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But other shapes of the potential 
still allow for 

Electroweak Symmetry Breaking

We have a prediction for the shape 
from the SM…

V(ϕ)

ϕ

Other shapes could reveal evidence 
for Electroweak Baryogenesis, or hints 

to vacuum stability

Signal distribution strongly 
depends on κλ

Increasing  leads the ‘triangle 
diagram’ to dominate:

signal peak shifts to lower 

κλ

mHH

arXiv:1910.00012 

https://arxiv.org/abs/1910.00012
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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 HH → bb̄γγ
Trigger on diphotons

( )ET > 35,25 GeV

Require two photons 
(Leading (subleading) )pT /mγγ > 0.35 (0.25)

Select < 6 jets
( )pT > 25 GeV, |η | < 2.5

Require 2 b-tagged jets
( )ϵ = 77 %

ATLAS-HDBS-2018-34

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
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Background estimate formed on fit
to  in different signal regionsmγγ

Shape of background function
determined from simulation,

 norm determined from data ‘sidebands’

Contributions from fake  estimated
using data-driven method

γ

Single Higgs background 
determined from simulation

Largest systematic from “spurious signal”:
fit signal + background on 

 background-only MC template
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 HH → bb̄ττ̄

Trigger on di- , , 
or single 

τ ℓ + τ
ℓ

Require 1 or 2 ‘loose’ :τ
mττ > 60 GeV

Require 2 b-tagged jets
( )ϵ = 77 %

Separate into  and  channelsτhτh τℓτh

ATLAS-CONF-2021-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
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Fits to BDT/NN shape used for final analysis

Data agrees well with background prediction

 has strongest sensitivity, but other channels also contributeτhadτhad
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ATLAS-CONF-2021-052

Let’s put it all together: 
can we see HH?

Here, show sensitivity to SM 
signal: what factor larger 

would the signal have to be, 
for us to be sensitive? 

Individual analyses set 
limits at ~4.5x SM

Together, set 
limit at 3.1x SM

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052
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Signal  goes up for
extreme : produce

more signal

σ
κλ

Limits also go up at
extreme : signal
is growing, but is 
concentrated at
low , same
as backgrounds

κλ

mHH

Both analyses
contribute to
combination!
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Signal  goes up for
extreme : produce

more signal

σ
κλ

Limits also go up at
extreme : signal
is growing, but is 
concentrated at
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Signal  goes up for
extreme : produce

more signal

σ
κλ

Limits also go up at
extreme : signal
is growing, but is 
concentrated at
low , same
as backgrounds

κλ

mHH

Both analyses
contribute to
combination!

Allowed range:
−1.0 < κλ ≤ 6.6Significantly improved compared 

to mid-Run2: −5.0 < κλ ≤ 12.0
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The SM’s potential only choice that 
is gauge invariant, renormalizable

V(ϕ) = − m2ϕ2 + λϕ4

V(ϕ) = − m2ϕ2 + λϕ4 + Cϕ6 + Dϕ8 + . . .
If we want modifications like these 

 and  terms: they have to 
emerge from new physics

C D

g

g H

H

X

Like a new resonance!
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 Resolved HH → bb̄bb̄  Boosted HH → bb̄bb̄

Combination of ~4 b-jet triggers

4 b-tagged jets 
( , )ϵ = 77 % pT > 40 GeV

Boosted Decision Tree used to pair jets

Large-R jet trigger ( )ET > 450 GeV

Two large-R jets
(R=1.0, )pT > 450 (250) GeV

2, 3, or 4 b-tags (via track-jets, )ϵ = 77 %

ATLAS-HBDS-2018-41

Target low-mass
resonances

Target high-mass,
collimates decays

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
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Center is signal-like; outer regions used for 
background estimation and validation
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Boosted analysis is similar:
simpler spline based reweighting

No excess either (also in 3b and 2b SR)
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 strongestbb̄bb̄ strongestbb̄ττ̄ strongestbb̄γγ

Here, show results
from all three analyses

 and  have
similar resonant-

optimized searches

bb̄γγ bb̄ττ̄

(  has parameterized
NN for different signal

mass points)

bb̄ττ̄

All three analyses 
complementary: 
set best limits at 
different ranges
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Higgs pair measurements let us 
directly probe the shape of the 

Higgs potential

Rapidly approaching sensitivity 
to even the rare SM x-sec!

Projections for HL-LHC
rapidly improving
as analyses are 

optimized: many exciting 
years of analysis remain!
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More in:
ATLAS-HDBS-2018-34

ATLAS-CONF-2021-030  
ATLAS-HDBS-2018-41 

ATLAS-CONF-2021-052 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
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No obvious signs
of new physics!

But some of the
best sensitivity
to HH ever… 
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Here, apply NN to 2b data in VR

Works well, even on data
that wasn’t used in training!

Why does this work?
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Why Neural Networks?
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Here, apply NN to 2b data in VR

Works well, even on data
that wasn’t used in training!

Why does this work?

NN’s learn a density ratio of 
two classes: normally this ratio
is used to isolate a single class,

but can be used to reweight classes



M. Swiatlowski (TRIUMF) February 21, 2022

Resonant p-value
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 Resonant Limitsbb̄ττ̄
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Non-resonant Acc x Eff
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• For : photon kinematics, b-jet kinematics, bb-system 
kinematics, missing energy, total energy, “top-ness”

• For : mHH, mbb, mττ, DR(b,b), DR(τ,τ), DPt(lep,τ), MET, 
DPhi(lepτ, bb)…

• For :

bb̄γγ

bb̄ττ̄

bb̄bb̄

Variables for MVAs
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Acceptance x Eff bb̄bb̄
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Boosted Backgrounds

29

  

4b 3b 2b

2b-2f 2b-1f 1b-1f

) [GeV]
1

m(H

0

1000

2000

3000

4000

5000

6000

7000

Ev
en

ts
 / 

5 
G

eV Data
Multijet
tt

Stat. uncertainty

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Boosted channel
2b control region

80 100 120 140 160 180
) [GeV]

1
m(H

0.2−

0

0.2

Pr
ed

.
D

at
a-

Pr
ed

.

) [GeV]
1

m(H

0

200

400

600

800

1000

Ev
en

ts
 / 

5 
G

eV Data
Multijet
tt

Stat. uncertainty

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Boosted channel
3b control region

80 100 120 140 160 180
) [GeV]

1
m(H

0.2−

0

0.2

Pr
ed

.
D

at
a-

Pr
ed

.

) [GeV]
1

m(H

0

10

20

30

40

50

60

Ev
en

ts
 / 

5 
G

eV Data
Multijet
tt

Stat. uncertainty

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Boosted channel
4b control region

80 100 120 140 160 180
) [GeV]

1
m(H

0.2−

0

0.2

Pr
ed

.
D

at
a-

Pr
ed

.



M. Swiatlowski (TRIUMF) February 21, 2022

From Limits, to Discovery
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• Jet reconstruction
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• More data

• Background estimation

• Jet reconstruction

• Jet triggering

• A common theme to these problems: how to use more 
information

• And a common solution to many: machine learning

From Limits, to Discovery
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Universe Stability

31

A. Kusenko

https://physics.aps.org/articles/v8/108
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Interference
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