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Image: CERN

2012.7.4 — 2022.7.4
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Why is the Higgs boson still 
interesting?

3
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What we’ve learnt since Higgs discovery?

4

๏ All main production modes (ggF, VBF, VH, 
ttH+tH) established at > 5σ

๏ Couplings to gauge bosons and 3rd gen. 
charged fermions all observed

๏ Couplings to 2nd gen. charged fermions: 3σ 
evidence for H→μμ; first constraints on H→cc

๏ Mass measured to ~ 0.1%

๏ JCP = 0++ (large number of alternative 
hypotheses excluded at > 99.9% C.L.) 

๏ … …

๏ Tremendous advances in our understanding of 
the Higgs boson since its discovery in 2012 3 orders of magnitude

… primarily, discovery of the Higgs particle is a direct evidence 
of the existence of a ubiquitous Higgs field.



 R. Zhang                                          IHEP                        28.02.2023

Image credit: Nature Reviews Physics 3.9 (2021)

V(ϕ)

ϕ

5

V(ϕ) =
1
2

μ2ϕ2 +
1
4

λϕ4

|ϕ |min = −
μ2

2λ
≡

ν

2
, ν = 246 GeV

When  the potential has a minimum at:μ2 < 0

This is one form of the potential, is this the form taken by nature?

๏ SM cannot be a complete description of nature

• Origin of neutrino masses

• Origin of mass hierarchy?

• Origin of baryonic asymmetry?

๏ Theories explaining (part) above questions 
require modification of the shape form

https://www.nature.com/articles/s42254-021-00341-2
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⊃ λν2h2+λνh3 +
λ
4

h4

Higgs self-coupling

6

๏ Direct exploring the potential at each Higgs field value  is not 
possible.

ϕ

V(ϕ) =
1
2

μ2ϕ2 +
1
4

λϕ4

Processes of Higgs Boson split into two or three can shed light.

κλ = λHHH/λSMMass term

Probing the Higgs-self coupling is a key towards 
pinning down the exact shape of the potential.
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HH production at LHC

7
Vector Boson Fusion production (VBF)
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Gluon-gluon Fusion 
production (ggF)

Physics Letters B 732 (2014)

SM σHH @ 13 TeV ~ 30 fb

New physics can manifest 
itself as deviations in σHH 

through a resonance decay

https://www.sciencedirect.com/science/article/pii/S0370269314001828
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SM HH production ~30 fb
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SM HH production ~30 fb

~1000×

SM H production
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SM HH production ~30 fb

~1000×

SM H production

SM Z production

~1000×
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Why is it small?

11
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Figure 3: Leading order Feynman diagrams showing non-resonant production of

pairs of Higgs bosons in the Standard Model: (a) the triangle diagram, featuring

the Higgs boson trilinear self-coupling, labeled with the self-coupling modifier

� ⌘ / and (b) the box diagram, featuring only a loop of quarks.
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pairs of Higgs bosons in the Standard Model: (a) the triangle diagram, featuring

the Higgs boson trilinear self-coupling, labeled with the self-coupling modifier

� ⌘ / and (b) the box diagram, featuring only a loop of quarks.

1

Destructive interference of the 
triangle and box amplitude

mHH shape differs a lot
Remember we want to 
understand κ𝛌

κ𝛌 = 2.4 maximum 
destructive effect ~ 
350 GeV
Very soft kinematics 
for large κ𝛌 

 And even worse …
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HH decay channels

12

bb WW ττ ZZ γγ

bb 34 %

WW 25 % 4.6 %

ττ 7.3 % 2.7 % 0.39 %

ZZ 3.1 % 1.1 % 0.33 % 0.069 %

γγ 0.26 % 0.10 % 0.028 % 0.012 % 0.0005 %

Large branching ratio

Clean final state
๏ No golden channel

๏ bbbb:

• The most abundant final state

• Challenge from large multi-jet 
background.

๏ Combination is fundamental 
for observation!

๏ New physics can manifest as 
deviations in σHH 
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Non-resonant HH→4b

13

Largest rate ~ 1.5K in Run 2
Searching is challenged by the large background events from multi-jet 

(QCD multi-jet 90–95%, top quarks (5–10%)

Experimental challenges:
Online trigger algorithms are complex

Depends on Level 1 (L1) seed, High level trigger (HLT) 
tracking, jet reconstruction/calibration, b-tagging, etc
Consistency with offline b-tagging

Flavour tagging is crucial
Higgs boson reconstruction affected by

Jet combinatorics
Missing energy from neutrinos in semi-leptonic B decays
Jet constituents from Initial/Final state radiation & Pile-up

Precise model and rejection of multijet bkg are crucial

CERN-EP-2022-235

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
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1

Trigger

14

“2b2j” trigger

2 b jets (35 GeV) + 2 extra jets (35 
GeV)
Important for low mHH events

“2b1j” trigger

2 b jets (55 GeV) + 1 extra jets 
(100-150 GeV)
Important for high mHH events

๏ Analysis operating on 
trigger turn-on both of 
Level 1 and High level 
triggers

๏ Dedicated calibrations 
required for both levels
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Flavour tagging

15

๏ Using DL1r tagger: Deep neural network plus recurrent neural network

• Allowed for 10% looser b-jet efficiency working points maintaining same 
background rejection with respect to previous analysis 

• One of the largest sources of improvements for all ATLAS HH analyses!

DL1r performance DL1r calibration

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2019-005/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2021-001/
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Event selection — kinematics

16

Central jets: 
pT > 40 GeV
|η| < 2.5

Forward jets: 
pT > 30 GeV
|η| > 2.5

VBF jets: 
Pair of untagged central or 
forward jets with highest mjj

XWt = ( mW − 80.4GeV
0.1mW )

2

+ ( mt − 172.5GeV
0.1mt )

2

> 1.5 XHH = ( mH1 − 124GeV
0.1mH1 )

2

+ ( mH2 − 117GeV
0.1mH2 )

2

Signal region definition cut

C
om

m
on

 se
le

ct
io

n

ggF vs VBF 
separation

Top-quark veto cut
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Event selection — pairing

17

๏ Choose pairing that minimises ∆R between 
jets in the leading Higgs candidate (H1)

๏ No mass information used to avoid 
sculpting the H1-H2 mass plane

๏ This is different from the one in the 
resonant search (see later)

ΔR
ΔR

ΔR

Possibility 1 Possibility 2 Possibility 3

Leading Higgs Candidate 
Subleading Higgs Candidate 

☜

Sort by ΔR

Strips ~80 GeV due to XWt cut

4b data

2b data
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๏    

• 2b events can be reweighted to 4b (kinematically 
similar)

๏ A neural network is adopted to learn 

• Found better performance with NNs than with 
other methods (iterative reweighting, BDTs) 
specially modelling steeply falling/peaking 
distributions

• Construct following loss function

         such that

R(x)

Background estimation

18

4b data

2b data

A

B 

C

D

Data[D](x) =                        × Data[C](x)
Data[A](x)
Data[B](x)

R(x)

Apply hereTrain here
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Background estimation performance

19

          mHH in control       
region in ggF 

selection before and 
after reweighting.

☜ 

XWt in control 
region in VBF 
selection before and 
after reweighting.

☜ 

Reweighting improves the agreement with 4b events significantly.
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Background estimation validation

20

๏ Comprehensive validations are conducted

๏ In particular:

• Reversed |∆ηHH| region to check nuisance parameter 
pulls

• 3b1f, one jet fails a looser b-tagging criterion, to check 
residual of systematics coverage

• Multiple shifted regions to check higher level behaviours

Illustration only
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Categorisation

21

Events are categorised in 6 categories 
in ggF and 2 categories in VBF. 

VBF

ggF

Categorisation improves S/B 
in certain categories, therefore 

improves sensitivity.
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Systematic uncertainties

22

๏ The major uncertainties are bkg estimation uncertainty

• Statistical: 2b statistics + DNN variation under bootstrapped deep ensembles (100 trainings)  

• Alternative vs nominal estimate (A vs A’)  

• 3b1f region non-closure  

• Normalisation uncertainty from 2b/4b CR

๏ Signal MC is affected by standard jet energy scale, jet energy resolution, 
flavour tagging, luminosity, pileup, modelling, …

A

C A’

A

A’
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Results

23

Results compatible with SM
No significant deviations found

SM cross-section limit at 5.4 (8.1) x SM 
observed (expected)

Constraints on κλ
[-3.9, 11.1] from CLS limits at 95% CL 
[-3.5, 11.3] from profile likelihood scan at 2σ

Constraints on κ2V

[-0.03, 2.11] from CLS limits at 95% CL
[0, 2.1] from profile likelihood scan at 2σ

Significant improvements w.r.t 36 fb-1 ggF 
and previous 127 fb-1 VBF results!

Signal categorisation
More precise background estimate
More performant b-tagging

https://arxiv.org/abs/1804.06174
https://arxiv.org/abs/2001.05178
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Comparing with CMS 4b results

24

๏ A few key differences between ATLAS and CMS (resolved)

• Pairing: 

• 3b instead of 2b for background estimation 

Obs  
(Exp) ATLAS CMS (resolved) CMS (boosted)

SM signal strength 5.4

(8.1)

3.9

(7.8) 

9.9

(5.1)

𝜅𝛌 [-3.5,11.3] 

([-5.4,11.4])

[-2.3, 9.4] 

([-5.0,12.0])

[-9.9,16.9] 

([-5.1,12.2])

𝜅2V [0, 2.1] 

([-0.1,2.1])

[-0.1, 2.2] 

([-0.4,2.5])

[ 0.6,1.4] 

([ 0.7,1.4])

• Validation region
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๏ Top 3 HH decay channels are combined to reach the best sensitivity

• 3x improvement w.r.t. six channel combination results at 36 fb-1

• 2x comes from luminosity increase, rest from improved analysis techniques

ATLAS-CONF-2021-052
ATLAS-CONF-2022-050

PRB 800 (2020) 135103

HH combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
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Probing self-coupling

26

๏ HH is ideal to study κλ, κ2V but not powerful to constrain κt, κV, κb, κτ

๏ Combining HH + H could simultaneously constrain above parameters

• Higher order corrections are required; HH is sensitive to κt through H decays, 
while single H is sensitive to κλ via electro-weak corrections

Higgs self-energy

Production

Decay

These corrections affect the 
inclusive cross-sections, 
Higgs-boson branching 

fractions and differential 
distributions.
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Self-coupling constrains

27

๏ Run 2 bbγγ, bbττ, 4b are combined with Run 2 γγ, 4𝑙, ττ, WW, bb

• In addition to κλ, the coupling modifiers κt, κV (κt, κV, κb, κτ) are considered in 
double (single) Higgs processes

• The overlap between/within HH and H analyses is negligible or has minor 
impact on results

•• Uncertainties across 
channels are correlated 
when relevant

• Constraints on κλ 
[-0.4, 6.3] if assume other κ=1 
[-1.3, 6.1] if no assumption on 
other κ

[-2.3, 10.3] in 2019 combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
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2D contours

28

๏ Interesting κ pairs are also probed

κλ, κt κV, κ2V
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Other results

29
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HL-LHC projection

30

๏ Full Run 2 ATLAS bbγγ and bbττ and their combination projected at HL-LHC

๏ Probed assumptions on the systematic uncertainties in four scenarios

• Baseline: halved theoretical uncertainties + scaled Run 2 systematic uncertainties

• New triggers, increased pile-up level, and detector upgrades effects not considered

๏ HH observation with baseline or without systematic uncertainties: 3.2σ or 4.6σ

๏ 𝜅𝛌 1σ CL interval [0.5, 1.6] (baseline) or [0.6, 1.5] (w/o syst) from -2∆ln(L) scans

ATL-PHYS-PUB-2022-001
ATL-PHYS-PUB-2021-044
ATL-PHYS-PUB-2022-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/
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EFT interpretation

31

ATL-PHYS-PUB-2022-019

๏ bbγγ and bbττ HEFT interpretation 
and their combination

๏ Upper limits are set for the benchmark 
models and on cgghh and ctthh 
Wilson coefficients

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/
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Summary

32

๏ Di-Higgs search and measurement is an important LHC topic to 
understand the exact form of Higgs potential.

๏ Various analyses targeting final states have done and are ongoing at 
ATLAS; a combine of them will give the best sensitivity.

• Benefit from ATLAS combined performance improvements in Jets, b-tagging, etc.

• 4b channel being the dominant channel remains challenging and will be crucial to 
help go beyond to HHH→6b.

๏ Projection to HL-LHC from current full Run 2 results predicts 3σ at 
ATLAS, promising to reach 5σ together with CMS.

THHank you!
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Backup

33
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Background estimation inputs

34
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Resonant combined search

35
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4b non-resonant cutflow

36

4b resonant yields table
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4b non-resonant mass plane

37
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4b non-resonant discriminants

38
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HL-LHC baseline scenario

39
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HL-LHC self-coupling

40
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Lu Nan, Higgs Pair 2022

https://indico.cern.ch/event/1001391/contributions/4817679/attachments/2454753/4210038/HH_prospect_HL_LHC_v2.pdf
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Lu Nan, Higgs Pair 2022

https://indico.cern.ch/event/1001391/contributions/4817679/attachments/2454753/4210038/HH_prospect_HL_LHC_v2.pdf
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Lu Nan, Higgs Pair 2022

https://indico.cern.ch/event/1001391/contributions/4817679/attachments/2454753/4210038/HH_prospect_HL_LHC_v2.pdf
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HEFT benchmark definitions

44

๏ A cluster analysis is used to define 
groups of different HEFT models 
according to their impact on the 
shape of the mHH distribution
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2D contours

46

๏ Interesting κ pairs are also probed

κλ, κt κV, κ2V


