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Introduction bbττ analysis BDT HL-LHC Legacy result Conclusion

Higgs potential
o Important to measure the shape of the Higgs potential

V (φ) = −µ2(Φ†Φ) + 1
4λ(Φ†Φ)2

Expanding about minimum: V (Φ)→ V
( 0
v+H

)
V = V0 + λv2H2 + λvH3 + 1

4λH
4 + ...

= V0 + 1
2m

2
HH

2 + m2
H

2v2 vH
3 + 1

4
m2
H

2v2 H
4 + ...

mass term HH-production HHH-production

Standard Model (SM):

v = µ√
λ

= 246 GeV

λ = m2
h

2v2 ≈ 0.13
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λHHH
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SM Higgs boson pair production at the LHC
1 SM Higgs boson pair production (gluon-gluon fusion - ggF):

Small production cross-section:

σggF
SM = 31.02 fb at

√
s = 13 TeV

o two massive final state particles
o destructive interference

2 Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)

3 Benchmark BSM resonance
hypotheses:
o Randall-Sundrum graviton
G→ HH (spin=2)

o S → HH (spin=0)

3/25
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SM Higgs boson pair production at the LHC

pp
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W Z t̄t t
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Status: July 2018

ATLAS Preliminary

Run 1,2
√
s = 7,8,13 TeV

Theory

LHC pp
√

s = 7 TeV

Data 4.5 − 4.6 fb−1

LHC pp
√

s = 8 TeV

Data 20.2 − 20.3 fb−1

LHC pp
√

s = 13 TeV

Data 3.2 − 79.8 fb−1

Standard Model Total Production Cross Section Measurements

o SM HH production ∼ 1000× lower compared to the single-H production
o Current LHC dataset won’t be enough to reach the sensitivity

4/25

Single Higgs boson production

SM HH
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Higgs boson pair production at the LHC
1 SM Higgs boson pair production (gluon-gluon fusion - ggF):

Small production cross-section:

σggF
SM = 33.41 fb at

√
s = 13 TeV

o two massive final state particles
o destructive interference

2 Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)

3 Benchmark BSM resonance
hypotheses:
o Randall-Sundrum graviton
G→ HH (spin=2)

o S → HH (spin=0)
5/25
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Di-Higgs final states

Di-Higgs decay modes and relative
branching fractions:

bb WW ττ ZZ γγ

bb 33%

WW 25% 4.6%

ττ 7.4% 2.5% 0.39%

ZZ 3.1% 1.2% 0.34% 0.076%

γγ 0.26% 0.10% 0.029% 0.013% 0.0005%

Some of the most
sensitive channels:

HH → bb̄bb̄: the highest BR,
large multijet background

HH → bb̄τ+τ−:
relatively large BR, cleaner final state

HH → bb̄γγ:
small BR, clean signal extraction thanks
to a good γγ mass resolution

No golden channel! Important to
consider different final states!
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ATLAS Detector
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Identifying a b-jet

We can tag some types of jets:
e.g. b-jets

8/25

arXiv:1506.03239

cartoon taken from wikimedia

https://arxiv.org/abs/1506.03239
https://commons.wikimedia.org/wiki/File:B-tagging_diagram.png
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Tau leptons

e
W

e

d

u

,
,

,
,

Leptonically decaying τ leptons:
e/µ + missing energy

Hadronically decaying τ leptons:
narrow jets with low track

multiplicity + missing energy

Typically decaying into 1 or 3 π±

and some number of π0

Machine learning used for identification

Quark- and gluon-initiated jets can be
misidentified as τ leptons

Usually not very well described in
simulations
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ATLAS Trigger System

10/25

Level-1 - reduced granularity
information at full rate
HLT - full granularity
information at reduced rate
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HH → bbττ analysis strategy (2015+2016 data)
bb̄τlepτhad bb̄τhadτhad

Single lepton trigger Lepton+tau trigger Single tau trigger Di-tau trigger
p
e/µ
T > 27 GeV (to improve sensitivity) (to improve sensitivity) pτ0,τ1T > 40, 30 GeV

3 Signal Regions:
o Opposite charge of the

visible τ decay products

o 2 b-tagged jets

Control Regions:
o 0,1 b-tagged jet

o Same charge

o Zµµ+ bb̄, ...

o A Boosted Decision Tree (BDT) classification applied

11/25
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Limit on σHH/σSMHH :
−1σ Expected +1σ Observed
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τlepτhad BR ≈ 46% τhadτhad BR ≈ 42%

(95% CL)
PRL 121, 191801
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tt̄ background with fake-τhad
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Branching ratio orders
of magnitude larger:

tt̄ with true τs
(irreducible background)

fake τhad?

poorly modelled in simulation
measuring misidentification probability
in data, applying it to MC
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Background estimation
o Example: modeling of the HH-system invariant mass in 3 signal regions:
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Background estimation
o Example: modeling of the HH-system invariant mass in 3 signal regions:
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Boosted Decision Tree
o BDT used to separate signal from background

 [GeV]HHm

0 200 400 600 800 1000 1200 1400

E
ve

nt
s 

/ 7
5 

G
eV

1−10

1

10

210

310

410

Data 
 200×NR HH 

Top-quark
 fakes (Multi-jets)hadτ →jet 

 +(bb,bc,cc)ττ →Z 
)t fakes (thadτ →jet 

Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS
 -113 TeV, 36.1 fb

 2 b-tagshadτhadτ

 [GeV]HHm

0 200 400 600 800 1000 1200 1400D
at

a/
P

re
d.

0.5
1

1.5
 [GeV]MMC

ττm
0 50 100 150 200 250 300 350 400 450 500

E
ve

nt
s 

/ 2
0 

G
eV

50

100

150

200

250

300
Data 

 200×NR HH 
Top-quark

 fakes (Multi-jets)hadτ →jet 
 +(bb,bc,cc)ττ →Z 

)t fakes (thadτ →jet 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS
 -113 TeV, 36.1 fb

 2 b-tagshadτhadτ

 [GeV]MMC
ττm

0 50 100 150 200 250 300 350 400 450 500D
at

a/
P

re
d.

0.5
1

1.5

 [GeV]bbm

0 50 100 150 200 250 300 350 400 450 500

E
ve

nt
s 

/ 2
5 

G
eV

20

40

60

80

100

120

140

160

180

200
Data 

 200×NR HH 
Top-quark

 fakes (Multi-jets)hadτ →jet 
)t fakes (thadτ →jet 

 +(bb,bc,cc)ττ →Z 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS
 -113 TeV, 36.1 fb

 2 b-tagshadτhadτ

 [GeV]bbm

0 50 100 150 200 250 300 350 400 450 500D
at

a/
P

re
d.

0.5

1

1.5

)τ,τR(∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

E
ve

nt
s 

/ 0
.2

5

50

100

150

200

250

300

Data 
 200×NR HH 

Top-quark
 fakes (Multi-jets)hadτ →jet 

)t fakes (thadτ →jet 
 +(bb,bc,cc)ττ →Z 

Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS
 -113 TeV, 36.1 fb

 2 b-tagshadτhadτ

)τ,τR(∆

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5D
at

a/
P

re
d.

0.5
1

1.5

+ other variables

BDT score
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ B
in

1

10

210

310

410

Data 
NR HH at exp limit
Top-quark

 fakes (Multi-jets)hadτ →jet 
 +(bb,bc,cc)ττ →Z 

)t fakes (thadτ →jet 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS
 -113 TeV, 36.1 fb

 2 b-tagshadτhadτ

BDT score

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1D
at

a/
P

re
d.

0.5

1

1.5

14/25

τhadτhad shown here (equivalent for τlepτhad)

BDT

(SM HH) BDT Score - final discriminant

o Separate BDTs trained for each signal (and mass) hypothesis
o In resonant case the BDT is trained on the hypothesis + two
neighboring mass points.

o Dedicated BDT used for κλ scan.
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HH → bbττ analysis strategy (2015+2016 data)
bb̄τlepτhad bb̄τhadτhad

Single lepton trigger Lepton+tau trigger Single tau trigger Di-tau trigger

3 Signal Regions:
o Opposite charge of the

visible τ decay products

o 2 b-tagged jets

Control Regions:
o 0,1 b-tagged jet

o Same charge

o Zµµ+ bb̄, ...

o A Boosted Decision Tree (BDT) classification applied
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Limit on σHH/σSMHH :
−1σ Expected +1σ Observed
10.7 14.8 20.6 12.7τlepτhad BR ≈ 46% τhadτhad BR ≈ 42%

(95% CL)
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SM HH production, combined results
o Most recent ATLAS and CMS combinations of di-Higgs searches
o bbττ proves to be one of the most sensitive channels
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Resonant production, spin=0, 2
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Varied Higgs self-coupling
o Potential non-resonant BSM enhancements (ggF):

using coupling scale-factors: κt = gtt̄H/g
SM
tt̄H

and κλ = λHHH/λ
SM
HHH

to modify the SM Higgs boson pair production

A(κt, κλ) = κ2
tB + κtκλT
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Limits on the cross-section as a function of κλ
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o The HL-LHC will allow to do measurements which are currently statistically limited
o SM HH production important physics case for building the HL-LHC
o The sensitivity to HH → bbττ estimated by extrapolating the current result
o Taking into account different scenarios for systematic uncertainties, triggers,
b-tagging efficiency, etc.∫

Ldt = 36.1→ 3000 fb−1
√
s = 13→ 14 TeV

20/25ATL-PHYS-PUB-2018-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
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Results of the extrapolation
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No syst. unc. 0.80 2.5

Baseline scenario∗ 0.99 2.1
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∗Baseline scenario: MC stat. unc. neglected, theory unc. reduced, assumed detector performance
taken into account

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
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Limits on the cross-section as a function of κλ
o Allowed 95% CL κλ interval, Asimov dataset: σHH = 0
no syst. unc.: κλ ∈ [1.4, 6.3], baseline scenario: κλ ∈ [1.0, 7.0]
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Limits on κλ, assuming SM HH (κλ = 1)
o Allowed 1σ and 2σ CL intervals, Asimov dataset: includes SM HH
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Run 2 legacy result
o More data: 36.1 fb−1 → 139 fb−1

o Updated trigger and object reconstruction
(new triggers, τhad reconstruction, PFlow jets, etc.)

o τhad-identification: BDT→RNN
Recurrent neural network, ATL-PHYS-PUB-2019-033

o b-jet identification: MV2c10→DL1r
Deep Learning Heavy Flavour Tagger, FTAG-2019-001

o Re-deriving and improving data-driven background modelling
o Exploring new multivariate techniques

Neural Networks
o How much we can improve?

24/25

https://cds.cern.ch/record/2688062
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2019-001/
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Conclusion & Outlook
o HH → bbττ is one of the most sensitive channels
o Constraints on the SM HH cross-section and κλ set using 36.1 fb−1 of data
o Analysis using the full Run 2 dataset ongoing. Promising HL-LHC prospects

CERN Yellow Report, expected constraints on κλ
HL-LHC ATLAS+CMS combination:

Thanks for your attention!
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Trigger-dependent event preselection
τlepτhad τhadτhad

Lepton+tau trigger Single lepton trig Single tau trigger Di-tau trigger
LTT SLT STT DTT

1 e/µ and 1 τ 2 τ s
18 GeV < pe

T
<SLT threshold p

e/µ

T
> 25 − 27 GeV pleadτ

T
> 100 − 180 GeV pleadτ

T
> 40 GeV

15 GeV< p
µ
T
< SLT threshold pτ

T
> 20 GeV psublτ

T
> 20 GeV psublτ

T
> 30 GeV

pτ
T
> 30 GeV

pT > 80, 20 GeV

2017 and 2018: ≥ 2 central jets 2016: pT > 80, 20 GeV

pT > 45, 20, pτ
T
> 40 GeV pT > 45, 20 GeV pT > 45, 20 GeV 2017 and 2018:

OR pT > 80, 20 GeV pT > 80, 20 GeV
with ∆Rττ < 2.5 with ∆Rττ < 2.5

OR pT > 45, 45 GeV OR pT > 45, 45 GeV

mMMC
ττ > 60 GeV

o LTT and DTT studies for 2017 and 2018 ongoing, the decisions are not final
26/25
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Multijet (fake-τhadτhad) estimate
Assumption: jet→ τhad misidentification probability the same

in same-sign-charge (SS) and opposite-sign-charge (OS) regions

FF = NSS
ID/N

SS
Anti−ID

(N = data−MC)

o Anti-ID: at least one τ fails τ -ID
o Binned in #track, trigger, pτT

OSSS

SRPass τ-ID

Anti-ID

Apply FFs

Calculate FFs

0-btag 1-btag 2-btag

OS

SS

SR

FF TF

NSR
multijet = FF ×NOS

Anti−ID

o Modelling checked in
validation regions
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Boosted Decision Tree
o BDT used to separate signal from background
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τhadτhad shown here (equivalent for τlepτhad)

BDT

BDT Score - final discriminant

o Separate BDTs trained for each signal (and mass) hypothesis
o In resonant case the BDT is trained on the hypothesis + two
neighboring mass points.

o Dedicated BDT used for κλ scan. Ph
ys
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7
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001


Profile likelihood fit
Using probability density function of the form:

P(nc, ap | φp, αp, γb) =∏
c∈channels

∏
b∈bins

Pois(ncb|µνsig
cb + νbkg

cb ) · G(L0|λ,∆L) ·
∏

p∈S+Γ
fp(ap|αp)

If one imagines the data as being fixed, then this equation
depends on µ and is called the likelihood function L(µ)

29/25

b ∈ bins
c ∈ channels
s ∈ samples
p ∈ parameters

φp: unconstrained normalization
S = {αp}: external constraints
Γ = {γcsb}: bin-by-bin uncertainties

µ: Parameter Of Interest
µ = 0← background-only

hypothesis

CERN-OPEN-2012-016

Poisson probability
of obtaining ncb
events when νcb
are expected

Gaussian constraint
term with luminosity
parameter λ and
nominal value L0

Constraint term describing
an auxiliary measurement
ap that constraints the
nuisance parameter αp

http://cds.cern.ch/record/1456844


Upper Limits
Using maximum likelihood ratio:

λ(µ) = L(µ, ˆ̂
θ)

L(µ̂, θ̂)
Test statistic used for upper limits:

qµ =
−2lnλ(µ), if µ̂ ≤ µ

0, if µ̂ > µ
(1)

From observed qµ find p-value:

pµ =
∫ ∞
qµ,obs

f(qµ | µ)dqµ

95% CL upper limit on µ is highest value
for which p-value is not less than 0.05

30/25

← maximizes L
for specified µ

← maximizes L

CERN-OPEN-2012-016

http://cds.cern.ch/record/1456844


SM HH production, combined results
o Most recent ATLAS and CMS combinations of di-Higgs searches
o bbττ proves to be one of the most sensitive channels

0 10 20 30 40 50 60 70 80

ggF

SMσ HH) normalized to → (pp ggFσ95% CL upper limit on 

Combined

γγb b→HH

-τ+τb b→HH

bbb b→HH 12.9 20.7 18.5

12.6 14.6 11.9

20.4 26.3 25.1

6.7 10.4 9.2

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.4 fb→ (pp ggF
SMσ

HH
SMσ/HHσ95% CL on 

6 7 8 910 20 30 40 506070 100 200 300 400

 SM×Expected 12.8
SM×Observed 22.2

Combined

SM×Expected 18.8
SM×Observed 23.6

γγbb

SM×Expected 25.1
SM×Observed 31.4

ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed
Median expected
68% expected
95% expected

preliminaryCMS HH→gg  (13 TeV)-135.9 fb

bbττ obs (exp) combined obs (exp)

ATLAS 12.6 (14.6) 6.7 (10.4)
CMS 31.4 (25.1) 22.2 (12.8)
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ATLAS-CONF-2018-043 CMS-PAS-HIG-17-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/
https://cds.cern.ch/record/2628486?ln=en


Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: κt = gtt̄H/g
SM
tt̄H and κλ = λHHH/λ

SM
HHH)

A(κt, κλ) = κ2
tB + κtκλT

A(1, 0) = B A(1, 1) = B + T A(1, 2) = B + 2T
Express |B|2, |T |2 and (BT ∗ + TB∗) in terms of |A(1, 0)|2, |A(1, 1)|2 and |A(1, 2)|2,

which leads to:

|A(κt, κλ)|2 = a(κt, κλ)|A(1, 0)|2 + b(κt, κλ)|A(1, 1)|2 + c(κt, κλ)|A(1, 2)|2

Any (κt, κλ) combination at LO can be obtained
from a linear combination of some 3 (κt 6= 0, κλ) samples!
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Linear combination
o Showing generator level mHH for:
κλ = {0, 1, 2, 20}
(other parameters fixed to the SM)

o Different bases tested for linear
combination
(e.g. κλ = {0, 1, 2} vs κλ = {0, 1, 20})

o Remaining sample used for validation
(very good closure at generator level) 300 400 500 600 700 800 900 1000
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Trilinear Higgs self-coupling scan strategy
m
κλ=x
HH , for x = {−20,−19, ..., 20}, at generator level, at LO

obtained using the linear combination :
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Weights, binned in mHH , obtained as: mκλ=x
HH |bin i/m

κλ=1
HH |bin i
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These weights are applied to the fully reconstructed NLO SM sample to obtain
any κλ point, assuming that the LO to NLO factorization does not depend on κλ

34/25

1

2

3



Trilinear Higgs self-coupling scan strategy
m
κλ=x
HH , for x = {−20,−19, ..., 20}, at generator level, at LO

obtained using the linear combination :
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Trilinear Higgs self-coupling scan strategy
m
κλ=x
HH , for x = {−20,−19, ..., 20}, at generator level, at LO

obtained using the linear combination :
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Differences compared to the SM HH search

o Acceptance changes significantly as a
function of κλ

o A dedicated BDT, trained on κλ = 20
signal is used since it performs good
for all κλ points.
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Extrapolation scenarios

1 Current systematic uncertainties

2 Current systematic uncertainties, MC stat. uncertainty neglected
Fractional impact on ∆µ goes from 18% (Run 2) to 84% (HL-LHC)

3 Baseline
o Z+heavy-flavor and tt̄ normalization uncertainties scaled down with lumi
o Significant reduction assumed for the V H and tt̄H uncertainties
o MC statistical uncertainty neglected
o Statistical unc. on the data-driven backgrounds adjusted to follow Poisson
statistics

o Cross-section uncertainties reduced

4 No systematic uncertainties
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Results of the extrapolation
o 3 signal regions: τlepτhad SLT, τlepτhad LTT, τhadτhad
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95% CL upper limit on σ(pp→ HH)/σSM (background-only hypothesis):
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hadτlepτBaseline, 

hadτhadτBaseline, 

Baseline, combined
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Results of the extrapolation
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Scenario −1σ Expected limit +1σ Significance [σ]
No systematic uncert. 0.58 0.80 1.12 2.5
Baseline 0.71 0.99 1.37 2.1
MC statistical uncert. neglected 0.8 1.2 1.6 1.7
Current systematic uncert. 1.9 2.7 3.7 0.65
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Limits on κλ, assuming κλ = 0 and κt = 1
o Allowed 1σ and 2σ CL intervals, Asimov dataset: includes κλ = 0 signal
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Breakdown of the systematics - baseline
Source Uncertainty (%)
Total ±52
Data statistics ±43
Simulation statistics ±0
Total systematic uncertainty ±30

Experimental uncertainties
Luminosity ±4.3
Pile-up reweighting ±7.0
τhad-vis ±13
Fake-τhad-vis estimation ±8.3
b- tagging ±8.1
Jets and Emiss

T ±3.5
Electron and muon ±5.1
Total experimental uncertainties ±18

Theoretical and modelling uncertainties
Top ±6.6
Signal ±8.6
Z/γ∗ → τ+τ− ±11
SM Higgs boson ±8.5
Other backgrounds ±4.4
Total theoretical and modelling uncertainties ±17
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Di-tau trigger studies
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ATLAS Preliminary
Projection from Run 2 data

­1
=14 TeV, 3000 fbs

hadτhadτbb→HH

= 20 BDT
λ

κ

Expected 95% CL upper limit on σ(pp→ HH)/σSM (without systematic uncertainties) as a
function of the leading and sub-leading τhad−vis minimum pT thresholds, using the (a)

nominal BDT classifier and (b) using the κλ = 20 BDT

o The loss in sensitivity is expected to be even more pronounced (the effect masked
by +80 GeV jet requirement)

o Sensitivity to the Higgs self-coupling is affected more by raising the pT thresholds
(softer pT spectrum), so the study is repeated for κλ = 20 BDT
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HL-LHC HH combination
o Significance (no systematics, baseline):

Channel Statistical-only Statistical + Systematic
HH → bb̄bb̄ 1.4 0.61

HH → bb̄τ+τ− 2.5 2.1
HH → bb̄γγ 2.1 2.0
Combined 3.5 3.0

o Significance as a function of κλ (no systematics, baseline):
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Systematic uncertainties included
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HL-LHC HH combination
o Limits on the κλ, assuming SM signal (no systematics, baseline):
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Systematics uncertainties included

o Confidence intervals on κλ from the combination (no systematics):
− 68%: 0.4 < κλ < 1.7
− 95%: −0.1 < κλ < 2.7 U 5.5 < κλ < 6.9

o Confidence intervals on κλ from the combination (with systematics):
− 68%: 0.3 < κλ < 1.9
− 95%: −0.4 < κλ < 7.3
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