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Searching for H—bb &

Why!?

L E

* The discovered Higgs boson is so far consistent witha € [
o) - |8

Standard Model Higgs £

I 1 1 : : . §10 ?rr j

* One crucial piece missing: evidence of coupling to o | :
bottom-quarks 2L 2 :

* H—bb is the decay channel with the largest branching e :
I ~ ) /—_i

ratio (~60%) 107 = E

* Observation and measurement of this decay is crucial 7 :
for constraining coupling measurements and ol bbb b b

determining the nature of the Higgs. M, [GeV]

How!

* Despite largest branching ratio, there are plenty of jets
in a hadron collider...

* Need a handle on QCD multi-jet backgrounds and
something to trigger on: look for associated production
with a vector boson

O'VH(8 TeV) ~ 1.12 pb
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ATLAS VH(bb) in a nutshell

Events / 4.0 GeV

VH(bb) analysis of Run | dataset published in JHEP: JHEP O1(2015) 69
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http://link.springer.com/article/10.1007/JHEP01(2015)069
http://link.springer.com/article/10.1007/JHEP01(2015)069

CMS VH(bb) in a nutshell

VH(bb) analysis of Run | dataset published in: PRD 89 (2014) 012003

* Analysis of 7 and 8 TeV datasets with multivariate analysis
- Specific BDTs trained against specific background processes (V+jets, top, diboson)
- Results extracted from fit to final BDT distribution
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http://journals.aps.org/prd/pdf/10.1103/PhysRevD.89.012003
http://journals.aps.org/prd/pdf/10.1103/PhysRevD.89.012003

Final state topologies

* ATLAS: 3 lepton selections, targeting Z—vv,W—ly, Z—
* CMS:W(UV),W(eV),W(TV), Z(UH), Z(ee) and Z(VV)

* Two jets originating from b-quark fragmentation

* Several SM processes can mimic these channels:
- Top-pair and single-top
- W + bb, Z + bb (irreducible)
- Diboson (WW,W/Z, Z7)

* Experimental backgrounds:
- WHjets and Z+jets where a light/charm-jet fakes a b-jet
- Multijet (fake leptons, semileptonic heavy-flavour decays,

fake missing transverse energy)

Many different, large backgrounds, probed over a wide range of phase-space.
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Analysis strategy

* The signal has a harder pT(V) spectrum than the
background:
- take advantage of higher S/B in boosted region
- categorize in pT(V) bins

To be able to get a handle on the different background
processes, constrain normalizations and shapes:

- define control regions or categorize in other variables

Main variables of interest:

jet multiplicity

number of b-tagged jets and b-tagging operating
points (purity)

pT(V) distribution

mpb distribution
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Analysis strategy

38 event
regions™

*only most sensitive regions shown here: high boost + high b-tagging purity
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Background uncertainties

* Analysis with low signal-to-background ratio

- Background uncertainties are a key component

* How can each background impact the final result?

- Migration between event categories

- Shifts on BDT/mpb shape

Main variables: mpb, pT(V), 3-to-2 jet ratio

 Strategy: parameterize main discrepancies found in

data-to-MC and MC-to-MC comparisons

l ‘1'1. YCOSS

Signal'*’

Genertor | ATLAS

GG — ZH — vvbh/CEbh
qgqg — ZH — vvbh /(b

qgqg — WH — tvbb

PYTHIAS
POWHEG+PYTHIAN

PYTHIAS

Vector boson + jets

W — tv

SHERPA 1.4.1

Z/~vx — £ SHERPA 1.4.1

Z = vr SHERPA 1.4.1
Top-quark

t POWHEG+PYTHIA

t-channel
s-channel
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Diboson'*
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Wz POWHEG+PYTHIAS
LZ POWHEG+PYTHIAS
Process Signal top-pair V+tjets diboson single-top
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+Herwig++ +Pythia +Pythia +Pythia +Herwig++
*version 5.1
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ATLAS: top-pair production

Introduction

* Powheg + Pythia as baseline generator

f
<

nNpr-<p»

 CTI0 PDFs for matrix element, CTEQ6LI with Perugia201| | C for parton shower

* Cross-section @ NNLO with NNLL resummations used for selection optimisation

* Each lepton channel accesses very different final-states of top-pair phase-space:

- 0- and |-lepton channels: most likely jet from WV decay is missed

- 2-lepton channel: likely that an ISR/FSR jet is selected

G p— ® ALPGEN+HERWIG ]
Correction to simulation &g " MC@NLO:HERWIG
° 4otk i ® POWHEGSHERWIG
* Reweighting of pT(top) at generator-level, based : oy 7 POWHEGPYIHA
— . -4
on ATLAS measurement ! |
. . o . 104 ATLAS |
* Assigned systematic of 50% of correction -~ [La-asw -
E \s=7TeV ° . . - i
1.5?:¢¢:{~::¢{4¢:.f%:“ .r§ = :v¢ L:
O 00" 500500400500 600700600
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ATLAS: top-pair production

Shape uncertainties on main variables

* Generator comparisons based on |-lepton channel:

- PDF variations: nominal vs HERAPDF

nNpr-<p»

Parton shower and hadronisation scheme: nominal vs Herwig
NLO ME and matching scheme: nominal vs MC@NLO+Herwig

ISR/FSR: AcerMC + Pythia with different rates

higher order tree-level ME: nominal vs Alpgen + Pythia

In general, largest deviations observed for Alpgen.

* e.g. My shape: £3% variations @ 50 GeV and ¥ 1% @ 200 GeV (for 2/3-jet

regions)

it

3/2-jet ratio
High/low-p%. ratio
Top-quark ppr, my, Er’rmlss

20%
7.5%
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ATLAS: top-pair production

Normalization uncertainties

* Freely-floating normalization in the 2-jet region

* 3-to-2 jet uncertainties:

- 20%, from previously shown generator comparisons

* Independent in each lepton channel

different top-pair topologies
3-jet regions very rich in top in 0 and |-lepton channels

m sidebands and low BDT values constrain top in 2-lepton
channel

Process Scale factor
tt 0-lepton | 1.36 +0.14
tt 1-lepton | 1.12 4 0.09
tt 2-lepton | 0.99 + 0.04

l. Ochoa Modelling of key Higgs background processes

Events / 25 GeV

Data/Pred

Events / 25 GeV

Data/Pred

| lepton, 2 jets

700_,,,....,.,”7~v!..,T ........ d,'.;o,'é ...... aa
- ATLAS ;vnwn «1.0)
600/— 158 ToV [Ldt w 20310 3""’”" —
L Tlep, 2 jets, 2 Mediume Tight 1ags  wu Single top
= incl. p:.‘IZOGev -:'u:;m
500} "
400"
300}
200
100}
1.5~
15 s L NN r P v ?
> - :
08 g0~ 100 130 145160 180 506 250~
m,, [GeV]
| lepton, 3 jets
7001 - crrrrreoerrery R R R —
: Data 2012
F ATLAS — VD) {=1.2)
P $fl (Lt - 203m" Dboooﬂ =
y 1 lep,, Jpn 2Medwn»rlgm 1998 o smqmop x
}» incl, p »120 GeV -a':"'
500 777 Uncertainty
wers Pre-fa backgrownd
e VH{bb} 40

...............................................

20 40 &0 80 100 120 140 160 180 200 220

my, [GeV]

| 6th April, 2015

Nepr-p»

13



ATLAS: single-top production

Introduction
* Powheg+Pythia as baseline generators for s- and Wt-channels

* AcerMC+Pythia as baseline generator for t-channel

* No good control region = uncertainties from generator comparisons

arXiv:1205.3453

Normalization and Shape uncertainties Single top

Cross section
* Cross-section uncertainties from theory  Acceptance (generator)

4% (s-,t-channel), 7% (W)
3%—52%
S |

* Acceptance uncertainties on 2/3-jet and low/high pT(V) rates:
- s-channel: nominal vs MC@NLO vs AcerMC
- t-channel: nominal vs aMC@NLO+Herwig
- Wt-channel: nominal vs Powheg+Herwig vs MC@NLO vs AcerMC

- also Diagram Removal vs Diagram Subtraction (Powheg)
- for all: ISR/FSR rates with AcerMC samples

Wt-channel: additional shape uncertainties on mpp and pr(subleading jet)

l. Ochoa Modelling of key Higgs background processes

l

t-channel, 2-jet low pT(V)
\Z

Mbb VVt-channel:
+20% at 50 GeV, ¥40%
at 200 GeV

Nepr-<p»
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ATLAS/CMS: diboson production

Introduction

 WLZ, ZZ: same final state, larger cross-section

* Bonus: train BDT to perform a diboson (WZ,ZZ) measurement

* Validation of the full analysis, including background estimates
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ATLAS: diboson production

Normalization and Shape uncertainties

nNpr-<p»

Powheg+Pythia as baseline generator (Herwig @ 7 TeV)

No good control region = uncertainties from studies at generator level

Acceptance: parton level with MCFM @ NLO in QCD, in jet and pT(V) bins
- scale variations R, pr by factors 0.5 and 2

- PDF+«s variations (PDF4LHC prescription)

- approximately 20% at high pT(V)

mpb shape:

- parton showering/hadronization model

- nominal vs Herwig

- 20% effect at 125 GeV Diboson
Cross section and acceptance (scale) 3%-29%
Cross section and acceptance (PDF) 2%-4%
Mpb S

l. Ochoa Modelling of key Higgs background processes | 6th April, 2015
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ATLAS: W/Z+jets

Introduction

* Sherpa |.4.1 as baseline generator

* Regions with 0 and | b-tagged jets are pure enough to study W/Z + light and W/Z +

charm

e /+ccand Z+bb: can be studied in 2-tagged regions in the 2-lepton channel

* W+cc and W+bb: modelling with generator studies

Flavour composition

* Split W/Z+jets according to flavour of two leading jets

* Flavour labelling: cone-based matching (AR = 0.4) with hadrons pT>5 GeV

V + light, V + cl, V+ heavy flavour = bb, be, bl, cc

Vcl and Vbb floating freely, normalization determined by global fit.

|. Ochoa

Modelling of key Higgs background processes

Process Scale factor
Wbb 0.83 £0.15
Wel 1.14 £ 0.10
Zbb 1.09 £+ 0.05
Zcl 0.88 +0.12
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ATLAS: W/Z+jets

Cross-section uncertainties

* V+cl andV+bb freely-floating in the fit

* Flavour uncertainties: bl/bb, bc/bb and cc/bb ratio uncertainties from generator

comparisons using Alpgen

* 3-to-2 jet ratio:

- generator comparisons (nominal vs Alpgen)

- MC-to-data comparison for Z+light

|. Ochoa

Z+jets
Zl normalisation, 3/2-jet ratio 5% E—
Zel 3/2-jet ratio 26% €
Z+hf 3/2-jet ratio 20% €
Z-+hf/Zbb ratio 12% €
Ad(jety, jets), PY, mep S

W jets
W1 normalisation, 3/2-jet ratio 10% €—
Wel, W+hf 3/2-jet ratio 10% €
Wbl /Wbb ratio 35% €&——
Wbe/Wbb, Wee/Wbb ratio 12% €—
Ad(jety, jets), PY, M S

Modelling of key Higgs background processes
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ATLAS: W/Z+jets
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ATLAS: W/Z+jets

nNpr-<p»

Z+jets: shape uncertainties and other corrections
* Mismodelling of pT(Z) distribution in |-tag and 2-tag regions
- Correction applied to Zcl + Z h.f. processes
- Uncertainty: 50% of correction on all Z+jets processes
° Mpb Systematic:
- derived for Z+jets using data in the 2-tag region (excluding signal region)

- MC comparisons:Alpgen vs Sherpa difference is covered by data/MC comparison

W+h f.: shape uncertainties
* Extensive comparisons at generator level:
- nominal vs Powheg+Pythia8, aMC@NLO+Herwig++ and Alpgen+Herwig

- scale and PDF variations with aMC@NLO

* Shape uncertainties in pT(W) and myy Significant differences: especially mpb shape

mainly driven by Sherpa vs Alpgen «— +23% at 50 GeV ¥28% at 200 GeV

l. Ochoa Modelling of key Higgs background processes | 6th April, 2015
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ATLAS: impact of bkg uncertainties

nNepr-<p»

After the global fit...

[ — ——

Uncertainties on the background modelling are the ones with the largest impact
on the final results:

* W + heavy flavour uncertainties are the most important ones in the analysis
dijet mass shape on W+bb and W+cc at high pT(V)

WhbI/Wbb normalisation ratio at high pT(V)

Whbb background normalisation

W+h.f. pT(W) shape on 3-jet category Lacking good control region.

» Z + heavy flavour shapes and normalisations not far behind, as well as top-pair
normalisations

l. Ochoa Modelling of key Higgs background processes | 6th April, 2015
21



CMS: background modelling

Normalisation uncertainties

* V+jets and top-pair production normalisations determined from data in each channel

 V+b scale factors closer to two:

- Excess of events with two close-
by displaced vertices

- Interpreted as gluon splitting
contribution arXiv:1302.2929, 1310.1349

* Approximately 10% uncertainty on
event yields estimated from data

Smaller backgrounds taken from
simulation:

* Single-top and diboson: 5%

 Consistent with CMS
measurements of these processes

|. Ochoa

Process W(év)H Z(¢6)H Z(vv)H
Low pr(V)
W + udscg 1.03 +0.01 + 0.05 - 0.83 £+ 0.02 + 0.04
W+b 2.22 +0.25 + 0.20 - 2.30 +£0.21 +0.11
W +bb 1.58 + 0.26 + 0.24 - 0.85+0.24 +0.14
Z + udscg - 1.11 +0.04 +0.06 1.24 +0.03 = 0.09
Z+b = 1.59 + 0.07 + 0.08 | 2.06 + 0.06 + 0.09
Z+bb - 098 +0.10+0.08 1.25+0.05+0.11
tt 1.03+0.014+0.04 1.10+0.05+0.06 1.01+0.02+0.04
Intermediate pr(V)
W + udscg 1.02 + 0.01 + 0.07 - 0.93 £+ 0.02 + 0.04
W+b 2.90 + 0.26 + 0.20 - 2.08 £0.20 £0.12
W +bb 1.30+0.23 + 0.14 - 0.75 +0.26 +0.11
Z + udscg - - 1.19 + 0.03 + 0.07
Z+b = - [ 2.30 + 0.07 + 0.08
Z +bb - - 1.11 £ 0.06 £0.12
tt 1.02 +0.01 +0.15 - 0.99 + 0.02 + 0.03
High p1(V)
W + udscg 1.04 £ 0.01 + 0.07 = 0.93 +0.02 +0.03
W+b 2.46 +0.33 + 0.22 - 212+0.22+£0.10
W +bb 0.77 +0.25 + 0.08 - 0.71+£0.25+0.15
Z + udscg - 1.11 +£0.04 +0.06 1.17 +0.02 +0.08
Z+b - 1.59 + 0.07 = 0.08 ||2.13 = 0.05 = 0.07
Z +bb - 098 +0.10+0.08 1.12+0.04+0.10
tt 1.00+0.01 +0.11 1.10+0.05+0.06 0.99+0.02 +0.03

V+jets split into: udscg, bb, b

Modelling of key Higgs background processes
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CMS: background modelling

Shape uncertainties

* V+jets: uncertainty on shape of BDT distribution
- Estimated by comparing nominal MC (MadGraph) with Herwig++
* top-pair: uncertainty on shape of BDT distribution

- Comparing nominal MC (MadGraph) with Powheg and MC@NLO predictions

Combined effect of systematic uncertainties (incl. experimental) is 15% on the expected

significance for a SM Higgs

Event yield uncertainty Individual contribution  Effect of removal

Source Type range (%) to u uncertainty (%)  on u uncertainty (%)
Luminosity norm. 2.2-2.6 <2 <0.1

Lepton efficiency and trigger (per lepton) norm. 3 <2 <0.1
Z(vv)H triggers shape 3 <2 <0.1

Jet energy scale shape 2-3 5.0 0.5

Jet energy resolution shape 3-6 5.9 0.7

Missing transverse energy shape 3 3.2 0.2
b-tagging shape 3-15 10.2 21

Signal cross section (scale and PDF) norm. 4 39 0.3

Signal cross section (pr boost, EW/QCD) norm. 2/5 39 0.3

Monte Carlo statistics shape 1-5 13.3 3.6
Backgrounds (data estimate) norm. 10 159 5.2
Single-top-quark (simulation estimate) norm. 15 5.0 0.5
Dibosons (simulation estimate) norm. 15 5.0 0.5

MC modeling (V+ets and tt) shape 10 7.4 1.1

l. Ochoa Modelling of key Higgs background processes | 6th April, 2015

23



Background modelling for VH(bb)

* VH(bb) analysis is extremely challenging:
- Contaminated by many different and large backgrounds

* Background modelling is a central problem in the VH(bb) searches
- Normalizations are mainly data-driven

- Main shape uncertainties come from W+h.f. process: generator comparisons
due to lack of good control region

Future (LHC Run 2 and beyond):
* Essential to get a handle on SM processes (e.g. g—bb)

* Focus on boosted region (highest sensitivity) requires effort on MC modelling

l. Ochoa Modelling of key Higgs background processes | 6th April, 2015
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ATLAS: bkg composition example

Events / bin

Data/Pred

————r— O-lep, 2-jets,2 MM+TT e —
- 3 = Data 2012 =
1200 ATLAS — ~ F ATLAS == v?l(ib) (u=1.0) 3
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1000— — o 10°g [ Multijet E
- - £ B W+hf =
B ] C I Wecl ]
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Events / bin

Data/Pred

- ATLAS

\s=8TeV [Ldt=203fb"
2 lep., 2 jets, 2 Medium+Tight tags

—o— Data 2012

 VH(bb) (u=1.0)
[ Diboson

ot

B Z+hf

I Z+cl

—1Z+l

Uncertainty
«»s» Pre-fit background

= VH(bb)x70
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ATLAS: mass resolution

nNepr-<p»

* Looking for an excess in mpp distribution (most important variable in MVA)

* Better resolution yields better result (for a given background shape)
* Methods:

° muon-in-jet correction

* resolution correction 30% improvement on
o ImMprov

* kinematic likelihood fit (2-lepton) resolution (2-lepton channel)

> L rY. ] 1 T | Becd ,. !' | W I T 1 T 1 I 1 T ] T 1 T 1 I 1 T T : > | 271 ) 1 T | Bechd ,. !' Lo 8B T 01 T 1 ‘r‘l 1 T ] T 1 L 7 ) I 1 T ‘l :
8 0.1 ATLAS Simsation Resolutions  (0qec-0)/0 .| 8 0.1— ATLAS Simulation N Resolutions (04500 .|
o "L Pythia VH, H — bb MC — 16.4 GeV - 4 o "L Pythia VH, H — bb MC i % e 16.4GeV . 4
o i 2 :ep.. 2 jets, 2 b-tags L b 144GeV  12% | - i 2 :ep.. 2 jets, 2 b-tags £ ' ee 114GeV  30% ]
; 0.08— p] inclusive ? , - § == 141GeV 14% — ; 0.08— Pl inclusive Q' 4 Sl
E — 3 ' — E — Y ‘. —
) L ' . ) L - .
> i ' A > | : 4
JOI™ 0 Giobal Sequential Calib. (GSC) - ] ‘UOI™ © Global Sequential Calib. (GSC) H ]
B + Muon-in-Jet Correction : - - .+ Muon-in-Jet Correction : -l
&+ Resolution Correction - - © 4 Kinematic Likelihood Fit |" -
0'04 [ wm 0.04 = —
"r : r 1
0.02 : v ° 0.02
L o, o “a . - a :
0 - | e - -Y‘r‘l P Rl | . ; 0 B T e e - ‘f'l - | Rl | . x
0 20 40 60 80 100 120 140 160 180 200 0 U gl 8 80 100 120 140 160 180 200
m,, [GeV] m,, [GeV]
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Event Selection

Variable Dijet-mass analysis Multivariate analysis
Common selection

pY [GeV] 0-90 | 90120 |[120-160 | 160-200 | > 200 |0 120\ > 120

AR(jet,,jet,) 0.734| 0.7-3.0 0.7-23 | 0.7-1.8 | < 1.4 | > 0.7 (p¥ <200 GeV)
O-lepton selection

PP [GeV] > 30 > 30 > 30

Ap(Einiss pmiss) < 7/2 < 7/2 < 7/2

lllill[A(ng%ﬁss,j(‘.t)] NU > 1.5 NU > 1.5

Ap(EN'S, dijet) > 2.2 > 2.8 -

Njee=2(3) .

,-—Zn prt [GeV] > 120 (NU) > 120 (150) > 120 (150)

I-lepton selection

mY [GeV] < 120 -

Hy [GeV] > 180 > 180

EMS [GeV] > 2() > 50 > 20
2-lepton selection

myee [GeV] 83-99 71-121

ENS [GeV] < 60

nepr-<p»
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BDT input variables =

A
T
L
A
S

Variable (-Lepton 1-Lepton 2-Lepton

it X X

l:".'["?i""‘ X X X

p.li! X X X

1).1;? X X X

g X X X

AR(by.bs) X X X

|An(by, ba)| X X

Ap(V.bb) X X X

| An(V, bb)| X

H’]" X

min[A¢(f, b)] X

'm.-‘l".' X

Mgy X

MV1e(by) X X X

MV1e(by) X X X

Only in 3-jet events
o X X X
Mphj X X X
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Systematic uncertainties

Signal

Cross section (scale)
Cross section (PDF)

1% (qq), 50% (g9)
2.4% (qq), 17% (99)

Branching ratio 3.3 %
Acceptance (scale) 1.5%-3.3%
3-jet acceptance (scale) 3.3%-4.2%
p¥. shape (scale) S
Acceptance (PDF) 2%-5%
p¥ shape (NLO EW correction) S
Acceptance (parton shower) 8%-13%
Z+jets
Z1 normalisation, 3/2-jet ratio 5%
Zcl 3/2-jet ratio 26%
Z+hft 3/2-jet ratio 20%
Z+ht/ Zbb ratio 12%
Ad(jety, jets), PY, map S
W+jets
W1 normalisation, 3/2-jet ratio 10%
Wel, W+hf 3/2-jet ratio 10%
Wbl /Whbb ratio 35%
Whbe/Wbb, Wee/Whb ratio 12%
Ag(jety, jets), PY, M S
tt
3/2-jet ratio 20%
High/low-p¥. ratio 7.5%
Top-quark pr, myp, E,Ilzliss S
Single top
Cross section 4% (s-,t-channel), 7% (Wt)
Acceptance (generator) 3%-52%
Mpp, P S
Diboson
Cross section and acceptance (scale) 3%—-29%
Cross section and acceptance (PDF) 2% 4%
Mpp S
Multijet
0-, 2-lepton channels normalisation 100%
1-lepton channel normalisation 2%-60%
Template variations, reweighting S

nepr-<p»
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BDT input variables
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. ATLAS

s=8TeV [Ldt=20.3fb"
- 0+1+2 lep., 2+3 jets, 2 tags
Weighted by Higgs S/B

T T
-o- Data 2'012
Bl VH(bb) (1=1.0)
I Diboson
Uncertainty

ATLAS: VZ(bb) @ 7 and 8 TeV

—
- D

© o o o
N b OO 0

o

// //

\

S O O
o A~ N
|III|III|III

Weighted events after subtraction / 20.0 GeV

200

m,, [GeV]

- ATLAS

s=7TeV [Ldt=471b"
0+1+2 lep., 2+3 jets, 2 tags
Weighted by Higgs S/B

Weighted events after subtraction / 20.0 GeV

50 100

Nnepr=>»

Il VH(bb) (u=1.0)
[ Diboson
Uncertainty

—

i

—
<

m,, [GeV]



b-tagging &

Nepr-p»

* Reconstruct Higgs boson candidate with two b-tagged jets

* b-tagging algorithm used to identify jets originating from b-quarks
* Combining information on track impact parameters, secondary vertices and b/c

decay chains in a neural network
 Use different b-tagging operating points to define event categories

* Allows for different charm rejection rates: handle on V+jets processes

100%

80%

70%

50%

MV1ic(jetz) OP

1-tag T
MM
LL
O-tag 1-tag
MVic(jet:) OP

50%

b-jet

70% ,
efficiency

80%

100%

jet axis

decay length ny

track
impact

parameter /. '«' secondary vertex

primary vertex
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Z+bb @ 7 TeV :
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Event Selection - sighal region

Z

Variable W(4v)H W(tv)H Z(¢4)H Z(vv)H
pr(V) [100-130] [130-180] [>180] [>120] [50-100] [>100] [100-130][130-170] [>170]
Mg - - [75-105] -
pr(j1) >30 >30 >20 >60
pr(j2) >30 >30 >20 >30
pr(ji) >100 >120 - [>100] [>130] [>130]
m(}) <250 <250  [40-250] [< 250] <250
Emiss >45 >80 B [100-130] [130-170] [> 170]
pr(T) - >40 - -
pr(track) - >20 - -
CSVmax >0.40 >040 [>0.50] [>0.244] >0.679
CSVimin >0.40 >0.40 >0.244 >0.244
N, i ‘ - <2 ]
N, =0 =0 - =0
A¢(V,H) ~ - - >2.0
Ap(E™SS, jet) ~ - - [>0.7] [>0.7] [>0.5]
A¢(ET's, Efiss(tracks)) - - - <0.5
ET™ sign.j.ficance - - - [>3][-]1[-]
Ap(ET™, £) < 711/2 - - .
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Event Selection - control regions

W(UV)H,W(eVv)H channels

Z(I)H channel

Variabl W+LF tt W+HF - - -
alse \ + Variable Z+jets tt
pr(1) >30 >30 >30
p1(j) >100 >100 >100 pr(jn) >20 >20
m(jj) <250 <250 <250, ¢[90-150] rr(j2) >20 >20
CSVmax €[0.244-0.898] >0.898 >(.898 pr(V) >50 [50-100]
Nij <2 >1 =0 m(jj) <250, #[80-150] <250, ¢[80-150]
Ny =0 =0 =0 SN >0.244 >0.244
R >45 >45 >45 CSVoin >0.244 >0.244
Emss significance  >2.0(u) >3.0(e) -~ -
Z(VV)H channel
Variable Z+LF Z+HF tt W+LF W+HF
E¥“55 [100-130] [130-170] [>170] [100-130] [130-170] [>170] [100-130] [130-170] [>170] [100-130] [130-170] [>170] [100-130] [130-170] [> 170]
rriin) =60 =60 =60 =60 =60
rria) =30 =30 =30 =30 =30
pr(ii) (> 100][> 130) [> 130 (> 100][> 130) [> 130 [> 100][> 130) [> 130] [> 100][> 130) [> 130 [> 100][> 130] [> 130]
m(jj) <250 <250, ¢[100-140] <250, #[100-140] <250 <250, #[100-140]
CSVmax [0.244 — 0.898] >0.679 >0.898 [0.244 — 0.898] >0.679
CSVnin - >(.244 - - >(0.244
Nyj (<21 [-1[-] [(<2][-][-] >1 =0 =0
N,¢ =0 =0 =1 =1 =1
A¢(V,H) - >2.0 - - =20
AG(EDISS jet) [>0.7] [>0.7] [>0.5] [>07] [>0.7] [>05] [>0.7] [>0.7] [>0.5] [>0.7] [>0.7] [>0.5] [>0.7] [>0.7] [>0.5]
Ag(ESS, EMSS (tracks)) <05 <05

(=31[-1[-] (=31[-1[-]

ET"** significance

(=31[-1[-] (=31 [-1[-] [>3][-] -]
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BDT input variables

Entries / 0.05

N —
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