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Motivation

BEH discovery essentially involved bosons only (even if in part through 
couplings to fermions) ➠ opportune to focus on fermions now!

extra particles in loop?

non-SM couplings?
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Motivation

BEH discovery essentially involved bosons only (even if in part through 
couplings to fermions) ➠ opportune to focus on fermions now!

extra particles in loop?

non-SM couplings?

Challenging analyses

most sensitive (H → τ+τ-, bb)̅ use all the available sophistication (MVA)

analyses use full Run-1 dataset; will show essentially no 2011 results
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H → τ+τ-

High production cross section & decent branching fraction… but many τ 
decay modes involving ν present significant complications

Strategy: after preselection, optimise separately in 

τlepτlep, τlepτhad, τhadτhad decay modes

VBF, boosted ggF (pT(H) > 100 GeV)  
production modes
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H → τ+τ-

High production cross section & decent branching fraction… but many τ 
decay modes involving ν present significant complications

Strategy: after preselection, optimise separately in 

τlepτlep, τlepτhad, τhadτhad decay modes

VBF, boosted ggF (pT(H) > 100 GeV)  
production modes

Tools:

Missing Mass Calculator:  
under-constrained system 
improving mττ measurement

“embedding”: in data Z/γ* →μ+μ-  

events (mμμ >40 GeV), replace μ with  
simulated τ
BDT analyses in all 6 categories

exploiting VBF/boosted event kinematics
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H → τ+τ- (2)
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H → τ+τ- (3)

Results extracted using profile likelihood ratio fits

Dominant uncertainties:
jet energy scale & resolution (≲ 10%, mostly signal)

τhad identification (≲ 7%, signal + bg)

higher-order QCD corrections (~ 10% VBF signal, ~20% boosted ggF signal)
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H → τ+τ- (4)
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H → τ+τ- (5)

Results:

grand combination:

separate VBF / ggF signal strengths:
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H → μ+μ-

“Simple” analysis but made difficult by low branching fraction and 
overwhelming Z/γ* → μ+μ- background

categories similar to H → τ+τ-:   VBF / 3 separate pT(H) bins

result: observed μ < 7.0 (95% CL) (expected: μ < 7.2)
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H → bb ̅
Due to QCD bb ̅background, little hope to observe in ggF production; use W/Z 
associated production. 
“Simple” topology but separate analyses in many categories!

leptonic W/Z decays: Z →νν,  W → lν, Z → ll (l = e, μ)

events with 2 or 3 jets (with |η| < 2.5, pT > 20 GeV)

2 pT(V) regions (120 GeV boundary)

0-lepton: pT(Z) > 100 GeV (trigger)

2-lepton channel: kinematic fit to  
improve mass resolution

0, 1-lepton channels: dedicated b-jet correction

0-lepton channel: improve multijet rejection  
using both calorimeter & track based ET(miss)

consistency check: Δφ(pT(miss), ET(miss)) < π/2

Analysis binned in discriminant output of b-jet tagger with  
improved c-jet rejection (after loose b-jet requirement):

Loose (80%), Medium (70%), Tight (50%)
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H → bb ̅(2)
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Z + HF
t t ̅
W+jets

BDT input variables

0-lepton 1-lepton 2-lepton
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H → bb ̅(3)

Extensive background modelling required (only small multijet background 
estimated using data driven methods)

SHERPA modelling of pT(W) distribution improved by reweighting Δφ(j1, j2)
applied to W+l, W+cl

similar reweighting carried out for (SHERPA) Z+jets background

Δφ(j1, j2) reweighted for Z+l; directly pT(Z) for Z+b, Z+c

pT(t) spectrum in t t ̅reweighted to bring it in agreement with measurement
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H → bb ̅(4)

BDT output distributions in most discriminating 0-, 1-, 2-lepton regions

Systematic uncertainties obtained mostly from generator comparisons (bg), 
theory (signal). Dominant contributions and impact on signal strength estimate:

W+HF mjj shape (0.06), W+bl/bb ̅ratio, W+bb ̅normalisation, W+HF pT(V) shape 
(0.05), Z+bl/bb ̅ratio, b-jet energy resolution (0.04)

signal: effect μF, μR scale variations on acceptance (0.04)
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=125 GeVH for m
SM
σ/σ=µbest fit 
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ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s

H → bb ̅(5)

Profile likelihood fit (as in H → τ+τ- analysis):

significance: 1.4σ (expected: 2.6σ)

μ < 1.2 at 95% CL (expected: 0.8)

Cross-check analysis done searching for 
W/Z+Z→bb events

5 times larger cross section; softer pT(Z) spectrum
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=125 GeVH for m
SM
σ/σ=µbest fit 

-1 0 1 2 3 4 5 6 7

Combination

0 lepton

1 lepton

2 lepton

0.51  0.37−
 0.40+ (  0.22− 0.30  −

 0.25+ 0.31  + )

-0.35  0.52−
 0.55+ (  0.27− 0.44  −

 0.26+ 0.49  + )

1.17  0.60−
 0.66+ (  0.37− 0.48  −

 0.43+ 0.50  + )

0.94  0.79−
 0.88+ (  0.41− 0.68  −

 0.50+ 0.72  + )

  tot   ( stat    syst )
tot.
stat.

ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s

H → bb ̅(5)

Profile likelihood fit (as in H → τ+τ- analysis):

significance: 1.4σ (expected: 2.6σ)

μ < 1.2 at 95% CL (expected: 0.8)

Cross-check analysis done searching for 
W/Z+Z→bb events

5 times larger cross section; softer pT(Z) spectrum

separately trained BDTs (SM W/Z+H “background”)

results:

μVZ = 0.74 ± 0.09 (stat.) ± 0.14 (syst.)

simultaneous fit of μ, μVZ does not affect the measured μ (correlation between 
systematics only 35%)
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t t ̅H

Process provides tree level access to Htt coupling

H → γγ decay mode: tiny branching fraction (2.3·10-3), but very low 
background which can be estimated from mγγ sidebands (except 
contributions from other H → γγ decays)

selection kept inclusive to allow tHqb and tHW contributions  
➠ sensitivity to relative sign of Htt and HWW couplings, due to destructive 
interference in tHW final state

similar interference for tHqb production

parametrise Htt coupling using additional factor κt

loose t t ̅selection for both l+jets (“leptonic”) and hadronic final states
but tight photon selection

15
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t t ̅H (2)

Results obtained from unbinned fit to mγγ spectrum assuming signal + 
exponential background

Expected composition in 120—130 GeV range:

background from fit

signal composition dominated by processes 
involving Htt coupling
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t t ̅H (3)

Results:

best-fit signal strength:

not far less precise than result 
obtained using t tH̅ →bb ̅(1.5 ± 1.1)

fixing other H → γγ contributions 
to SM:

 μttH < 6.7 at 95% CL

Interpretation of μttH in terms of κt:

also interference with W boson  
loop in H → γγ
significant constraints imposed 
especially on negative values:  
   -1.3 < κt < 8.0 at 95% CL
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Conclusion & outlook

After the BEH boson’s discovery,  
tremendous progress has been made in 
constraining its couplings to fermions

No significant deviations from SM 
predictions observed yet… but the 
search continues!

systematic uncertainties becoming 
important in many analyses

but higher statistics promised for  
Run 2 will definitely help to improve  
precision
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H → τ+τ-: generators
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Signal (mH = 125 GeV) MC generator
�⇥BR [pb]p
s = 8 TeV

ggF, H ! ⌧⌧ Powheg [36–39] 1.22 NNLO+NNLL [42–47, 78]
+ Pythia8 [40]

VBF, H ! ⌧⌧ Powheg + Pythia8 0.100 (N)NLO [51–53, 78]
WH, H ! ⌧⌧ Pythia8 0.0445 NNLO [56, 78]
ZH, H ! ⌧⌧ Pythia8 0.0262 NNLO [56, 78]

Background MC generator �⇥BR [pb]p
s = 8 TeV

W (! `⌫), (` = e, µ, ⌧) Alpgen [71]+Pythia8 36800 NNLO [79, 80]
Z/�⇤

(! ``),
Alpgen+Pythia8 3910 NNLO [79, 80]

60 GeV< m`` < 2 TeV
Z/�⇤

(! ``),
Alpgen+Herwig [81] 13000 NNLO [79, 80]10 GeV< m`` < 60 GeV

VBF Z/�⇤(! ``) Sherpa [82] 1.1 LO [82]
t¯t Powheg + Pythia8 253† NNLO+NNLL [83–88]
Single top : Wt Powheg + Pythia8 22† NNLO [89]
Single top : s-channel Powheg + Pythia8 5.6† NNLO [90]
Single top : t-channel AcerMC [74]+Pythia6 [67] 87.8† NNLO [91]
qq̄ ! WW Alpgen+Herwig 54† NLO [92]
gg ! WW gg2WW [73]+Herwig 1.4† NLO [73]
WZ,ZZ Herwig 30† NLO [92]
H ! WW same as for H ! ⌧⌧ signal 4.7†

Table 1. Monte Carlo generators used to model the signal and the background processes atp
s = 8 TeV. The cross sections times branching fractions (�⇥ BR) used for the normalisation of

some processes (many of these are subsequently normalised to data) are included in the last column
together with the perturbative order of the QCD calculation. For the signal processes the H ! ⌧⌧

SM branching ratio is included, and for the W and Z/�⇤ background processes the branching ratios
for leptonic decays (` = e, µ, ⌧) of the bosons are included. For all other background processes,
inclusive cross sections are quoted (marked with a †).

of charm and bottom hadrons. The calorimeter isolation variable I(ET,�R) is defined284

as the sum of the total transverse energy in the calorimeter in a cone of size �R around285

the electron cluster or the muon track, divided by the ET of the electron cluster or the286

pT of the muon respectively. The track-based isolation I(pT,�R) is defined as the sum287

of the transverse momenta of tracks within a cone of �R around the electron or muon288

track, divided by the ET of the electron cluster or the muon pT respectively. The isolation289

requirements applied are slightly different for the two centre-of-mass energies and are listed290

in table 3.291

In the ⌧had⌧had channel, isolated taus are selected by requiring that there are no tracks292

with pT > 0.5 GeV in an isolation region of 0.2 < �R < 0.6 around the tau direction.293

This requirement leads to a 12% (4%) efficiency loss for hadronic taus, while 30% (10%) of294

contamination from jets is rejected in 8 (7) TeV data.295

After the basic lepton selection, further channel-dependent cuts are applied, as detailed296

– 8 –
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H → τ+τ-: embedding

In data Z/γ* →μ+μ- events (mμμ > 40 GeV), replace μ with simulated τ
also requires removing energies deposited in the calorimeter by the muon

Technical test replacing the real muon with a simulated one
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H → τ+τ-: BDT variables
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H → τ+τ-: fake τ contribution

Substantial contribution from fake  
τhad candidates ➠ data driven estimates

τlepτhad decay mode: fake contribution from 
W/Z+jets, ttbar, multijet (MJ) events

“fake factors” applied to samples with 
τhad satisfying only looser criteria, as a 
function of pT(τ) & separately for 
1-/3-prong τhad

different for quarks and gluons ➠  
evaluated for separate contributions,  
combined weighted by expected fractions

similar procedure for τhadτhad mode,  
modelled using τhad failing isolation / 
opposite-charge requirements

Small fake lepton candidate contribution

estimated from sample with inverted 
isolation requirement
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H → τ+τ-: validation of BDT response

BDT outputs validated in regions with significant Z → τ+τ- / fake τhad 
contributions

mll, mlτ ~ MZ region (τlepτlep, τlepτhad)

mττ(MMC) sidebands (τhadτhad)
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H → τ+τ-: results

Dominant uncertainties

Background normalisations

25

-4 -3 -2 -1 0 1 2 3 4

Luminosity

 channelhadτlepτboosted category in 
 background fortNormalisation of t/t

hadτhadτ →Normalisation of Z 

Underlying event

Flavour composition of JES

Flavour response of JES

Tau energy scale response

hadτlepτ →Normalisation of Z 

)ττ →BR(H 

 modelling of JESη

totσ/µ∆Impact = 

-1 -0.5 0 0.5 1

θ∆)/0θ - θPull = (
-2 -1 0 1 2 3

Pull
µ Post-fit Impact on σ+1
µ Post-fit Impact on σ-1

ATLAS
-1 = 7 TeV, 4.5 fbs

-1 = 8 TeV, 20.3 fbs

Channel Background Scale factors (CR)

VBF Boosted

⌧lep⌧lep Top 0.99 ± 0.07 1.01 ± 0.05

Z ! ee 0.91 ± 0.16 0.98 ± 0.10

Z ! µµ 0.97 ± 0.13 0.96 ± 0.08

⌧lep⌧had Top 0.84 ± 0.08 0.96 ± 0.04



H → bb:̅ generators
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ace0.8cm Process ace2.0cm Generator ace2.5cm

Signal

(?)

qq ! ZH ! ⌫⌫bb/``bb pythia8

gg ! ZH ! ⌫⌫bb/``bb powheg+pythia8

qq ! WH ! `⌫bb pythia8

Vector boson + jets

W ! `⌫ Sherpa 1.4.1

Z/�⇤ ! `` Sherpa 1.4.1

Z ! ⌫⌫ Sherpa 1.4.1

Top-quark

t¯t powheg+pythia

t-channel AcerMC+pythia

s-channel powheg+pythia

Wt powheg+pythia

Diboson

(?)
powheg+pythia8

WW powheg+pythia8

WZ powheg+pythia8

ZZ powheg+pythia8



H → bb:̅ cuts & BDT variables
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Variable Dijet-mass analysis Multivariate analysis

Common selection

pTv [GeV] 0–90 90

(⇤)
–120 120–160 160–200 > 200 0–120 > 120

�R(jet1, jet2) 0.7–3.4 0.7–3.0 0.7–2.3 0.7–1.8 < 1.4 > 0.7 (pTv<200 GeV)

0-lepton selection

pmiss
T [GeV]

NU

> 30 > 30

NU

> 30

��( ~Emiss
T , pmiss

T vec) < ⇡/2 < ⇡/2 < ⇡/2

min[��( ~Emiss
T , jet)] – > 1.5 > 1.5

��( ~Emiss
T , dijet) > 2.2 > 2.8 > 2.8

Njet=2(3)P
i=1

p
jeti
T [GeV] > 120 (NU) > 120 (150) > 120 (150)

See text – –

1-lepton selection

mW
T [GeV] < 120 –

HT [GeV] > 180 – > 180 –

Emiss
T [GeV] – > 20 > 50 – > 20

2-lepton selection

m`` [GeV] 83-99 71-121

Emiss
T [GeV] < 60 –

Variable 0-Lepton 1-Lepton 2-Lepton
pTv ⇥ ⇥
Emiss

T ⇥ ⇥ ⇥
pb1T ⇥ ⇥ ⇥
pb2T ⇥ ⇥ ⇥
mbb ⇥ ⇥ ⇥
�R(b1, b2) ⇥ ⇥ ⇥
|�ETa(b1, b2)| ⇥ ⇥
��(V, bb) ⇥ ⇥ ⇥
|�ETa(V, bb)| ⇥
HT ⇥
min[��(`, b)] ⇥
mW

T ⇥
m`` ⇥
MV 1c(b1) ⇥ ⇥ ⇥
MV 1c(b2) ⇥ ⇥ ⇥

Only in 3-jet events

p
jet3
T ⇥ ⇥ ⇥

mbbj ⇥ ⇥ ⇥
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H → bb:̅ results

Impact of nuisance parameters

Yields scale factors
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Process Scale factor

tt 0-lepton 1.36± 0.14
tt 1-lepton 1.12± 0.09
tt 2-lepton 0.99± 0.04
Wbb 0.83± 0.15
Wcl 1.14± 0.10
Zbb 1.09± 0.05
Zcl 0.88± 0.12



H → bb:̅ results

Separate 7, 8 TeV measurements; combination of 0-lepton, 2-lepton channels
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=125 GeVH for m
SM
σ/σ=µbest fit 

-1 0 1 2 3 4 5 6 7

Combination

WH
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0.51  0.37−
 0.40+ (  0.22− 0.30  −

 0.25+ 0.31  + )

1.11  0.61−
 0.65+ (  0.38− 0.48  −

 0.42+ 0.50  + )
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 0.52+ (  0.25− 0.42  −

 0.27+ 0.44  + )

  tot   ( stat    syst )
tot.
stat.

ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s

=125 GeVH for m
SM
σ/σ=µbest fit 
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Combination

8 TeV

7 TeV

0.51  0.37−
 0.40+ (  0.22− 0.30  −

 0.25+ 0.31  + )

0.65  0.40−
 0.43+ (  0.24− 0.32  −

 0.28+ 0.33  + )

-1.61  1.46−
 1.50+ (  0.92− 1.13  −

 0.86+ 1.22  + )

  tot   ( stat    syst )
tot.
stat.

ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s



H → bb ̅(4)

BDT output distributions in most discriminating 0-, 1-, 2-lepton regions

Systematic uncertainties mostly determined from generator comparisons:

t t,̅ single top: normalisations (floating for 2-jet, 3/2 ratio constrained to 20%), 
separately for 0+1 and 2-lepton channels; mbb and pT(V) shapes

Z+jets: 2-jet Z+bb, Z+cl floated in fit; 3/2 ratios constrained to 20% (26%); non-bb 
fractions in Z+HF constrained to 12%; half of Δφ(j1, j2) / full pT(Z) reweighting

W+jets: half of (full) Δφ(j1, j2) reweighting for W+l, W+cl (W+HF); mbb and pT(W) 
shapes; non-bb fractions in W+HF constrained to 35% (W+bl), 12% (W+bc, cc)

signal: scale, PDF, parton shower
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