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Introduction

 The Higgs self-coupling plays important roles
– linked to naturalness/hierarchy problem
– controls the stability of the EW vacuum (... like many other BSM parameters)
– dictates the dynamics of EW phase transition and potentially conditions the 

generation of a matter-antimatter imbalance via EW baryogenesis
 Does it need to be measured with high accuracy?

– a few new physics scenarios would be revealed in the measurements of h3
– only way to understand the dynamics of EWSB (Cooper pair or elementary scalar?)

 Latest results on di-Higgs production and Higgs self-couplings at HL-LHC
– Yellow Report with CMS and theorists released at the end of 2018 as an input to the 

European strategy (1902.00134)
– presented at CERN in March (link)

 Measurement of Higgs self-couplings with Future Colliders (FC)
– within the Higgs@FC working group mandated by ECFA for the European Strategy 

Update (1905.03764)
– presented at Granada last week (link)

https://arxiv.org/abs/1902.00134
https://indico.cern.ch/event/783141/
https://arxiv.org/abs/1905.03764
https://indico.cern.ch/event/808335/timetable/#20190512
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Higgs potential

 Higgs potential:

 Approximation around the v.e.v:

 λ known from v.e.v and Higgs mass:

 BSM effect could change λ  define  ⇒ define  

V (Φ)≈λ v2h2+λ v h3+
1
4

λ h4

mass term self-coupling terms

V (Φ)=
1
2
μ
2
Φ
2
+
1
4

λΦ
4

λ=
mH
2

2⋅v2
≈0.13

κλ=κ3=
λHHH

λHHH
SM
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HL-LHC propects
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Di-Higgs production at pp colliders (1)
 Main production mode: ggF

– σ = 36.69 fb NNLO/NNLL with finite top mass effects included at NLO in QCD
– destructive interference between triangle and box diagrams  σ(HH)/σ(H) =⇒ define   0.1%
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Di-Higgs production at pp colliders (2)

degeneracy

σ
(N)LON)LO

)LOL
O
 [

fb
]

κ
λ

 Self-couplings through total HH cross section, and diff. cross section dσ/dm
HH

:

⊗ 1405.7040

https://arxiv.org/pdf/1405.7040.pdf
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HH decays

ATLAS CMS

extrapolation parametric

extrapolation parametric

smearing parametric

parametric

parametric

bbbb
Largest BR ☺

Large multijet and tt bkg ☹

bbττ
Sizeable BR ☺

Relatively small bkg ☺

bbγγ
Small BR ☹

Good diphoton resolution ☺
Relatively small bkg ☺

bbVV
(N)LO→lνlν)lνlν))LO

Large BR ☺
Large bkg ☹

bbZZ
(N)LO→4l)LO

Very small BR ☹
Very small bkg ☺
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Methodology

 Either extrapolations from Run-2 analyses, or dedicated studies with 
smeared/parametric detector response, corresponding to pile-up of 200

– improvements from the ATLAS and CMS TDRs in the past years

 General analysis strategy: 
– candidate mass consistent with SM Higgs boson
– multivariate methods to reject background
– use m

HH
 when possible

 Systematic uncertainties: common agreement between ATLAS and CMS
– performance uncertainties scaled by 0.5 to 1
– theoretical uncertainties divided by 2
– MC stat uncertainties neglected

 NB: some inputs or systematics with large unknowns
– multijet bkg modelling for HH→bbbb
– τ fake-rate
– …

 ⇒ define  room for improvement
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TDAQ TDR

HH→bbbb (ATLAS)

 Extrapolation from Run-2 analysis
– fit of m

4j
 distribution

– p
T

jet > 40 GeV, different thresholds tested

 Systematics
– dominated by multijet data-driven model
– conservative assumption: 

Run-2 systematics used

 Significance: 
1.4/0.61σ without/with syst

Run-2
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HH→bbbb (CMS)

 SM sigmal + BSM benchmark points
 Resolved and boosted b-jets

– boosted topologies more sensitive to BSM scenarios 
where high m

HH
 is enhanced

 Resolved: 
– p

T
 > 45 GeV, different thresholds tested

– BDT against multijet bkg + tt and single-Higgs
 Small uncertainty considered for multijet background

 Significance:
1.2σ wo/syst
0.95σ w/ syst
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HH→bbττ (ATLAS)

 Extrapolation from Run-2 analysis
 Three signal regions: 

– τ
lep

τ
had

 (Single Lepton Trigger)

– τ
lep

τ
had

 (Lepton Tau Trigger)

– τ
had

τ
had

 (Single Tau Trigger and Di-Tau Trigger)

 BDT output used as final discriminant
– binning adapted to higher statistics

 Limit on κ
λ
: LTT category not included and 

dedicated BDT trained on κ
λ
 = 20

 Different assumptions for systematics

 Significance: 
2.5/2.1σ without/with syst
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HH→bbττ (CMS)

 3 categories: μτ
h
, eτ

h
, τ

h
τ

h

 Use of a neural network
– 27 basic + 21 reconstructed + 4 global features
– deep learning techniques, with optimal data preprocessing, study of the 

activation functions, and data augmentation

 Simultaneous fit of the NN output for the 3 decay channels
– discriminant binned per decay channel via adaptive binning

 Significance: 1.6/1.4σ without/with syst
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HH→bbγγ (ATLAS)

 Dedicated analysis with smearing functions: upgraded detector geometry and 
performance functions

– m
γγ

 resolution ~ 1.6 GeV

 Dedicated BDT trained to remove continuum 
background and main single-Higgs 
background (ttH)

 Limit on κ
λ
: use of the m

bbγγ
 distribution for 

events with 123 < m
γγ

 < 127 GeV

 Systematics: very small impact in general

 Significance: 
2.1/2.0σ without/with syst
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250-350 GeV

350-480 GeV

> 480 GeV

 Dedicated BDT to reject ttH
– 75% reduction for 90% signal efficiency

 Classification of events based on M
X
 = m

jjγγ
 - m

γγ
 - m

jj
 + 250 GeV into low 

and high mass categories
 MVA event categorisation BDT to separate background and HH signal into 

medium (MP) and high (HP) purity

 Fit of m
γγ

 x m
jj

 Significance: 1.8/1.8σ without/with syst
– difference with ATLAS partly due to m

γγ
 resolution

HH→bbγγ (CMS)
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HH→bbVV(lνlν), CMS onlylνlν), CMS only), CMS only

 Optimised on WW, but ZZ signal included for the results
 Large irreducible backgrounds: tt, DY 
 Neural Network discriminant 

– 9 input angular and mass variables
– signal extracted from the NN ouput (3 categories ee, μμ, eμ) 

 Results: 0.6σ significance
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HH→bbZZ(4l), CMS only

 Very rare but clean final state, yet unexplored at the LHC 
 Powerful H→4ℓ signature ⇒ define   single Higgs dominant background

 Select events with m
4ℓ

 compatible with m
H

 Counting experiment with events around m
H

 ~1 signal event after selection
– S/B ~0.1

 Results: 0.4σ significance
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HL-LHC results (1)

 Combined values channel-by-channel
– no correlation considered (shown to have negligible impact)
– systematic uncertainties included
– bbVV(lνlν) and blνlν) and b) and bbZZ(4l) are CMS only  scaled to 6000 fb⇒ define  -1

 Expected significance (SM) with and without systematics at HL-LHC

– 4σ expected with ATLAS+CMS!

 Measurement of μ (SM signal injected):
– ~25% (30%) without (with) systematics
– μ = 0 (no SM HH signal) excluded at 95% CL
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HL-LHC results (2)

 Measurement of κ
λ
:

 68% CI of 50%
 2nd minimum excluded at 

99.4% CL thanks to the m
HH

 
shape information

 Summary/channel:
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κ
t κ

λκ
λ

κ
t

κ
t

κ
t

Indirect probes via single-Higgs (1)

 Single-Higgs production: Higgs self-interaction only via one-loop 
corrections (ie two loop-level for ggF)

 κ
λ
-dependent corrections to the tree-level cross-sections, depends on:

– production mode → mainly ttH, tH, VH
– kinematic properties of the event

 Method applied to ttH(→γγ) differential cross-section measurement:

 First test with experimental “data”, more channels to be added

 68% CI: -1.9 < κ
λ
 < 5.3
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Indirect probes via single-Higgs (2)

 Global fit of ttH differential distribution + single-Higgs couplings

 Results: 
– dotted = only κ

λ
 varied

– solid = global fit (EFT framework)
– band = scenarios for systematics

 68% CI: -1.9 < κ
λ
 < 5.3
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HE-LHC, HH measurements

 Extrapolation of ATLAS HL-LHC results to HE-LHC
– scale cross-section to 27 TeV (*4) and luminosity to 15 ab-1 (*5),

no systematic uncertainties
– bbττ channel: significance: 10.7σ, precision on κ

λ
: 20%

– bbγγ channel: significance: 7.1σ, precision on κ
λ
: 40%

● pessimistic because analysis not optimised for measurement of κ
λ

 Phenomenology study for bbγγ: 15% precision on κ
λ

● realistic detector performance
● no pile-up considered 

(μ=800-1000)

 Combination of channels: κ
λ
 could be 

measured with a 68% CI of 10 to 20 %
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Conclusions for HL-LHC

 State-of-the-art computations of the cross-sections and m
HH

 available

 State-of-the art experimental studies on direct measurements
– coherent results by ATLAS and CMS
– went from ~2σ last year to a combined significance of 4σ!

● first real measurements possible, eg precision on κ
λ
: 50%

– much room for improvement

 Nice developments on 
indirect constrains

– single-Higgs differential 
cross-sections, global fits

 Estimates of sensitivity at HE-LHC

 YR on arxiv: 1902.00134

https://arxiv.org/abs/1902.00134
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Future colliders propects
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Possible scenarios for Future Colliders

 d
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Timeline for Future Colliders

 Centre-of-mass energy and integrated luminosity:

N)LOotre-
Dame 
de-Paris
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Di-Higgs production: ee colliders
FCC-ee,  ILC, CECP

FCC-ee, ILC, CLIC
CLIC CLICILC Main production modes: ZHH and νlν) and bνlν) and bHH

– ZHH 

– VBF νlν) and bνlν) and bHH

 Self-couplings through HH cross-section 
at different √s + production modes + m

HH

 ZHH stronger constraints for κ
λ
 > 1

 νlν) and bνlν) and bHH stronger constraints for κ
λ
 < 1
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Single-Higgs couplings

 Higgs self-interaction via one-loop corrections of the single-Higgs production
– κ

λ
-dependent corrections to the tree-level cross-sections

 pp colliders:

 More global view: effective field theory (SMEFT
ND

)

ZH

νlν)νlν)H

VBF

ttH

VH

 ee colliders:
– important for FC below HH 

production threshold (~400 GeV)

 ex. for κ
λ 
= 2:

– σ(pp→ttH) modified by 3%
– σ(ee → ZH) modified by 1%

ggF
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How to measure deviations of λ
3

di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ(N)LOHH)LO             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ(N)LOHH)LO                                                  
• deformation of κλ + of the single-H couplings
(N)LOa)LO do not consider the effects at higher order 

of κλ to single H production and decays
(N)LOb)LO  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:
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Inputs and metholodogy
 Summary of inputs:

 Compute the uncertainty on κ
λ
 using the four methods:

– Method (1) : recomputed to validate the method, good agreement
– Method (2) : combination of HH inputs and single-Higgs couplings with 

SMEFT (when possible)
– Methods (3) and (4) : single-Higgs couplings (SMEFT) + combination with 

HL-LHC HH results (50% uncertainty)

√s HH measurements single-Higgs couplings

pp
HL-LHC 14 TeV ✔ ✔

HE-LHC 27 TeV ✔ ✔

FCC-hh/eh/ee 100 TeV ✔ ✔

ee

CEPC 240 GeV ✔

ILC250 250 GeV ✔

ILC350 250 + 350 GeV ✔

ILC500 250 + 350 + 500 GeV ✔ ✔

CLIC380 380 GeV ✔

CLIC1500 380 GeV + 1.5 TeV ✔ ✔

CLIC3000 380 GeV + 1.5+3 TeV ✔ ✔

FCC-ee240 240 GeV ✔

FCC-ee365 240 + 365 GeV ✔

di-Higgs single-H

exclusive

global

1.
di-H, excl.

3.
single-H, excl.

2.
di-H, glob.

4.
single-H, glob.
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Results: global view

 68% CL uncertainties on κ
λ
 with the four methods:
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Results: using di-Higgs production

 68% CL uncertainties on κ
λ
: 

 Constraints set by the HH production (method (1)) strong enough that small 
impact of a global analysis (method (2))

– FCC-hh: 1% uncertainty on the top Yukawa coupling  deviation of HH rate at ⇒ define  
a level comparable to the uncertainty on κ

λ
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Results: using single-Higgs measurements

 68% CL uncertainties on κ
λ
:

 Methods (3) and (4) particularly relevant for low-energy colliders below the HH 
production threshold

– above this, can still be relevant to complement results from the HH analysis: 
lift degeneracy + improve 95% CL limit

 Importance of global analysis, ie Method (4), to get robust results

√s
 <

 4
00

 G
eV
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Results: comparison of results

 68% CL uncertainties on κ
λ
with Methods (1) and (4):

 HL-LHC will exclude the absence of the Higgs self-interaction at 95%CL
 Several of the proposed FCs will reach a sensitivity of ~20% 

 establish the existence of the self-interaction at ⇒ define  5σ
 CLIC3000/FCC-hh can reach a sensitivity of ~10%/5%  can start ⇒ define  probing the 

size of the quantum corrections to the Higgs potential directly
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Conclusion for Future Colliders

 State of the art prospective measurement of the tri-linear coupling at Future 
Colliders through the HH and single-Higgs production

 HL-LHC: 4σ evidence of the HH process + 50% uncertainty on κ
λ

 Sensitivity from Future Colliders and combination with HL-LHC
– possible to establish the existence of the self-coupling at 5σ for several FCs

 Complementary of Methods to understand possible deviations from the SM

 Report from the Higgs@FC working group on arxiv: 1905.03764

https://arxiv.org/abs/1905.03764
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Back-up
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HH production cross-section (1)

 SM calculation
– ggF: state of the art NNLO 

calculation with finite m
t
 effects at NLO

● -8% wrt YR4, used in previous projections

– other production modes: NLO with full 
m

t
-dependence

 Higgs self-coupling variations with full 
m

t
-dependence at NLO

– LO to NLO K-factors vary from 1.6 to 2.2!
– m

HH
 differential cross-sections
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HH production cross-section (2)

 BSM model: Non-linear EFT
 Cross-sections and m

HH
 at NLO QCD for

some selected benchmark points

 Available data files to reconstruct the full NLO result
for any values of the 5 modifying parameters

κ
t

κ
t

κ
t

κ
λ

κ
λ

c
tt

c
ggh

c
gghh

LO

κ
t

κ
t

c
ggh

κ
t

N)LOLO

Benchmark 
8a
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Combined results (ATLAS+CMS)

 Comparison of negative log-likelihood ratios:

 Difference on 2nd minimum mainly from the bbγγ channel: 3 categories of 
m

HH
 (especially a low-m

HH
 one) to remove the degeneracy around κ

λ
=6 

(while this low-m
HH

 category has no effect around 1)

 CMS slightly better below 1: bbbb + other smaller channels
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FCC-hh, HH measurement

CERN)LO-ACC-2018-0045

FCC CDR

 Method (1)
 Main channel : bbγγ

– Delphes simulation
– 2D likelihood fit of m

γγ
 vs m

HH

– scenarios with varying
● photon efficiency

● m
γγ

 resolution

● background level
●  small effect (1-2%)

 ⇒ define  5-7% uncertainty on κ
λ

 Other channels:

 Determination of κ
λ
 at the level of O(5%)

expected to be within the FCC reach

https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf
https://cds.cern.ch/record/2651294?ln=en
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ILC, HH measurement

plot J. Tian, priv. communication

link

 Method (1)

 ZHH @500 GeV
– Z → l+l-/νlν) and bνlν) and b/qq and HH → bbbb/bbWW
– precision of 16.8% on the total cross section for e+ e- → ZHH
– 27% uncertainty on κ

λ

 Also studies of νlν) and bνlν) and bHH @1 TeV → 10% uncertainty

– 20 to 27% uncertainty on κ
λ

http://inspirehep.net/record/1493742
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tight: S = 367, S/B ~1
loose: S = 766, S/B ~0.2

CLIC, HH measurement

 Method (1)
 νlν) and bνlν) and bHH @1.4 and 3 TeV

– full-simulation + BDT selection
– Significance:

● 1.4 TeV: 3.6σ
● 3 TeV: ~14σ

 ZHH @ 1.4 TeV
– extrapolation of 380 GeV full-sim 

performance
– no background

 Uncertainty on κ
λ
:

– m
HH

 or ZHH cross-section to lift the 
degeneracy

1901.05897

https://arxiv.org/pdf/1901.05897.pdf
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ee colliders below the HH threshold: CEPC, FCC-ee

1809.10041

 Methods (3) and (4) only
 CEPC, FCC-ee@240 GeV, ILC@250 GeV
 FCC-ee@365 GeV, ILC@350 GeV, CLIC@380 GeV

 Based on very good precision on cross-section, 
eg CEPC and FCC-ee240:

– σ(ZH): 0.5%
– σ(νlν) and bνlν) and bH): 2-3%
– ex.: σ(ZH) modified by 1% for κ

λ
=2 

 2σ sensitivity⇒ define  

 Additional sensitivity from combining different √s
– allows for a reduction of the uncertainty on other 

EFT parameters, removing correlations in the 
global fit

δ
cZ

, c
gg

, c
Z
 and λ

Z
 by a factor of about 4. This in turn 

helps in lifting the flat direction 
in the global fit.

https://arxiv.org/pdf/1809.10041.pdf
mailto:CLIC@380
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Additional inputs (not in the report)

 electron-proton colliders: LHeC and FCC-eh
– FCC-eh di-Higgs:

● 0.83 < κ
λ
 < 1.24 @3.5 TeV

● 0.88 < κ
λ
 < 1.14 @5 TeV

– FCC-eh single-Higgs: missing the 1-loop dependence on k
λ
 

 can’t apply Methods ⇒ define  (3) and (4)

 muon colliders
– preliminary projections
– √s = 10, 14, 30 TeV
– HH → 4b: measurement of κ

λ3
: 3% at 10 TeV, 1% at 30 TeV

 Quartic term λ
4

– 2σ at FCC-hh, κ
λ4

 in [-4; +16] at 95% CL

– muon collider @ 30 TeV: 0.8< κ
λ4

 <1.5 at 68% CL (if κ
λ3

 = 1)

g
HHH

g
HWW

g
WWHH

1509.04016

1901.06150

https://arxiv.org/abs/1509.04016
https://arxiv.org/abs/1901.06150
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Mandate of the Higgs@FC working group
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SMEFT
ND

 framework

 Effective lagrangian:
– terms in Higgs basis

 Higgs couplings to vector bosons: 
– only c

gg
, δc

Z
, c

γγ
, c

Zγ
, C

ZZ
, c

Z□
 independent parameters

 Tri-linear gauge couplings:  

 Yukawa couplings:
 Neutral diagonality: 
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Single-Higgs couplings

 Higgs self-interaction via one-loop corrections of the single-Higgs production
– κ

λ
-dependent corrections to the tree-level cross-sections

 pp colliders

ZH

νlν)νlν)H

VBF

ttH

VH

 ee colliders

ggF
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Higgs potential and electroweak phase transition

 First order phase transition

– matter-antimatter asymmetry?
– domain walls?
– gravitational waves created by 

bubbles of the vaccum?

 Second order phase transition

– constantly at thermal equilibrium
– not so interesting for cosmology
– preferred option with the current 

measurements

 T
C
 related to κ

λ
:
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LHC Run-2 single-Higgs exclusive

 Using results from the couplings measurements with ATLAS Run-2 data 
(36-80 fb-1)

– simplified template cross-section categories
– no categories for ttH

 If only κ
λ
 varied: exclusion of −3.2 < κ

λ
 < 11.9 at 95% CL

– limit from direct measurement (36 fb-1): −5.0 < κ
λ
 < 12.1 at 95% CL

– at 68% CL: 
– will quickly be limited by systematics 

expected observed

ATL-PHYS-PUB-2019-009

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
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