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The Higgs field and Standard Model
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Higgs Field

Higgs Mechanism

Higgs Boson Particle

๏ Has non-zero vacuum expectation value
๏ Lead to electroweak symmetry breaking

2013

๏ Excitation of the Higgs field
๏ Unique chance to probe the Higgs field

๏ Can explain non-zero gauge boson masses
๏ Remarkably can also produce fermion masses

Englert and Brout & Higgs 
& Guralnik, Hagen and Kibble
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What've been learnt since the discovery?

3

3 orders of magnitude

But still very little knowledge about the shape of the Higgs potential.

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

๏ Couplings to gauge bosons and 3rd 
gen. charged fermions observed, 
evidence for H→Zγ

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

๏ Mass measured to < 0.1%
๏ JCP = 0++ (alternative hypotheses 

excluded at > 99.9% C.L.) 
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Image credit: Nature Reviews Physics 3.9 (2021)
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When  the potential has a minimum at:μ2 < 0

The Higgs potential

Baryogenesis requires a first order electroweak 
phase transition, which would lead to a 
modification to the Higgs potential ...

λ = m2
H /2ν2 ≈ 0.13

Measurement of λ is crucial to reconstruction the Higgs 
potential and therefore test the Higgs mechanism

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

h4

Higgs self-coupling
๏ Direct exploring the potential at each Higgs field value  is not 

possible.

๏ Probing the Higgs-self coupling is a key towards pinning down exact 
shape of the potential.

ϕ
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κλ = λHHH/λSMMass term

self-coupling

Study of Higgs boson pair production (HH) can shed light
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HH production at LHC
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Vector Boson Fusion production (VBF)
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Gluon-gluon Fusion 
production (ggF)

Physics Letters B 732 (2014)

SM σHH @ 13 TeV ~ 33 fb

σSM
ggF(HH ) = 31.05+6%

−23% (scale + mtop) ± 3.0 % (PDF + αs) fb

σSM
VBF(HH ) = 1.73+0.03%

−0.04% (scale) ± 2.1 % (PDF + αs) fb

κλ = λ/λSM

κ2V = cHHVV/cHHVVSM

https://www.sciencedirect.com/science/article/pii/S0370269314001828
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SM HH production ~33 fb

~1000×

SM H production

SM Z production
~1000×
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The challenges
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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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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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Need excellent experimental performance and analysis techniques

๏ Destructive interference between the 
triangle and box amplitudes
• mHH shape strongly depends on κ

๏ κλ ~ 2.4 max. destruction at mHH ~ 350 GeV
๏ Soft kinematics for large |κλ|

• Decay production difficult to detect

๏ Hard kinematics for large |κ2V|

κ2V=1

reference
reference

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
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HH from higher energy scales
๏ Higgs effective field theory (HEFT) framework
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HH decay channels

๏ No single "golden channel"
๏ bbbb (34%):

• The most abundant final state
• Challenging multi-jet backgrounds

๏ bbγγ (0.26%):
• Low decay fraction
• Excellent mγγ resolution

๏ bbττ (7.3%):
• Happy medium

11

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 decay fraction

Clean final state
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HH decay channels

๏ bbℓℓ + neutrinos (2.9%):
• Targeting where one H ↛ bb

๏ multilepton (6.5%):
• Targeting where both H ↛ bb
‣ Although including bbZZ(→4l)

• In total 9 sub-channels

๏ Combining all above channels
• Maximise the exploration of full 

Run 2 ATLAS data
• Covering > 50% of HH decay

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 decay fraction

Clean final state
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Today's focus
๏ Recent HH results 

๏ HH full Run 2 combination ATLAS-CONF-2024-006
• Five analyses above are combined under κ and HEFT frameworks
• Presented in this seminar for the first time

๏ HH prospects ATL-PHYS-PUB-2022-053

13
 Earlier results see LHC Seminar on 23rd November 2021 by Katharine Leney (ATLAS)

Nonresonant HH results References

Full Run 2 bbbb Resolved: Phys. Rev. D 108 (2023) 052003

Boosted: arXiv:2404.17193, submitted to PLB

Full Run 2 bbττ arXiv:2404.12660, submitted to PRD
Full Run 2 bbγγ JHEP 01 (2024) 066
Full Run 2 bbℓℓ+ETmiss JHEP 02 (2024) 037
Full Run 2 multilepton ATLAS-CONF-2024-005

New

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://indico.cern.ch/event/1065153/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
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ATLAS detector

14

A general-purpose detector at the LHC with nearly 4π coverage in solid angle.
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Object reconstruction improvements

15

Eur. Phys. J. C 83 (2023) 681

MV2 (Used for partial Run 2 results)
DL1r (Used for Run 2 legacy results)

All HH analyses are using DL1r 
77% efficiency working point.

All HH analyses are using particle-flow jets.

Eur. Phys. J. C 81 (2021) 689

Jets b-tagging

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2019-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-05/
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Other performance highlights

16

ATL-PHYS-PUB-2019-033

Improved τ 
identification

ATL-PHYS-PUB-2020-019

NN based X to bb tagger

And more ...

Specific b-jet 
energy calibration

Phys. Rev. D 106 (2022) 052001Eur. Phys. J. C 81 (2021) 689

Highly efficient
di-photon triggers

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-05/
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bbbb
Resolved: Phys. Rev. D 108 (2023) 052003


Boosted: arXiv:2404.17193

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02
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bbbb selection and categorisation

18

๏ b-jet trigger
๏ ≥ 4 b-jets pT > 40 GeV
๏ |∆ηHH| < 1.5
๏ Veto Top-quark decay
๏ Categorised based on |∆ηHH| & XHH

             XHH = ( mH1 − 124GeV

0.1mH1 )
2

+ ( mH2 − 117GeV

0.1mH2 )
2

๏ Large-R jet trigger
๏ ≥ 2 Xbb-tagged jets
๏ pTH > 450 (lead) 250 (sub) GeV
๏ VBF jets |∆ηjj| > 3, mjj > 1 TeV

ggF categories

VBF categories

VBF categories

VBF jets |∆ηjj| > 3, mjj > 1 TeV

b

b

b

b

Resolved
j

VBF jet

Boosted
b

b

b

b

j

VBF jet
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bbbb pairing (resolved)

19

ΔR
ΔR

ΔR

Possibility 1 Possibility 2 Possibility 3

Leading Higgs Candidate 
Subleading Higgs Candidate 

☜

Sort by ΔR

๏ Minimal ΔRjj in leading Higgs (H1)
๏ No mass information used to avoid 

sculpting the H1-H2 mass plane
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bbbb background estimation

๏ In boosted analysis, a normalisation 
factor is derived

๏ In resolved analysis, neural networks 
learn transfer factor.
• Easily handle multiple inputs simultaneously 

20

Sideband 
Region

Higgs mass 
Region

Data
2b/1Xbb A C

Data
4b/2Xbb B D

Learn
Predict

Unblinded
Blinded

★Major background: QCD multijet

A

C

B

D

2b data

4b data



Rui Zhang                    LHC Seminar: Recent HH results and the combination

bbbb bkg estimation performance

21
NN improves the agreement with 4b events significantly.
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bbbb results
๏ Fit mHH (resolved) and BDT (boosted) to extract results

22

95% CL interval: 0.55 < κ2V < 1.49, leading channel in κ2V

95% CL interval: -3 < κλ < 11

Dominant uncertainties:
Xbb calibration
Background estimation
Signal cross section calculation

Constraints on coefficients are derived under HEFT and SMEFT.
Cross-section limits are placed in seven HEFT benchmark scenarios.

Read for more

Factor 2.5 improvement in 
μHH and 2-3× improvement 

in κ intervals

HH 95% CL limit μHH < 5.4 (exp 8.1 assume no HH)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
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bbττ
arXiv:2404.12660

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27
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bbττ selection and categorisation

24

b

b

τ

τ

j

j

τhad τhad

๏ 2 b-jets, mττ > 60 GeV

๏ Single-τhad and di-τhad 
triggers (high purity)

๏ 2 τhad, e/μ veto

๏ Single ℓ trigger 
(large acceptance)      

๏ 1 τhad, 1 e/μ

๏ ℓ + τhad trigger 
(low ℓ pT)

๏ 1 τhad, 1 e/μ

× 3 types of 
triggers = 9 
categories 

events ≥ 4 jets

> VBF BDT cut

mHH > 350 GeV

Yes

No

Yes

No

Yes

No

VBF

Trained on κλ = 1

ggF
mHH ≥ 350 GeV

Trained on κλ = 1

ggF
mHH < 350 GeV

Trained on κλ = 10

Trained on SM ggF vs VBF

b

b

τ
e/μ

τlep τhad

j

j
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bbττ background estimation
★Source of backgrounds

25

Top quark (true τ)
Shape from MC,

normalisation from fit

Z(➞ττ) + heavy flavour
Shape from MC, normalisation from 

Z(→ee/μμ)+heavy flavour control region

Single H & others
Estimated from MC

Signal Categories

τlepτhad τhadτhad

Multijet
Combined fake 
factor method

Fake factor method

tt ̄ Fake τhad scale 
factor method

Fake τhad

Control Region
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bbττ signal / background separation
๏ One BDT is trained in each SR – in total 9 BDTs

26
Other BDT distributions in backup

Upward fluctuations in data

τhadτhad 
ggF mHH ≥ 350 GeV 

τlepτhad single lepton trigger
ggF mHH ≥ 350 GeV 

τlepτhad lepton tau trigger
VBF
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bbττ results

27

95% CL interval
-0.5 < κ2V < 2.7

95% CL interval
-3.1 < κλ < 9.0

95% CL limit μHH < 5.9 (3.3 exp): leading channel in SM HH search

Up to 20% sensitivity 
improvement 

compared to previous 
full Run 2 result

Dominant uncertainties:
Data statistics
Modelling uncertainties on top-quark 
and single-H background

Constraints on HEFT and SMEFT 
coefficients and seven HEFT 
benchmark scenarios.

Read for more
Compatibility with previous full Run 2 result is maximum 2.5σ in SLT.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
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bbγγ
JHEP 01 (2024) 066

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10
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Low mass BDT
4 categories defined by 

BDT score

High mass sensitive 
for SM and BSM κ2V

Targets 
BSM κλ

mbb̄γγ + (125 − mbb̄) + (125 − mγγ) GeV

bbγγ selection and categorisation

29

b

b

γ

γ

j

j

High mass BDT
3 categories defined by 

BDT score
Fit 7 mγγ spectra

๏ Diphoton triggers
๏ 2 b-jets and 2 photons

• 105 < mγγ < 160 GeV

๏ Suppress ttH̄ and tt ̄
• Lepton (e, μ) veto
• < 6 central jets

VBF jet pair selected 
by a dedicated BDT
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bbγγ categorisation BDT

30

Training against background:
single H and γγ-continuum

Low mass BDT
Optimise for large value κλ 

(soft spectrum)

High mass BDT
optimise for SM value κλ and κ2V

(hard spectrum)

321 4Dropped 321Dropped
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bbγγ signal and background modelling

31

Signal region SidebandSideband

γγ + something
Modelled using exponential 

function. Parameters derived 
from data sideband

HH and Single H
Modelled by double-sided 

Crystal Ball function. 
Parameters estimated from MC

Downward fluctuations in data
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bbγγ results

32

95% CL interval –0.5 < κ2V < 2.7

95% CL interval –1.4 < κλ < 6.9: 
leading channel in κλ constraint

Up to 17% sensitivity 
improvement 

compared to previous 
full Run 2 result

Dominant uncertainties:
Data statistics
Theory uncertainties on HH xsec

Constraints on HEFT and SMEFT 
coefficients and seven HEFT 
benchmark scenarios. Read for more

95% CL limit μHH < 4.0 (5.0 exp)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
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bbℓℓ+ETmiss
JHEP 02 (2024) 037

DISCLAIMER THIS IS NOT A CANDIDATE BBLL EVENT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02
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bbℓℓ+ETmiss selection
b

b

ℓ+

ℓ–

j

j

ETmiss
WW*

ZZ*

τ+τ–

๏ Single lepton and dilepton triggers
๏ 2 light opposite charge leptons 

(same flavour or different flavours)
๏ 2 b-jets

VBF
ggF

๏ ≥ 2 VBF jets with pT > 30 GeV, 
max(Δηjj) > 4, max(mjj) > 600 GeV

Yes

No
ggF category

VBF category

bb

bb

WW

ττ

ZZ

γγ
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๏ Network trained in ggF category
• Signal: ggF HH
• Bkg 1: tt ̄and tW
• Bkg 2: other bkg

๏ 7 most significant bins are used 
in final fit

35

bbℓℓ+ETmiss signal/background separation
๏ BDT trained in VBF category

• Signal: VBF HH κλ = 0
• Bkg: ggF HH, other SM processes

๏ 5 most significant bins are used 
in final fit

"Fake" lepton
Data driven

Z + heavy flavour
Shape from MC, 

normalisation from 
Z(→ee/μμ) + heavy 

flavour control region.

tt ̄and tW
Shape from MC, 

normalisation from 
control regions.

Single Higgs
Estimated from MC

ggFVBF

Deficit observed in data
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2x sensitivity 
improvement in μHH 

compared to full Run 2 
HH→bblvlv result. 
New κ2V results.

Due to employing 
multivariate analysis 
and inclusion of same 
flavour signals

95% CL interval
–0.17 < κ2V < 2.4

95% CL interval
–6.2 < κλ < 13.3

bbℓℓ+ETmiss results

95% CL limit 
μHH < 9.7 (16.2 exp)

ggFVBF

Dominant uncertainties:
Data statistics
Z+jets modelling

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33/
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Multilepton
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Multilepton

38

4V (V=W/Z)
VVττ
4τ
γγVV
γγττ 

Triggers:
Single Lepton
Dilepton
Diphoton

Final states:

bb WW ττ ZZ γγ

bb

WW

ττ

ZZ

γγ

Targeting HH decays:
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Multilepton search strategy

39

Pre-selections

Background 
estimation

MVA (BDT)

Combined fit

Object multiplicity requirements ensure orthogonality among 
sub-channels and with other HH channels

Prompt leptons from SM processes (dominated by diboson)
Non-prompt leptons (photon conversion, hadron decay)
Mis-assigned charge (bremsstrahlung+conversion, mis-
measured track curvature)
Mis-identified tau 

Fake (scale) factors derived in dedicated control regions 
or simultaneous fit with signal regions

Non-resonant γγ production
Functional form determined by mγγ sideband

BDT is trained in each sub-channel
• Used as discriminant
• Or in γγ channels used to define categories to fit mγγ
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Multilepton results

40

95% CL interval –2.5 < κ2V < 4.6

95% CL interval –6.2 < κλ < 11.6

95% CL limit μHH < 17 (11 exp)

6 additional sub-channels 
included than 36fb-1 
publications, 4–9x 

improvement per existing 
sub-channel.  

New κ2V results.

Dominated by data statistics

Heavily employed MVA is the key
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HH combination
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Systematic uncertainties and correlation
๏ No additional pruning is applied in the combination

๏ Common sources are correlated except if:
• Different calibrations used
• Different post fit profilings from different phase space

42

Final object 
reconstructions bbbb bbττ bbγγ bbℓℓ+ETmiss multilepton

Luminosity/pileup ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

Jets ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

b-tagging ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

Boosted jet/b-tag ✔︎

Electrons ✔︎ ✔︎ ✔︎

Muons ✔︎ ✔︎ ✔︎

Taus ✔︎ ✔︎

Photons ✔︎ ✔︎

ETmiss ✔︎ ✔︎ ✔︎ ✔︎

empty: unavailable or negligible
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Systematic uncertainties and correlation

๏ Dominant uncertainties
• HH cross section theory calculation QCD scale + mtop (prefit  on ggF HH)

• Normalisation of single H plus heavy-flavour jets on ggF (prefit 100% on ggF H yields)
• These two contribute most to the correlation

+6%
−23%

43

HH signal 
modelling bbbb bbττ bbγγ bbℓℓ+ETmiss multilepton

QCD scale + mtop ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

PDF + αS ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

H branching ratio ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

Parton shower ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

κ interpolation ✔︎ ✔︎ ✔︎ ✔︎

Bkg. modelling bbbb bbττ bbγγ bbℓℓ+ETmiss multilepton
Single Higgs ✔︎ ✔︎ ✔︎

Top quark ✔︎ ✔︎

Z + jets ✔︎ ✔︎ ✔︎

Diboson ✔︎ ✔︎

Specific per chan. ✔︎ ✔︎ ✔︎ ✔︎ ✔︎

empty: unavailable or negligible



Rui Zhang                    LHC Seminar: Recent HH results and the combination

Putting all together: HH production
95% CL limits

๏ μHH < 2.9 (2.4 exp)
• μggF < 2.9 (2.4 exp)
• μVBF < 44.3 (47.5 exp)

๏ σHH < 85.8 (71.1 exp) fb

44

Dominant uncertainties: HH theory cross section uncertainty ( )
Subdominant: modelling of single H associated with b-jets (lack of measurement)
Dominant experimental uncertainties: 4b background estimation

+6%
−23% in scale + mtop

Corresponding to deficit observed in 
bbbb, bbγγ, bbℓℓ+ETmiss

and excess observed in 
bbττ, multilepton

Separated ggF and VBF limits in backup
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Putting all together: couplings

45

κ2Vκλ

Best fit Obs 95% CL Exp 95% CL Leading channel 
κλ 3.8 [−1.2, 7.2] [−1.6, 7.2] bbγγ, bbττ
κ2V 1.0 [0.6, 1.5] [0.4, 1.6] bbbb (boosted)

Detailed table in backup
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Putting all together: couplings

46

Relative contribution can be better seen in the 2D contours
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Note:

- bbbb's deficit at SM, 
excess around κλ=6 

- bbττ excellent 
performance at SM, 
degrading quickly in 
positive κλ

- Similar situation 
seen in bbℓℓ+ETmiss

Complementary contributions
Reminder: when κλ moves away from SM, kinematics gets softer
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Note:

- bbbb's strong 
constraint but not 
the best at SM

- No dedicated VBF 
signal regions in 
multilepton

- bbγγ is not super 
sensitive in high 
kinematics regime

Complementary contributions
Reminder: when κ2V moves away from SM, kinematics gets harder
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Putting all together: HEFT
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1D scans in backup
Benchmark results in backup

chhh-cgghh chhh-cgghh cgghh-ctthh

Note:

- Multiple minima due to quadratic structure of HEFT parametrisation

- Best fit driven by bbbb where a signal shape is picked to fit the gap between data 
and background the best
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HH prospects
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Projection to HL-LHC
๏ Combination of bbbb + bbττ + bbγγ

• Baseline: 2× theory/modelling, 2× b-tagging, others objects almost Run 2-like (conservative)
• HH discovery significance of 3.4σ; κ𝛌 constrained within [0.0, 2.5] at 95% CL
• Based on previous round of full Run 2 results. Already 13% improvement with this round.

51

๏ Sensitivity driven by theoretical uncertainties on HH cross-section and: 
b-tag performance in bbbb (potential improvement from ITk and better b-tagging)
background modelling uncertainty in bbγγ
additional heavy-flavour jet radiation in single Higgs background

Baseline scenario rely on assumptions in 
ATL-PHYS-PUB-2021-023

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-023/
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Standing in Run 3
๏ Benefit from better triggers, improved 

object ID, more refined analyses ...
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ATLASTauTriggerPublicResults

FTAG-2023-01

ATLASBJetTriggerPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults
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Summary
๏ HH is a unique process to probe the Higgs potential

๏ HH events are rare (33 fb ➔ ~ 4600 SM events in Run 2 dataset)
• Call for highly efficient analyses

๏ ATLAS conducted searches in final states covering 50% of decays
• Reached best expected sensitivity to date on HH cross section, μHH < 2.9 (2.4 exp)
• ... and on the Higgs self-coupling, −1.2< κλ <7.2 (−1.6 < κλ < 7.2 exp)

๏ Promising prospect for Run 3 and HL-LHC
•

53

• Prospects can improve rapidly with the 
advancement of triggers, objects 
identifications, and analysis techniques

Much to look forward to 
in the near future!
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Backup
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bbbb
• Selection flowchart
• Cutflow, yields, efficiency
• Discriminant
• Resolved category yields, syst table
• Resolved uncertainty decomposition
• k2V scan, XS scan, 2D scan

bbττ
• Selection flowchart
• BDT variables: ggF vs VBF, ggF, VBF
• Discriminant

bbγγ
• BDT variables
• Discriminant
• All results

bbℓℓ+ETmiss

• Topology definition and BR
• Prefit yields
• BDT and NN inputs

Multilepton
• Event selection table
• CR definitions
• BDT input (all sub-channels)
• Systematic table

Combination
• EFT benchmark definition
• Combine with single H
• Projection scenarios definition
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bbbb event selection
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Resolved

Boosted
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Cutflow
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Resolved

Boosted

Boosted
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bbbb discriminant
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Resolved

Boosted

Non-resonant BDT
Resonant parameterised BDT

Deficit in SM, excess in κλ = 6, excess in tail
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bbbb tables
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bbbb uncertainty
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bbbb other results
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bbττ event selection
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bbττ BDT variables
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VBFggF

ggF vs VBF
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bbττ 9 BDTs
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bbγγ BDT training variables
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bbγγ discriminant
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bbγγ other results
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HEFT
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bbγγ other results
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bbℓℓ+ETmiss targeted processes



Rui Zhang                    LHC Seminar: Recent HH results and the combination

bbℓℓ+ETmiss prefit yields
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bbℓℓ+ETmiss MVA inputs

ggF NN

VBF BDT
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Multilepton selections
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Multilepton CR definitions
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Multilepton BDT inputs
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Multilepton systematic table
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HEFT benchmark

๏ Complementary sensitivities 
contributed from different 
channels, driven by the 
softness/hardness of the 
kinematics in a given 
benchmark

75
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Combine with single Higgs measurements
๏ κλ can affect single Higgs processes via NLO electroweak corrections

• Affect the inclusive cross-sections, decay branching fractions and differential 
distributions

76

Self energy

Production
Decay

LHCHWG-2022-002

Eur. Phys. J. C (2017) 77

https://cds.cern.ch/record/2803606
https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8


Rui Zhang                    LHC Seminar: Recent HH results and the combination

κλ constraints with least assumptions
๏ Generic fit: couplings (κλ, κt, κb, κτ, κV) are all floating in the fit

• Dominated by HH while H provide strong constraints to other couplings.
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Best fit Obs Exp
κλ only 3.0 [–0.4, 6.3] [–1.9, 7.6]

Generic fit 2.3 [–1.4, 6.1] [–2.2, 7.7]
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Projection scenarios
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bbbb

Table 2
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Combined μ results
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Combined κ results
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Measurement

� 2V

68% CL 95% CL 68% CL 95% CL

Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

� float, 2V = 1 3.8
+2.1
�3.6 1.0

+4.7
�1.5 [�1.2, 7.2] [�1.6, 7.2] – – – –

2V float, � = 1 – – – – 1.02
+0.22
�0.23 1.00

+0.40
�0.36 [0.57, 1.48] [0.41, 1.65]

�, 2V float 4.3
+1.9
�4.0 1.0

+4.8
�1.5 [�1.2, 7.5] [�1.7, 7.4] 0.92

+0.27
�0.25 1.00

+0.41
�0.38 [0.40, 1.45] [0.32, 1.65]

κ2Vκλ
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HEFT 1D scans
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Compare with CMS - bbbb
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ATLAS

κ2V = 0 exclusion 3.4 (exp 2.9) σ κ2V = 0 exclusion 6.3 σ

Difference mainly comes from powerful Xbb tagger in CMS in boosted analysis
κλ and μHH are similar driven by resolved analysis

Phys. Rev. Lett. 129 (2022) 081802
Phys. Rev. Lett. 131 (2023) 041803

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
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Compare with CMS - bbττ
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CMS acceptance 5.5 (3.4)% 
for the ggF (VBF) SM

ATLAS acceptance 4+4+1% for 
ggF and 2.5+2.5+0.7 VBF SM

Different signal accxeff

Phys. Lett. B 842 (2023) 137531

 –1.7 < κλ < 8.7 (−2.9 < κλ < 9.8)

Previous round in ATLAS

reference

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html
https://indico.cern.ch/event/1001391/contributions/4825904/attachments/2453036/4203900/ATLAS%20and%20CMS%20Non-resonant%20HH%E2%86%92bb%F0%9D%9C%8F%F0%9D%9C%8F.pdf
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Compare with CMS - bbγγ
๏ Close results between the two

• CMS: μHH < 8.4 (5.5 exp)
• ATLAS this round: μHH < 4.0 (5.0 exp)
• CMS: –1.5 < κλ < 6.7 (68% exp)
• ATLAS: –1.2 < κλ < 6.1 (68% exp)

๏ Slightly better results from ATLAS coming from
• Slightly better signal resolution
• High/low mass categorisation
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JHEP 03 (2021) 257

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
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Compare with CMS - bbWW (bbℓℓ+ETmiss)
๏ Close results between the two

• CMS: μHH < 14 (18 exp)
• ATLAS: μHH < 9.7 (16.2 exp)
• CMS: −7.2 < κλ < 13.8 (−8.7 < κλ < 15.2 exp)
• ATLAS: –6.2 < κλ < 13.3 (–8.1 < κλ < 15.5 exp)
• CMS: −1.1 < κλ < 3.2 (−1.4 < κλ < 3.5 exp)
• ATLAS: −0.17 < κ2V < 2.4 (−0.51 < κ2V < 2.7 exp)

๏ Stronger constraints in κ2V from ATLAS
• A dedicated VBF signal region / category may have helped
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CMS: arXiv:2403.09430

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/index.html
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Compare with CMS - bbZZ(4ℓ)
๏ CMS http://www.arxiv.org/abs/2206.10657

• μHH < 32.4 (39.6 exp)
• −8.8 (−9.8) < κλ < 13.4 (15.0)

๏ ATLAS:
• μHH < 39 (35 exp)
•
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Accxeff
ggF ATLAS 0.164, CMS 0.168
Bkg: ATLAS 30, CMS 67.06

http://www.arxiv.org/abs/2206.10657
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Compare with CMS multilepton
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CMS: JHEP 07 (2023) 095

✘

✔︎

✔︎

✔︎

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html

