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Overview: Comparison of Sensitivities
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Summary of ATLAS Higgs Searches
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Already discussed by Haichen
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High mass: ZZ → llνν, ZZ → llqq, WW → lνqq
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Overview: Comparison of Sensitivities
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At mH ≈ 125 GeV: γγ ≈WW → lνlν and ττ ≈ bb̄ ≈ ZZ → 4l
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H → ZZ → llνν
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νν ll→ ZZ →H 
High pile­up data
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Higher pile-up data
• Select Z → ll events
• Look at missing energy (really momentum) Emiss

T

• Low mH (200 < mH < 280 GeV): Main background Z+jets
with fake Emiss

T

• High mH (mH > 280 GeV): Backgrounds ZZ , WZ , WW , t t̄
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H → ZZ → llνν
After cut on Emiss

T
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H → ZZ → llνν
Most shapes from simulation
• ZZ , WZ , WW , t t̄

Systematics: scale, PDF,
parton shower modeling,
missing gg → ZZ
Control Regions: 3-lepton
(WZ ), mll and b-tag (t t̄)

• Z+jets
Systematics: Jet energy scale
and resolution
Control Region: low
∆φ(~Emiss

T , ~pT
jet

)
• W+jets

Modeling: scaled data (ee),
MC (µµ)
Control Region: like-sign ee,eµ
Systematics: 100% from
like-sign agreement
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Expected Limit:
260 < mH < 490 GeV

Observed Limit:
320 < mH < 560 GeV
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ZZ → llqq
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At least one b-tag
• Select Z → ll events
• Select a second Z → jj
• Sample divided into b-tag and untagged sample
• “other bkg”: t t̄ , ZZ , WZ
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ZZ → llqq
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 llqq→ ZZ→H

=7 TeVs, ­1Ldt = 4.7 fb∫

High mass region has additional
pjets

T > 45 GeV, ∆φll < π/2, and
∆φjj < π/2 requirements

Expected Limit:
360 < mH < 400 GeV

Observed Limit:
300 < mH < 310, 360 < mH < 400 GeV
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WW → lνqq
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Analytic fit used in limit setting
• Select W → lν: lepton + Emiss

T
• Select a second W → jj
• Use W mass constraint on lν to reconstruct mlνjj

• Use analytic shape to fit background
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WW → lνqq
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Higgs to ZZ (∗) → 4l
Production:
• gg → H dominant + order 10% VBF
• No selection for or against VBF
Z Decays:
• Z → l+l− twice ... very rare

gg → H → ZZ (∗) →
l+l−l+l−

Backgrounds

“Irreducible”:
qq̄ → ZZ (∗) or gg → ZZ (∗)

“Reducible”:
qq̄ → qq̄, qq̄ → bb̄

Challenges: • Very low rate→ need high efficiency
• Low mH → low pT leptons
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Higgs to ZZ (∗) → 4l
Lepton Reconstruction and Identification

Need to separate Z+jets from ZZ (∗)

Z+jets with Z → ll is ≈ 30000 times larger than ZZ (∗) → 4l

Lepton Selection:

• pT > 7 GeV with at least two with pT > 20 GeV (trigger)

Electrons: |η| < 2.47, region with good tracking

Muons: |η| < 2.7, includes region with stand-alone muons and no
tracking coverage

Isolation: to suppress Z+jets and t t̄

•
∑

pT tracks in a cone of ∆R < 0.2 less than 15% of lepton pT

•
∑

ET calorimeter cells in a cone of ∆R < 0.2 less than 30% of
lepton pT

• Corrected for pile-up and all the contributions from signal leptons
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Higgs to ZZ (∗) → 4l
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 [GeV]34m

20 40 60 80 100 120

E
v
e

n
ts

/1
0

 G
e

V

0

5

10

15

20

25

30

­1Ldt = 4.8 fb∫
 = 7 TeVs

4l→
(*)

ZZ→H

DATA
(*)

ZZ

tZ+jets,t

Syst.Unc.

ATLAS

m34 =Other dilepton pair
Fake leptons
important at low
m34 ⇒ low mH

A
A
AAK

Dilepton Mass Requirements:
• |m12 −mZ | < 15 GeV
• For m4l > 180: |m34 −mZ | < 15 GeV
• For m4l < 180: mmin < m34 < 115 GeV where

m4l (GeV) 120 130 140 150 160 165 180 190 ≥ 200
mmin (GeV) 15 20 25 30 30 35 40 50 60
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Higgs to ZZ (∗) → 4l
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Low-m4l High-m4l Low-m4l High-m4l Low-m4l High-m4l
ZZ (∗) 2.1 ± 0.3 16.3 ± 2.4 2.8 ± 0.6 25.2 ± 3.8 1.2 ± 0.3 10.4 ± 1.5
Z+jets + t t̄ 0.16 ± 0.06 0.02 ± 0.01 1.4 ± 0.5 0.17 ± 0.08 1.6 ± 0.7 0.18 ± 0.08
Total Bkg 2.2 ± 0.3 16.3 ± 2.4 4.3 ± 0.8 25.4 ± 3.8 2.8 ± 0.8 10.6 ± 1.5
Data 3 21 3 27 2 15
mH = 130 GeV 1.00 ± 0.17 1.22 ± 0.21 0.43 ± 0.08
mH = 200 GeV 4.9 ± 0.7 7.7 ± 1.0 3.1 ± 0.4
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Higgs to ZZ (∗) → 4l : Modeling backgrounds
Continuum ZZ (∗): PYTHIA normalized to MCFM QCD NLO
cross-section + gg → ZZ (∗)

t t̄ : MC@NLO, cross-checked in data with eµ events
Z + µµ: dominated by Z + bb̄:
• Data-driven model from events with no isolation or impact

parameter cuts on the second two leptons

Z + µµ Control
Region
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Higgs to ZZ (∗) → 4l : Modeling backgrounds
Continuum ZZ (∗): PYTHIA normalized to MCFM QCD NLO
cross-section + gg → ZZ (∗)

t t̄ : MC@NLO, cross-checked in data with eµ events
Z + µµ: dominated by Z + bb̄:
• Data-driven model from events with no isolation or impact

parameter cuts on the second two leptons
Z + ee: dominated by Z+light jets:
• MC (ALPGEN) normalized to a control region no isolation

or impact parameter cuts on the second two leptons

Z + ee Control
Region
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Higgs to ZZ (∗) → 4l
4l invariant mass to differentiate continuum ZZ (∗) from H → ZZ (∗)

Need good and well modeled mass resolution
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Higgs to ZZ (∗) → 4l
Efficiency and Resolution Modeling Validation
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the expected signal
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Higgs to ZZ (∗) → 4l
4l invariant mass to differentiate ZZ (∗) from H → ZZ (∗)
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Higgs to ZZ (∗)
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Higgs to WW (∗) → lνlν

Production:
gg → H + WH/ZH
+ VBF

Decay:
H →WW

W Decays:
W → l−ν̄ twice

Higgs Mass [GeV]
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But...neutrinos mean we can’t measure a mass peak
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Higgs to WW (∗) → lνlν

W Z tt t WW WZ ZZ
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Higgs to WW (∗) → lνlν

W Z tt t WW WZ ZZ
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Lepton Identification and
Isolation suppress W+jets
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Higgs to WW (∗) → lνlν

W Z tt t WW WZ ZZ
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T
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Higgs to WW (∗) → lνlν
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Higgs to WW → lνlν
Do analysis in 0, 1, and 2 jet bins

• Common pre-selection: Selects WW
• Two e or µ leptons: one pT > 25 GeV, one pT > 15 GeV
• mll > 12 GeV (10 for eµ) suppress resonances
• |mll −mZ | > 15 GeV for ee and µµ suppress Z+jets
• Emiss

T,rel > 45 GeV (25 GeV for eµ) suppress Z/γ∗+jets

Emiss
T,rel =

{
Emiss

T if ∆φ ≥ π/2
Emiss

T · sin ∆φ if ∆φ < π/2 ,

• Jet bin specific cuts: see following slides

• “Topological” selectionm, differentiates
H →WW from WW : (cuts given for low mH)
• mll < 50 GeV
• ∆φll < 1.8
• Fit mT distribution (definition later...)
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Higgs to WW → lνlν

0-jet: Dominates sensitivity, main background continuum WW

• pT ,ll > 45 GeV (30 GeV for eµ) suppress Z/γ∗+jets
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Higgs to WW → lνlν

0-jet: Dominates sensitivity, main background continuum WW
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Higgs to WW → lνlν

0-jet: Dominates sensitivity, main background continuum WW

• pT ,ll > 45 GeV (30 GeV for eµ) suppress Z/γ∗+jets
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Higgs to WW → lνlν

1-jet: Main backgrounds continuum WW and t t̄
• b-jet veto, suppresses top
• ptot

T < 30 GeV where ptot
T = p`1T + p`2T + pj

T + pmiss
T ,

suppresses top
• Z → ττ veto using partial mass reconstruction
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Higgs to WW → lνlν
2-jet: Vector Boson Fusion specific selection
• Central Jet Veto

• No jets pT > 25 GeV and |η < 3.2|
• Two widely separated jets on opposite

sides of the detector
• η1 × η2 < 0, ∆ηjj > 3.2 , mjj > 500 GeV

• Same b-jet veto and Z → ττ veto as 1-jet
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Higgs to WW → lνlν
Signals and Backgrounds for a 125 GeV Higgs with mT cuts

0-jet 1-jet 2-jet
WW 110±12 18±3 0.3±0.2

WZ/ZZ (∗)/Wγ 12±3 6±3 negl.
t t̄ 7±2 7±2 0.2±0.1

tW/tb/tqb 5±2 4±2 negl.
Z/γ∗ + jets 13±8 6±1 0.0±0.1
W + jets 27±16 5±3 negl.

Total Bkg. 173±22 45±7 0.5±0.2
Signal (mH=125 GeV) 25±7 6±2 0.4±0.2

Obs. 174 56 0
Limits use fits to mT distributions...
• Separate ee, eµ, and µµ
• 0-jet 5 bins in mT, 1-jet 3 bins in mT

• Only one 2-jet bin with mT cut
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Higgs to WW → lνlν
Control Regions for WW , t t̄

Example for low mass search

WW:
|mll | > 106(ee, µµ),80(eµ) GeV
• Separate 0-jet and 1-jet bins
• Use directly in yield fit
• Large cancellation in jet

modeling (theoretical and
detector)

Plots don’t have the pT ,ll

t t̄ :

• 0-jet: jet loss probability from
b-jet + no other jets

• 1-jet: invert b-jet veto
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Higgs to WW → lνlν
Control Regions for WW , t t̄

Example for low mass search

WW:
|mll | > 106(ee, µµ),80(eµ) GeV
• Separate 0-jet and 1-jet bins
• Use directly in yield fit
• Large cancellation in jet

modeling (theoretical and
detector)

t t̄ :

• 0-jet: jet loss probability from
b-jet + no other jets

• 1-jet: invert b-jet veto

0-jet top estimate:

Ncor =

 Ndata
0−jet,b−tag
Ndata

all,b−tag
NMC

0−jet,b−tag
NMC

all,b−tag

2

Nnom MC

1-jet top control region:
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Higgs to WW → lνlν
Control Regions for Z , W+jets

Z/γ(∗):
• Use Z -peak as control
• Propagate to signal region

using observed mll

distribution at moderate
Emiss

T,rel

D
a
ta

 E
v
e
n

ts

0

200

400

600

800

1000

1200

1400

1600

 [GeV]eem
0 20 40 60 80 100 120 140 160 180 200

 [
G

e
V

]
m

is
s

T
,R

e
l

E

0

10

20

30

40

50

60

70

80
ee 1 Jet

C

D

A

B

ATLAS Preliminary

 = 7 TeVs
­1

 Ldt = 4.7 fb∫

W+jets
• Use a sample of W+jets

from data
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Higgs to WW → lνlν
Limits
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Important systematics:
W+jets, Z/γ(∗)+jets
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Summary I
Comparison of Sensitivities

This plots summarized all ATLAS Higgs Searches
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Summary II
Comparison of Sensitivities
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Summary III
Outlook

• At 8 TeV
• gg → H grows by ≈ 30%
• qq̄ backgrounds grow by ≈ 20%

• WW → lνlν:
• Increasingly challenging with higher pile-up
• Requires detailed modeling of backgrounds, extensive use

of MC
• ZZ → 4l :

• low background means expected significance will grow
faster than γγ or WW
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