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Road Map of  Higgs Physics

Higgs boson as a probe for New Physics 
✓constrain total width (via off-shell) 
✓constrain invisible width (via VBF)  
✓investigate Higgs boson as DM portal 
✓constrain self-coupling 
✓investigate CP mixing in the Higgs sector 
✓investigate flavour-violating decays 
✓search for other partners in the scalar sector

Run-2

HL-LHC

and also

Run-1
✓Discovery of the Higgs boson at 125 GeV 
✓overall consistency with SM prediction

Run-3

Higgs boson as test of SM 
✓observe VBF and VH productions 
✓observe ττ and bb decay modes 
✓observe ttH̅ production 
✓measure Higgs couplings at <10% 
๏observe super-rare decays µµ and Zγ 
๏measure Higgs couplings at <5% 
๏observe di-Higgs production
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Higgs Boson Production and Decay
Main production modes Main decay channels

« gluon fusion » « in association with a top quark pair »

« vector boson fusion » « in association with a W or Z boson »

ggH
86%

ttH
<1%

VBF
7%

WH, ZH
5%   BF (mH = 125 GeV)

H → bb̅ 58%
H → WW* 21%
H → ττ 6.4%
H → cc ̅ 2.9%
H → ZZ* 2.7%
H → γγ 0.25%
H → Zγ 0.15%
H → µµ 0.022%
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Higgs Boson Production and Decay
Main production modes Main decay channels

« gluon fusion » « in association with a top quark pair »

« vector boson fusion » « in association with a W or Z boson »

ggH
86%

ttH
<1%

VBF
7%

WH, ZH
5%

product of decay fractions
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Production and Decay: Run-1

Combination of ATLAS and CMS Run 1 Results

theoretical
uncertainties

ggH 15 %
VBF 5 %
VH 5 %
ttH 15 %

     production modes

  d
ec

ay
 c

ha
nn

el
s 

86% 7% 5% <1%

0.2%

2.7%

21%

6.4%

58%

ggH : observation (>5σ)  
in γγ, ZZ and WW

VBF : strong indication (>3σ)  
in γγ, WW and ττ

VH : first  
indication (3σ) in bb

ttH : first  
hints

données
2010-2012

mesures 
rapportées aux 

prédictions 
théoriques 
(MS = 1) 



!6

ZZ*γγ

ATLAS

CMS

CMS-PAS-HIG-18-029

ATLAS-CONF-2018-028

CMS-PAS-HIG-19-001

77 fb−1

80 fb−1

139 fb−1

137 fb−1

ATLAS-CONF-2019-025

36 fb−1

36 fb−1

WW*

PLB 789 (2019) 508

PLB 791 (2019) 96

Higgs Decays to Bosons, Run-2

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-042/
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Observation of  VH (H→bb̅)

PRL 121 (2018) 121801

CMS 7-8-13 TeV  
2010-2017  

5+19+77 fb−1

ATLAS 13 TeV  
2016-2017  

L = 36-80 fb−1 
PLB 786 (2018) 59

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/
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ttH Production, Run-2
☛ Essential to constrain directly the top Yukawa coupling

Systematics-
limited

H → bb̅

• high yield 
• theory 

limited 
tt+̅HF bkg

H → 4ℓ

Statistics-
limited

H → γγ

In between

multi-
leptons

• moderate 
yield 

• reducible 
background

ATLAS 
2016-2017  
36-80 fb−1 

PLB 784 (2018) 173

with Run-1 
6.3σ (5.1σ)

ATLAS Run-2  
139 fb−1 

4.9σ (4.2σ)

ATLAS-CONF-2019-004

CMS  
2016-2017 
36+42 fb−1

4.1σ (2.7σ)

CMS-PAS-HIG-18-018

Combined observations by 
both experiments

Four main channels



ttH (H → 4ℓ) Candidate in CMS
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Production and Decays: Partial Run-2

EPJC 79 (2019) 421

CMS 2016  
 L = 36 fb−1 

ATLAS-CONF-2019-005

ATLAS 2016-2017  
 L = 24-80 fb−1 

6.5σ (5.3σ)

µ = 1.11+0.09
�0.08

<latexit sha1_base64="je29lknyD5w1ljYAUSAsYW0+tfA=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgiGWmLqygUHDjsoJ9QDsdMmmmDU1mhiQjlGEWbvwVNy4U6daPcOfST/AHxPSx0NYD4R7OuZebe7yIUaks68PILC2vrK5l13Mbm1vbO+buXl2GscCkhkMWiqaHJGE0IDVFFSPNSBDEPUYa3uBq7DfuiJA0DG7VMCIOR72A+hQjpSXXzLd5DC+hXbRt2EmOraJ1nrrJia7l1DULuk4AF4k9I4VK4bM06nx9V13zvd0NccxJoDBDUrZsK1JOgoSimJE0144liRAeoB5paRogTqSTTI5I4aFWutAPhX6BghP190SCuJRD7ulOjlRfzntj8T+vFSu/7CQ0iGJFAjxd5McMqhCOE4FdKghWbKgJwoLqv0LcRwJhpXPL6RDs+ZMXSb1UtE+LpRudxgWYIgvy4AAcARucgQq4BlVQAxjcg0fwDF6MB+PJeDVG09aMMZvZB39gvP0AqBqZWQ==</latexit>

(stat ≈ syst ≈ theory) 

µ = 1.17± 0.10
<latexit sha1_base64="ZSDenyZzsG9BRcsAtj9ri1vxFC4=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm8EiuApJXdSFQsGNywr2AU0ok+mkHTozCTMTJYT6K924UMStH+LOD/A/nD4W2nrgwuGce7n3njBhVGnX/bIKa+sbm1vF7dLO7t7+gX141FJxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HN1M/fYDkYrG4l5nCQk4GggaUYy0kXp22ecpvIae49Wgn3DoOp7bsyuu484AV4m3IJX6cesxyb4njZ796fdjnHIiNGZIqa7nJjrIkdQUMzIu+akiCcIjNCBdQwXiRAX57PgxPDNKH0axNCU0nKm/J3LElcp4aDo50kO17E3F/7xuqqPLIKciSTUReL4oShnUMZwmAftUEqxZZgjCkppbIR4iibA2eZVMCN7yy6ukVXW8C6d6Z9K4AnMUwQk4BefAAzVQB7egAZoAgwxMwAt4tZ6sZ+vNep+3FqzFTBn8gfXxA2Bula0=</latexit>

5.3σ (4.7σ)

5.8σ (5.4σ)

9%

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/
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Patterns of  Deviation

Coupling precision 
after full ILC running

Different new physics (NP) models lead to different patterns of deviations

Composite Higgs  
• solves hierarchy problem 
• all coupling reduced according to composite scale f  

MSSM and 2-Higgs doublets models (2HD) 
• one light CP-even state (h) with SM couplings 
• deviations induced through mixing with extra Higgs states 
• types I, II, X and Y: discrete symmetries to protect FCNC 

ghbb
gSMhbb

=
gh⌧⌧
gSMh⌧⌧

' 1 + 1.7%

✓
1TeV

mA

◆2

gh↵
gSMh↵

=
ghVV

gSMhVV

' 1� 3%

✓
1TeV

f

◆2

The size of deviations depends on the NP scale

Percent level precision is required !

credit: M.L. Mangano
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Higgs Coupling Sectors

Z
W

γ

t
g

b

c

τ

Down type

Yukawa
sector

Gauge sector

Quark loop

Up type

Loops (γ, g) are 
sensitive to BSM 
contributions.

Next: from signal strength measurements to constraints on Higgs couplings
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The Kappa Framework

Link to signal strength measurements:

Parameterisation based on multiplicative coupling modifiers, used to 
characterise Higgs boson couplings 
• tree-level couplings to particles: κW, κZ, κt, κb, κc, κτ, κµ  
• additional effective couplings: κg, κγ, κZγ 

Way to identify potential 
deviations in HIggs 

couplings to bosons and 
fermions

Generalisation to incorporate a BSM (invisible) width and untagged decays:

Ratio of coupling modifiers, immune from dependance in ΓH  

�ij = i/j
<latexit sha1_base64="UXWLWjJBpJ+QyIVSljjIwuRIYpY=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWfqQhcKBUHcCBXtAzrDkMmkbTqZB0lGKMP8gBt/xY0LRdy6d+dX+Atm2graeiBwcs65JPe4MaNCGsanVpibX1hcKi6XVlbX1jf0za2miBKOSQNHLOJtFwnCaEgakkpG2jEnKHAZabn+ee637ggXNApv5TAmdoB6Ie1SjKSSHH3PYirsISelgwyeQctHcZzfssMfOsgcvWxUjBHgLDEnpFyDVzdfvn1Rd/QPy4twEpBQYoaE6JhGLO0UcUkxI1nJSgSJEfZRj3QUDVFAhJ2OtsngvlI82I24OqGEI/X3RIoCIYaBq5IBkn0x7eXif14nkd0TO6VhnEgS4vFD3YRBGcG8GuhRTrBkQ0UQ5lT9FeI+4ghLVWBJlWBOrzxLmtWKeVSpXqs2TsEYRbADdsEBMMExqIFLUAcNgME9eATP4EV70J60V+1tHC1ok5lt8Afa+ze9iZ7w</latexit>

, compared to gZ = gZ/H
<latexit sha1_base64="NhebGC5Ctg1CLKBpDnMBx5L4OVg=">AAACQXicbZBLS8NAFIUn9VXrK+rSzWARXNWkLnShUBCkG6GifWATwmQ6aYdMHsxMhBLy19z4D9y5d+PCB27dOGm70MYLA4fv3Mu9c9yYUSEN41krLSwuLa+UVytr6xubW/r2TkdECcekjSMW8Z6LBGE0JG1JJSO9mBMUuIx0Xf8i97v3hAsahbdyHBM7QMOQehQjqZCj9ywfxTFyUitAcsSDdHiXZfAcprBgKD7P8t4MHhV4M8scvWrUjEnBojBnotqAVzcfvn3ZcvQnaxDhJCChxAwJ0TeNWNop4pJiRrKKlQgSI+yjIekrGaKACDudJJDBA0UG0Iu4eqGEE/p7IkWBEOPAVZ35iWLey+F/Xj+R3qmd0jBOJAnxdJGXMCgjmMcJB5QTLNlYCYQ5VbdCPEIcYalCr6gQzPkvF0WnXjOPa/VrlcYZmFYZ7IF9cAhMcAIaoAlaoA0weAAv4A28a4/aq/apfU1bS9psZhf8Ke37B4UwtZQ=</latexit>

assumes narrow 
width approximation

, where { 2
i = �i/�

SM
i

<latexit sha1_base64="DvVTJ6dN5ir58BJl95w0/qE9MCY="></latexit>

2
f = �f /�

SM
f

<latexit sha1_base64="q1UsKagbpzY1vmlTPT1hA0gxRIY="></latexit>

2

H
= �

H
/�SM

H
<latexit sha1_base64="GeVP997KqJznd+4TMGSHtkiKquM="></latexit>

, andµif ⌘ �i ⇥Bf

(�i ⇥Bf )SM
=

2

i ⇥ 2

f

2

H
<latexit sha1_base64="m6n2oFxMLQ8e6fF/4NYv8fENqnc="></latexit>

, where 2

H
=

X

f

BSM

f 2

f

<latexit sha1_base64="mHbKI6vuGIJ+KdkeCKl0npGKy4g="></latexit>

�H =
2

H
⇥ �SM

H

1� (Binv +Bunt)
<latexit sha1_base64="w00kVL5/jTBC+dXrFpD6ZDL0m44="></latexit>

Untagged decays:  
rare SM (or BSM) decays 

that are not directly 
probed by searches
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Resolved and Effective Kappas

gg → ZH

gb → WtH

qb → tHq

ggF VBF

qq → VH

ttH

bb, ττ, µµ VV

γγ

pr
od

uc
ti

on
 m

od
es

de
ca

y 
ch

an
ne

ls

K Coupling Modifiers, LHC Physics (2017) CERN YR4

EPJC 79 (2019) 421

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2KAPPA
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
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Kappa Coupling Modifiers

CMS 2016  
 L = 36 fb−1 

ATLAS 2016-2017  
 L = 24-80 fb−1 

EPJC 79 (2019) 421ATLAS-CONF-2019-005

BBSM = 0

loop diagrams  
resolved in terms 

of W, Z, t, b

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/
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Fermions versus Bosons

ATLAS-CONF-2019-005

bb̅
ZZ

γγ

WW

ττ

ATLAS 2016-1017  
25-80 fb−1 

γγ

bb̅

ττ

ZZ

WW

80

25-80

36

36

80

☛ with ×2 lumi, γγ and 4ℓ close κF (mostly ggF and ttH constraints)

EPJC 79 (2019) 421

CMS 2016  
36 fb−1 

assuming same scaling for 
vector bosons and fermions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
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Fermions versus Bosons

ATLAS-CONF-2019-005

bb̅
ZZ

γγ

WW

ττ

γγ

bb̅

ττ

ZZ

WW

80

25-80

36

36

80

☛ partial Run-2 per experiment already betted than Run-1 combination

EPJC 79 (2019) 421JHEP 08 (2016) 045

ATLAS 2016-1017  
25-80 fb−1 

CMS 2016  
36 fb−1 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/
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Fermions versus Bosons

CMS 2012  
7-8 TeV 
10 fb−1 

remember, at the time of the discovery…

EPJC 79 (2019) 421

CMS 2016 
13 TeV 
36 fb−1 

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
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LHC: It’s Only the Beginning

CMS Run-2  
√s = 13 TeV  
 L = 137 fb−1 

 H → ZZ* → 4ℓ

 Z → 4ℓ
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LHC: It’s Only the Beginning 

S. Braibant - 04/04/2018           Higgs Prospects Couplings                 HL/HL-LHC workshop - FNAL 

H ➝ ZZ*
Main contributor to the H mass measurement at 
Run2

Upgraded detectors bring significant improvements:


Increased CMS/ATLAS tracker acceptances up 
to |η|<4, new EM trigger, improved µ  triggers, 
h igher reco efficiency and momentum 
resolution in Phase2


Resolution of the four-muon invariant mass as a 
function of the pseudorapidity of the most forward 
muon 
No worsening of the mass resolution due to the 
pileup increase is observed

13

ATL-PH
YS-PU

B-2016-008

 (GeV)µ4m
70 80 90 100 110 120 130 140 150 160 170

Ev
en

ts
/1

 G
eV

200

400

600

800

1000

1200

1400

1600

1800 Z+X

, ZZ*
γZ

=125 GeVHm

CMSPhase-2 Simulation Preliminary , 14 TeV, 200 PU-13000 fb

C
M

S TDR-017-001 
C

M
S TDR-017-003

|ηmax |
0 0.5 1 1.5 2 2.5 3

) (
G

eV
)

µ4
(m
σ

0

0.5

1

1.5

2

2.5

3
 - Phase 2µ 4→ ZZ* →H 
 - Run 2 2017µ 4→ ZZ* →H 

14 TeV, 200 PU

CMS Phase-2
Simulation Preliminary

CMS-TDR-17-002

 H → ZZ → 4ℓ

 Z → 4ℓ

CMS Run-2  
√s = 13 TeV  
 L = 137 fb−1 

CMS HL-LHC  
√s = 14 TeV  
 L = 3 ab−1 

 ➠ HL-LHC ATLAS/CMS: expect 20-30 MeV resolution on Higgs boson mass 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TDR-17-001/
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From LHC to HL-LHC

19%

7.5%

H→ττ

3.0%

LHC HL-LHC

25%

10%

4.5%

H→bb̅

LHC
HL-LHC14%

5.5%

H→γγ

3.0%

LHC HL-LHC

12%

5.5%

H→WW*

3.0%

LHC HL-LHC

16%

6.5%

3.2%

LHC HL-LHC

H→ZZ*

CMS-PAS-FTR-18-011

CMS expected uncertainties: 
• per-decay signal strength 

parameters µf 
• with YR18 systematic 

uncertainties (S2) 
• as a function of integrated 

luminosity 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/
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from LHC to HL-LHC

H→µµ
42%

10%

LHC

HL-LHC

>100%

Significant improvement for those rare 
processes that are statistics-
dominated 

ttH̅, H→bb̅

46%

18% 
(>6σ)

7%

assumes theory improvement  
on tt̅+HF processes

LHC

HL-LHC

VH, H→bb̅32%

12%

5%

LHC HL-LHC

For many of this processes, large 
improvement of theory uncertainties for 
signal and background is mandatory
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HL-LHC: Higgs Production and Decays

ATL-PHYS-PUB-2018-054

• assume production and measure decay, and vice-versa 
• all measurements are systematics dominated,  

    except for µµ (clearly seen) and Zγ (≲5σ)

ATLAS HL-LHC, S2 scenario, L = 3 ab−1, √s = 14 TeV

2.4%

Theo?

3%

2%

2%

3%

4%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
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HL-LHC: Higgs Production, per Decay

ATL-PHYS-PUB-2018-054

H → ZZH → γγ

H → WW H → ττ

ggF

VBF

VBF

ttH

ggF

VBF

VBF

ttH

ggF

VBF

ggF

VBF

ATLAS HL-LHC, S2 scenario, L = 3 ab−1, √s = 14 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
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Evolution of  Projections

pessimistic

optimistic

CMS Projections 2013
CMS Projections 2018

➠ taking into account experience gained and 
innovative techniques, what was optimistic in 2013 

seems realistic in 2019
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Coupling Modifiers

CMS-PAS-FTR-18-011

2%

2%

2%

ATL-PHYS-PUB-2018-054

 CMS HL-LHC  
13 TeV 
3 ab−1

 ATLAS HL-LHC  
14 TeV 
3 ab−1

4%

3%

5%

2%

2%

12% → 2%

10% → 2%

14% → 4%

11% → 3%

16% → 3%

60% → 7%

22% → 4%

11% → 2%

small differences are not 
significant

Run-2 → HL-LHC S2

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
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HL-LHC: Coupling Modifiers

CMS-PAS-FTR-18-011

 CMS HL-LHC  
13 TeV 
3 ab−1

 ATLAS HL-LHC  
14 TeV 
3 ab−1

ATL-PHYS-PUB-2018-054 floating BBSM does not 
affect the general picture

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
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Combination of  Projections

Expected relative uncertainty
0 0.02 0.04 0.06 0.08 0.1 0.12

γZκ
µκ
τκ
bκ
tκ
gκ
Zκ

Wκ
γκ

CMS and ATLAS
HL-LHC Projection

-13000 fb

Stat. + Exp.

+ Theory

ATLAS CMS

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Expected uncertainty

γZκ
µκ
τκ
bκ
tκ

gκ
Zκ

Wκ
γκ

9.8 

4.3 

1.9 

3.7 

3.4 

2.5 

1.5 

1.7 

1.8 

6.4 7.2 1.7 

1.7 3.8 1.0 

1.5 0.9 0.8 

3.2 1.3 1.3 

3.1 0.9 1.1 

2.1 0.9 0.8 

1.2 0.7 0.6 

1.3 0.8 0.7 

1.3 0.8 1.0 
Tot Stat Exp Th
Uncertainty [%]

CMS and ATLAS
HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%

Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 38.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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Expected relative uncertainty
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 38.
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After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
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tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
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is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
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particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
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tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 38.
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particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
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Coupling vs Mass

ATLAS-CONF-2019-005 EPJC 79 (2019) 421

ATLAS 2016-1017  
25-80 fb−1 

CMS 2016  
36 fb−1 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
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Coupling vs Mass

ATL-PHYS-PUB-2018-054 CMS-TDR-15-002

Yet missing: 
• charm? 
• self? 
• invisible?

ATLAS HL-LHC  
14 TeV 
3 ab−1 

CMS HL-LHC  
14 TeV 
3 ab−1 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TDR-15-002/
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Higgs Differential Cross Sections

H → ZZ

H → γγ

H → bb̅

H → bb̅, γγ, ZZ

☛ pTH distribution 
• potential NP in high-pTH tails 
• measured in γγ and 4ℓ 
• high-pTH improved by boosted H → bb̅ 

PLB 792 (2019) 369 

CMS 2016  
 L = 36 fb−1 

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/
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Higgs Differential Cross Sections

H → ZZ

H → γγ

H → bb̅

H → bb̅, γγ, ZZ

☛ pTH distribution 
• potential NP in high-pTH tails 
• precisely measured in γγ and 4ℓ 
• high-pTH improved by boosted H → bb̅ 

S2 vs S1: ~25% reduction in systematicsCMS-PAS-FTR-18-011

probe modelling of ggH up 
to about pTH = 1TeV,  
with 8% precision  

for pTH ∈ [350, 600] GeV

uncertainties in the  
high-pTH region  

reduced by a factor of 10

CMS HL-LHC  
 L = 3 ab−1 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/
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Top Yukawa at High Energy e+e− Colliders

ILC-500 CLIC-1.5 CLIC-3

cross sections 
in the fb range!
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Higgs Studies at 100 TeV

Large kinematic range for Higgs 
production  
• different hierarchy of production 

processes  
• sensitivity to effects at large Q2

100 TeV 
30 ab−1

stat. only

stat.+syst

stat. only

stat.+syst+lumi

Rare decays 
• absolute measurements 
• ratio to known decay in 

fiducial region 
• reduced systematic 

uncertainties at high pT 
☛  sub percent-level coupling 

measurements

At pT > 800 GeV 
• millions of events 
• ttH production becomes dominant

 Next: Higgs measurements at e+e− colliders… 

δκµ = 0.4%
needs to normalise to precision 

(%-level) measurement of 
BR(4ℓ) from e+e− 

complementarity FCC-ee/hh
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Top Yukawa Coupling at FCC-hh

FCC-ee @ 365 GeV: 
• measure of gZtt with ΔgZtt/gZtt ≈ 1%

FCC-hh: extraction yt from Rt = σ(ttH) / σ(ttZ) 
• most systematics cancel in the ratio 
• measure of Rt with ΔRt/Rt ≈ 2%

Use all combinations of final 
states 
• exclusive  and boosted Higgs 

and Z decays 
• semileptonic and boosted 

hadronic top

complementarity  
FCC-hh/ee

➠ δytop/ytop ~ 1% (stat+systTH)

Rt =
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<latexit sha1_base64="JH4GYQyGGkCiLrg9byNkVGZ/cc8=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSlIFuyy4cVnBPqAJZTKdtENnJnFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJowq7brf1sbm1vbObmWvun9weHRsn5x2VZxKTDo4ZrHsh0gRRgXpaKoZ6SeSIB4y0gund4XfmxGpaCwe9TwhAUdjQSOKkTbS0Lb9EMnM50hPJM+e8nxo19y6u4CzTryS1KBEe2h/+aMYp5wIjRlSauC5iQ4yJDXFjORVP1UkQXiKxmRgqECcqCBbJM+dS6OMnCiW5gntLNTfGxniSs15aCaLiGrVK8T/vEGqo2aQUZGkmgi8PBSlzNGxU9TgjKgkWLO5IQhLarI6eIIkwtqUVTUleKtfXifdRt27rjcebmqtZllHBc7hAq7Ag1towT20oQMYZvAMr/BmZdaL9W59LEc3rHLnDP7A+vwBYGOUHA==</latexit>

+ +
t

<latexit sha1_base64="9JBe1UZoxxMfFk42/uGgjTj6yiY=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq2GXBjcsK9gHtUDJppg1NMmOSKZRhvsONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsbm1vbObmmvvH9weHRcOTnt6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtM73K/O6NKs0g+mnlMfYHHkoWMYGMlPx0IbCZKpCbL0LBSdWvuAmideAWpQoHWsPI1GEUkEVQawrHWfc+NjZ9iZRjhNCsPEk1jTKZ4TPuWSiyo9tNF6AxdWmWEwkjZJw1aqL83Uiy0novATuYZ9aqXi/95/cSEDT9lMk4MlWR5KEw4MhHKG0AjpigxfG4JJorZrIhMsMLE2J7KtgRv9cvrpFOvede1+sNNtdko6ijBOVzAFXhwC024hxa0gcATPMMrvDkz58V5dz6WoxtOsXMGf+B8/gA++pJf</latexit>

t̄
<latexit sha1_base64="OYTTZzLUfc/vaxBXr9hqDyMWewA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqYJcFNy4r2Ae0oUymk3boTBJmJkqJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqiiRhHZIxCPZ97GinIW0o5nmtB9LioXPac+f3eR+74FKxaLwXs9j6gk8CVnACNZGGtnVoY9lOhRYT6VIdZahkV1z6s4CaJ24BalBgfbI/hqOI5IIGmrCsVID14m1l2KpGeE0qwwTRWNMZnhCB4aGWFDlpYvoGTo3yhgFkTQv1Gih/t5IsVBqLnwzmWdUq14u/ucNEh00vZSFcaJpSJaHgoQjHaG8BzRmkhLN54ZgIpnJisgUS0y0aatiSnBXv7xOuo26e1lv3F3VWs2ijjKcwhlcgAvX0IJbaEMHCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8FwlEk=</latexit>

Z
<latexit sha1_base64="w/DHcIPOx6ogeXDPrF102XLeJAk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3LisYB+0HUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wu8v87hNVmkXy0cxj6gs8kSxkBBsr9YcCm6kSaX8xKlfcqrsE2iReTiqQozUqfw3HEUkElYZwrPXAc2Pjp1gZRjhdlIaJpjEmMzyhA0slFlT76TLxAl1ZZYzCSNknDVqqvzdSLLSei8BOZgn1upeJ/3mDxIQNP2UyTgyVZPVRmHBkIpSdj8ZMUWL43BJMFLNZEZlihYmxJZVsCd76yZukU6t6N9XaQ73SbOR1FOECLuEaPLiFJtxDC9pAQMIzvMKbo50X5935WI0WnHznHP7A+fwB8SCRDw==</latexit>

g
<latexit sha1_base64="B3VKfFUcIo1GapvuDNlYu3nvO9o=">AAAB8XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgl0W3LisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPmHCmjed9O6WNza3tnfJuZW//4PDIPT7p6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtOb3O/+0SVZrF8MLOEBgKPJYsYwcZKjwOBzUSJbDwfulWv5i2A1olfkCoUaA3dr8EoJqmg0hCOte77XmKCDCvDCKfzyiDVNMFkise0b6nEguogWySeowurjFAUK/ukQQv190aGhdYzEdrJPKFe9XLxP6+fmqgRZEwmqaGSLD+KUo5MjPLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwV89eZ106jX/qla/v642G0UdZTiDc7gEH26gCXfQgjYQkPAMr/DmaOfFeXc+lqMlp9g5hT9wPn8ABPCRHA==</latexit>

g
<latexit sha1_base64="B3VKfFUcIo1GapvuDNlYu3nvO9o=">AAAB8XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgl0W3LisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPmHCmjed9O6WNza3tnfJuZW//4PDIPT7p6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtOb3O/+0SVZrF8MLOEBgKPJYsYwcZKjwOBzUSJbDwfulWv5i2A1olfkCoUaA3dr8EoJqmg0hCOte77XmKCDCvDCKfzyiDVNMFkise0b6nEguogWySeowurjFAUK/ukQQv190aGhdYzEdrJPKFe9XLxP6+fmqgRZEwmqaGSLD+KUo5MjPLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwV89eZ106jX/qla/v642G0UdZTiDc7gEH26gCXfQgjYQkPAMr/DmaOfFeXc+lqMlp9g5hT9wPn8ABPCRHA==</latexit>

t
<latexit sha1_base64="9JBe1UZoxxMfFk42/uGgjTj6yiY=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq2GXBjcsK9gHtUDJppg1NMmOSKZRhvsONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsbm1vbObmmvvH9weHRcOTnt6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtM73K/O6NKs0g+mnlMfYHHkoWMYGMlPx0IbCZKpCbL0LBSdWvuAmideAWpQoHWsPI1GEUkEVQawrHWfc+NjZ9iZRjhNCsPEk1jTKZ4TPuWSiyo9tNF6AxdWmWEwkjZJw1aqL83Uiy0novATuYZ9aqXi/95/cSEDT9lMk4MlWR5KEw4MhHKG0AjpigxfG4JJorZrIhMsMLE2J7KtgRv9cvrpFOvede1+sNNtdko6ijBOVzAFXhwC024hxa0gcATPMMrvDkz58V5dz6WoxtOsXMGf+B8/gA++pJf</latexit>

t̄
<latexit sha1_base64="OYTTZzLUfc/vaxBXr9hqDyMWewA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqYJcFNy4r2Ae0oUymk3boTBJmJkqJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqiiRhHZIxCPZ97GinIW0o5nmtB9LioXPac+f3eR+74FKxaLwXs9j6gk8CVnACNZGGtnVoY9lOhRYT6VIdZahkV1z6s4CaJ24BalBgfbI/hqOI5IIGmrCsVID14m1l2KpGeE0qwwTRWNMZnhCB4aGWFDlpYvoGTo3yhgFkTQv1Gih/t5IsVBqLnwzmWdUq14u/ucNEh00vZSFcaJpSJaHgoQjHaG8BzRmkhLN54ZgIpnJisgUS0y0aatiSnBXv7xOuo26e1lv3F3VWs2ijjKcwhlcgAvX0IJbaEMHCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8FwlEk=</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

q
<latexit sha1_base64="ikeXU7R4q0q+cgYRyR5kJBB3XQo=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LblxWsA9sh5JJM21okpkmGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GZ+54kqzSL5YGYx9QUeSRYygo2VHvsCm7ES6XQ+KFfcqrsAWideTiqQozkof/WHEUkElYZwrHXPc2Pjp1gZRjidl/qJpjEmEzyiPUslFlT76SLxHF1YZYjCSNknDVqovzdSLLSeicBOZgn1qpeJ/3m9xIR1P2UyTgyVZPlRmHBkIpSdj4ZMUWL4zBJMFLNZERljhYmxJZVsCd7qyeukXat6V9Xa/XWlUc/rKMIZnMMleHADDbiDJrSAgIRneIU3RzsvzrvzsRwtOPnOKfyB8/kDFCKRJg==</latexit>

q̄
<latexit sha1_base64="JH4GYQyGGkCiLrg9byNkVGZ/cc8=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSlIFuyy4cVnBPqAJZTKdtENnJnFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJowq7brf1sbm1vbObmWvun9weHRsn5x2VZxKTDo4ZrHsh0gRRgXpaKoZ6SeSIB4y0gund4XfmxGpaCwe9TwhAUdjQSOKkTbS0Lb9EMnM50hPJM+e8nxo19y6u4CzTryS1KBEe2h/+aMYp5wIjRlSauC5iQ4yJDXFjORVP1UkQXiKxmRgqECcqCBbJM+dS6OMnCiW5gntLNTfGxniSs15aCaLiGrVK8T/vEGqo2aQUZGkmgi8PBSlzNGxU9TgjKgkWLO5IQhLarI6eIIkwtqUVTUleKtfXifdRt27rjcebmqtZllHBc7hAq7Ag1towT20oQMYZvAMr/BmZdaL9W59LEc3rHLnDP7A+vwBYGOUHA==</latexit>

+

t
<latexit sha1_base64="9JBe1UZoxxMfFk42/uGgjTj6yiY=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq2GXBjcsK9gHtUDJppg1NMmOSKZRhvsONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsbm1vbObmmvvH9weHRcOTnt6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtM73K/O6NKs0g+mnlMfYHHkoWMYGMlPx0IbCZKpCbL0LBSdWvuAmideAWpQoHWsPI1GEUkEVQawrHWfc+NjZ9iZRjhNCsPEk1jTKZ4TPuWSiyo9tNF6AxdWmWEwkjZJw1aqL83Uiy0novATuYZ9aqXi/95/cSEDT9lMk4MlWR5KEw4MhHKG0AjpigxfG4JJorZrIhMsMLE2J7KtgRv9cvrpFOvede1+sNNtdko6ijBOVzAFXhwC024hxa0gcATPMMrvDkz58V5dz6WoxtOsXMGf+B8/gA++pJf</latexit>

t̄
<latexit sha1_base64="OYTTZzLUfc/vaxBXr9hqDyMWewA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqYJcFNy4r2Ae0oUymk3boTBJmJkqJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqiiRhHZIxCPZ97GinIW0o5nmtB9LioXPac+f3eR+74FKxaLwXs9j6gk8CVnACNZGGtnVoY9lOhRYT6VIdZahkV1z6s4CaJ24BalBgfbI/hqOI5IIGmrCsVID14m1l2KpGeE0qwwTRWNMZnhCB4aGWFDlpYvoGTo3yhgFkTQv1Gih/t5IsVBqLnwzmWdUq14u/ucNEh00vZSFcaJpSJaHgoQjHaG8BzRmkhLN54ZgIpnJisgUS0y0aatiSnBXv7xOuo26e1lv3F3VWs2ijjKcwhlcgAvX0IJbaEMHCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8FwlEk=</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

g
<latexit sha1_base64="B3VKfFUcIo1GapvuDNlYu3nvO9o=">AAAB8XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgl0W3LisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPmHCmjed9O6WNza3tnfJuZW//4PDIPT7p6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtOb3O/+0SVZrF8MLOEBgKPJYsYwcZKjwOBzUSJbDwfulWv5i2A1olfkCoUaA3dr8EoJqmg0hCOte77XmKCDCvDCKfzyiDVNMFkise0b6nEguogWySeowurjFAUK/ukQQv190aGhdYzEdrJPKFe9XLxP6+fmqgRZEwmqaGSLD+KUo5MjPLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwV89eZ106jX/qla/v642G0UdZTiDc7gEH26gCXfQgjYQkPAMr/DmaOfFeXc+lqMlp9g5hT9wPn8ABPCRHA==</latexit>

g
<latexit sha1_base64="B3VKfFUcIo1GapvuDNlYu3nvO9o=">AAAB8XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgl0W3LisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPmHCmjed9O6WNza3tnfJuZW//4PDIPT7p6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtOb3O/+0SVZrF8MLOEBgKPJYsYwcZKjwOBzUSJbDwfulWv5i2A1olfkCoUaA3dr8EoJqmg0hCOte77XmKCDCvDCKfzyiDVNMFkise0b6nEguogWySeowurjFAUK/ukQQv190aGhdYzEdrJPKFe9XLxP6+fmqgRZEwmqaGSLD+KUo5MjPLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwV89eZ106jX/qla/v642G0UdZTiDc7gEH26gCXfQgjYQkPAMr/DmaOfFeXc+lqMlp9g5hT9wPn8ABPCRHA==</latexit>

t̄
<latexit sha1_base64="OYTTZzLUfc/vaxBXr9hqDyMWewA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqYJcFNy4r2Ae0oUymk3boTBJmJkqJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqiiRhHZIxCPZ97GinIW0o5nmtB9LioXPac+f3eR+74FKxaLwXs9j6gk8CVnACNZGGtnVoY9lOhRYT6VIdZahkV1z6s4CaJ24BalBgfbI/hqOI5IIGmrCsVID14m1l2KpGeE0qwwTRWNMZnhCB4aGWFDlpYvoGTo3yhgFkTQv1Gih/t5IsVBqLnwzmWdUq14u/ucNEh00vZSFcaJpSJaHgoQjHaG8BzRmkhLN54ZgIpnJisgUS0y0aatiSnBXv7xOuo26e1lv3F3VWs2ijjKcwhlcgAvX0IJbaEMHCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8FwlEk=</latexit>

t
<latexit sha1_base64="9JBe1UZoxxMfFk42/uGgjTj6yiY=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq2GXBjcsK9gHtUDJppg1NMmOSKZRhvsONC0Xc+jHu/Bsz7Sy09UDgcM693JMTxJxp47rfzsbm1vbObmmvvH9weHRcOTnt6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtM73K/O6NKs0g+mnlMfYHHkoWMYGMlPx0IbCZKpCbL0LBSdWvuAmideAWpQoHWsPI1GEUkEVQawrHWfc+NjZ9iZRjhNCsPEk1jTKZ4TPuWSiyo9tNF6AxdWmWEwkjZJw1aqL83Uiy0novATuYZ9aqXi/95/cSEDT9lMk4MlWR5KEw4MhHKG0AjpigxfG4JJorZrIhMsMLE2J7KtgRv9cvrpFOvede1+sNNtdko6ijBOVzAFXhwC024hxa0gcATPMMrvDkz58V5dz6WoxtOsXMGf+B8/gA++pJf</latexit>

Z
<latexit sha1_base64="tURAKuqpUnxLQ3FVtyNPkTk7Wic=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LblxWsA9sh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GZ+Z0qVZpF8MLOY+gKPJAsZwcZKftoX2IyVSB/nczQoV9yquwBaJ15OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2X+ommMSYTPKI9SyUWVPvpIvQcXVhliMJI2ScNWqi/N1IstJ6JwE5mGfWql4n/eb3EhHU/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66Rdq3pX1dr9daVRz+sowhmcwyV4cAMNuIMmtIDAEzzDK7w5U+fFeXc+lqMFJ985hT9wPn8AF0SSRQ==</latexit>

e+
<latexit sha1_base64="eXqqXeaUWznV87quD0nJ8xHPep0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBosgCCWpgl0W3LisYB/QxjKZ3rZDZ5IwM1FKzKe4caGIW7/EnX/jpM1CWw8MHM65l3vm+BFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW4WxpNCiIQ9l1ycKOAugpZnm0I0kEOFz6PjT68zvPIBULAzu9CwCT5BxwEaMEm2kgV1O+oLoiRQJpOl9cp7igV1xqs4ceJW4OamgHM2B/dUfhjQWEGjKiVI914m0lxCpGeWQlvqxgojQKRlDz9CACFBeMo+e4lOjDPEolOYFGs/V3xsJEUrNhG8ms5xq2cvE/7xerEd1L2FBFGsI6OLQKOZYhzjrAQ+ZBKr5zBBCJTNZMZ0QSag2bZVMCe7yl1dJu1Z1L6q128tKo57XUUTH6ASdIRddoQa6QU3UQhQ9omf0it6sJ+vFerc+FqMFK985Qn9gff4AlFWUKg==</latexit>

e�
<latexit sha1_base64="E/Ug0wjGHjcZ83oNAyK2gklOc6Q=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJUwS4LblxWsA9oY5lMb9uhM0mYmSgl5lPcuFDErV/izr9x0mahrQcGDufcyz1z/IgzpR3n2yqsrW9sbhW3Szu7e/sHdvmwrcJYUmjRkIey6xMFnAXQ0kxz6EYSiPA5dPzpdeZ3HkAqFgZ3ehaBJ8g4YCNGiTbSwC4nfUH0RIoE0vQ+OU/xwK44VWcOvErcnFRQjubA/uoPQxoLCDTlRKme60TaS4jUjHJIS/1YQUTolIyhZ2hABCgvmUdP8alRhngUSvMCjefq742ECKVmwjeTWU617GXif14v1qO6l7AgijUEdHFoFHOsQ5z1gIdMAtV8ZgihkpmsmE6IJFSbtkqmBHf5y6ukXau6F9Xa7WWlUc/rKKJjdILOkIuuUAPdoCZqIYoe0TN6RW/Wk/VivVsfi9GCle8coT+wPn8Al2GULA==</latexit>
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Recoil-Mass Analysis at e+e− Colliders

☛ Higgsstrahlung in leptonic mode  
             e+e− → ZH → ℓ+ℓ−H   

• selection and acceptance independent  
        of Higgs decay channel 

• high signal purity 
• major backgrounds: Zγ, ZZ, and WW

σ ≈ 200 fb

less than 3 orders of 
magnitude below  

e+e− → qq

ILD

μ+

μ−

M2
X = s+M2

Z � 2
p
s(pµ+ + pµ�)

Recoil mass:

Z→qq (60% vs 3.5% for Z→µµ)  
can also exploited at the price of a small 

dependence on the Higgs decay

reconstruct Higgs events  
independently of  

the decay channel

√s = 250 GeV

☛ ILC at √s = 250 GeV (LR+LR) 
• 500 fb−1 (6y) 

✓ δMH = 28 MeV 
• 2 ab−1 (15y) 

✓ δMH = 14 MeV
J. Yan et al, PRD 94 (2016) 113002
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Higgs Decay Branching Ratios 

ZH → ℓ+ℓ− + nothing 
assuming BF(H → invisible) = 100% 

σ(ZH)×BF(H→ZZ*) is proportional to gHZZ4/ΓH 
➠  measurement of ΓH

Typical precision on σ × BR meas. 
ILC at 250 fb−1 at √s = 250 GeV  
(~75 000 ZH events with LR pol.)

δσZH/σZH

2.6%

BR (125 GeV) δ(σ×BR)/
(σ×BR)

H → bb 58.4% 1.1%
H → cc 2.9% 7.4%
H → gg 8.2% 9.1%
H → WW* 21.4% 6.4%
H → τ+τ− 6.3% 4.2%
H ➝ ZZ* 2.6% 19%
H ➝ γγ 0.23% 34%
H ➝ µ+µ− 0.02%   −−     
H ➝ inv 0%   <0.9%     

Also: 
Higgs spin determination from rise of  

HZ cross section near threshold  
(measurements at √s = 215 and 225 GeV)

ILC TDR Vol. 2 - Physics (2013)

Neat, but still, statistics is an issue

Z → νν
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Predicted Statistics of  Higgs Events

integrated 𝓛 in ab−1  

(√s in GeV)
# of years # of H events

ILC-250 2 (250) 13 0.5M
ILC 2 (250) + 0.2 (350) + 4 (500) 25 1.6M
CLIC 1 (380) + 3 (1500) + 5 (3000) 25 1.5M
FCC-ee 5 (240) + 0.2 (350) + 1.5 (365) 8 1.2M
CEPC 5 (240) 10 1.0M

one “year” data-taking time between 0.5 and 1.6×107 s

linear

circular

Note:  
30 ab−1 at FCC-hh 100 TeV (25 y) 
➔ 40 billion Higgs boson produced! 
(a small fraction usable due to backgrounds)

FCC-ee

e+e− → Z(→μ+μ−)X

ZH

ZZ

now aiming at much 
higher statistics

From the recoil analysis (√s = 250 GeV) 
with of the order of 1M events, σZH can be 
determined at the 0.5% level

�(e+e� ! ZH) = �ZH / g2
HZZ
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Higgs Couplings

ILC (LR)

200 250 300 350 400
√s (GeV)

100

200

0

FCC-ee

ZH

Hνν

ZH

Hνν

H→bb

ILC
500 GeV

XX = bb̄, W+W�

☛ to extract couplings from BR, one needs a measurement of the total width ΓH 
☛ to measure the total width, one needs at least one partial width and BR

�(WW ! H)⇥ B(H ! XX)

�(ZH) ⇥ B(H ! XX)
=

(g2
HWW

⇥ g2
HXX

)/�H

( g2
HZZ

⇥ g2
HXX

)/�H

=
g2
HWW

g2
HZZ

At given energy (>250 GeV)

☛ Measurements of gHWW and ΓH

W fusion  
Hνν
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Higgs Couplings

HL-LHC ILC CLIC FCC-ee CEPC
√s (Ge

V)
14000 250 +500 380 90-240 +365 90-250

L (ab−1

)
3 2 +4 0.5 5 +1.5 5

Years 13 15 +10 7 3 +6 7
ZZ (%) 3.5 0.38 0.30 0.80 0.25 0.22 0.25

WW (%) 3.5 1.8 0.4 1.3 1.3 0.46 1.2
ττ (%) 6.5 1.9 0.8 4.2 1.4 0.8 1.4
tt (%) 4.2 − − − − 3.3(*) −

bb (%) 8.2 1.8 0.6 1.3 1.4 0.7 1.3
cc (%) − 2.4 1.2 1.8 1.8 1.2 1.8
gg (%) − 2.2 1.0 1.4 1.7 0.9 1.4
γγ (%) 3.6 1.1(*) 1.0(*) 4.7 4.7 1.3(*) 4.7
ΓH (%) 50 3.9 1.7 6.3 2.8 1.5 2.6

exo (%) − <1.6 <1.3 <1.2 <1.2 <1.0 <1.2

FCC-ee TDR (2018)

ILC: using κ-framework 
• simple scaling of the couplings 
• no operator formalism 
• no assumption on total width

(*) incorporating 
HL-LHC results

HL-LHC measures σttH but the 
extraction of gttH is model-
dependent (through σprod and ΓH) 
• benefits from ΓH at e+e− machines 

ILC Physics TDR

inspired from
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Comparison of  Kappas: no BSM width

M.Cepeda @ EPPSU Granada



Comparison of  Kappas: no BSM width

HL-LHC
HE-LHC

LHeC
ILC 250+350+500
CLIC 380+1.5+3.0

CEPC
FCC-ee 240+365

FCC-ee+FCC-eh+FCC-hh

M.Cepeda @ EPPSU Granada
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Comparison of  Kappas: no BSM width

M.Cepeda @ EPPSU Granada



Comparison of  Kappas: with BSM width

Fit including HL-LHC constraints to demonstrate 
the complementarity with lepton colliders:  
• rare decays: γγ, γZ, µµ 
• top 
• charm

NB: hadron collider cannot 
measure width 

need an assumption to 
close the fit 
e.g. |κV| < 1
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Yukawa Couplings of  Light Quarks

95%CL upper limitsmeasurements

< 2

c

s

d

u

< 20

< 3×102

< 6×102

HL-LHC on charm Yukawa coupling 
• LHCb might play a role here (direct and exclusive searches) 
• constrains include differential distributions, off- and on-shell couplings, and limits on Bunt

Lepton Colliders  
• percent level measurements of the charm Yukawa coupling 
• couplings of light quarks s, d, u are out of reach

HE-LHC improves limits 
on charm coupling by 

factor 2 
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Global SMEFT Fit
Effective Field Theories (EFT) are tools to probe indirectly New Physics (NP)

effect of a Z’ in the dilepton spectrum

no resonance seen  
but deviations wrt SM

Λ = cut-off of the EFT

LSMEFT = LSM +
c
(5)

⇤
O

(5) +
X

i

c
(6)
i O

(6)
i

⇤2
+ . . .

<latexit sha1_base64="CTqZsbnkEEMmpeiHcged9QkCwz8="></latexit>

SMEFT :  
bottom-up approach 

☛ Non-renormalisable terms imply violation 
of unitarity at high energies

☛ NP must manifest itself before unitarity 
is violated 
{ {

� /
⇣
c(6)i /⇤2

⌘2
s

<latexit sha1_base64="+9H256cf9IZ2Fx2NZcohA7nti4s="></latexit>

see P. Hernándes & J. deBlas @ EPPSU Granada

Emax
i . ⇤/

q
c(6)i

<latexit sha1_base64="v5rxGIuEk7YTz9753pxeg8htCg8="></latexit>

1 operator 
ΔL = 2

2499 operators 
(59 B-, L-, F-Conserving)

ci(6) can modify gauge, Higgs, and top couplings

Beyond the κ-framework  
global fit include also the di-boson and 

EWK precision observables
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Anomalous hVV Couplings

☛ Parameters are related by gauge invariance:

NP contributions to mW: only source of custodial symmetry breaking

➠ 7 independent parameters

☛ SM hVV Lagrangian:

☛ dim-6 SMEFT hVV Lagrangian:

de Blas et al, arxiv:1907.04311A. Falkowski arxiv:1505.00046

LhV V
SM =

h

v

⇥
2m2

WW+
µ W�

µ +m2
ZZµZµ

⇤
<latexit sha1_base64="jsqgLsNSNDIDjgjj8gnMDpzARQE="></latexit>

https://arxiv.org/abs/1907.04311
https://arxiv.org/pdf/1505.00046.pdf
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Anomalous TGC

☛ 2 aTGC parameters can be expressed in terms of anomalous hVV parameters:

➠ 1 independent parameter

☛ SM TGC Lagrangian:

☛ dim-6 SMEFT TGC Lagrangian:

de Blas et al, arxiv:1907.04311A. Falkowski arxiv:1505.00046

LTGC
SM =

<latexit sha1_base64="dUUKy9/S3vpJsuocjRqB6y8YdpQ=">AAACEHicbZC7SgNBFIZn4y3GW9RSi8EgWoXdWCiiGEgRC4WIuUESw+xkNhkye2HmrBiWfQQRfBUbC0VsLe18GyeXQqM/DHz85xzmnN8OBFdgml9GYmZ2bn4huZhaWl5ZXUuvb1SVH0rKKtQXvqzbRDHBPVYBDoLVA8mIawtWs/uFYb12y6TivleGQcBaLul63OGUgLba6b2mS6BHiYgu4nbUBHYH0fVlHN9MuFwsxDE+xe10xsyaI+G/YE0gk98+eyia+eNSO/3Z7Pg0dJkHVBClGpYZQCsiEjgVLE41Q8UCQvukyxoaPeIy1YpGB8V4Vzsd7PhSPw/wyP05ERFXqYFr687h+mq6NjT/qzVCcI5aEfeCEJhHxx85ocDg42E6uMMloyAGGgiVXO+KaY9IQkFnmNIhWNMn/4VqLmsdZHNXOo0TNFYSbaEdtI8sdIjy6ByVUAVRdI+e0At6NR6NZ+PNeB+3JozJzCb6JePjG2uCn5o=</latexit>

ig cos ✓w
⇥
(W�

µ⌫W
+µ �W+

µ⌫W
�µ)Z⌫ + Zµ⌫W

+µW�⌫
⇤

<latexit sha1_base64="83fpWKYMkq378/0uqaToiUDOK0s="></latexit>

+ ig sin ✓w
⇥
(W�

µ⌫W
+µ �W+

µ⌫W
�µ)A⌫ + Fµ⌫W

+µW�⌫
⇤

<latexit sha1_base64="FgfiaHzeUzBBJIG20pS1fEZIvTw="></latexit>

https://arxiv.org/abs/1907.04311
https://arxiv.org/pdf/1505.00046.pdf
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Anomalous hff  and (h)Vff  Couplings
☛ dim-6 SMEFT hff Lagrangian:

• CP-violating phases are set to zero and off-diagonal terms are not considered 
➠ keep 5 independent hff parameters  
          δyt (=(dyu)33), δyc (=(dyu)22), δyb (=(dyd)33), δyτ (=(dye)33), δyµ (=(dye)22)

☛ dim-6 SMEFT (h)Vff Lagrangian:

with • assume flavour-diagonal couplings 
• impose U(2) for the first 2 families

➠ keep 15 independent parameters:  6 (Zℓℓ) + 3 (Wℓν) + 2 (Zuu̅) + 4 (Zdd̅)
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Equivalence Theorem:  Vff  ↔ hVff

In the SM, the Higgs boson field h is one 
of 4 ddl as part of an SU(2)L doublet

WL±

ZLH

� =

✓
h±

(v + h) + ih0

◆

<latexit sha1_base64="VRnlgKvfoEnuJfEOlQ+Y+QOC1Ro="></latexit>

F. Riva, HL/HE-LHC symposium, 2019 

Ch. Grojean, ECFA/EPS, 2019 

At some level of precision (not yet reached at the LHC) 
electroweak and diboson processes will interfere with 

Higgs measurements 

H
<latexit sha1_base64="W0sJLo6dwshk5jRO8BmPFliME0E=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi5cFNx0WcE+sB1KJs20oUlmSDJCGfoXblwo4ta/ceffmGlnoa0HAodz7iXnniDmTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3L/O4TVZpF8sHMYuoLPJYsZAQbKz0OBDYTJdLmfFiuuFV3AbROvJxUIEdrWP4ajCKSCCoN4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWSiyo9tNF4jm6sMoIhZGyTxq0UH9vpFhoPROBncwS6lUvE//z+okJb/yUyTgxVJLlR2HCkYlQdj4aMUWJ4TNLMFHMZkVkghUmxpZUsiV4qyevk06t6l1Va/f1SuM2r6MIZ3AOl+DBNTSgCS1oAwEJz/AKb452Xpx352M5WnDynVP4A+fzB9b6kQE=</latexit>

V
<latexit sha1_base64="lfZ8+KnT8hrEc4fR2wYzNlPC9KI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmlnPqzW3LqbA60SryA1KNAaVr8Go4gkgkpDONa677mx8VOsDCOcziuDRNMYkyke076lEguq/TRPPEdnVhmhMFL2SYNy9fdGioXWMxHYySyhXvYy8T+vn5jw2k+ZjBNDJVl8FCYcmQhl56MRU5QYPrMEE8VsVkQmWGFibEkVW4K3fPIq6TTq3kW9cX9Za94UdZThBE7hHDy4gibcQQvaQEDCM7zCm6OdF+fd+ViMlpxi5xj+wPn8AexAkQ8=</latexit>
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connection between 
vector boson 

scattering and Higgs 
couplings to bosons 

connection 
between Z decays 
to fermions and 

Higgs decay to Zff ̅=
1

2v
⇥
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one of the purposes 
of SMEFT is to 

exploit fully the 
connections between 
the electroweak and 

Higgs sectors

contact interaction term 
(grows with energy)
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SMEFT Fit Parameters for Higgs Studies

• 1 (δm) + 6 (hVV/aTGC) + 1 (aTGC) 
• 5 (hff) 
• 6 (Zℓℓ) + 3 (Wℓν) + 2 (Zuu̅) + 4 (Zdd̅) 
➠ 28 new physics parameters

Neutral Diagonal (ND) scenario  
• a sufficient set of SMEFT parameters to describe Z-pole EWPO, diboson 

and single Higgs processes at colliders  
• assumes flavour-diagonal neutral couplings 
• assumes flavour universality for the first two families

To compare with results from the kappa-framework studies 
• project the ND SMEFT fit results onto observables similar to Higgs coupling 

modifiers and Zff effective couplings 
• complete with TGC modifiers to get the correct number of independent 

parameters
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ILC: Higgs Couplings with SMEFT

SMEFT-based ILC framework  
• invisible decay of H boson as 

new degree of freedom

0.68
0.35

0.67
0.34

1.1
0.6

1.2
0.8

1.7
1.0

1.9
1.2

0.32
0.29

2.5
1.6

HL-LHC (ATLAS) 3 ab−1

Green + ILC-250 2 ab−1

Blue + ILC-500 4 ab−1 + ILC-360 200 fb−1

Results obtained with the SMEFT 
with 2 ab−1 at 250 GeV already in 

the 1% range for the main couplings, 
including HWW

So, are there still a compelling 
reasons to run ILC at √s = 500 GeV? 
• access to W fusion production for 

independent HWW coupling meas. 
• top physics with polarisation 
• mild constraints on λ 
• better BSM reach

through EWPO and other constraints 
the custodial symmetry prevails!
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Global EFT Fit
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Global EFT Fit
HL-LHC
LHeC

HE-LHC
ILC 250+500
CLIC 380+1.5+3.0
CEPC
FCC-ee 240+365  
FCC-hh
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Global EFT Fit

includes Higgs but 
also di-boson and 

electroweak precision 
observables

improvement beyond 
HL-LHC
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Improvement beyond HL-LHC

stat.-limited 
channels

top-quark 
channels

if no deviations 
seen at HL-LHC, 
discoveries are 
still possible at 
future colliders
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Focus on Lepton Colliders
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Focus on Lepton Colliders
H
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-e
e

Circular colliders start as 
Tera-Z factories

Linear colliders can 
exploit the radiative 
return to the Z for 

electroweak 
measurements
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Focus on Lepton Colliders

Comparing 3 scenarios: 
• only LEP/SLD electroweak measurements 
• actual electroweak measurements 
• perfect electroweak measurements
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Z Pole Running?
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Impact of  Z Pole Running
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Z Pole Running?

• FCC-ee and CEPC benefit a lot 
from Z pole running 

• measurements are quasi-perfect 
as far as Higgs couplings are 
concerned

• at ILC and CLIC, the absence of 
Z-pole running is a limiting factor 
for Higgs precision (~30%) 

• measurements via radiative 
return to the Z help mitigate the 
issue, especially at high energy

• at ILC, the 500 GeV run is 
important to reduce the impact 
of electroweak measurements on 
Higgs precision
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Z-Pole Running Fit Correlations

EWK
Higgs

TGC

• without Z-pole running, large 
correlations between Higgs and 
EWK/TGC observables  

• with Z-pole running, only 
correlations between EWK and 
TGC observables remain

CEPC/FCC-ee with or without Z-pole running

Z-pole running at circular colliders isolate 
Higgs and electroweak measurements
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Sensitivity on Electroweak Couplings

at circular colliders  
Z-pole running improves Zℓℓ 

couplings by a factor 10

at linear colliders  
radiative return to the Z improves 

Zℓℓ couplings by a factor 3

at high-energy linear colliders 
Higgs coupling measurements 

improve electroweak 
measurements

at linear colliders  
radiative return to the Z has a 
large impact on Zqq̅ couplings 
that depends on assumptions 

on systematics
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Beam Polarisation at the ILC

s-channel Z/γ exchange

t-channel W or ν exchange

±80% electron ∓30% positron

no
m
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typically:  (RL,LR,RR,LL) = (45%,45%,5%,5%)
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Impact of  Polarisation at the ILC

Positron polarisation has a marginal 
impact: it does not play a significant 
role for Higgs measurements (<10%) 

Electron polarisation 
• leads to a large improvement of 

hVV determination (>50%) 
• benefits from polarisation less 

important at high-energy (<10%)

EWK Higgs

TGC

Electroweak interactions have 𝓞(1) parity-violation 
signal and background x-section depend on polarisation

In the EFT, the gain from polarisation is 
higher than the mere increase in 

statistics because polarisation removes 
degeneracies among operators

ILC@250 GeV  
improvement in constraints with polarisation 

(∓80%,±30%) (∓80%,0%)

HZZ

HWW
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BAU, Higgs Potential and Self-Coupling

Higgs potential: VH = �µ2|�|2 + �|�|4

2d order 1st order

SM NP

Baryon Asymmetry of the Universe (BAU) 
• baryogenesis requires 1st order phase transition  

to sustain out of equilibrium condition during EWSB  
• MH > 80 GeV → 2d order 
• EWK BAU implies a modification of the Higgs potential 
• New Physics must modify the potential and the self-coupling

The direct measurement of the tri-linear self-coupling λ is 
a key goal of future colliders 
☛ first order EW transition implies large deviation from the 

SM prediction (κλ = 1)  

in the spirit of the κ-
framework, define  

κλ = λ/λSM

tri-linear quartic

?

in SM

V (h) =
1

2
M2

H
h2+�3vh

3 +
1

4
�4h

4
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HH Production & Self-Coupling at LHC

• σ(pp → HH) = 30 fb at √s = 14 TeV 
• σ(pp → HH)/σ(pp → H) = 1‰

pp → HH

30 fb

14 TeV

box triangle

ggF

• bb̅bb̅:    32% 
• bb̅WW:  25% 
• bb̅ZZ:     3% 
• bb̅ττ:      7% 
• bb̅γγ:    0.3%

box

interference

tri

sum

destructive interference between box and triangle

☛  lots of information from differential 
cross section in mHH
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HH at HL-LHC

CMS-PAS-FTR-18-019

bb̅ZZ*(4ℓ) 
very rare but 

clean final state

bb̅γγ 
peaking ttH̅ and  

non-resonant bb̅γγ

bb̅bb̅ 
exploit resolved and  

boosted b-jets

bb̅ττ 
irreducible bkg: Z(ττ)bb̅

☛ for most channels, 
ttH̅ is the main 
background

bb̅WW*(ℓνℓν) 
main bkg: tt ̅

ATL-PHYS-PUB-2018-053

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053
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Self-Coupling: ATLAS+CMS Combined

CMS

ATLAS

combined
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Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

Topness [302, 296] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity
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subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,

T ⌘ min

⇣
�2

12 , �2
21

⌘
. (42)

In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
other Higgs boson, h ! WW ⇤

! `+`�⌫⌫̄, we define Higgsness [296] as follows:

H ⌘ min

2

64

⇣
m2

`
+

`
�

⌫⌫̄
� m2

h

⌘2

�4
h`

+

⇣
m2

⌫⌫̄ � m2
⌫⌫̄,peak

⌘2

�4
⌫

(43)

+min

0

B@

⇣
m2

`
+

⌫
� m2

W

⌘2

�4
W

+

⇣
m2

`
�

⌫̄
� m2

W
⇤
,peak

⌘2

�4
W

⇤
,

⇣
m2

`
�

⌫̄
� m2

W

⌘2

�4
W

+

⇣
m2

`
+

⌫
� m2

W
⇤
,peak

⌘2

�4
W

⇤

1

CA

3

75 ,

where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It

satisfies 0  mW
⇤  mh � mW and mpeak

W
⇤ =

1p
3

r
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m2

h + m2
W
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�

q
m4

h + 14m2
hm2

W + m4
W is the

113

combined
bb̅γγ

bb̅ττ bb̅bb̅bb̅WW*(ℓνℓν)

bb̅ZZ*(4ℓ)

HL/HE-LHC WG2

• approximate cross-section degeneracy between 
κλ = 1 and 4, with different kinematics 

• this results in a second minimum in the 
likelihood ratio versus κλ around κλ = 5-6 

• best sensitivity: bb̅γγ and bb̅ττ (then bb̅bb̅)

https://arxiv.org/abs/1902.00134
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Self-Coupling: ATLAS+CMS Combined

expected measured 68% CI, channel by channel

HL/HE-LHC WG2

0.6σ
1.0σ

2.1σ
1.4σ

2.0σ
1.8σ

3.0σ
2.6σ
4.0σ

0.4σ

0.6σ

 ATLAS HL-LHC  
3 ab−1

 CMS HL-LHC  
3 ab−1

bb̅γγ

bb̅ττ

bb̅bb̅

bb̅WW*(ℓνℓν)

bb̅ZZ*(4ℓ)

combined  combined significance: 4σ 

• only 90k HH pairs produced 
• ultimate goal = observation of 

trilinear coupling: not impossible, 
but challenging 

HL-LHC (√s = 14 TeV, L = 3 ab−1)  
κλ measured with a precision of ±40-50%

https://arxiv.org/abs/1902.00134
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HE-LHC: Self-Coupling
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Figure 8. Expected sensitivity for the measurement of the
of the Higgs trilinear copling through the measurement of
direct HH production at HE-LHC. From Ref. [3].

The potential for the measurement of the Higgs boson tri-
linear coupling at the HE-LHC has been estimated with meth-
ods and in channels similar to those used at the HL-LHC. Ex-
trapolation studies from the current experiments and from phe-
nomenological studies have been carried out in the two most
sensitive HH channels at the HL-LHC (bbgg and bbt+t�).
Several studies were made under different experimental perfor-
mance and systematic uncertainty assumptions (in some cases
neglecting systematic uncertainties), yielding results covering
the wide range of precision estimates presented here. At the
HE-LHC the HH signal would be observed unambiguously
and the combined sensitivity on the trilinear coupling kl , as-
suming the SM, is expected to reach a precision of 10% to
20% from the combination of these two channels alone. A
comparison of the HE-LHC sensitivity to that of the HL-LHC
is displayed in Fig. 8, showing that the secondary minimum
still visible in the HL-LHC study is unambiguously excluded
at HE-LHC.

These studies do not include the additional decay channels
that have already been studied for HL-LHC, and of others that
could become relevant at the HE-LHC. Exclusive production modes are also very interesting to take into consideration for this
measurement. The potential improvements from these have not been assessed yet.

The measurement of the couplings of the Higgs boson at HL-LHC relies either on the assumption that no additional
undetected contribution to the Higgs boson width is present, or that the couplings of the Higgs boson to vector bosons do not
exceed those expected in the SM. In both cases, the foreseen precision in the measurements of most Higgs boson couplings
at the HL-LHC is currently limited by the theoretical uncertainty on the signal predictions. The significantly larger dataset
and the increase in centre-of-mass energy at HE-LHC would reduce the statistical uncertainty of these measurements to being
negligible. To match the overall precision of the experimental measurements, the extraction of the couplings of the Higgs boson
to photons, gluons, W, Z, taus, and b quarks will require significant theoretical improvements in the precision of the theoretical
predictions for the signals.

For rare decay processes such as the dimuon channel, from an extrapolation of the HL-LHC projections, a precision of
approximately 2% on the coupling modifier should be achievable. With the current theoretical systematic uncertainties on the
signal and the backgrounds, the direct measurement of the Higgs coupling modifier to top quarks is expected to reach a precision
of approximately 3%. While the substantial additional amount of data at various centre-of-mass energies will undoubtedly
be useful to further constrain the systematic modelling uncertainties and further progress in theoretical predictions will be
achieved, the potential improvements have not been quantified. Assuming an improvement of the theoretical uncertainties of a
factor of 2, the precision on the ttH coupling would reach approximately 2% (the experimental systematic uncertainty alone
is approximately 1%, assuming performances similar to current LHC experiments). The significant gain in precision will be
obtained mostly through ratios of couplings. Studies have shown that the ratio of the ttH to tZ ratio could be measured at close
to the percent level.

In the range of Higgs boson transverse momenta between 50 and 500 GeV, a precision in the range of 2-4% is achievable
for the ratios BR(H!mm)/BR(H!gg) and BR(H! 4`)/BR(H!gg), and therefore of order 1-2% for the ratios of the relevant
Higgs couplings (see Fig. 9). At HE-LHC energies H ! cc̄ production increases relative to backgrounds, and may be observable
with inclusive searches by ATLAS, CMS, and LHCb, dependent on c-tagging systematic uncertainties. Unfortunately, at the
HE-LHC, exclusive searches, kinematic limits, and global fits are not expected to reach the SM level for the u, d, s, and c

Yukawas.
Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC

direct reach. The EFT framework, where the SM Lagrangian is supplemented with higher dimension operators Âi c
(6)
i

O
(6)
i

/L2+

c
(8)
i

O
(8)
i

/L4 + · · · , allows one to systematically parametrise BSM effects and how they modify SM processes. These operators
can either modify SM amplitudes, or generate new amplitudes. In the former case, the best LHC probes are, for example,
precision measurements of Higgs branching ratios. In the case of the operator OH , for example, the constraints in Fig. 10
translate into a sensitivity to the Higgs compositeness scale f > 2 TeV, corresponding to a new physics mass scale of 25 TeV
for an underlying strongly coupled theory.

Effects associated with new amplitudes grow quadratically (for dimension-6 operators) with the energy. The higher
centre-of-mass energy and larger dataset of HE-LHC make it possible to greatly extend the measurable range in the Higgs

7

HL-LHC

HE-LHC

using only bb̅γγ and bb̅ττ

expected sensitivity

HL/HE-LHC WG2

HE-LHC (√s = 27 TeV, L = 15 ab−1)  
κλ measured with a precision of ±15%

HL-LHC (√s = 14 TeV, L = 3 ab−1)  
κλ measured with a precision of ±40-50%

• more than 1M HH pairs produced 
• clear observation of trilinear 

coupling

https://arxiv.org/abs/1902.00134
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Self-Coupling from Single Higgs at LHC

ATL-PHYS-PUB-2019-009

• by reanalysing the rate 
measurements, obtain 
limits on κλ that are 
competitive with present 
direct HH analyses 

 production 

• κλ-dependent NLO 
electroweak corrections 
modify Higgs boson 
production rates (also 
branching fractions)

☛ constraints on the Higgs self-coupling via single 
Higgs measurements

assuming that NP only affects κλ:  
−3.2 < κλ < 11.9 @ 95%CL   

ATLAS 2016-1017  
25-80 fb−1 

κV = 1κF = 1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009
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Self-Coupling from Single Higgs at HL-LHC

CMS-PAS-FTR-18-020

CMS HL-LHC  
14 TeV  
 3 ab−1 

ttH̅, H→γγ

 −4 < κλ < 14 @ 95%CL   
nice, but still not competitive 

with HH production

• NLO electroweak corrections 
also affect kinematics 

• HL-LHC statistics needed

☛ constraints on the Higgs self-coupling via single 
Higgs measurements

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-020/
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Summary of  Self-Coupling at HL/HE-LHC

1.di-H, excl.:  
di-Higgs production  

2.di-H, glob.:   
di-Higgs + global fit 

3.single-H, excl.:  
single-Higgs production  

4.single-H, glob.:  
single-Higgs + global fit 

☛ HL-LHC 
• 4σ evidence of HH prod. 
• κλ: 50% @ 68%CL (>100% @ 95%CL) 
☛ HE-LHC 
• observation of HH prod. 
• κλ: 10-15% @ 68%CL / 95%CL

method 1 (di-H, excl.) is the 
most useful at hadron colliders
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FCC-hh: Self  Coupling at 100 TeV

1.2 pb

140 fb

30 fb

☛ HH → bbγγ is the Golden channel the FCC-hh
• ttH is a resonant background

P
R

D
 97, 113004 (2018)

Factor 40 in cross-section / HL-LHC

requires yt 
at % level!
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Di-Higgs Production at Lepton Colliders

ZHH

HHνν̅

ILC500 CLIC1.5 CLIC3

0.16 fb

0.04 fb

0.8 fb
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e�
<latexit sha1_base64="E/Ug0wjGHjcZ83oNAyK2gklOc6Q=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJUwS4LblxWsA9oY5lMb9uhM0mYmSgl5lPcuFDErV/izr9x0mahrQcGDufcyz1z/IgzpR3n2yqsrW9sbhW3Szu7e/sHdvmwrcJYUmjRkIey6xMFnAXQ0kxz6EYSiPA5dPzpdeZ3HkAqFgZ3ehaBJ8g4YCNGiTbSwC4nfUH0RIoE0vQ+OU/xwK44VWcOvErcnFRQjubA/uoPQxoLCDTlRKme60TaS4jUjHJIS/1YQUTolIyhZ2hABCgvmUdP8alRhngUSvMCjefq742ECKVmwjeTWU617GXif14v1qO6l7AgijUEdHFoFHOsQ5z1gIdMAtV8ZgihkpmsmE6IJFSbtkqmBHf5y6ukXau6F9Xa7WWlUc/rKKJjdILOkIuuUAPdoCZqIYoe0TN6RW/Wk/VivVsfi9GCle8coT+wPn8Al2GULA==</latexit> ⌫

<latexit sha1_base64="zX0dLDPGk9TvhZH61Uq5j3J2ce8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD32VDsoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/FsO5nQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk3at6l1Va/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP10vjdE=</latexit>

⌫̄
<latexit sha1_base64="eKkFaeXq+jEEI7iMdfT0RKznztc=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9pQtlsN+3S3U3Y3Qgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wepv7vSeqNIvlg5klNBB4LFnECDZWevRDrDJfpvNhtebW3QXQOvEKUoMC7WH1yx/FJBVUGsKx1gPPTUyQYWUY4XRe8VNNE0ymeEwHlkosqA6yxcFzdGGVEYpiZUsatFB/T2RYaD0Toe0U2Ez0qpeL/3mD1ETNIGMySQ2VZLkoSjkyMcq/RyOmKDF8ZgkmitlbEZlghYmxGVVsCN7qy+uk26h7V/XG/XWt1SziKMMZnMMleHADLbiDNnSAgIBneIU3RzkvzrvzsWwtOcXMKfyB8/kDH+WQlg==</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

e+
<latexit sha1_base64="eXqqXeaUWznV87quD0nJ8xHPep0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBosgCCWpgl0W3LisYB/QxjKZ3rZDZ5IwM1FKzKe4caGIW7/EnX/jpM1CWw8MHM65l3vm+BFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW4WxpNCiIQ9l1ycKOAugpZnm0I0kEOFz6PjT68zvPIBULAzu9CwCT5BxwEaMEm2kgV1O+oLoiRQJpOl9cp7igV1xqs4ceJW4OamgHM2B/dUfhjQWEGjKiVI914m0lxCpGeWQlvqxgojQKRlDz9CACFBeMo+e4lOjDPEolOYFGs/V3xsJEUrNhG8ms5xq2cvE/7xerEd1L2FBFGsI6OLQKOZYhzjrAQ+ZBKr5zBBCJTNZMZ0QSag2bZVMCe7yl1dJu1Z1L6q128tKo57XUUTH6ASdIRddoQa6QU3UQhQ9omf0it6sJ+vFerc+FqMFK985Qn9gff4AlFWUKg==</latexit>

e�
<latexit sha1_base64="E/Ug0wjGHjcZ83oNAyK2gklOc6Q=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJUwS4LblxWsA9oY5lMb9uhM0mYmSgl5lPcuFDErV/izr9x0mahrQcGDufcyz1z/IgzpR3n2yqsrW9sbhW3Szu7e/sHdvmwrcJYUmjRkIey6xMFnAXQ0kxz6EYSiPA5dPzpdeZ3HkAqFgZ3ehaBJ8g4YCNGiTbSwC4nfUH0RIoE0vQ+OU/xwK44VWcOvErcnFRQjubA/uoPQxoLCDTlRKme60TaS4jUjHJIS/1YQUTolIyhZ2hABCgvmUdP8alRhngUSvMCjefq742ECKVmwjeTWU617GXif14v1qO6l7AgijUEdHFoFHOsQ5z1gIdMAtV8ZgihkpmsmE6IJFSbtkqmBHf5y6ukXau6F9Xa7WWlUc/rKKJjdILOkIuuUAPdoCZqIYoe0TN6RW/Wk/VivVsfi9GCle8coT+wPn8Al2GULA==</latexit> ⌫

<latexit sha1_base64="zX0dLDPGk9TvhZH61Uq5j3J2ce8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD32VDsoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/FsO5nQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk3at6l1Va/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP10vjdE=</latexit>

⌫̄
<latexit sha1_base64="eKkFaeXq+jEEI7iMdfT0RKznztc=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9pQtlsN+3S3U3Y3Qgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wepv7vSeqNIvlg5klNBB4LFnECDZWevRDrDJfpvNhtebW3QXQOvEKUoMC7WH1yx/FJBVUGsKx1gPPTUyQYWUY4XRe8VNNE0ymeEwHlkosqA6yxcFzdGGVEYpiZUsatFB/T2RYaD0Toe0U2Ez0qpeL/3mD1ETNIGMySQ2VZLkoSjkyMcq/RyOmKDF8ZgkmitlbEZlghYmxGVVsCN7qy+uk26h7V/XG/XWt1SziKMMZnMMleHADLbiDNnSAgIBneIU3RzkvzrvzsWwtOcXMKfyB8/kDH+WQlg==</latexit>

e+e− → HHνν̅

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

e+
<latexit sha1_base64="eXqqXeaUWznV87quD0nJ8xHPep0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBosgCCWpgl0W3LisYB/QxjKZ3rZDZ5IwM1FKzKe4caGIW7/EnX/jpM1CWw8MHM65l3vm+BFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW4WxpNCiIQ9l1ycKOAugpZnm0I0kEOFz6PjT68zvPIBULAzu9CwCT5BxwEaMEm2kgV1O+oLoiRQJpOl9cp7igV1xqs4ceJW4OamgHM2B/dUfhjQWEGjKiVI914m0lxCpGeWQlvqxgojQKRlDz9CACFBeMo+e4lOjDPEolOYFGs/V3xsJEUrNhG8ms5xq2cvE/7xerEd1L2FBFGsI6OLQKOZYhzjrAQ+ZBKr5zBBCJTNZMZ0QSag2bZVMCe7yl1dJu1Z1L6q128tKo57XUUTH6ASdIRddoQa6QU3UQhQ9omf0it6sJ+vFerc+FqMFK985Qn9gff4AlFWUKg==</latexit>

e�
<latexit sha1_base64="E/Ug0wjGHjcZ83oNAyK2gklOc6Q=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJUwS4LblxWsA9oY5lMb9uhM0mYmSgl5lPcuFDErV/izr9x0mahrQcGDufcyz1z/IgzpR3n2yqsrW9sbhW3Szu7e/sHdvmwrcJYUmjRkIey6xMFnAXQ0kxz6EYSiPA5dPzpdeZ3HkAqFgZ3ehaBJ8g4YCNGiTbSwC4nfUH0RIoE0vQ+OU/xwK44VWcOvErcnFRQjubA/uoPQxoLCDTlRKme60TaS4jUjHJIS/1YQUTolIyhZ2hABCgvmUdP8alRhngUSvMCjefq742ECKVmwjeTWU617GXif14v1qO6l7AgijUEdHFoFHOsQ5z1gIdMAtV8ZgihkpmsmE6IJFSbtkqmBHf5y6ukXau6F9Xa7WWlUc/rKKJjdILOkIuuUAPdoCZqIYoe0TN6RW/Wk/VivVsfi9GCle8coT+wPn8Al2GULA==</latexit>

Z
<latexit sha1_base64="Sfkht3W2kYuaxhTS7rdwuhViNiA=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LblxWsA/sDCWTZtrQJDMkGaEM8xtuXCji1p9x59+YtrPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1XGqCO2QmMeqH2JNOZO0Y5jhtJ8oikXIaS+c3s793hNVmsXywcwSGgg8lixiBBsr+ZkvsJkokT3m+bBac+vuAmideAWpQYH2sPrlj2KSCioN4VjrgecmJsiwMoxwmlf8VNMEkyke04GlEguqg2yROUcXVhmhKFb2SYMW6u+NDAutZyK0k/OIetWbi/95g9REzSBjMkkNlWR5KEo5MjGaF4BGTFFi+MwSTBSzWRGZYIWJsTVVbAne6pfXSbdR967qjfvrWqtZ1FGGMziHS/DgBlpwB23oAIEEnuEV3pzUeXHenY/laMkpdk7hD5zPH7yMkhs=</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

e+
<latexit sha1_base64="eXqqXeaUWznV87quD0nJ8xHPep0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBosgCCWpgl0W3LisYB/QxjKZ3rZDZ5IwM1FKzKe4caGIW7/EnX/jpM1CWw8MHM65l3vm+BFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW4WxpNCiIQ9l1ycKOAugpZnm0I0kEOFz6PjT68zvPIBULAzu9CwCT5BxwEaMEm2kgV1O+oLoiRQJpOl9cp7igV1xqs4ceJW4OamgHM2B/dUfhjQWEGjKiVI914m0lxCpGeWQlvqxgojQKRlDz9CACFBeMo+e4lOjDPEolOYFGs/V3xsJEUrNhG8ms5xq2cvE/7xerEd1L2FBFGsI6OLQKOZYhzjrAQ+ZBKr5zBBCJTNZMZ0QSag2bZVMCe7yl1dJu1Z1L6q128tKo57XUUTH6ASdIRddoQa6QU3UQhQ9omf0it6sJ+vFerc+FqMFK985Qn9gff4AlFWUKg==</latexit>

e�
<latexit sha1_base64="E/Ug0wjGHjcZ83oNAyK2gklOc6Q=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJUwS4LblxWsA9oY5lMb9uhM0mYmSgl5lPcuFDErV/izr9x0mahrQcGDufcyz1z/IgzpR3n2yqsrW9sbhW3Szu7e/sHdvmwrcJYUmjRkIey6xMFnAXQ0kxz6EYSiPA5dPzpdeZ3HkAqFgZ3ehaBJ8g4YCNGiTbSwC4nfUH0RIoE0vQ+OU/xwK44VWcOvErcnFRQjubA/uoPQxoLCDTlRKme60TaS4jUjHJIS/1YQUTolIyhZ2hABCgvmUdP8alRhngUSvMCjefq742ECKVmwjeTWU617GXif14v1qO6l7AgijUEdHFoFHOsQ5z1gIdMAtV8ZgihkpmsmE6IJFSbtkqmBHf5y6ukXau6F9Xa7WWlUc/rKKJjdILOkIuuUAPdoCZqIYoe0TN6RW/Wk/VivVsfi9GCle8coT+wPn8Al2GULA==</latexit>

Z
<latexit sha1_base64="Sfkht3W2kYuaxhTS7rdwuhViNiA=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LblxWsA/sDCWTZtrQJDMkGaEM8xtuXCji1p9x59+YtrPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1XGqCO2QmMeqH2JNOZO0Y5jhtJ8oikXIaS+c3s793hNVmsXywcwSGgg8lixiBBsr+ZkvsJkokT3m+bBac+vuAmideAWpQYH2sPrlj2KSCioN4VjrgecmJsiwMoxwmlf8VNMEkyke04GlEguqg2yROUcXVhmhKFb2SYMW6u+NDAutZyK0k/OIetWbi/95g9REzSBjMkkNlWR5KEo5MjGaF4BGTFFi+MwSTBSzWRGZYIWJsTVVbAne6pfXSbdR967qjfvrWqtZ1FGGMziHS/DgBlpwB23oAIEEnuEV3pzUeXHenY/laMkpdk7hD5zPH7yMkhs=</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>

H
<latexit sha1_base64="7fxLvKgbWFte/tgMhT2yIjhD2ds=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgl0W3HRZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJeeeIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu8v83hNVmkXywcxj6gs8kSxkBBsrPQ4FNlMl0tZiVK64VXcJtEm8nFQgR3tU/hqOI5IIKg3hWOuB58bGT7EyjHC6KA0TTWNMZnhCB5ZKLKj202XiBbqyyhiFkbJPGrRUf2+kWGg9F4GdzBLqdS8T//MGiQkbfspknBgqyeqjMOHIRCg7H42ZosTwuSWYKGazIjLFChNjSyrZErz1kzdJt1b1bqq1+3ql2cjrKMIFXMI1eHALTWhBGzpAQMIzvMKbo50X5935WI0WnHznHP7A+fwB1caQ/Q==</latexit>
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CLIC e+e− → ννH̅H  
➠ 3.6σ at 1.4 TeV (2.5 ab−1) and ≫5σ at 3 TeV (5 ab−1)
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Self  Coupling from Single Higgs at e+e−

Δσ
/σ

 (
%

)

HZ

ννH̅

☛ Up to 1.5% effect on σZH at √s = 240 GeV 
• σZH with 0.5% accuracy 
• degeneracy between δκλ and δκZ

Two energy points are necessary to 
break the degeneracy

FCC-ee (2IPs) : modelindependent constraint 
on δκλ at the ±35% level 

correlation 
due to 
interference 
effect

see also arXiv:1711.03978

e+e− → HZ

e+e− → ννH̅
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Self-Coupling, Summary
• di-H, excl.: di-Higgs production  
• di-H, glob.:  di-Higgs + single-Higgs couplings (global fit) 
• single-H, excl.: single-Higgs production  
• single-H, glob.: single-Higgs + single-Higgs couplings (global fit)

ee: ~20% 
hh:  ~5%

~27%

~20%

~10%
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Self-Coupling, Summary

• small impact from global analysis 
• at FCC-hh, a 1% uncertainty on the 

top Yukawa κt induces a deviation 
of the HH rate comparable to the 
uncertainty on κλ 

• single-Higgs analyses relevant for 
lepton colliders at √s < 400 GeV 
below the ZHH production 
threshold 

• global analyses to get more 
robust results

5% sensitivity needed to get sensitive 
to quantum corrections to the Higgs 

potential (Ch.Grojean)

from di-Higgs production indirect (single Higgs)
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Higgs Couplings: Sensitivity to BSM Models

Deviations to SM Higgs boson couplings (in %)

models consistent with no 
discovery at the HL-LHC

(incl. Higgs partners)

T. Barlow et al., arxiv:1708.08912

ILC-250 ILC-250+ILC-500

SMEFT SMEFT



CMS limit

SM

Width of the  
SM Higgs boson  

 ΓH = 4.07 ± 0.16 MeV
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Higgs Boson Width as Probe of  BSM

☛ The Higgs total decay width ΓH contains information on the interaction with 
all particles, including possible BSM states

on-shell

off-shell

ΓH < 1.1 GeV  
@ 95% CL

CMS 2016  
L = 36 fb−1 

☛ Direct ΓH measurements from line-
shape limited by typical 1-GeV mass 
resolution

Solution:  
compare H → ZZ off-shell  
and on-shell production

JHEP 11 (2017) 047

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/
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Indirect Higgs Boson Width

gg ! H ! 4`

gg ! 4`

qq̄ ! 4`

Z ZZ
H

on-shell

off-shell

�o↵-shell
gg!H!ZZ

�on-shell
gg!H!ZZ

⇠ �H by studying the high mass ZZ region 
CMS and ATLAS are able to set indirect limits on ΓH  

ZZ production = qq̅ → ZZ

12

g

g

t
H

Z

Z

gg → H → ZZ

gg → ZZ

121212

g

g

Z

Z

but also

destructive interference

and

tt ̅WW,ZZ
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Higgs Boson Width from Off-Shell at LHC

Width measurement from  
H → ZZ* → 4ℓ, 2ℓ2ν 

ΓH < 3.8 (3.4) ΓHSM @ 95%CL

PLB 786 (2018) 223

Dkin > 0.6m4ℓ > 380 GeV

H → ZZ* → 4ℓ

PRD 99 (2019) 112003

ΓH < 9.2 MeV @ 95% CL 
    ΓH ≠ 0 @ 2σ

H → ZZ* → 4ℓ, 2ℓ2ν

ΓH < 14.4 MeV @ 95% CL

ATLAS 2016  
 L = 36 fb−1 

CMS 2016-2017  
L = 78 fb−1 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/
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Higgs Boson Width at HL-LHC
Three approaches explored  
☛ interference between Higgs γγ signal and QCD background 

• weak contraint: 8-22 × SM 
☛ fit in the κ-framework (with assumption) 

• ΓH 100% correlated with Bunt and: Bunt < 4.1% @ 95%CL 
☛ H → ZZ off-shell vs on-shell 

• 20% precision, but model dependent

ΓH = 4.1 ± 1.1 MeV

CMS-PAS-FTR-18-011 ATL-PHYS-PUB-2015-024

Fundamental difference 
between hadron and lepton 
colliders: 
• hadron collider not directly 

sensitive to the width ΓH 
• an additional assumption is 

needed (e.g. |κV|≤1) when 
untagged decays are allowed

 combination ATLAS/CMS ➠ 800 MeV 
ATL-PHYS-PUB-2016-009

 interference between  
gg → H → γγ and gg → γγ 

Rint induces a mass shift of −35 ± 9 MeV for ΓH = 4.1 MeV

 ZZ off-shell vs on-shell

CMS HL-LHC  
13 TeV  
 3 ab−1 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-009
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Higgs Invisible Decays at (HL-)LHC

CMS-PAS-FTR-18-016

Connection between Higgs and Dark Matter (mDM < mH/2) 
• SM: Binv ≈ 0.1% from H → ZZ* →4ν 
• signature: large ETmiss  
• sensitivity dominated by VBF channel

CMS HL-LHC  
14 TeV  
 3 ab−1 

PU = 200

mjj > 2.5 TeV 

Run-1 + 2016 (36 fb−1) 
• ATLAS:  Binv < 26% @ 95%CL (17%)  
• CMS:     Binv < 19% @ 95%CL (15%)

PRL 122 (2019) 231801

Higgs portal:  
window on the Dark sector?

HL-LHC, using VBF and VH channels 
• ATLAS+CMS:  Binv < 2.5% @ 95%CL

VBF

Binv < 3.8% @ 95%CL

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
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Higgs Invisible Decays at FCC-hh

☛ Exploit Higgs production at very large pT 

☛ Constrain the background HZ (Z → νν)̅ at the 1% level using NLO QCD/EWK 
to relate to measured HZ (Z → ℓ+ℓ−), HW and Hγ spectra 

FCC-ee

H → ZZ* → 4ν

sensitivity to SM 
invisible width with 

few inverse attobarns

2.4×10−4!

sensitive to possible 
Higgs decays to DM 

particles
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Invisible Width

Typical current LHC limits: 20% at 95%CL

Hadron Colliders: limited by MET uncertainties 
Lepton Colliders: from Z recoil in HZ events

1.9
1.5

1.1
0.25

0.22
0.60

0.41
0.30

0.22
0.19

0.26

0.024

• Lepton Colliders would 
improve upon HL-LHC 
limits by one order of 
magnitude 

• FCC-hh would gain 
another order of 
magnitude, reaching 
close to the SM sensitivity

95%CL upper limits, in %

ECFA Higgs Study Group 2019

Hadron Colliders cannot measure 
the total width. An assumption is 

needed to close the fit, e.g. |κV|<1 
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Constraints on Dark Matter

PLB 793 (2019) 520PRL 122 (2019) 231801

DM

DM
HDark matter production 

through Higgs portal

HL-LHC: improvement of these limits by one order of magnitude on σWIMP-n ➠ 10−47 cm2 

Note: not affected by neutrino 
floor for mWIMP < 10 GeV 

(at 20 GeV, σν-floor = 10−49 cm2)

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
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FCC-hh: Impact on DM Constraints

CMS Run-2

Complementary to direct detection experiment to reach the neutrino floor
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