertainties 18

Systematic __
: _ Statistical
Theoretical Experimental

.. » Scale as VN
» Affects both shapes and normalizations  Each bin
) = = = -
Correlates over bins and analysis regions , No correlation
» Origin o
» Higher order effects » Calibration of objects » Limited amount of..
» Scale uncertainties » Energy measurements » Data
' etc.. » Identification efficiency » MC
» Differences among..
» Generators
» Parameters

Deformations of shapes and normalizations by uncertainties are controled by
set of parameters.

Normalization of leading backgrounds are treated as freely floating parameters.
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Systematic uncertainties

V+jets and top

19

dibosons

Z7Z

Normalisation

0-to-2 lepton ratio

Acceptance from scale variations

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

My, p¥ , from scale variations

My, P, from PS/UE variations

myp, from matrix-element variations

20%
6%
10 - 18%
6%
7% (0-lepton), 3% (2-lepton)

S (correlated with W Z uncertainties)
S (correlated with W Z uncertainties)
S (correlated with W Z uncertainties)

Z + jets
7 + Il normalisation 18%
Z 4+ cl normalisation 23%
Z + HF normalisation Floating (2-jet, 3-jet)
7 + be-to-Z + bb ratio 30 — 40%
Z + cc-to-Z + bb ratio 13 - 15%
Z + bl-to-Z + bb ratio 20 — 25%
0-to-2 lepton ratio 7%

%

Mpp, DT S

W + jets
W + [l normalisation 32%
W + cl normalisation 37%

W + HF normalisation
W + bl-to-W + bb ratio
W + be-to-W + bb ratio
W + cc-to-W + bb ratio
0-to-1 lepton ratio

W + HF CR to SR ratio

\%
Mpp, PT

Floating (2-jet, 3-jet)
26% (0-lepton) and 23% (1-lepton)
15% (0-lepton) and 30% (1-lepton)
10% (0-lepton) and 30% (1-lepton)
5%
10% (1-lepton)
S

WZ

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

Normalisation

0-to-1 lepton ratio

Acceptance from scale variations

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

My, p¥ , from scale variations

Myy, P, from PS /UE variations

myp, from matrix-element variations

26%
11%
13 - 21%

4%

11%
S (correlated with ZZ uncertainties)
S (correlated with ZZ uncertainties)
S (correlated with ZZ uncertainties)

tt normalisation

0-to-1 lepton ratio
2-to-3-jet ratio

W + HF CR to SR ratio

v
Mpy, PT

Floating (0+1-lepton, 2-lepton 2-jet, 2-lepton 3-jet)

8%
9% (0+1-lepton only)
25%
S

WWw

Normalisation

25%

Single top-quark

Cross-section
Acceptance 2-jet
Acceptance 3-jet

4.6% (s-channel), 4.4% (t-channel), 6.2% (Wt
17% (t-channel), 55% (Wt(bb)), 24% (Wt(other))
20% (t-channel), 51% (Wt(bb)), 21% (Wt(other))

Myy, 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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Systematic uncertainties 20

Systematics related to signal

Signal
Cross-section (scale) 0.7% (qq), 27% (gg)
Cross-section (PDF) 1.9% (qq - WH), 1.6% (qq — 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, pg , from scale variations
Mpp, p‘rl; , from PS/UE variations
My, PT, from PDF+ag variations
p¥ from NLO EW correction

v U2 U2
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Propagation of the systematic

uncertainties

Break down of the uncertainties

21

Source of uncertainty

o

o

Total 0.259
Statistical 0.161
Systematic 0.203
Experimental uncertainties
Jets 0.035
s 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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Impact of the systematics on u

Wijets p\T’

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 m,, shape
c-jet tagging efficiency 1
b-jet tagging efficiency 0
c-jet tagging efficiency 0
VH 2-t0-3 jets acc. (QCD)
b-jet tagging efficiency 2

Single top acceptance (Wt—other)

ATLAS

Au
-0.1 -0.05 0 0.05 0.1

V
[ e—

——

Vs = 13 Tev —&— Pull: (3- 6,)/A0
79.8 fb™! ///// +1c Postiit Impact on n
m, =125 GeV |:| -1o Postfit Impact on u

-1 -1 -05 0 05 1 15 2




Event selection for MVA based analysig 2

. 0-lepton 1-lepton 2-lepton
Selection g e sub-channel ’ i sub-channel ’
Trigger s Single lepton s Single lepton
Leptons O loose leptons 1 tight electron 1 tight muon 2 loose leptons' with pp > 7 GeV
with pp > 7 GeV pr > 27 GeV pr > 25 GeV > 1 lepton with pp > 27 GeV
BT > 150 GeV > 30 GeV — —
Myyp - - 81 GeV < my, < 101 GeV

Jets Exactly 2 / Exactly 3 jets Exactly 2 / > 3 jets
> 20 GeV for |n| < 2.5

Jet pr > 30 GeV for 2.5 < |n| < 4.5
b-jets Exactly 2 b-tagged jets
Leading b-tagged jet pr > 45 GeV
Hy . > 120 GeV (2 jets), >150 GeV (3 jets) - -
min[A¢(EF™, jets)] > 20° (2 jets), > 30° (3 jets) = =
AG(ERS bb) > 120° - -
Ap(by,by) < 140° - -
Aqs(Erlj’[‘nlSS’ﬁl%llSS) < 900 - -
Py regions > 150 GeV 75 GeV < py < 150 GeV, > 150 GeV
. . Same-flavour leptons
— > <
Signal regions my, > 75 GeV or my,, < 225 GeV Opposite-sien charges (i1 sub-channel)
Control regions - my, < 75 GeV and my,, > 225 GeV Different-flavour leptons

Opposite-sign charges
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Event selection for dijet mass analysis 23

Channel
Selection 0-lepton 1-lepton 2-lepton
mr . < 120 GeV .
Errrnlss/\/ ST - - < 3.5\/ GeV

V .

pr regions
DT 75 — 150 GeV 150 — 200 GeV > 200 GeV
(2-lepton only)

AR(by, by) <3.0 <1.8 <1.2

Y. Noguchi (Kyoto) - ICPPA - 22nd October 2018



Inputs for Boosted Decision Tree 24

Variable O-lepton  1-lepton 2-lepton
p¥ | = Errrniss X X
E%[‘HISS % %
pf}l X X X
pf}? X X X
My X X X
AR(b;, by) X X X
‘AU(Z_{M 92)| X
Ap(V,bb) X X X
|An(V, bb)| X
Mefr X
min[A¢(4,b)] X

W
mo X
mgg' X
RV x
Miop X
|IAY (V, bb)| X

Only in 3-jet events

Pt X X X
mbbj X X X
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Monte Carlo simulations

25

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%
qq — WH PowHEG-BOX v2 [76] + NNPDF3.0NLO™ [77]  Pyrhia 8.212 [68] AZNLO [78] NNLO(QCD)+
— Cubb GoSaM [79] + MINLO [80,81] NLO(EW) [82-88]
qq — ZH  POWHEG-BOX V2 + NNPDF3.0NLO™ PyTHIA 8.212 AZNLO NNLO(QCD) " +
— vvbb/ebb  GoSAaM + MINLO NLO(EW)
g9 - ZH POwHEG-BOX V2 NNPDF3.0NLO ™ PYTHIA 8.212 AZNLO NLO+
— vvbb/0Lbb NLL [89-93]
Top quark, mass set to 172.5 GeV
tt PowHEG-Box v2 [94] NNPDF3.0NLO PyTHIA 8.230 A14 [95] NNLO-+NNLL [96]
s-channel PowHEG-Box v2 [97] NNPDF3.0NLO PyTHia 8.230 A14 NLO [98]
t-channel PowHEG-Box v2 [97] NNPDF3.0NLO PyTHIA 8.230 Al4 NLO [99]
Wt PowHEG-Box v2 [100] NNPDF3.0NLO PyTHIA 8.230 Al4 Approximate NNLO [101]
Vector boson + jets
W — lv SHERPA 2.2.1 [71, 102, 103] NNPDF3.0NNLO SHERPA 2.2.1 [104, 105]  Default NNLO [106]
Z/y" — L 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 — £ 7 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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VH combination

. Combined with other Run 2 VH
results where H—y r and H—4l

decay modes.

- Observed VH production at
5.30(4.80 exp.) significance.

- Signal strength is 1.13+0.24.

- H—Dbb provides highest sensitivity.

IIIIIIIIIIIIIIII |IIIIIIII|IIII|IIIIIIIIIIII
ATLAs VH {s=13 TeV, 79.8 fb™
— Total — Stat.

Tot. ( Stat., Syst.)

H—ZZ | . 0.94 *30 (3126 4082 )
H—>vy » 1.03 0o, (%050 0% )
H— bb Fed 117 05 (o1e. o5 )
Comb. H-o—H 113 025 (Yoie. 917 )
111 | IIIIIIII | IIIIIIII | IIIIIIII | 111 | 111 | 111

0O 05 1 15 2 2.5 3 35 4 45 5

MVH
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H-rvr

, 41

<=

VH

<=

Sum of Weights / 1.0 GeV

Data - Cont. Bkg

nts / 0.35

Pull (stat.)

\\\\\\\\\\\\\\\\\\\\\\\\\ E
[ ¢ Data ATLAS Preliminary 1
L Signal + background 13 TeV, 79.8 fb ! 4

-----------------

a0k = 125.09 GeV
0 === Continuum background  In(1+S/B) weighted sum, S = VH

m,, [GeV]

ATLAS-CONF-2018-028

TTT N TTT N LB N TTT N TTT N LB N TTT N TTT N LB N T 1T

L i Dat 1

12 FATLAS Preliminary % vi° ]
rH—ZZ* — 4l ggF+bbH

r VBF ]

10 |-13Tev, 79.8 1" . tHH o

L . zz ]

[ iV, VWV ]

8+ B Z+jets, tt |

[ 7% Uncertainty i

6 ]
////////////

2_‘

0 g
-1-0.8-0.6-0.4-0.2 0 0.20.4060.8 1
BDT 4 pad

ATLAS-CONF-2018-018

6
ATLAS
Vs=13TeV, 79.8 fb”'

Phys. Lett. B 786 (2018) 59



https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

ttH production mode

2/

Phys. Rev. D 97 (2018) 072016

- Single lepton & dilepton channels based on ttbar f e
decay. F

- Two stages of BDTs

ATLAS ¢ Data
s=13TeV,36.1 1"  LE* gt

- Sinzgelje Lepton [JNon-tt

' SR --- ttH (norm)
Post-Fit

» Reconstruction BDT: To
associate 4 b-jets to Higgs or top. .
» Classification BDT: To 5 e
- - . - S 1%@%%%@@%@@ %%
discriminate ttH signals from backgrounds that gos
- - u -1 -0.8 -06 -04 -02 O 02 04 06 0.8 1
COhSlSt malnly Of ttbar+b'JetS. Classification BDT output
- t‘:t't m,, = 125 GeV
stat.
tot (stat syst)
- Results with 36 fb-1 of Run2 data. Dilepton _0.24 +102( 1054 1087
o (two-u combined fit) —_ e — -1.05 \ -0.52 -0.91
» Sensitivity of 1.40 (1.60 exp)
Sing|e Lepton it 0.95 +0.65(+0.31 +0.57)
» Signal strength p = 0.84+0.63 (two-u combined fit) 00277057 054
Combined e — 0.84 ig:g:(ig:gg fgigi)
I R R S B L
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b fiH T
Best fit u = o"/og))


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016v

VBF production mode 23

Phys. Rev. D 98 (2018) 052003

> L L N N B LA B B IR I
_ _ S gof — Daa o
- All hadronic and photon associated channels. o % o e o around ]
»  50F Z(—> bb) + jets -
c =S B % I N IRTPIY H—bb (.= 3.057)
- Backgrounds g o \ :
» Resonant: mainly from Z+jets (Z—bb). 30;—ATLAS } R E
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