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Introduction
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e Observation of Hbb (left) and STXS at 80 fb-1 (right)
[HIGG-2018-04] [HIGG-2018-50]

e Resolved VHbbD full Run2 140 fb-1 results are presented

[HIGG-2018-51] [HIGG-2018-52]
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Analysis overview
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e Channels: O-lepton (left), 1-lepton (middle), 2-lepton (right)
e Backgrond: V+jets, ttbar, single top, diboson, multi-jet
e b-jet energy correction to improve the Higgs mass resolution

e Multivariate analysis: BDT(VH) for the main results, BDT(VZ)
and mBB(VH) as croscheck results
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Event selection and categorization

v

A

0-lepton

L-lepton

2lepton

Selection ¢ sub-channel 11 sub-channel
Trigger By Single lepton s Single lepton
Exactly 1 tight electron  Exactly 1 fight muon EX"‘“”"i g’;"(‘j:;‘}’“’“s
Leptons 0 loose leptons 0 additional loose leptons 0 additional loose leptons pr "
ot ey o oy Same-flavour

Pr e pr =20 b Opposite-sign charges (pj1)
By > 150 GeV > 30 GeV
mee 81 GeV < my, < 101 GeV
Jet > 20 GeV for [n] < 2.5
Jetpr > 30 GeV for 2.5 < |g] < 4.5
b-jets Exactly 2 b-tagged jets

Leading b-tagged jet pr

> 45 GeV

Jet categories

Exactly 2 / Exactly 3 jets

Exactly 2 / Exactly 3 jets

Exactly 2 / > 3 jets

A(by,by)
Ap(B ey

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

> 207 (2 jets), > 30° (3 jets)

Voo
pr regions

150 GeV < pi < 250 GeV'
PY > 250 GeV

150 GeV < ph < 250 GeV

Py > 250 GeV

75 GeV < pY < 150 GeV

150 GeV < p} < 250 GeV

Py > 250 GeV

Signal regions

AR(by, by) signal selection

Control regions

High and low AR(by,b,) side-bands

e New SR/CR definition using pTV dependent dRBB cut
e New pTV split at 250 GeV for the STXS
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b-jet energy corrections

Muon-in-jet Correction
PtReco Correction
Kinematic Fit

> R B L B o e
O] 7 ATLAS Simulation
) fs=13TeV, 139 o' 7
— qq— ZH- lbb . *
i) 6 2 leptons, 2 jets, 2 b-tags
= pY > 150 GeV + -
o o |
i} 5 2.
Standard Calibration (std.) b

¢« O P> 0O

6 [GeV] (o ,-0)o

— 159 0%
— 138 13%
— - 132 17%
1 — 9.1 43% 5 i
05563660 80 700 120 740 160 180" 200

My, [GeV]

o 10-40% gain in the Higgs mass resolution by muon-in-jet
correction, pT dependent correction, and Kinematic Fit
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Kinematic Fit

e Constrains lIbb system to be balanced in the transverse plane and

improve b-jet energy correction

bejet (<10%)  b-jet (~10%) —2InL =
s (pr—pH

—X2InL(py, pli')

2 2
. (ZinX) + (E,-,jpy)
agal O-lgal
+21n{(m1% — mzz)2

lepton (~1%) lepton (~1%) +m§l§}

Maximize likelihood

Leptons, 3rd jet, MET
soft term: Gaussian

b-jets: Trasnfer Functions

Balance constraint:
Gaussian

Z mass constraint:
Breit-Wigner

e Newly using MET soft term — 10% improvement in ggZH
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Multivariate analysis

Variable O-lepton  1-lepton  2-lepton
My x x x
AR(by,by) X X X
p’l’l x x x
pﬁ? X X X
,,; —E x
A¢(V, bb) x x x
MV2(by) x x
MV2(by) x x
[An(b1,by)] x
y x
st %
EP™® X x
min[A¢(Z, )] x
my x
[Ay(V,5b)| x
Miop x
[An(V, 5b)| x
B /Sy x
o X
—> cos0(0", 7) x
Only in 3-jet events
P x X x
My x x

Significance

3.2 i i
I GradBoost |
r —e— 2jet 150ptv 7
3 1; —e— 3pjet 150ptv B
3? ./.j:}:\*o .
2.9 -
I R R B BN
28§ ""02 04 06 08 1

Learning rate

e New variables: MV2 in 01-lep, MET soft term in O-lep,

cosThetalLep in 2-lep, and re-opt. — 10% level improvements
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BDT input variables

I e A A R A ARSE AR A S o A A A A R A
% E ?1_"'1':? V. 130 o ;v:.au — bb (u=1.02) % 250) ?t"{gf V. 139 15" ;v: H — bb (u=1.02)
S 300 s=1316V, [ Diboson 3 z s=13TeV, [ Diboson
Qg [C 2leptons, 2 jets, 2 b-tags B Z+jets | g 2 leptons, 2 jets, 2 b-tags B Z+jets
w 250: 150 GeV = p! <250 GeV/ Top 7 W 200/ 150 Gev = pY <250 Gev Top
e Uncertainty - Uncertainty
£ ... Prefitbackground J [ . Pre-fit background
200 —VHH-=bBx5 150 —VH,H —bb x5
150 =
100F =
50~ -
-g 1.2 T ?; 1.
§ ! i 3
gO.S‘ Ll . gO. . L |
1 12 14 16 18 2 22 -1 708416 04 02 0 02 04 06 08 1
AR(b‘,bz) coso(l,2)

o dRBB (left) is the 2nd important variable after mBB

e New variable cosThetalep (right) to use the fact that ZH signal is
more transversely polarized than Zbb background [1805.06385]
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https://arxiv.org/abs/1805.06385

Background estimation and signal extraction

e Main backgrounds are estimated using simulated samples
e Systematic uncertainties are estimated using alt. samples

e New methods: All events with c-jets or light-jets weighted by the
—> probablility to pass the b-tagging, W+jets and ttbar shape
uncertainties using BDT ratio, 2-lepton top using emu CR data

e Maximum likelihood fit is performed to estimate background and
extract the signal strength (u), systematic uncertainties are
included in the fit as nuisance parameters (6):

L(1, 0) = [1iepins P(nilusi(0) + b;(0)) [1;c9 G(6;)

e Normalization of main backgrounds are floated and constrained

by data in low BDT region, mBB sideband and CR
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Postfit BDT(VH)

Events/0.25

Data/Pred.

Events /0.13

Data/Pred.

LABARARMS Aashass Ay iaasaansaans 9 T ORI H Sipsasatanasasanaonssass pansasanasas
107 ATLAS —-Data S L ATLAS S ATLAS —+-Data
(E=13ToV, 139" VW t5 (o102 % E=13TeV, 130" % (E=13ToV, 130 1" o D (n=t.02)
0lepton, 2 ets, 2 b-tags T 10°E 1epton, 2jets, 26-tags 3 2leptons, 2jels, 251995 g 7,j0ts
Y =250 Gov @ PY =250 Gev @ Py = 250Gev. Top
I Uncertainty
e Pre-fit background
—VH.H 55
oy
— VH.H b
10
15 FT T 5 g
) F | 2 £
= T K] s
08Bttt aed Sosb T Sosbtiiiiai ‘
-1 08 06-0402 0 02 04 06 08 8 s 060402 0 02 04 06 08 1 1 080604202 0 02 04 06 08 1
BDT,,, output BDT,, output
2 2 TAS at j
s S ATLAS acey
(= 13TV, 139" o osen F 2 % (E=13TeV, 130" -n:;"‘“‘“"”’
0lepton, 2 ets, 2 tags M H lepton 2jets, 2 btags H 2leptons, 2 ets, 2 b1ags =
150GeV <p! <250GeV  m Single top H 150 GeV < ! <250 GeV. & 150 Gev = pY <250 GeV.
Wajets Unc.r\alnly
- 2ets r-ft background
[ Uncentainty —VN, H
- Profit background
—VH.H b6
12 ETTT g2 T g2 ETT T
‘F - S = Sy E ‘E e bk B § T E T S
Speps s Py s S A S
08 Bt oo P Zos . Lo Sosbt. . LIl
8 8

BDT,, output

08 0604 02 0 02 04 06 08 1
BDT,, output

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

e 2jet pTV =250- GeV (top) and 150-250 GeV (bottom)
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Main results

T T T T T T T T T
ATLAS VH, H—>bb (s=13 TeV, 139 fb”!
—Total Stat.
Tot. (Stat, Syst.)

+0.27 +0.18  +0.19
WH o 0.95 %5 (loiss 018 )

| 4025 (4017 +0.18
ZH Ho—H 1.08 %55 (D7, %15 )

comb. Hpe 102 58 (3751

I I I I I I I I

0 05 1 15 2 25 3 35 4 45 5
ubb

VH

WH, 150 <p;"' <250 GeV
WH, p!"" > 250 GeV

ZH,75 <ps' <150 GeV
ZH, 150 < p>' <250 GeV

ZH, pZ' > 250 GeV

= L

IREREaRsRmaS}
ATLAS

Tot.

079 %

4032
1.02 o5

4072
0.84 "7

1.09 0%

-032

111 9%
Il L

VH,H—bb Vs=13TeV, 139 fb™!

® Obs. =—Tot. unc. — Stat. unc.

Theo. unc.

(Stat., Syst.)

( 4032 40 39)
032’ 038

(,027 mw)

026" 016
4050 4051
050" -0.49
1027 4021
026" -0.19
(9, o

028" -0.14
1 I

0O 1 2 3 4 5 6 7 8
o x B normalised to SM

e 2 POI fit (left): Observed (expected) 5.3 (5.1) o for ZH and 4.0

(4.1) o for WH, pbb, =1.02+0-12

-0.11

0.13

(stat.) "0 14 (syst.)

e 5 POI fit (right): Slightly increasing as function of pTV, but still
consistent with the SM — Constraints on effective interactions
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Constraints on effective interactions

-log(L/L_)

‘max

4.5 T T T T
ATLAS Linear (exp.)
E RS
5=13Tev,139fy'  — Linear(obs) % ,sE ATLAS Databestfit  +1a  -la ]
3.5 VH,H—>bb,A=1Tey ~ Linear+quadatic(exp)3 % 5 =13TeV, 130 0" =000 =003 ---0.02
Linear + quadratic (obs.) 25 VHH-bbA=1TeV =006 —022 ---010
s E 3
2.5F e e b 7
2r =
" o8k Databestfit +10  -lo ]
1.5¢ E ° ey =-0.10 025 ---0.44
i3 i cn=070  —277 136
1 1 150 ' E
0.5p 4 v
\ 0.54 3
ohtn N — : :
~0.3-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 e W Hr . g, 5,
c sz e a2 20,
H3 7z % 25 o1
o %00, o 06,

e Limits on the coeflicients of effective Lagrangian operators
(D)
C:
(Lsmerr = Lsm + X; +570'P), D = 6)

e The greatest sensitivity from high pT bins — a few%
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Breakdown of uncertainties

>
>
-
>

g, N : ertainty Ty
Source of uncertainty VH ‘ wHu zm
Total 0.177 | 0.260  0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
Statistical uncertainties
Data statistical 0.108 | 0.171  0.157
tt ep control region 0.014 | 0.003 0.026
Floating normalisations 0.034 | 0.061 0.045
Experimental uncertainties
Jets 0.043 | 0.050  0.057
ET™ 0.015 | 0.045 0.013
Leptons 0.004 | 0.015 0.005
b-jets 0.045 | 0.025 0.064
b-tagging c-jets 0.035 | 0.068 0.010
light-flavour jets  0.009 | 0.004 0.014
Pile-up 0.003 | 0.002 0.007
Luminosity 0.016 | 0.016 0.016
Theoretical and modelling uncertainties
Signal 0.052 ‘ 0.048 0.072
Z + jets 0.032 | 0.013  0.059
W + jets 0.040 | 0.079  0.009
tt 0.021 | 0.046  0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033  0.039
Multi-jet, 0.005 | 0.017  0.005
MC statistical 0.031 | 0.055 0.038

e Highly ranked nuisance pa-

rameters are studied

Experimental: ~ b-tag effi-
ciency (B0, CO, C1), jet en-
ergy scale (FlavComp, bJES,
modeling1)

Background: W+jets (BDTr
Generator), Diboson (mBB
shape), Z+jets (CR-SR ex-
trapolation, normalization,
mBB and pTV shape), ttbar
(norm and flav 1-lepton)

Signal: qqVH (QCD scale),
ggZH (QCD scale), branch-
ing ratio
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Postfit BDT(VZ)

Events /0.4

Data/Pred.

Events /0.2

Data/Pred.
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5| otepton, 2jets, 2 rtags = S 10!k 1lepton, 2jets, 26ags & 2leptons, 2jets, 2btags -mm
10°E py = 250 Gev h o pY =250 GeV. o pY = 250GV
5 Single top. S ineertiny
b 10 o ereditbaskgroun
10° Zujots |
5 Uncertainty
Pre-fit background
V2,2 ~bb x 10
10°)
15 P T T 515 T
L —  INEE =
K] M s !
1 Lo 1 SRR R R A PSS SRR T
-1 08060402 0 02 04 06 08 1 S 1 08060402 0 02 04 06 08 1 1 080604202 0 02 04 06 08 1
BDT,,, output BDT,,, output

T e o T T o
ATLAS =
(5=13TeV, 139 15" VZ,Z — bb (1=0.93) 2 v1 Z — bb (1=093) " (5= 13Tev, 139" v1 Z b (1=093)

oL = £ d ww £ -
O G sion abogs MY R I WL
150 GeV = p} <250 GeV. i w 150 GeV = p <250 GeV. w 150 GeV = p} <250 GeV. oy
1 Single top. = Singl op I Wrjets
Wejets Multjet (3 Uncertainty
Waiets e Pro-fit background
. Zejets 5 10
5 Uncertainty
12T T $12 T
3 . I i + Ltﬂ,q
fos d Bk
L Fos zo8 .
05 00402 0 05 04 05 08 05 a6 04 02 0 05 04 06 08 1

BDT,, output

0806704 02 0

52 04 06 05 1
BDT,,, output

BDT,, output

e 2jet pTV =250- GeV (top) and 150-250 GeV (bottom)
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Postfit mBB(VH)

Events /10.0 GeV

Data/Pred.

Events /10.0 GeV

Data/Pred.

000~ 5= 13 Tav, 139 1"

800

T
160F aTLAS

F f=13Tev, 13010

0lepton, 2 jets, 2 btags
120f- P =250 GeV.

- Pre-fit background
—VHH B x5

m,, [GeV]

T
ATLAS
{5=13TeV, 130"
1 lepton, 2 jets, 2 b-tags
P = 250Gev

Events /10.0 GeV
N8
8

o E
| VH, H — bb (u=1.02)
ot

T
ATLAS
5= 13TeV, 130"

2leptons, 2jets, 2 btags
pY = 250GV

iy 3
Pre-fit background

—VHH BB x5

Events /10.0 GeV

m,, [GeV]

Data/Pred.

TR N T
100 120 140 160 180 200
m,, [GeV]

T
ATLAS

0lepton, 2 jets, 2 b-tags
150 GoV p} <250 Gov

i
2 1 Single top.
1600) Multjet
@ 1400) . Weets
. Zejets

T ™
L Data

H,H — b5 (1=1.02) ]
Diboson

Zejets E

2leptons, 2 jets, 2 b-tags =
150GeV ) <250 GeV op
———

4+ .,
o E

Events /10.0 GeV

°
& .

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

Data/Pred.

40 50 80 100 120 140 160 180 200
m,, (GeV)

Data/Pred.

AL
160 180 200
m,, [GeV]

e 2jet pTV =250- GeV (top) and 150-250 GeV (bottom)
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Crosscehck results

T T T T T T T T T
ATLAS VH, H=>bb Vs=13 TeV, 139 fo"

P P o s T ()
—Total  —Stat. oL: DMA Fj;4 106 53 (95 55)
Tot. (Stat, Syst.) oL: MVA Fle 4 1.08 'j_’fz (‘j::.ﬁf;)
Wz | ks 0.68 02 (w015 w021 1L: DMA H—e— 127 55 (55 Ga)
_’ 1L: MVA [ 095 %% (o35 70%)
z| roo e (amoey|  HOMAL e 121 SR (5250
2L: MVA b= 1.06 %7 (fo22:01s)
Comb: DMA Kot 147 %% (515, %%)
e 083 T (5a.8%)| comb:MVA| ., A 10280 (9 05),
0 05 1 15 2 25 3 35 4 45 5

Il Il Il Il Il Il Il Il
0 05 1 15 2 25 3 35 4 45 5 bb
oo w
vz VH

e BDT(VZ) 2 POI fit results (left): WZ is low but still consistent
with SM, providing validation of MVA

e Dijet Mass Analysis (DMA) vs MVA (right): Good agreement
within uncertainty, better sensitivity in MVA
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Summary

e Resolved VHbbD full Run2 140 fb-1 results are presented
[HIGG-2018-51] [HIGG-2018-52]

e Observation of ZH and strong evidence of WH are established,
poh, = 1.0270-12(stat.) ' 15 (syst.)

e Total error is 18% for the u%%, and 30~70% for the STXS

e Limits on the coeflicients of effective Lagrangian operators

o The greatest sensitivity from high pT bins — a few%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
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Backup
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Postfit ARBB(VH)

Events /0.1
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]

T
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- Pre-fit background
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T
ATLAS
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1 lepton, 2 jets, 2 b-tags
P = 250Gev
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Events /0.2
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VH breakdown and NP ranking

Source of uncertainty VH ‘ l;’“H 7H

Total 0.177 | 0.260 0.240

Statistical 0.115 | 0.182 0.171

Systematic 0.134 | 0.186 0.168

Statistical uncertainties

Data statistical 0.108 | 0.171  0.157 biettagging effcency 0
tt ep control region 0.014 | 0.003 0.026 Weiets Ry, Generator

Floating normalisations 0.034 | 0.061 0.045 QCD Scale 7™
Qcp Scale A%

Experimental uncertainties

QcD Scale A%

Jets 0.043 | 0.050 0.057 et tagging efficiency 0
Ep™ 0.015 | 0.045 0.013 Diboson m,, shape
Leptons 0.004 | 0.015 0.005 QCD Soale AT
bjets 0.045 | 0.025 0.064 Q0D Seale 47
b-tagging | c-jets 0.035 | 0.068 0.010 W JET v, comp. uncet
) light-flavour jets  0.009 | 0.004 0.014 Z4HF GR(High)-SR extrapolation
Pile-up 0.003 | 0.002  0.007 N
Luminosity 0.016 | 0.016 0.016 +HF nomalzation (3160
bijet energy scale
Theoretical and modelling uncertainties et tagging efficiency 1
Signal 0.052 | 0.048 0.072 Branching-ratio H-» b5
1s=13TeV —e— Pull: (3- 0/A0
Z + jets 0.032 | 0.013  0.059 ATLAS 139 1" et et on
W + jets 0.040 | 0.079 0.009 m,=125 GeV [ -to Postit Impacton
tt 0.021 | 0.046  0.029 2.15-1-050 05 1 15 2
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017  0.005
MC statistical 0.031 | 0.055 0.038
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WH breakdown and NP ranking

Uncertainty in o x B w.r.t. the SM prediction -0.1 -0.05
$ T

Source of uncertainty n ¢
' 150 GeV< piY" " < 250 GeV  p}" ' > 250 Ge

Total 0.311 . {77777
Statistical 0.263 brettagging efficency 0 M
Systematic 0.166 QCD Scale A%

Statistical uncertainties

QCD Scale A%

Data statistical 0.252 ooz
i QCD Scale A
tf ey control region 0.007 v
Floating normalisations 0.050 Z+HF CR(High)-SR extrapolation
Experimental uncertainties Diboson m,, shape
Je 0.145 0.054 Z+HF normalization (3-jet)
BF™ 0171 0.009 i
Leptons 0.019 0018 QCD Scale A7,
bejets 0.049 0.023 Z+HF CR(Low)-SR extrapolation
btagging | cets 0.109 0.060 -
light-flavour jets 0.004 0.005 QCD Scale A" -
Pile-up 0017 0.015
E: liing 1
Luminosity 0017 0.015 JES modeling

Theoretical and modelling uncertainties 2Z+HF normalization (2-jet)

Signal 0.035 0.050 Zjets m_ shape

Z+jets pi shape

Z + jets 0.038 0.011

W+ jets 0.072 VV JET flav. comp. uncert -

i 0.037

< fs=13TeV —e— Pull: (8- 6,)/A0
Single top quark 0.032 ATLAS —6— Normalisation
Diboson 0.034 139 fb” [ZZZ2) +1o Postiit Impact on
Multijet, 0.015 0019 m,=125 GeV [ -to Postit Impacton
MC statistical 0.112 0.068 2-.15-1-050 05 1 15 2
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ZH breakdown and NP ranking

Ap
-01 -005 0 005 0.1 0.15
T T T T T M
Source of uncertaint Uncertainty in o x B w.r.t. the SM predi Wi+jets R___ Generator
Source of uncertainty 75 < pE <150 GeV 150 < pE L < 250 GeV pE > 250 GV BT
0710 0330 0330 et tagging efficiency 0 |
0501 0.262 0201
Systematic 0503 0200 0156 cettagging efficiency 1
Statistical uncertaintios i normalization (2-jet) ‘
Data statistical > 0213 0281 N
7 ey control region 0.039 0.023 tt normalization (3-jet)
Floating normalisations 0.095 0017 mise
£ : E' soft-term resolution perp ‘
Experimental uncertaintics
can
Jets. 0.266 0.082 0.040 QCD Scale Af
B 0285 0027 0016 W+HF normalisation (2-jet) ‘
Leptons 0.027 0.007 0.007
biets 0176 0082 ooil aav
o | S 0.028 0.020 0.006 QCD Seale Az;
tagsine | oo s s G013 o015 WAHE B shape (241 |
0.012 0.016 0.017 T
Luniinosity 0012 0.016 007 Single top acceptance (Wt—other)
Theoretical and modelling uncertaintics
g u W-+HF CR-SR extrapolation ‘
0110 0.09 0091
1f (flav. comp.) be/bb ratio (PS)
2+ jets 0271 0080 0071
Wt jets 0020 0019 0008 MC stat. 1-lepton 2-jet bin 7 |
i 0108 0.036 0025
Single top quark 0044 0015 0015 VV JET flav. comp. uncert, =
Diboson 0.073 0014 0020 s .
Multi-fet 0.000 0.008 0005 5=13Tev —e— Pul:(3-0)m0
ATLAS : =l
MC statistical 0.168 0.057 0.055 1391 TZZZ2 +1 Postit impact on u
m,=125 GeV' [ -1o Postlit Impact on
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Expected sensitivity
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