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ATLAS Detector

Inner Detector - Tracking e PI em |η| < 2.5  

Calorimetry - |η| < 4.9 

Muon Spectometer - |η| < 2.7

ATLAS collision event from the first LHC fill  
with stable beam on 17th April 2018
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Higgs pair production can measure the self-coupling and thus 
probe the Higgs potential, providing a unique test of EWSB.  

Although small (33.41 fb) in the SM, it can be enhanced: 

Resonantly: gravitons, new scalars 

 Analyses challenge: compromise between BR and higher 
purity 

Motivation

⬅ λ3h

Run  1

σ(hh) @ 8TeV ~10 fb
   

(NNLO) 
    

gg->hh production with mh = 124.5 GeV 

lephad
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@ LHC dominant production is gluon fusion 

extremely small SM production cross section due to destructive interference 
between diagrams 

 33.41 +1.44 2.00  (scale)  ± 1.67 (theory) ±0.77 (αs) ±0.70 (PDF) fb at 13 TeV 
[Higgs Xsec WG Report 4, arXiv: 1610.07922] 

45.34 fb (NNLO+NNLL) at 14 TeV

⬅ λ3h

SM hh Production
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hh production significantly enhanced in many BSM scenarios  

Resonant X enhancements  

KK- graviton G*KK predicted in the bulk Randall-Sundrum model [Phys. Rev. D76 (2007) 

036006, arXiv: hep-ph/0701186 [hep-ph]], [JHEP 09 (2007) 013],arXiv: hep-ph/0701150], [Phys. 

Rev. Lett. 83 (1999) 3370, arXiv: hep-ph/9905221].  

2HDM (i.e. the heavy neutral scalar X of two Higgs-doublet model) [Phys. Rept. 516 (2012) 1, 

arXiv:1106.0034[hep-ph] ] 

Non-resonant enhancements expected in models with: 

 light coloured scalars [Phys. Rev. D 86 (2012)095023] 

 direct tthh vertices [JHEP 06 (2011) 020];[JHEP 08 (2012) 154] 

deviation of λ3h value  from SM [JHEP 1304 (2013) 151] 

BSM hh Production
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bbτ τ Analysis

Paper not public yet, final sign-off has just been granted by ATLAS Spokesperson on 27th of July 

Plots released for ICHEP: CERN-EP-2018-164, 
paper to be submitted to PRL 
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bbτ τ Analysis

bbττ has the 3rd largest BR of accessible channels.  

Run 2 Analysis: full 2015+2016 data (36.1 fb-1) with decay 
channels in the resolved regime: 

lephad: 𝛕lep 𝛕had (46%) 

hadhad: 𝛕had 𝛕had (42%)  

Analysis strategy: utilise BDT to isolate signal and fit this

CERN-EP-2018-164
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 Signals  

Resonant (260-1000 GeV) 

2HDM H: LO MG5 + Pythia 8 

RSG: LO MG5+ Pythia 8 with c = k/MPi = 1.0/2.0 

Non-resonant: MG5_aMC@NLO+Herwig ++ 

 Backgrounds 

 top anti-top, single top: Powheg+Pythia6  

Z+jets/ W+jets: Sherpa 2.2.1 

Dibosons: Sherpa 2.1.1 

Zh: Powheg + Pythia 8 

jet →τ fakes from data for QCD (had had)  

Samples and event pre-selection 
CERN-EP-2018-164
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LepHad HadHad

SLT LTT STT DTT

electrons

e = 1 tight, |η| < 2.5 e = 0 loose,  |η| < 2.5 (veto)

pT > 25-27 GeV 18 < pT  < 25-27 GeV pT  > 7 GeV

veto crack region for electrons (and taus)

muons 

μ = 1 medium, |η| < 2.5 μ = 0 loose, |η| < 2.5 (veto)

pT > 25-27 GeV 15 < pT  < 25-27 GeV pT  > 7 GeV

hadronic taus

𝛕had =1 medium, |η| < 2.3 𝛕had =1 medium, |η| < 2.5

pT > 20GeV pT > 30GeV pT > 100-180, 20 GeV pT > 40,30 GeV

1 or 3 prongs, EleOr removal

jets

pT > 44,20 GeV pT > 80,20 GeV pT > 45,20 GeV pT > 80,20 GeV

b-tags

Split into 0, 1 (VR) and 2 (SR) MV2c10 70% (truth-tagging for minor, not top/Z→𝛕𝛕 bkgs)

m𝛕𝛕

mMMC > 60 GeV

signal

Split into SS (VR) and OS (SR)!9



after preselection, train BDT on 2 b-tag region using TMVA 

split odd/even events for training/testing 

BDT trained on even events is applied to odd and vice versa 

trained against 

 lephad: dominant top anti-top background taking both 
true/fake taus from MC  

hadhad: top anti-top, Z→𝛕𝛕+jets, fakes 

BDT: Setup

trained separately for non-resonant and each RSG c=1.0, c=2.0 + 2HDM mass points 

for resonant case, each mass point is trained against itself and 2 neighbouring points  

optimised set of variables using ranking ROC impact and correlations 

BDT score used as final discriminant for limit setting
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CERN-EP-2018-164
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BDT: Setup

ETmiss centrality quantifies ϕ position of ETmiss wrt visible decay products of tau(s) 
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CERN-EP-2018-164
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BDT inputs: hadhad
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Combine masses, 
topological variables to  
discriminate signal and 

background

Results in the next slides…

CERN-EP-2018-164
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Distribution of the BDT output
non-resonant HH
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Profile-likelihood fit, assuming background-only hypothesis 

 as no significant excess over the expected background is observed, upper limits 

are set on the non-resonant Higgs boson pair-production at 95% CL using the CLs 

method (signal scaled x15, at expected limit).

CERN-EP-2018-164
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Distribution of the BDT output
resonant (GKK)HH
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Profile-likelihood fit, assuming background-only hypothesis 

 as no significant excess over the expected background is observed, upper limits 

are set on the resonant Higgs boson pair-production at 95% CL using the CLs 

method.
CERN-EP-2018-164
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Non-resonant upper limits 
σxBR HH→bbττ
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excluded for σxBR above 30.9 fb, 12.7 x SM prediction 

expected for σxBR above 36.0 fb, 14.8 x SM prediction 

impact of the various sources of uncertainty on the simulated non-resonant signal strength,  

assuming a cross-section times BR = 95%CL expected limit of 14.8 X SM expectation

CERN-EP-2018-164
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Resonant upper limits 
σxBR HH→bbττ
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 hMSSM with tan β = 2: 305 < mx < 402 GeV 

 bump ~300 GeV corresponds to the threshold 

for X decaying to top anti-top pairs 

(tan β = ratio of the vacuum expectation values of the scalar fields)

GKK : 325 < mx < 885 GeV

Exclusion of the resonances in the mass ranges:

(k: curvature of the warped extra dimension and  

MPl = 2.4x108 GeV is the effective four-dimensional Planck scale)

CERN-EP-2018-164
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Non-Resonant upper limits 
bb𝛕𝛕,bbbb, bbγγ,WWγγ
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Getting close to 10 X SM rate  
for Higgs pair production!!!
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A search for resonant and non-resonant pair production of Higgs bosons in the bbτ τ final 
state was presented 

The search used 36.1 fb-1 of Run-II  data @ 13 TeV (2015+2016) 

The inclusion of the fully hadronic final state improves the sensibility in contrast with the 
Run-I results @ 8 TeV (2012) 

 The analysis of non-resonant Higgs pair production excluded an enhancement of SM 
expectation by a factor of 12.7 at 95% CL: this is the most stringent limit to date 

Upper limits are set on resonant Higgs pair production for a narrow width scalar X (305 
< mX < 402 GeV ) and a spin-2 Kaluza-Klein GKK (325 < mGkk < 885 GeV )in the bulk 
RS model 

The analyses (all channels, individually and  combined as well) will proceed with the 
inclusion of the full Run-II dataset (~150 fb-1 ) until the very last minute before the Long 
Shutdown for Phase-I Updates.  Stay tuned!!!! 

Thank you! 

Summary
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Additional slides
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Minimum value of the Higgs potential (VEV): 

After SSM,  

                                 

where h0 is the excitation from the VEV, the Higgs 
boson acquires mass,  

as well as cubic and quartic  
self-interactions: 

The potential of the Higgs field:

!20

Probing the Higgs Potential



Resonant upper limits 
σxBR HH→bbbb, HH→bbγγ, HH→γγWW
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HH→bbbb 
GKK 

HH→bbbb 
narrow-width  

scalar

HH→bbγγ 
narrow-width  

scalar

arXiv:1804.06174

arXiv:1807.04873

boosted and resolved

HH→γγWW 
narrow-width  

scalar 
arXiv:1807.08567
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To evaluate the upper limit of σ(G → hh → bbττ), a frequentist method is used where a 
cross section is excluded on the basis of the statistic CLs, defined as:  CLs = CLs+b / CLb    

CLs+b  = Ps+b(q ≤ qobs),  (the probability of the signal+background model to produce data 
with a q value less than that observed) 

q is a statistic test, which tests the compatibility of signal+background hypothesis  

low values of q indicates a high level of compatibility 

CLb  = Pb(q ≤ qobs),  (the probability of the background model to produce data with the 
same or more compatibility with the signal+background model as that observed)  

Cross sections are excluded if they have CLs <= 0.05

Interpretation of the results
To statistically interpret the results, a profile likelihood-ratio test statistic [Eur. Phys. J. C 71 (2011) 
1554] is used in order to test the signal-plus-background hypothesis. A modified frequentist method 
CLS [J. Phys. G 28 (2002) 2693] is used to calculate the 95% confidence-level (CL) exclusion limits 
with the asymptotic approximation. 
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𝛕 tagging in ATLAS
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𝛕-tagging

hadronic τ id based on 

collimated jet 

1 or 3 tracks 

both EM and Had energy  

calibration using Z/γ*→ ττ for signal and dijet events 

Data/MC scale factors
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The tau lepton

mτ = 1.777 GeV 

short life-time: look for tau decay products 

Tau reco typically refers to reconstruction of 
hadronic decay taus 

leptonic decays: use same reconstruction as 
for prompt leptons 

Tau-jet: reconstructed visible decay products
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Tau-jet reconstruction

start with a calorimeter jet as seed 

anti-kt algorithm, distance parameter R = 0.4 

pT > 10 GeV, |η| < 2.5 

calculate 4-momentum of tau-jet using only topological 

clusters within ΔR < 0.2 of cluster barycentre 

associate tracks (pT > 1 GeV) within ΔR < 0.2 

also count tracks in isolation region: 0.2 <  ΔR < 0.4
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Tau energy scale

clusters of seeding jet at local calibration (LC) scale 

accounts for depositions outside clusters and in non-sensitive regions  

plus tau-specific correction factor ELC→Eτvis derived using MC 

account for specific particle content in taus 

additional corrections for pile-up, and for poorly instrumented regions
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Tau identification

problem: tau-jets look like a lot like QCD jets 

we have a lot of them at the LHC…  

requiring 1 or 3 tracks reduces contamination, but not nearly enough to be 
usable for most analyses 

need a more powerful discriminator….
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Tau identification

What handles do we have? 

isolation 

lateral shape 

narrow energy depositions 

small track-to-axis distance 

leading track momentum fraction 

secondary vertex 

invariant mass 

π0
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Tau identification
Build variables exploiting these differences 

Train Boosted Decision Trees 

separately for 1-prong and 3-prong tau-jets 

loose/medium/tight working points defined with pT dependent cut on BDT score 

0.6, 0.55 and 0.45 for the generated 1-track loose, medium and tight working points, and 0.5, 0.4 and 0.3 for the 
corresponding generated 3-track target efficiencies.  

3-prong1-prong
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Tau identification
Then we build variables exploiting these differences 



Fakes from jet→𝛕had
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jets faking taus come from QCD MJ, all W+jets and some top anti-top 

want to take them from data to avoid dubious MC modelling 

do this in both lephad/hadhad using fake factor (FF) method 

Take template (x) from fake-enriched region with anti-ID taus 

same cuts as signal region, but with tau BDT reversed 

fails medium ID but passes loose BDT > 0.35 

measure FF = N(ID)/N(anti-ID) in CR for 1/3 prong 

where N = Ndata - NMC true-tau 

parametrise FF as a function of kinematics (y) 

if multiple fake source, derived separate FF from specific CR 
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b tagging in ATLAS
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b-tagging

b hadrons decay with a lifetime of cτ~450μm   

secondary vertex and lifetime-based ID 

information combined using MVA algorithms 

efficiency measured using  
top anti-top events light and charm rejection

30/07/2018
HH→bτbτ		-	M.	Donadelli	-	RENAFAE	Workshop



b-tagging @ ATLAS
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B-tagging: ferramenta fundamental para quaisquer análises que 
incluem jatos-b de alto pT como estado final 

H→bb, física do top: t→Wb 

cada análise trabalha com ponto de operação otimizado em 
termos de: 

“b-jet efficiency vs fake b-tagged jet rejection”  

propriedades importantes de hádrons-B: 

vértice deslocado (vértice secundário) com relação ao primeiro 
vértice devido ao tempo de vida longo, (tipicamente ~mm); 

massa elevada; 

elevado parâmetro de impacto d0 ; 

decaimento semileptônico (~40%, incluindo b→c→lνX)
30/07/2018
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b-tagging algorithms: IP3D
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b-tagging algorithms: SV1
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b-tagging algorithms: JetFitter
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b-tagging algorithms: MV
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MV2IBL
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Latest on Higgs pair production
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Hot of the press from ICHEP 

ATLAS bb𝛕𝛕 𝛔HH→bb𝛕𝛕 < 13 X SM (15 exp) 

CMS bbbb and full combination 𝛔HHcomb < 22 X SM (13 exp)
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CMS uses a cut-based analysis for the hadhad channel (which dominates the 
sensitivity) and a hybrid approach in the lephad channel where they use a BDT to 
reject backgrounds, cut on the BDT score, and then fit the mHH or mT2 
distributions.  The improved sensitivity of ATLAS result comes from the use of a 
BDT in both channels, and by fitting the BDT score as the final discriminant.   
ATLAS studies summary on cut-basedXBDT:  

 hadhad: difference between cut-based analysis and analysis fitting the BDT 
distribution gives a factor 2.5 that can justify the difference between CMS and 
ATLAS results (factor 2.0 for SM non-resonant and 2.7 for resonant scalar at 400 
GeV)  

lephad: difference between cutting on BDT and fitting mHH and analysis fitting the 
BDT distribution gives a factor 1.4 that can justify the difference between CMS and 
ATLAS results (factor 1.4 for SM non-resonant and 1.6 for resonant scalar at 400 
GeV) 

bb𝛕𝛕 strategies at LHC

!4130/07/2018
HH→bτbτ		-	M.	Donadelli	-	RENAFAE	Workshop



!42

BSM theories with a warped extra dimension (WED), as  proposed by Randall and Sundrum (RS models), 
postulate the existence of one spatial extra dimension compacted between two fixed points, commonly 
called brane.  

The region between the brane is referred to as the bulk, and controlled through an exponential metric.  

The gap between the Planck scale (MPl) and the electroweak scale, is controlled by a warp factor (k) in the 
metric, which corresponds to one of the fundamental parameters of the theory.  

The brane  where the density of the extra dimensional metric is localised is called the ”Planck brane”, 
while the other, where the Higgs field is localised, is called the ”TeV brane”.  

It is common in literature to define the reduced Planck mass, MPl ≡ MPl/8π the existence of new particles, 
such as a spin-0 radion , and a spin-2 first Kaluza–Klein (KK) excitation of the graviton  that can decay to a 
pair of SM Higgs bosons with sizeable branching fractions.  

Gravitons
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Gravitons
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Gravitons
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SM Higgs field: Complex scalar doublet  

4 degrees of freedom of which:  

 3 provide longitudinal components of W±, Z  

 1 CP-even Higgs boson (h)  

2HDM Higgs field: Two complex scalar 

doublets 

More degrees of freedom than SM. For Higgs 

sector:  

 2 CP-even Higgs bosons (h,H), one of which 

is the observed 125 GeV resonance  

1 CP-odd pseudoscalar (A) 

 2 charged Higgs bosons (H±) 

2HDM
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