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Why Higgs into fermions?
A Standard Model Higgs boson with       
mH ~ 125 GeV/c2 decays most frequently 
into fermions. e.g. for mH = 125 GeV/c2

➡ BR(H→b ̅b)   =    (57.7±1.9)% 

➡ BR(H→τ+τ−) =     (6.3±0.4)%

➡ BR(H→c ̅c )    =    (2.9±0.4)% 

➡ BR(H→µ+µ−) = (0.022±0.001)%

➡ Measurements of the Yukawa 
interactions between Higgs and 
fermions critical to determining the 
true nature of the Higgs-like boson.
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Why Higgs into fermions?
A Standard Model Higgs boson with       
mH ~ 125 GeV/c2 decays most frequently 
into fermions. e.g. for mH = 125 GeV/c2

➡ BR(H→b ̅b)   =    (57.7±1.9)% 

➡ BR(H→τ+τ−) =     (6.3±0.4)%

➡ BR(H→c ̅c )    =    (2.9±0.4)% 

➡ BR(H→µ+µ−) = (0.022±0.001)%

➡ Measurements of the Yukawa 
interactions between Higgs and 
fermions critical to determining the 
true nature of the Higgs-like boson.

This talk: searches for SM Higgs boson production between 100 < mH/GeV < 150  
using up to 4.7 fb−1 of √s = 7 TeV data and up to 21 fb−1 of √s = 8 TeV data

New!

V H, H → bb̄ where V = W,Z

tt̄H,H → bb̄

H → µ
+
µ
−

H → τ
+
τ
−ZH,H → invisible

New!
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The Higgs needle in the LHC haystack

Huge backgrounds:

• high-pT b-jet production: 

➡ ~106 larger than H→bb ̅ production

• Drell-Yan/Z → τ+τ−:
➡ 105 larger than H → τ+τ− production
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Exploit vector boson fusion and 
associated production:

• pp→ jjV V → jjH

• pp→ tt̄H

• pp→WH, pp→ ZH

Gluon Fusion t t̅ H         

associated production   VBF       
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Identifying τ-leptons & Tagging b-jets

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

ATLAS-CONF-2012-040
ATLAS-CONF-2012-043

ATLAS-CONF-2011-102

ATLAS-CONF-2012-097
ATLAS-CONF-2012-142
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Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC
➡ energy scale from isolated hadron data

• Analyses presented here use 60% 
working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 
electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

τ→hadrons+ντ
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• Jets + tracks used to form τhad candidates

➡ energy from MC
➡ energy scale from isolated hadron data
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ≤ pT < 50 GeV, 50 GeV ≤ pT < 60 GeV, 60 GeV ≤ pT < 75 GeV, 75 GeV ≤ pT <
90 GeV, 90 GeV≤ pT < 110 GeV, 110 GeV≤ pT < 140 GeV and 140 GeV ≤ pT < 200 GeV, while the
! bins are 0≤ |! |< 0.6, 0.6 ≤ |! | < 1.2, 1.2 ≤ |! |< 1.8 and 1.8 ≤ |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The

2

• Uses secondary & subsequent 
vertices along b-hadron line of 
flight

• Analyses presented here use 70% 
working point
➡ selects 70% of b-jets

➡ mistag rate for light jets ~1% 
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H→bb ̅ searches using WH and ZH
ATLAS-CONF-2012-161

Ben Kilminster, OSU

Moriond QCD ‘07

     p. 4
Higgs at the Tevatron

• For  low mass  Higgs :   3 main channels

• For high mass  Higgs : 1 main channel

WH ! l"bbZH ! ""bbZH ! llbb

gg ! H ! WW ! l"l"

ℓ
Ben Kilminster, OSU

Moriond QCD ‘07
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• For high mass  Higgs : 1 main channel
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ℓ+, 

ℓ−, 
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VH→Vbb ̅ Analysis Strategy 

zero lepton (ZH→νν̅bb̅)
- No electrons or muons
- ETmiss > 120 GeV

one lepton (WH→ℓνbb ̅ )
- Exactly one high-pT lepton
- ETmiss > 25 GeV
- 40 < mTℓν / GeV < 120 

two leptons (ZH→ℓ+ℓ−bb̅)
- Exactly two high-pT leptons
- opposite charge
- ETmiss < 60 GeV 
- 83 < mℓℓ / GeV < 99

Three channels: based on exactly 0, 1 or 2 charged 
leptons, ℓ={e, µ}
➡ Two or three jets with two b-tags

➡ To improve sensitivity analysis performed in bins of 
vector boson pT (pTℓℓ/ℓν or ETmiss): 16 bins in total

➡ mbb ̅ used as discriminating variable

H→bb ̅  produced in association with leptonically decaying W or Z

Ben Kilminster, OSU

Moriond QCD ‘07

     p. 4
Higgs at the Tevatron

• For  low mass  Higgs :   3 main channels

• For high mass  Higgs : 1 main channel

WH ! l"bbZH ! ""bbZH ! llbb

gg ! H ! WW ! l"l"

ℓ
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ZH→νν̅ bb̅ candidate event 
• mbb̅ = 123 GeV   ETmiss = 271 GeV
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VH→Vbb ̅ Backgrounds and Systematics
• Background shapes from simulation, normalised using data 

• Multijet bkg determined by data-driven techniques

• WZ(Z➞bb̅) & ZZ(Z➞bb̅) background normalisation and 
shape from simulation

0-lepton 1-lepton 2-lepton

Z+jetsW+jets  topZ+jets  W+jets  top

Main uncertainties: 
➡ b-/c-tagging ; jet energy scale & resolution ; MC statistics 
➡ Systematics are constrained by fitting mbb distributions to the data

8Wednesday, 6 March 2013



mbb distributions at √s = 8 TeV
•Highest pT(W,Z) bins are the most sensitive to Higgs signal

150, 160 < pT(W,Z)/GeV < 200

pT(W,Z) > 200 GeV

0-lepton 1-lepton
2-lepton

0-lepton 1-lepton
2-lepton

95% CL limit on σ/σSM for mH=125 GeV: 

1.8 (measured); 1.9 (expected)
No observation of deviation 

from SM backgrounds
9Wednesday, 6 March 2013



VH→Vbb ̅ cross check: observation of VZ→Vbb ̅

•WZ, ZZ production with Z→bb ̅ similar signature, but 5 × cross-section

•Perform a separate fit to find Z→bb ̅ and validate the analysis
➡ Backgrounds - except VZ & VH are subtracted 
➡ Uses full pTW,Z range, performed individually for 0, 1, 2-lepton channels 

and for √s=7, 8 TeV  

Result: σ/σSM = µD= 1.09 ± 0.20 (stat) ± 0.22 (syst). Significance of 4.0σ
10Wednesday, 6 March 2013



ZH, H→invisible searches
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1 Introduction20

Some extensions to the Standard Model (SM) allow a Higgs boson [1–3] to decay to stable or long-21

lived particles that interact with the Higgs boson, but have only weak interactions with other elementary22

particles. Results obtained so far in the search for the SM Higgs boson do not exclude the possibility of a23

sizable branching ratio to invisible particles for the SM Higgs boson candidate at mH ∼ 125 GeV [4, 5].24

Combined LEP results [6] have excluded an invisibly decaying Higgs boson for mH < 114.4 GeV under25

the assumption that such a Higgs boson is produced in association with a Z boson at the rate expected26

for a SM Higgs boson and that it decays predominantly to invisible particles. A further Higgs-like boson27

decaying predominantly to invisible particles is not excluded for mH > 115 GeV. This note presents a28

search for decays to invisible particles for a narrow scalar boson produced in association with a Z boson29

with the same cross section as the SM Higgs boson and having a mass between 115 and 300 GeV. The30

results are also interpreted in terms of the 125 GeV Higgs boson candidate, where the ZH production31

cross section is taken to be that predicted for a SM Higgs boson.32

2 Signal Model and Analysis Overview33

The signal process searched for is the associated production of ZH. The Higgs boson is assumed to34

decay to invisible particles as shown in the Feynman diagram in Figure 1. The Z boson decaying into35

electrons or muons is considered for this analysis. The SM ZH cross section formH = 125 GeV is 316 fb36

at
√
s = 7 TeV and 394 fb at

√
s = 8 TeV [7,8]. Including the requirement that the Z boson decays to e, µ,37

or τ reduces these cross sections to 31.9 fb and 39.8 fb respectively. A very small SM contribution to the38

ZH → "" + inv. final state arises when the Higgs boson decays to four neutrinos via two Z bosons. The39

predicted cross section of this process formH = 125 GeV is 3.4×10−2 fb at
√
s = 7 TeV and 4.2×10−2 fb40

at
√
s = 8 TeV. The present search is not sensitive to this particular process although it is part of the41

signal, but instead searches for enhancements of the invisible decay fraction due to physics beyond the42

Standard Model (BSM).43

Z

Z

h

q

q̄

!+

!−

χ

χ

Figure 1: Leading Feynman diagram of the associated ZH production. In this search the Z boson must

decay to charged leptons and the Higgs boson must decay to invisible particles which are generically

represented by χ.

The POWHEG [9–11] Monte Carlo (MC) generator is used to simulate the signal. In the simulation44

the associatively produced Z boson is forced to decay to e, µ, or τ. The invisible decay of the Higgs45

boson is simulated by forcing the Higgs boson to decay to two Z bosons, which are then forced to decay46

to neutrinos. For most distributions shown in this note the signal simulation is normalized assuming47

the standard model ZH production rate and a 100% branching fraction of the Higgs boson to invisible48

particles. Signal samples are generated at Higgs boson masses of 115, 120, 125, 130, 150, 200, and49

300 GeV.50

New!

ATLAS-CONF-2013-011
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Figure 9: Distributions of Emiss
T
for signal events in the 2011 data taking period (a) and the 2012 data

taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.

10 Summary and Conclusion

A direct search for evidence of invisible decays of a Higgs boson at the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement

is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at

√
s = 7 TeV during the 2011 run

and 71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ± 6.5 (syst.) background events
in 13.0 fb−1 of data taken at

√
s = 8 TeV during part of the 2012 run. No significant excess over the

expected background is observed and limits are set on the allowed invisible branching fraction of the

recently observed 125 GeV Higgs boson candidate. Assuming the ZH production rate for a 125 GeV

SM Higgs boson, limits are set on the invisible branching fraction at 95% confidence level. The observed

exclusion is for branching fractions greater than 65%, and the expected limit is 84%. Limits are also set
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Figure 2: Emiss
T
distributions after the dilepton mass requirement from the 2011 (a) and 2012 (b) data. The

observed data are represented by the black dots and the histograms represent the background predictions

from the MC samples listed in Section 3. The signal hypothesis is shown by the dotted line and assumes

the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible branching

fraction. The insets at the bottom of the figures show the ratio of the data to the combined background

expectations as well as a band corresponding to the combined systematic uncertainties.

requirement and Emiss
T
cut, is shown in Figure 3(a).163

Under the signal assumption, the momentum of the reconstructed Z boson is balanced by the mo-164

mentum of the invisibly decaying Higgs boson which is reconstructed as Emiss
T
. Therefore the azimuthal165

separation between the dilepton system and the Emiss
T
(∆φZ,Emiss

T
) is required to be greater than 2.6 radians.166

The distribution of ∆φZ,Emiss
T
in the 2012 data, after the dilepton mass window requirement and Emiss

T
cut,167

is shown in Figure 3(b). In order to produce the required large Emiss
T
, the Higgs boson must have a large168

pT boost and therefore the recoiling Z boson must also have large pT to conserve momentum. This169

causes the decay leptons to be close in azimuth and therefore the azimuthal opening angle of the two170

leptons (∆φ"") is required to be less than 1.7 radians. Furthermore the magnitude of p
""
T
and Emiss

T
should171

be compatible and thus the fractional pT difference, defined as |EmissT − p""
T
|/p""
T
, is required to be less than172

0.2. The distribution of |Emiss
T
− p""

T
|/p""
T
in the 2012 data, after the dilepton mass window requirement173

and Emiss
T
cut, is shown in Figure 3(c). Finally, a majority of the signal is produced in association with174

no high pT jets whereas background from boosted Z bosons and tt̄ pairs tends to have one or more jets.175

Thus, events must have no reconstructed jets with pT > 20 GeV and |η| < 2.5. The distribution of the176

number of jets per event in the 2012 data after the dilepton mass window requirement and Emiss
T
cut, is177

shown in Figure 3(d).178

7 Control Regions and Background Estimation179

The processes that contribute to the SM expectation are summarized in Section 2. Table 3 summarizes180

the expected contributions from each background source and observed number of data events.181

The ZZ [26] andWZ [27] backgrounds are estimated using MC predictions. The ZZ → ""νν and the182

WZ → "ν""MC are normalized to NLO cross sections. The cross section of the ZZ process is increased183

by 6% [28] to account for missing quark-box diagrams (gg→ ZZ). Systematic uncertainties are derived184

from the propagation of reconstructed object uncertainties and from uncertainties on the production cross185

Optimised 
selection cuts

ZH, H→invisible search
• Signature: Z→e+e− or  Z→ µ+µ− with large ETmiss

• Main backgrounds: 

• ZZ→ℓ+ℓ−νν̅ (70%) 

• WZ→ℓνℓ+ℓ−, one ℓ escaping detection (20%) 

• WW→ℓ+νℓ−ν̅ (5%)

• Require ETmiss > 90 GeV and optimise 
selection cuts to select ZH-like events

expected SM 
backgrounds

observed 
events

√s = 7 TeV
4.7 fb−1

32.7 ± 1.0 (stat) ± 2.6 (syst) 27
√s = 8 TeV
13.0 fb−1

78.0 ± 2.0 (stat) ± 6.5 (syst) 71
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ZH, H→invisible results
•Results are interpreted two ways: 

➡ Limit on BR(H→invisible) for SM mH=125 GeV production

95% CL limit on BR(H→invisible) for mH=125 GeV: 

<65% (measured); <84% (expected)
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Figure 11: 95% confidence level limits on the cross section times branching fraction of a Higgs-like

state decaying to invisible particles for the 2011 data taking period (a), 2012 data taking period (b), and

combination of both periods (c). Dashed lines show the background only expected limits and solid lines

show the observed limit.

➡ Limits on σ(ZH) * BR(ZH→ℓℓ invisible) for further 
Higgs-like states with 115 < mH / GeV < 300 
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Figure 10: 1 - Confidence level (CL) (a) and profile likelihood (b) scanned against BR(H → invisible)
for the SM Higgs boson with 125 GeV mass. The dashed line shows the expected values, whereas the

solid line indicates the observed values. The red solid lines indicate the 68% and 95% CL for (a).

on the cross section times invisible branching fraction of a possible additional Higgs-like boson over the

mass range 115 GeV < mH < 300 GeV. No excess is observed over the mass range.
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searches
ATLAS-CONF-2012-135

tt̄H,H → bb̄
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Reconstruction

• Events with ≥ 3 b-tags, ≥ 6 jets use kinematic likelihood fitter to assign (within 
decay widths and detector resolutions):

➡ 1 e± or µ±

➡ ETmiss

➡ 4 b-jets 
➡ 2 light jets

tt̄H →W
+
b W

−
b̄ bb̄→ �

+
νb jj̄b̄ bb̄

tt̄H,H → bb̄

• 2 W-bosons

• 2 top-quarks

•1 Higgs boson
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Reconstruction

• Events with ≥ 3 b-tags, ≥ 6 jets use kinematic likelihood fitter to assign (within 
decay widths and detector resolutions):

➡ 1 e± or µ±

➡ ETmiss

➡ 4 b-jets 
➡ 2 light jets

mtmt

{ {tt̄H →W
+
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−
b̄ bb̄→ �
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νb jj̄b̄ bb̄{ { no mass
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{

tt̄H,H → bb̄
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Reconstruction

• Events with ≥ 3 b-tags, ≥ 6 jets use kinematic likelihood fitter to assign (within 
decay widths and detector resolutions):

➡ 1 e± or µ±

➡ ETmiss

➡ 4 b-jets 
➡ 2 light jets

mtmt

{ {tt̄H →W
+
b W

−
b̄ bb̄→ �

+
νb jj̄b̄ bb̄{ { no mass

constraint

{

tt̄H,H → bb̄

• 2 W-bosons

• 2 top-quarks

•1 Higgs boson

➡ No constraint on mbb̅ ⇒ used as discriminating variable

11

cases at least one of jets from the Higgs boson decay is not included among the list of jets selected for

performing the kinematic fit. Since the Higgs boson tends to be uniformly distributed in φ between the

top quarks which themselves tend to be 180 degrees away from each other, the b decays from the top and

Higgs boson overlap quite often. In addition, the c quark from aW decay can be mistaken as originating

from the Higgs boson decay.
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Figure 3: Distribution of the reconstructed Higgs boson mass (mbb̄) after kinematic fit for simulated tt̄H signal
(assuming SM cross sections and branching ratios, andmH = 125 GeV) in the combined e+jets and µ+jets channels
after requiring (a) ≥ 6 jets of which 3 jets are b tagged, and (b) ≥ 6 jets of which ≥ 4 jets are b tagged. Also
overlaid are the distributions for the subset of events where the reconstructed Higgs boson matches (in η and φ)
the generator-level Higgs boson particle (labeled as “Higgs particle matched”), the subset of events where the two
b jets used for mbb̄ match the b quarks from the Higgs boson decay (labeled as “b quarks from Higgs matched”),
and the subset of events where all jets considered in the kinematic fit match the partons from the decays of the
top quarks and Higgs boson (labeled as “all partons matched”). In all instances angular matching is performed by
requiring ∆R < 0.4. The fractions of selected events satisfying the different matching requirements are indicated
between parenthesis. The last bin in the figures contains the overflow.

Figure 4 compares between signal and background the shape of the Hhad
T
distribution for the most

sensitive topology using this variable (5 jets, ≥ 4 b tags), and the shape of the mbb̄ distribution for the
most sensitive topology using this variable (≥ 6 jets, ≥ 4 b tags).

9 Systematic Uncertainties

Several sources of systematic uncertainties have been considered that can affect the normalisation of sig-

nal and background and/or the shape of their corresponding final discriminant distributions. Individual

sources of systematic uncertainty are considered uncorrelated. Correlations of a given systematic un-

certainty are maintained across processes and channels. Table 2 presents a summary of the systematic

uncertainties considered in the analysis indicating whether they are taken to be normalisation-only, or to

affect both shape and normalisation. Details of the systematic uncertainties affecting the signal and/or

background normalisations for each background and channel can be found in Tables 5–12 in Appendix A.

The following sections describe each of the systematic uncertainties considered in the analysis. In

order to reduce the degrading impact of systematic uncertainties on the sensitivity of the search, nuisance

parameters corresponding to each of the systematic uncertainties are fitted to data during the statistical

analysis, exploiting the constraining power from the background-dominated topologies considered, as

described in Sect. 10. A rough estimate of which systematic uncertainties are dominant can be obtained

by considering those from the process with the largest yield, tt̄, in the most sensitive channel: ≥ 6 jets
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Reconstruction

• Events with ≥ 3 b-tags, ≥ 6 jets use kinematic likelihood fitter to assign (within 
decay widths and detector resolutions):

➡ 1 e± or µ±

➡ ETmiss

➡ 4 b-jets 
➡ 2 light jets

mtmt

{ {tt̄H →W
+
b W

−
b̄ bb̄→ �

+
νb jj̄b̄ bb̄{ { no mass

constraint

{

tt̄H,H → bb̄

• Events with < 3 b-tags or <6 jets 
included to improve sensitivity & 
constrain backgrounds

• examine HThad, scalar sum of jet pT

• 2 W-bosons

• 2 top-quarks

•1 Higgs boson

➡ No constraint on mbb̅ ⇒ used as discriminating variable
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top quarks and Higgs boson (labeled as “all partons matched”). In all instances angular matching is performed by
requiring ∆R < 0.4. The fractions of selected events satisfying the different matching requirements are indicated
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Figure 4 compares between signal and background the shape of the Hhad
T
distribution for the most

sensitive topology using this variable (5 jets, ≥ 4 b tags), and the shape of the mbb̄ distribution for the
most sensitive topology using this variable (≥ 6 jets, ≥ 4 b tags).

9 Systematic Uncertainties

Several sources of systematic uncertainties have been considered that can affect the normalisation of sig-

nal and background and/or the shape of their corresponding final discriminant distributions. Individual

sources of systematic uncertainty are considered uncorrelated. Correlations of a given systematic un-

certainty are maintained across processes and channels. Table 2 presents a summary of the systematic

uncertainties considered in the analysis indicating whether they are taken to be normalisation-only, or to

affect both shape and normalisation. Details of the systematic uncertainties affecting the signal and/or

background normalisations for each background and channel can be found in Tables 5–12 in Appendix A.

The following sections describe each of the systematic uncertainties considered in the analysis. In

order to reduce the degrading impact of systematic uncertainties on the sensitivity of the search, nuisance

parameters corresponding to each of the systematic uncertainties are fitted to data during the statistical

analysis, exploiting the constraining power from the background-dominated topologies considered, as

described in Sect. 10. A rough estimate of which systematic uncertainties are dominant can be obtained

by considering those from the process with the largest yield, tt̄, in the most sensitive channel: ≥ 6 jets
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:  mbb̅  and Fit

• Main background is    production

• Main systematic due to b- and c-
tagging uncertainties

• Systematics are constrained by 
fitting the distributions to the data

• Normalisations and shapes are 
allowed to vary in mbb̅ and HThad.
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Figure 7: Comparison between data and simulation for the final discriminant variable used in the combined e+jets
and µ+jets channels with ≥ 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) ≥ 4 b-tags, (left) before
and (right) after fitting of the nuisance parameters to data under the signal-plus-background hypothesis (assuming
mH = 125 GeV). The last bin in all figures contains the overflow. The bottom panel displays the ratio between data
and background prediction. The shaded area represents the total background uncertainty (left) before and (right)
after fitting the nuisance parameters to data.

Pre-Fit Post-Fit

No observation of deviation 
from SM backgrounds

95% CL limit on σ/σSM for mH=125 GeV: 

13.1 (measured); 10.5 (expected)

tt̄H,H → bb̄

tt̄
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H→τ+τ− searches
ATLAS-CONF-2012-160
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H→τ+τ− searches
• Uses ~10 exclusive analysis categories dependent on τ final states, number of 

additional jets and kinematic features

• mττ is used as the discriminating variable.

• mττ from Missing Mass Calculator (MMC) using measured momenta, ETmiss and 
the simulated distribution of angle between visible and missing momenta 

2-jet VBF 
2 jets with Δη > 3
central jet veto

Boosted
pT(ττ) > 100 GeV

2-jet VH
30 < mjj/GeV < 160 

1 QCD jet 0 QCD jets 

H→τlep τlep    (BR ~12.4%)

acceptance ~1.6%
mττj > 225 GeV

H→τhad τlep (BR ~ 45.6%)  

acceptance ~2.4%
H→τhad τhad  (BR ~ 42%)

acceptance ~0.3%

Categories for √s = 8 TeV data (similar for 7 TeV data)

PriorityCommon selection: ETmiss > 20 GeV, most jets have b-tag veto 
18Wednesday, 6 March 2013



VBF H→τhad τµ candidate event
• mMMC=129 GeV

• pT(µ) = 63 GeV, pT(τhad) = 96 GeV, ETmiss=119 GeV, mjj=625 GeV 
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mττ distributions and backgrounds

No significant excess above 
predicted backgrounds

• Main systematics: τ energy scale and 
theoretical uncertainties 

VBF H→τhad τlep :     
most sensitive 

channel  

• Z → ττ from a data-driven 
technique

• Use Z → µµ data, replacing µ 
with τ signatures taken from 
MC simulation

• Z (→ee/µµ) + jets, top, di-boson: 
estimated from MC with 
corrections from data

• QCD from data driven estimate

95% CL limit on σ/σSM for mH=125 GeV: 

1.9 (measured); 1.2 (expected)
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H→µ+µ− searches
ATLAS-CONF-2013-010

New!
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H→µ+µ− Searches

• Search for H→µ+µ− using full 2012 
√s=8 TeV dataset.

•Huge background from Z/γ*→µ+µ−

• At 125 GeV, mµµ resolution is ~ 2.3 GeV.

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

February 26, 2013 – 14 : 35 DRAFT 4

Ev
en

ts
 / 

2 
G

eV

-110
1

10

210

310

410

510

610

710

810

910

1010  Data  SM (stat)
 Single Top  W+jets
 WW t t

! WZ/ZZ/W  Z+jets
  H [125 GeV]

ATLAS Preliminary
-1 Ldt = 20.7 fb" = 8 TeV, s

-µ+µ#H

 [GeV]µµm
80 100 120 140 160 180 200 220 240 260

D
at

a 
/ S

M

0.8
0.9

1
1.1
1.2

Ev
en

ts
 / 

10
 G

eV

-110
1

10

210

310

410

510

610

710

810

910

1010  Data  SM (stat)
 Single Top  W+jets
 WW t t

! WZ/ZZ/W  Z+jets
  H [125 GeV]

ATLAS Preliminary
-1 Ldt = 20.7 fb" = 8 TeV, s

-µ+µ#H

 [GeV]µµ

T
p

0 20 40 60 80 100 120 140 160

D
at

a 
/ S

M

0.8
0.9

1
1.1
1.2

Figure 1: The distribution of the di-muon invariant mass mµ+µ− (left), and the di-muon transverse mo-

mentum, p
µ+µ−

T
(right) with the requirements on the muon track quality, muon isolation and minimum

momentum for both muons applied. The signal is shown for mH = 125 GeV.

4 Signal and background models133

In order to derive the statistical results described in Section 6, a binned maximum likelihood fit is per-134

formed to the di-muon mass distributions for the central and non-central categories. The fit uses a sum135

of background and signal probability density functions (pdf). The background pdf is a sum of the Breit-136

Wigner (BW) and exponential pdfs:137

PBG = fBW · BW (x,MZ ,ΓZ) + (1 − fBW) · P(e
B·x

), (1)

where x represents the di-muon invariant mass and fBW represents the fraction of the BW contribution138

when both pdfs are normalized to unity. In the fits, the width and the mean of the BW function are fixed139

to the world average values for the width and the mass of the Z boson [50].140

The background pdf is validated by fitting di-muon invariant mass distributions for different back-141

ground MC samples and the data control regions defined in Section 3; no statistically signficant fit biases142

are observed in any of the tests. The fits to the central and the non-central categories are performed sep-143

arately and the results of these fits are shown in Fig. 4 for simulated data. Fits to the data signal regions144

are performed only after the selection of the background pdf; these fits using the background only pdf145

are shown in Fig. 4.146

The signal pdf is obtained from simulated Higgs signal samples, where contributions from all four147

Higgs production processes are added together, and is parametrized as a sum of the Crystal Ball (CB)148

and Gaussian (GS) pdfs:149

PS = fCB ·CB(x,m,σCB,α, n) + (1 − fCB) ·GS (x,m,σG) , (2)

where x represents the di-muon invariant mass and fCB represents the fraction of the CB contribution150

when both pdfs are normalized to unity. The mass value m in the Gaussian distribution is fixed to the151

mass value in the Crystal Ball distribution. The parameters σCB and σG denote the widths of the Crystal152

Ball and Gaussian distributions, respectively. The fraction parameter fCB and the n parameter of the153
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Crystal Ball function are fixed in the fits with fCB = 0.9. The remaining parameters are floating freely in154

the fits of the di-muon mass distribution for each generated Higgs mass point. This signal pdf is found to155

describe the expected signal di-muon mass distributions well in both categories as shown in Fig. 5. The156

free parameters are linearly interpolated in steps of 0.5 GeV between the generated signal samples. All157

signal pdf parameters are fixed in the mass scans of the data di-muon invariant mass distributions which158

are described in Section 6. Fig. 6 shows the results of the signal fits and signal interpolations for different159

Higgs masses.160

In addition to the models described here, alternative parametrizations for signal and background161

models have been studied. The two alternative background models show very similar performance with162

simulated samples and data control regions. The present background model is selected based on simplic-163

ity of the parametrization and absence of statistically significant fit biases. The present signal model is164

selected because it provided the most stable fit results for all simulated Higgs mass points.
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Figure 5: The signal model fit to the mµ+µ− distribution for the central (left) and non-central (right)

simulated signal events.
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Figure 6: The invariant mass distribution (solid black circles) for the simulated Higgs samples. The signal

model fits (red lines) are shown for the central (left) and non-central (right) categories. Superimposed

are the expected signal shapes obtained from the signal interpolation (blue lines) between the simulated

samples.

165

95% CL limit on σ/σSM for mH=125 GeV: 

9.8 (measured); 8.2 (expected)
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Search Results
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Results
• No observation of SM Higgs boson production, decaying into fermions or invisibly, in 

the range 100 < mH/GeV < 150.

95% CL limits on SM Higgs 
production, for mH=125 GeV

95% CL limits on SM Higgs, 
for mH=125 GeV

observed expected

BR (H→invisible) < 65% < 84%
observed expected

VH→Vbb ̅ 1.8 1.9
13.1 10.5

H→τ+τ− 1.9 1.2
H→µ+µ− 9.8 8.2

tt̄H,H → bb̄
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Figure 7: Observed (solid) and expected (dashed) 95% CL upper limits on the H → µ+µ− signal strength

as a function of mH over the mass range 110 GeV < mH < 150 GeV (left). The green (color online)

and yellow regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively.

Observed (solid line) probability for the background-only scenario as a function of mH (right). The

dashed line shows the expectation for the SM H → µ+µ− signal plus the background for that value of

mH .

mH [GeV] observed limits exp. median exp. +2σ exp. +1σ exp. −1σ exp. −2σ
110 5.1 10.4 20.0 14.6 7.5 5.6

115 5.7 7.5 14.5 10.6 5.4 4.0

120 9.2 7.6 14.6 10.7 5.5 4.1

125 9.8 8.2 15.9 11.6 5.9 4.4

130 10.8 9.1 17.5 12.8 6.5 4.9

135 11.0 10.4 20.1 14.6 7.5 5.6

140 16.8 12.9 25.0 18.2 9.3 6.9

145 16.9 18.3 35.3 25.7 13.2 9.8

150 22.1 31.3 60.6 44.2 22.6 16.8

Table 5: Observed and expected 95% CL upper limits on the H → µ+µ− signal strength together with

the upper and lower 1σ and 2σ uncertainties for different values of mH .
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straight lines for better readability. The shaded bands indicate the ±1 standard deviation (s.d.) and 2 s.d.
intervals on the distribution of the limits that are expected if no signal is present.
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H→τ+τ− Production Properties

• Observed (expected) p0 value: 
1.1σ (1.7σ) at mH=125 GeV

Best fit signal strengths for:  
Higgs production from weak bosons vs 
Higgs production from gluons 
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Planned Improvements
• Study of 21 fb−1 of √s = 8 TeV data is underway for 

VH→Vbb ̅, ttH and H→τ+τ− searches.

• Further sensitivity will be gained by:
➡ Adding more final states, such as 

➡ Using advanced data techniques to understand 
systematics and gain better separation between 
signal and background, e.g.

• multivariate event selection

• exploiting b-tag weights 

• kinematic fits of the observed final states
➡ Better understanding of flavour tagging and 

tau reconstruction.

• If the 125 GeV Higgs-like boson is the SM Higgs 
boson, need post shutdown data for reasonable 
values for the Higgs-Yukawa couplings.  

tt̄H → �
+
νb �

−
ν̄b̄ bb̄

ATL-PHYS-PUB-2012-004
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Conclusions
• The ATLAS experiment has searched for evidence of the SM Higgs boson decaying into 

fermions.

• Large backgrounds and complex final states make these analyses very challenging.

• No observation of fermion or invisible final states; but we didn’t expect to see any with the 
data analysed so far.

• More data and more sophisticated techniques are under study.

• The observation of VZ→Vbb ̅ gives us confidence we will be able to observe fermionic final 
states of the Higgs boson, if nature allows them.
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Backup Slides
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Data Samples

Searches presented here use:
➡ 4.7 fb−1 of √s = 7 TeV (except H→µ+µ−)
➡ 13 fb−1 of √s = 8 TeV                          

(VH→Vbb ̅, H→τ+τ−, H→invisible)
➡ 21 fb−1 of √s = 8 TeV  (H→µ+µ−)
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Identifying τ leptons
• τ-leptons decay inside the LHC beam pipe

➡ Leptonic decays: τlep  τ → eνe̅ντ (17.8%) τ → µνµ ̅ντ (17.4%)
➡ Hadronic decays: τhad τ → hadrons + ντ  (1-prong: 49.5%; 3-prong: 15.2%)

• Jets + tracks are used to form τhad candidates; energy calibrated using MC, but energy scale 
determined using studies of isolated hadrons

• Cuts on boosted decision trees (BDT) and a log-likelihood (LLH) are used to reject electrons and QCD 
jets.

• Analyses presented here use 60% working point - selects 60% of τhad

• selects few% of QCD jets and <1% of electrons 
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Tagging b-jets

•b-tagging algorithm (“MV1”) uses a 
neural net

•based on secondary and subsequent 
vertices along the b-hadron line of 
flight

•Analyses presented here use 70% 
working point

•selects 70% of b-jets

•mistag rate for light jets ~1% 

ATLAS-CONF-2012-040

ATLAS-CONF-2012-043
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ≤ pT < 50 GeV, 50 GeV ≤ pT < 60 GeV, 60 GeV ≤ pT < 75 GeV, 75 GeV ≤ pT <
90 GeV, 90 GeV≤ pT < 110 GeV, 110 GeV≤ pT < 140 GeV and 140 GeV ≤ pT < 200 GeV, while the
! bins are 0≤ |! |< 0.6, 0.6 ≤ |! | < 1.2, 1.2 ≤ |! |< 1.8 and 1.8 ≤ |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The

2

ATLAS-CONF-2011-102

ATLAS-CONF-2012-097
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VH→Vbb ̅  BG Normalisation Fit
•example for 1-lepton; plots integrated over all pTℓν bins. 

Pre b-tag 1 b-tag

2 b-tags
2 b-tags +

1 additional jet

W+light enriched W+charm enriched

W+bottom
t t̅

t t̅ enriched
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VH→Vbb ̅ Systematics and Observed Events

Main uncertainties: 
➡ b-/c-tagging 

➡ jet energy scale & resolution
➡ MC statistics

Table 6: The expected numbers of signal and background events for the
√
s = 8 TeV data after the

profile likelihood fit, as well as the observed number of events, are shown. The expected number of

signal events are shown for WH and ZH production separately for mH = 125 GeV. The quoted error on

the total background represents one standard deviation of the profiled nuisance parameters incorporating

both the systematic and statistical uncertainties.

0-lepton, 2 jet 0-lepton, 3 jet 1-lepton 2-lepton

Bin Emiss
T [GeV] pWT [GeV] pZT[GeV]

120-160 160-200 >200 120-160 160-200 >200 0-50 50-100 100-150 150-200 > 200 0-50 50-100 100-150 150-200 >200

ZH 2.9 2.1 2.6 0.8 0.8 1.1 0.3 0.4 0.1 0.0 0.0 4.7 6.8 4.0 1.5 1.4

WH 0.8 0.4 0.4 0.2 0.2 0.2 10.6 12.9 7.5 3.6 3.6 0.0 0.0 0.0 0.0 0.0

Top 89 25 8 92 25 10 1440 2276 1120 147 43 230 310 84 3 0

W + c,light 30 10 5 9 3 2 580 585 209 36 17 0 0 0 0 0

W + b 35 13 13 8 3 2 770 778 288 77 64 0 0 0 0 0

Z + c,light 35 14 14 8 5 8 17 17 4 1 0 201 230 91 12 15

Z + b 144 51 43 41 22 16 50 63 13 5 1 1010 1180 469 75 51

Diboson 23 11 10 4 4 3 53 59 23 13 7 37 39 16 6 4

Multijet 3 1 1 1 1 0 890 522 68 14 3 12 3 0 0 0

Total Bkg. 361 127 98 164 63 42 3810 4310 1730 297 138 1500 1770 665 97 72

± 29 ± 11 ± 12 ± 13 ± 8 ± 5 ± 150 ± 86 ± 90 ± 27 ± 14 ± 90 ± 110 ± 47 ± 12 ± 12

Data 342 131 90 175 65 32 3821 4301 1697 297 132 1485 1773 657 100 69

reduced compared with table 4 due to the normalisation procedure described below. The numbers of

observed events in data are shown in the last row. After all selection criteria, the dominant backgrounds

are Z + b production for the 2-lepton category, W + b and top production for the 1-lepton category, and

all three contribute significantly for the 0-lepton category. The signal to background ratio improves in

each channel with increasing pV
T
. The total expected background and its uncertainty is included. The

uncertainty is reduced compared with Table 4 due to the normalisation procedure described below.

The statistical analysis of the data employs a binned likelihood function L(µ, θ) constructed as the

product of Poisson probability terms for each category. The categories that enter the profile likelihood fit

are the 16 individual 2 b-tag signal regions and the top control regions for the 1- and 2-lepton channels.

A signal strength parameter, µ, multiplies the expected Standard Model Higgs boson production cross

section in each bin. The dependence of the signal and background predictions on the systematic uncer-

tainties is described by nuisance parameters, θ, which are parametrised by Gaussian or log-normal priors.

The expected number of signal and background events in each bin are functions of θ. The parametrisa-

tion is chosen such that the rates in each category are log-normally distributed for a normally distributed

θ. The test statistic qµ is then constructed according to the profile likelihood: qµ = 2ln(L(µ, θ̂µ)/L(µ̂, θ̂)),
where µ̂ and θ̂ are the parameters that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ
are the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used

to measure the compatibility of the background only model with the observed data and for exclusion

intervals derived with the CLs method [42, 43]. The normalisation of the top, Z + b and W + b back-

grounds are allowed to float freely in the fit. The other backgrounds are constrained within their errors as

described in section 5. The resulting scale factors from the fit are shown in table 7 for both
√
s = 7 TeV

and
√
s = 8 TeV.

Diboson production with a Z boson decaying to a pair of b-quarks and produced with either a W

or Z boson has a very similar signature but with lower pZT and mbb̄ peaking at lower values and with

a cross section ∼5 times larger than Higgs boson associated production. Therefore a separate fit was

made as a validation of the analysis procedure. This fit is performed as described above, except that

13

mH=125 GeV

Table 4: A summary of the size of the components of the systematic uncertainty on the total estimated

background after all cuts for the three channels of the
√
s = 8 TeV analysis. The uncertainties are shown

as a percentage and grouped together into broad categories and are averaged over all pV
T
bins in each

category. The total error is worked out by adding the individual components together in quadrature in

each pV
T
bin and then averaging.

Uncertainty [%] 0 lepton 1 lepton 2 leptons

b-tagging 6.5 6.0 6.9

c-tagging 7.3 6.4 3.6

light tagging 2.1 2.2 2.8

Jet/Pile-up/Emiss
T

20 7.0 5.4

Lepton 0.0 2.1 1.8

Top modelling 2.7 4.1 0.5

W modelling 1.8 5.4 0.0

Z modelling 2.8 0.1 4.7

Diboson 0.8 0.3 0.5

Multijet 0.6 2.6 0.0

Luminosity 3.6 3.6 3.6

Statistical 8.3 3.6 6.6

Total 25 15 14

Table 5: A summary of the size of the components of the systematic uncertainty on the signal with

mH = 125 GeV for the three channels of the
√
s = 8 TeV analysis. The dominant signal is shown for

the 1 lepton and 2 lepton channels, while for the 0 lepton channel both ZH and WH signals are listed.

The uncertainties are shown as a percentage, grouped together into broad categories and are calculated

by summing in quadrature within each pV
T
bin and then averaging over all pV

T
bins in a channel.

Uncertainty [%] 0 lepton 1 lepton 2 leptons

ZH WH WH ZH

b-tagging 8.9 9.0 8.8 8.6

Jet/Pile-up/Emiss
T

19 25 6.7 4.2

Lepton 0.0 0.0 2.1 1.8

H → bb BR 3.3 3.3 3.3 3.3

VH pT -dependence 5.3 8.1 7.6 5.0

VH theory PDF 3.5 3.5 3.5 3.5

VH theory scale 1.6 0.4 0.4 1.6

Statistical 4.9 18 4.1 2.6

Luminosity 3.6 3.6 3.6 3.6

Total 24 34 16 13

12

Uncertainties on backgrounds
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VH→Vbb ̅, 0-lepton: mbb distributions
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mbb distribution 0-lepton (8 TeV)  
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VH→Vbb ̅, 1-lepton: mbb distributions

10 14th November 2012 Phil Clark (University of Edinburgh / CERN) 

mbb distribution 1-lepton (8 TeV) 

 [GeV]bbm
20 40 60 80 100 120 140 160 180 200 220 240

Ev
en

ts
/1

0 
G

eV

0

100

200

300

400

500
ZH
WH
Multijet
Top
Wb
W
Zb
Z
Diboson
Pre Fit
Data 2012

ATLAS Preliminary
 = 8 TeVs,  -1 L dt=13.0 fb

 < 50 GeVW
T1 Lepton 2 Jets, p

 [GeV]bbm
20 40 60 80 100 120 140 160 180 200 220 240

Ev
en

ts
/1

0 
G

eV

0

100

200

300

400

500 ZH
WH
Multijet
Top
Wb
W
Zb
Z
Diboson
Pre Fit
Data 2012

ATLAS Preliminary
 = 8 TeVs,  -1 L dt=13.0 fb

 < 100 GeVW
T1 Lepton 2 Jets, 50 < p

 [GeV]bbm
20 40 60 80 100 120 140 160 180 200 220 240

Ev
en

ts
/1

0 
G

eV

0
20
40
60
80

100
120
140
160
180
200 ZH

WH
Multijet
Top
Wb
W
Zb
Z
Diboson
Pre Fit
Data 2012

ATLAS Preliminary
 = 8 TeVs,  -1 L dt=13.0 fb

 < 150 GeVW
T1 Lepton 2 Jets, 100 < p

 [GeV]bbm
20 40 60 80 100 120 140 160

Ev
en

ts
/1

0 
G

eV

0

10

20

30

40

50

60

70
ZH
WH
Multijet
Top
Wb
W
Zb
Z
Diboson
Pre Fit
Data 2012

ATLAS Preliminary
 = 8 TeVs,  -1 L dt=13.0 fb

 < 200 GeVW
T1 Lepton 2 Jets, 150 < p

 [GeV]bbm
20 40 60 80 100 120 140 160 180

Ev
en

ts
/2

0 
G

eV

0

5

10

15

20

25

30
35

40

45 ZH
WH
Multijet
Top
Wb
W
Zb
Z
Diboson
Pre Fit
Data 2012

ATLAS Preliminary
 = 8 TeVs,  -1 L dt=13.0 fb

 > 200 GeVW
T1 Lepton 2 Jets, p

50 < pT
W < 100 GeV pT

W < 50 GeV 

100 < pT
W < 100 GeV 150 < pT

W < 200 GeV pT
W > 200 GeV 

√s = 8 TeV

35Wednesday, 6 March 2013



VH→Vbb ̅, 2-leptons: mbb distributions
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WH→µν bb̅ candidate event 
• mbb̅ = 109 GeV, ETmiss = 139 GeV
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ZH→e+e− bb̅ candidate event 
• mbb̅ = 122 GeV
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ZH, Z→invisible backgrounds
N

ot
re

vi
ew

ed
,f

or
in

te
rn

al
ci

rc
ul

at
io

n
on

ly

Process Estimation method
Uncertainty (%)

2011 2012

ZH Signal MC 7 6

ZZ MC 11 10

WZ MC 12 14

WW MC 14 not used

Top quark MC 90 not used

Top quark,WW and Z → ττ eµ CR not used 4

Z ABCD method 56 51

W + jets, multijet Matrix method 15 22

Table 2: Summary of the systematic uncertainties on each background and on the signal yield. The

method used to estimate the backgrounds and the associated sources of systematic uncertainties are

given. The total systematic uncertainties for each data taking period are given.

Data Period 2011 (7 TeV) 2012 (8 TeV)

ZZ 23.5 ± 0.8 ± 2.5 56.5 ± 1.2 ± 5.7
WZ 6.2 ± 0.4 ± 0.7 13.9 ± 1.2 ± 2.1
WW 1.1 ± 0.2 ± 0.2 used eµ data-driven
Top quark 0.4 ± 0.1 ± 0.4 used eµ data-driven
Top quark,WW and Z → ττ (eµ data-driven) used MC 4.9 ± 0.9 ± 0.2
Z 0.16 ± 0.13 ± 0.09 1.4 ± 0.4 ± 0.7
W + jets, multijet 1.3 ± 0.3 ± 0.2 1.4 ± 0.4 ± 0.3
Total BG 32.7 ± 1.0 ± 2.6 78.0 ± 2.0 ± 6.5
Observed 27 71

Table 3: Observed number of events and expected contributions from each background source separated

into the 2011 and 2012 data taking periods. Uncertainties associated with the background predictions

are presented with the statistical uncertainty first and the systematic uncertainty second.

luminosity uncertainty is considered as uncorrelated between the 2011 and 2012 data. The uncertainties

for theWW and top quark backgrounds are considered as uncorrelated between the 2011 and 2012 data,

as different methods are used for the background estimation between the two datasets.

9 Results

The number of observed and expected events for both the 2011 and 2012 data taking periods are shown

in Table 3. Figure 9 shows the final Emiss
T
distribution with the observed data and expected backgrounds

for the 2011 and 2012 data taking periods. In Figure 9, the signal model assumes a SM ZH production

rate for a Higgs boson with mH = 125 GeV and a 100% branching fraction to invisible particles. No

excess is observed over the SM expectation and limits are set for two scenarios for invisibly decaying

Higgs-like bosons. The first scenario explores the possibility that the recently observed Higgs-like boson

with mass around 125 GeV has a non-negligible branching ratio to invisible particles, well beyond that

expected in SM. The second scenario considers the possibility of a Higgs-like boson in a range of masses

from mH = 115 GeV to mH = 300 GeV with a significant branching fraction to invisible particles.

The limits are computed from a maximum likelihood fit to the Emiss
T
distribution following the CLs

modified frequentist formalism [37] with the profile likelihood test statistic [38].

12
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ZH, Z→invisible selection cuts
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Figure 3: The distribution of ∆φ(Emiss
T
, "pmiss
T
) (a), ∆φZ,Emiss

T
(b), |Emiss

T
− p##

T
|/p##
T
(c) and the number of

selected jets (d) for events passing the dilepton mass requirement and Emiss
T
cut in the 2012 analysis. The

observed data are represented by the black dots and the histograms represent the background predictions

from the Monte Carlo samples listed in Section 3. The signal hypothesis is shown by the dotted line

and assumes the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible

branching fraction. The insets at the bottom of the figures show the ratio of the data to the combined

background expectations as well as a band corresponding to the combined systematic uncertainties.

➡Plots for 76<mℓℓ/GeV<106 and ETmiss > 90 GeV
➡The arrows indicate the selection cuts applied
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mbb̅ Reconstruction 11

cases at least one of jets from the Higgs boson decay is not included among the list of jets selected for

performing the kinematic fit. Since the Higgs boson tends to be uniformly distributed in φ between the

top quarks which themselves tend to be 180 degrees away from each other, the b decays from the top and

Higgs boson overlap quite often. In addition, the c quark from aW decay can be mistaken as originating

from the Higgs boson decay.
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Figure 3: Distribution of the reconstructed Higgs boson mass (mbb̄) after kinematic fit for simulated tt̄H signal
(assuming SM cross sections and branching ratios, andmH = 125 GeV) in the combined e+jets and µ+jets channels
after requiring (a) ≥ 6 jets of which 3 jets are b tagged, and (b) ≥ 6 jets of which ≥ 4 jets are b tagged. Also
overlaid are the distributions for the subset of events where the reconstructed Higgs boson matches (in η and φ)
the generator-level Higgs boson particle (labeled as “Higgs particle matched”), the subset of events where the two
b jets used for mbb̄ match the b quarks from the Higgs boson decay (labeled as “b quarks from Higgs matched”),
and the subset of events where all jets considered in the kinematic fit match the partons from the decays of the
top quarks and Higgs boson (labeled as “all partons matched”). In all instances angular matching is performed by
requiring ∆R < 0.4. The fractions of selected events satisfying the different matching requirements are indicated
between parenthesis. The last bin in the figures contains the overflow.

Figure 4 compares between signal and background the shape of the Hhad
T
distribution for the most

sensitive topology using this variable (5 jets, ≥ 4 b tags), and the shape of the mbb̄ distribution for the
most sensitive topology using this variable (≥ 6 jets, ≥ 4 b tags).

9 Systematic Uncertainties

Several sources of systematic uncertainties have been considered that can affect the normalisation of sig-

nal and background and/or the shape of their corresponding final discriminant distributions. Individual

sources of systematic uncertainty are considered uncorrelated. Correlations of a given systematic un-

certainty are maintained across processes and channels. Table 2 presents a summary of the systematic

uncertainties considered in the analysis indicating whether they are taken to be normalisation-only, or to

affect both shape and normalisation. Details of the systematic uncertainties affecting the signal and/or

background normalisations for each background and channel can be found in Tables 5–12 in Appendix A.

The following sections describe each of the systematic uncertainties considered in the analysis. In

order to reduce the degrading impact of systematic uncertainties on the sensitivity of the search, nuisance

parameters corresponding to each of the systematic uncertainties are fitted to data during the statistical

analysis, exploiting the constraining power from the background-dominated topologies considered, as

described in Sect. 10. A rough estimate of which systematic uncertainties are dominant can be obtained

by considering those from the process with the largest yield, tt̄, in the most sensitive channel: ≥ 6 jets

tt̄H,H → bb̄
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Backgrounds and Analysis Categories

• 9 analysis categories: based on number of reconstructed jets and number of b-tags

• blue - background regions with S/√B < 7%; included to constrain backgrounds

• red - signal regions with S/√B > 7%

• Two discriminating variables, based on the number of reconstructed jets and b-tags:

 ≥ 6 reconstructed jets, ≥ 3 b-tags : mbb ̅

<6 reconstructed jets or <3 b-tags:  HThad, scalar sum of jet pT

tt̄H,H → bb̄
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: HThad distributions

Pre-Fit Post-Fit

tt̄H,H → bb̄
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H→τ+τ− Systematics

the E
miss
T calculation. Uncertainties associated with pileup noise and cluster activity in the calorimeters

are also considered as independent E
miss
T uncertainties.

The detector-related uncertainties depend on the event topology and are typically small compared to
the theoretical uncertainties. The main exceptions are the jet energy scale uncertainty, which is in the
range 2–12%, and the τ energy scale uncertainty, which is in the range 2–15%.

Background modelling uncertainties: The modelling of the Z/γ∗ → ττ background is performed
with the data, as described in Section 6. The corresponding uncertainties are obtained by propagating
variations of the Z/γ∗ → µµ event selection and the muon energy subtraction procedure through the
τ-embedding procedure. Backgrounds with misreconstructed leptons and τhad candidates are estimated
with data and the uncertainty can be as large as 50% in the H → τlepτhad VBF category. The uncertainty
takes into account the dependence on the number of jets. The treatment of the other background processes
varies across channels and the uncertainties related to the modelling are taken into account as described
in Section 6.

Summary of dominant systematic uncertainties: Table 14 presents a summary of important sys-
tematic uncertainties by channel for both the (dominant) Z → τ+τ− background and the signal. These
numbers are given as ranges, since there is significant variation in the impact of individual systematic
components depending on the analysis category or signal production mode considered. The impact of
some uncertainties can also be reduced by constraints from data. For example, in the H → τhadτhad
channel, the impact of the τhad identification uncertainty is smaller (1-2%) in the Z → τ+τ−background
than in the signal (10%). This occurs because the Z → τ+τ−normalization is extracted from a fit to the
data.

Table 14: Summary of Z → τ+τ−background and signal systematic uncertainties by channel. The quoted
ranges refer specifically to the 8 TeV dataset, but they are similar for the 7 TeV dataset. Uncertainties
indicated with (S) are also applied bin-by-bin, and therefore affect the shape of the final distributions.
Signal systematic uncertainties are derived from the sum of all signal production modes.

Uncertainty H → τlepτlep H → τlepτhad H → τhadτhad
Z → τ+τ−

Embedding 1–4% (S) 2–4% (S) 1–4% (S)
Tau Energy Scale – 4–15% (S) 3–8% (S)
Tau Identification – 4–5% 1–2%
Trigger Efficiency 2–4% 2–5% 2–4%

Normalisation 5% 4% (non-VBF), 16% (VBF) 9–10%
Signal

Jet Energy Scale 1–5% (S) 3–9% (S) 2–4% (S)
Tau Energy Scale – 2–9% (S) 4–6% (S)
Tau Identification – 4–5% 10%

Theory 8–28% 18–23% 3–20%
Trigger Efficiency small small 5%
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VBF H→τe τµ candidate event
•mMMC = 126 GeV
• pT(µ) = 20 GeV, pT(e) = 17 GeV, ETmiss = 43 GeV, mjj = 1610 GeV 
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VBF H→τhad τhad candidate event
• ETmiss = 26 GeV, mjj = 408 GeV 
• mMMC=131 GeV
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H→µ+µ− Results
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Figure 7: Observed (solid) and expected (dashed) 95% CL upper limits on the H → µ+µ− signal strength

as a function of mH over the mass range 110 GeV < mH < 150 GeV (left). The green (color online)

and yellow regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively.

Observed (solid line) probability for the background-only scenario as a function of mH (right). The

dashed line shows the expectation for the SM H → µ+µ− signal plus the background for that value of

mH .

mH [GeV] observed limits exp. median exp. +2σ exp. +1σ exp. −1σ exp. −2σ
110 5.1 10.4 20.0 14.6 7.5 5.6

115 5.7 7.5 14.5 10.6 5.4 4.0

120 9.2 7.6 14.6 10.7 5.5 4.1

125 9.8 8.2 15.9 11.6 5.9 4.4

130 10.8 9.1 17.5 12.8 6.5 4.9

135 11.0 10.4 20.1 14.6 7.5 5.6

140 16.8 12.9 25.0 18.2 9.3 6.9

145 16.9 18.3 35.3 25.7 13.2 9.8

150 22.1 31.3 60.6 44.2 22.6 16.8

Table 5: Observed and expected 95% CL upper limits on the H → µ+µ− signal strength together with

the upper and lower 1σ and 2σ uncertainties for different values of mH .
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Figure 7: Observed (solid) and expected (dashed) 95% CL upper limits on the H → µ+µ− signal strength

as a function of mH over the mass range 110 GeV < mH < 150 GeV (left). The green (color online)

and yellow regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively.

Observed (solid line) probability for the background-only scenario as a function of mH (right). The

dashed line shows the expectation for the SM H → µ+µ− signal plus the background for that value of

mH .

mH [GeV] observed limits exp. median exp. +2σ exp. +1σ exp. −1σ exp. −2σ
110 5.1 10.4 20.0 14.6 7.5 5.6

115 5.7 7.5 14.5 10.6 5.4 4.0

120 9.2 7.6 14.6 10.7 5.5 4.1

125 9.8 8.2 15.9 11.6 5.9 4.4

130 10.8 9.1 17.5 12.8 6.5 4.9

135 11.0 10.4 20.1 14.6 7.5 5.6

140 16.8 12.9 25.0 18.2 9.3 6.9

145 16.9 18.3 35.3 25.7 13.2 9.8

150 22.1 31.3 60.6 44.2 22.6 16.8

Table 5: Observed and expected 95% CL upper limits on the H → µ+µ− signal strength together with

the upper and lower 1σ and 2σ uncertainties for different values of mH .
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