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At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given

DESY

Markus Diehl

Deutsches Elektronen-Synchroton DESY

Collider physics

in Hamburg

Theory Jamboree

Hamburg, 12 June 2015
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The importance of precise measurements

Guaranteed deliverables
Legacy measurements
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FCC-ee physics potential

11/23/2018

FCC-ee discovery potential
Today we do not know how nature will surprise us. A few things that FCC-ee could discover : 

EXPLORE 10-100 TeV energy scale (and beyond) with Precision Measurements
-- ~20-50 (stat 400…) fold improved precision on many EW quantities (eq.  x 5-7 in mass)

mZ, mW, mtop , sin2 Tw
eff , Rb , DQED (mz) Ds (mz mW mW), top quark couplings

~ Model-independent Higgs width and couplings measurements  at percent-permil level. 
~3V, possibly 5 discovery of effect of Higgs self-coupling from Vertex corrections
possible investigation of Hee coupling at �s = mH

DISCOVER a violation of flavour conservation or universality and unitarity of PMNS @10-5

-- ex FCNC  (Z --> PW , eW) in 5 1012 Z decays and  W BR in 2 1011 ZÆ W W
+ flavour physics (1012 bb events)     (BÆs W W etc..)

DISCOVER dark matter as «invisible decay» of H or Z  (or in LHC loopholes)  

DIRECT DISCOVERY  of very weakly coupled particle in 5-100 GeV energy scale
such as: Right-Handed neutrinos,  Dark Photons etc…

+ and many opportunities in – e.g.  QCD          (HÆ gg) etc…. 

NB Not only a «Higgs Factory», «Z factory» and «top» are important for ‘discovery potential’
“First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164

Material from A. Blondel, P. Janot et al.
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Guaranteed deliverables

Exploration potential

Material from A. Blondel, P. Janot et al.
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Physics at Lepton Colliders - Paolo Giacomelli 20/12/2018

EW observables at FCC-ee

Observable Measurement Current	precision TLEP	stat. Possible	syst. Challenge

mtop	(MeV) Threshold	scan 173340	±	760	±	500 20 <40 QCD	corr.

Γtop	(MeV) Threshold	scan ? 40 <40 QCD	corr.

λtop Threshold	scan µ	=	1.2	±	0.3 0.08 <	0.05 QCD	corr.

ttZ	couplings √s	=	365	GeV ~30% ~2% <2% QCD	corr

Observable Measurement Current	precision TLEP	stat. Possible	syst. Challenge

mw	(MeV) Threshold	scan 80385	±	15 0.6 <	0.6 EW	Corr.

ΓW	(MeV) Threshold	scan 2085	±	42 1.5 <1.5 EW	Corr.

Nν e+e−→	γZ,	Z→	νν,	ll 2.92	±	0.05 0.001 <	0.001 ?

αs(mW) Bhad	=	(Γhad/Γtot)W Bhad	=	67.41	±	0.27 0.00018 <	0.0001 CKM	Matrix

Observable Measurement Current	precision FCC-ee	stat. Possible	syst. Challenge

mZ	(MeV) Lineshape 91187.5	±	2.1 0.005 <	0.1 QED	corr.

ΓZ	(MeV) Lineshape 2495.2	±	2.3 0.008 <	0.1 QED	/	EW

Rl Peak 20.767	±	0.025 0.001 <	0.001 Statistics

Rb Peak 0.21629	±	0.00066 0.000003 <	0.00006 g	→	bb

Nν Peak 2.984	±	0.008 0.00004 <	0.004 Lumi	meast

sin2θWeff AFB
µµ (peak) 0.23148	±	0.00016 0.000003 <0.000005 Beam	energy

1/αQED(mZ) AFB
µµ (off-peak) 128.952	±	0.014 0.004 <	0.004 QED	/	EW

αs(mZ) Rl 0.1196	±	0.0030 0.00001 <0.0002 New	Physics

*

*

*		work	to	do:	check	if	we	can	improve
!14

FCC-ee EW measurement potential

To exploit this exquisite 
exp. precision 

some serious theory work 
has to be achieved

Proceeding of FCC-ee 2018 WS
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15/23FCC-ee Phys. Workshop, CERN, Jan. 2019                                                               David d'Enterria (CERN)

(5b) (5b) aa
ss
 from hadronic W decays from hadronic W decays

➧Width (BR) known at N3LO (NNLO). Small sensitivity to a
s
 (beyond Born)

➧TH improvements: finite quark-mass effects included (LO), updated PDG
    parameters, careful evaluation of parametric (V

i,j
, m

W
) & theoretical uncert.

➧Calculation dominated by ±1.5% parametric (mostly V
cs

) uncertainty:

➧TH uncertainty (missing a
s
5 terms, non-pQCD (L

QCD
/m

W
)4 power corrs., 

    finite quark masses beyond LO, CKM matrix renorm. scheme): ±0.03% 

[D.d'E, M.Srebre, arXiv:1603.06501]
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± 0.0002

(th)
  (CKM=1)

!48

Stress test of SM
1012 Z 108 W

   QCD(mZ)!
10-4

   QED(mZ)!
10-5

18/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: BSM constraintsHigh-precision W,Z,top: BSM constraints

■  Indirect constraints on new weakly-coupled physics: 

     Precision ~ 1/L2   , i.e. L2 ~ O(30 TeV)

   ■

NPNP

best test of QM beyond QED (and indirect probe of new physics up to ~40TeV)

➾ ➾➾
Christophe Grojean Physics Highlights of future ee colliders CERN, Nov. 19, 2o15/366

Accessing SM input parameters
   QED(mZ)!    QCD(mZ)!

Patrick Janot 

The*FCC4ee*potential*for*αQED(mZ)**
!  Is*the*large*luminosity*of*FCC4ee*sufficient*to*improve*?**

*

◆  Could*use*the*FCC4ee*to*measure*σ(e+e-→*µ+µ-)*and*AFB
µµ at*(a)*judicious*√s*

●  The*γ*exchange*term*is*proportional*to*α2
QED(√s)****

●  The*Z*exchange*term*is*proportional*to*G2
F,*hence*independent*of*αQED**

●  The*γZ*interference*is*proportional*to*αQED(√s)*×*GF*

➨  The*run*at*the*Z*pole*is*of*course*not*well*suited*to*the*αQED(mZ)*measurement*

*
◆  If*the*chosen*√s*is*close*to*mZ*(say,*between*50*and*150*GeV)*

●  The*extrapolation*to*mZ*is*not*affected*by*e+e-*resonances*at*small*energies*

➨  The*theoretical*uncertainty*from*the*limited*running*becomes*negligible*

29 June 2015 
FCC-ee physics meeting 

3 

γ, Ζ See for example: 
•  Leike, Riemann, hep-ph/9508390 
•  L. Berthier, M. Trott, arXiV:1502.0257 
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Combination

!  Combination*of*cross*section*(µµ)*and*AFB*(µµ*and*ττ),*in*a*year*(CW,*4IPs)*

◆  Get*to*2×1045at*√s*≤*70*GeV*(cross*section)*and*88*/*95*GeV*(forward4backward*asym.)*

●  Also*with*cross*section*at*125*GeV*(5×1045),*160*GeV*(8×1045)*or*240*GeV*(1.2×1044)*

Summary*(1)*

29 June 2015 
FCC-ee physics meeting 

22 

One%crabbed:waist%year%
Four%IP’s%

Janot ’15

LEP measurements with 
(1) new N3LO results
(2) improved mtop

(3) mHiggs

stat. limited

TLEP statistics

Dam @ EPS’15

Material from D. d’EnterriaMaterial from P. Janot
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In the SM, W mass is “predicted” in 
terms of Z mass, GF, αem...

Precision observables in the SM and the MSSM

MW , sin2 θeff, Mh, (g − 2)µ, b physics, . . .

A) Theoretical prediction for MW in terms

of MZ,α, Gµ,∆r:

M2
W

(

1−
M2

W

M2
Z

)

=
π α√
2Gµ

(1 +∆r)

⇕
loop corrections

Evaluate ∆r from µ decay ⇒ MW

One-loop result for MW in the SM:

[A. Sirlin ’80] , [W. Marciano, A. Sirlin ’80]

∆r1−loop = ∆α − c2W
s2W

∆ρ + ∆rrem(MH)

∼ log MZ
mf

∼ m2
t log(MH/MW)

∼ 6% ∼ 3.3% ∼ 1%

Sven Heinemeyer FCC-ee workshop, CERN, 18.06.2014 4

Any deviation (if the TH uncertainty can be kept under control) tests NP

1000 2000 3000 4000 5000
0

200

400

600

800

1000

mté1 HGeVL

dm HGeVL

Fig. 14: Sensitivity of the W mass measurement to the mass mt̃1 of the lighter supersymmetric partner of the
top quark (horizontal axis) as a function of the difference �m between the masses of the two stop squarks (vertical
axis), from the analysis of Ref. [59]. The colours indicate that measurements of the W mass with a precision
smaller than 5 MeV (blue), 1 MeV (red) and 500 keV (green) would be sensitive to a stop mass of 850 GeV,
1.9 TeV and 2.6 TeV, respectively, independently of the stop decay modes.

4.2.2 The Z invisible width and the number of neutrinos

The measurement of the Z decay width into invisible states is of great interest as it constitutes a direct test
of the unitarity of the PMNS matrix – or of the existence of sterile neutrinos, as pointed out in Ref. [60].
It can be performed at the Z pole from the peak hadronic cross section or at larger centre-of-mass energies
with radiative return to the Z [61]. As explained below, at TLEP the latter is likely to be more accurate
than the former.

The measurement of the peak hadronic cross-section at the Z pole is indeed already dominated
by theoretical systematics today, related to the understanding of the low-angle Bhabha-scattering cross
section (used for the integrated luminosity determination). The present measurement, expressed in terms
of a number of active neutrinos,

N⌫ = 2.984± 0.008, (3)

is two standard deviations below the SM value of 3.00. The experimental conditions at TLEP will be
adequate to improve the experimental uncertainty considerably, but, to make this measurement worth-
while, a commensurate effort would have to be invested in the theoretical calculations of the small-angle
Bhabha-scattering cross section used for normalization. A desirable goal would be to reduce the uncer-
tainty on N⌫ down to 0.001, but it is not clear that it can be achieved from Z peak measurements.

Above the Z peak, the e+e� ! Z� process provides a very clean photon-tagged sample of on-
shell Z bosons, with which the Z properties can be measured. From the WW threshold scan alone, the
cross section of about 5 pb [62–65] ensures that 10 million Z� events will be produced in each TLEP
experiment with a Z ! ⌫⌫̄ decay and a high-energy photon in the detector acceptance. The three million
Z� events with leptonic Z decays will in turn provide a direct measurement of the ratio �inv

Z
/�lept

Z
, in

which uncertainties associated with absolute luminosity and photon detection efficiency cancel. The
40 million Z� events with either hadronic or leptonic Z decays will also provide a cross check of the

29

Probing MSSM stops

�mW < 5MeV ) mt̃1 > 850GeV

�mW < 1MeV ) mt̃1 > 1.9TeV

�mW < 0.5MeV ) mt̃1 > 2.6TeV

TLEP (physics case) ’13

Implications for New Physics
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Implications for New Physics

We’ll see some concrete examples in specific UV models in tomorrow lecture

For Universal Models, EW measurements nicely captured by oblique parameters S,T…

Ŝ =
m2

W

m2
NP

Ŝ < 10�6,5,4 , mNP > 80, 25, 8TeV

c!ΓZ

c!H

#0.4 #0.2 0.0 0.2 0.4
#0.4

#0.2

0.0

0.2

0.4

0.6

0.8

 103 S
!

 1
03
T!

LEP

FCC-ee
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The case of the Higgs boson

Guaranteed deliverables
Legacy measurements
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The Higgs Boson is Special
The Higgs discovery has been an important milestone for HEP.

And many of us are still excited about it.
And others, especially in other fields of science, should be excited too.

Higgs = new forces of different nature than the gauge interactions known so far
• No underlying local symmetry
• No quantised charges
• Deeply connected to the space-time vacuum structure

The knowledge of the values of the Higgs couplings 
is essential to our understanding of the deep structure of matter 

• Up- and Down-quark Yukawa’s decide if mproton<mneutron i.e. stability of nuclei
• Electron Yukawa controls the size of the atoms (and thus the size of the Universe?)
• Top quark Yukawa dictates (in part) the stability of the EW vacuum
• The Higgs self-coupling controls the (thermo)dynamics of the EW phase transition (t~10-10s)
(and therefore might be responsible of the dominance of matter over antimatter in the Universe)
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The Higgs boson is the simplest Q-bit/particle:
as far as we know, it has  no spin, no charge, no structure.

This vacancy can make its richness: 
e.g., unlike other SM particle, it can easily couple to a Hidden Sector 

November%14th,%2018% Proposal%on%WG%Higgs%physics% 13%

Towards'new'discoveries'via'the'Higgs'sector'
%

•  No%clear%indica@on%where%new%physics%is%hiding,%hence%experimental%observa@ons%will%have%to%
guide%us%in%our%explora@on.%

•  One%of%the%avenues%is%to%explore%as%fast%as%possible,%and%as%wide%as%possible,%the%Higgs%sector.%
o  Yukawa%couplings%
o  SelfHcouplings%(HHH%and%HHHH)%
o  Couplings%to%Z/W/γ/g%
o  Rare%SM%and%BSM%decays%(H!Meson+γ,%Zγ,%FCNC,%µe/τµ/τe,%…)%
o  CP%viola@on%in%Higgs%decays%
o  Invisible%decay%
o  Mass%and%width%
o  …%

•  Important%progress%will%be%made%on%Higgs%physics%with%the%LHC%and%the%HLHLHC.%
•  To%discover%new%physics%inaccessible%to%the%(HLH)LHC,%future%colliders%will%be%complementary.%

J.
 D

’H
on

dt
 E

CF
A

 ’1
8

!53

High Energy Physics with a Higgs
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An incredibly rich program

12

Tool for discovery
- portal to BSM
- portal to hidden 

sector 
- portal to DM 

Precision measurements
- mass, width
- spin, CP, couplings 
- off-shell coupling, 

width interferometry 
- differential 

distributions

SM minimal or not? 
- 2HDM 
- MSSM, NMSSM 
- extra Higgs states, 

doubly-charged Higgs

Rare / beyond SM decays
- H → Zγ 
- H → μμ 
- H → cc 
- H → τμ, τe, eμ 
- H → J/Ψγ, Υγ , … 

… and much more 
- Higgs potential 
- di-Higgs 
- other FCNC decays 
- … 

H
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nd
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 H
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tin

g 
20
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https://indico.lal.in2p3.fr/event/5201/contributions/17285/attachments/14336/17651/HiggsHunting2019-Zanderighi.pdf
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The Higgs discovery has been an important milestone for HEP
but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→µτ)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics

1% is also a magic number to probe naturalness of EW sector

High Energy Physics with a Higgs
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not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→µτ)

typical Higgs coupling deformation:
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Higgs precision program is very much wanted 
to probe BSM physics

1% is also a magic number to probe naturalness of EW sector

High Energy Physics with a Higgs

Measuring Higgs couplings to 1% 
=

Probing Higgs structure to 1/10th of its Compton wave-length

i.e. learning if the Higgs is an elementary particle!
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Which Higgs couplings?
Within the SM, all the Higgs couplings are uniquely fixed by known quantities

(GF, mW, mZ, mquark, mlepton)

This is a curse (nothing more to learn) and a blessing (can asses the inconsistency of the SM)
M. Mangano

Two approaches to go BSM

Study 
specific models

Try to introduce 
continuous deformations of the SM 

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum
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to interfere with Higgs measurements
(at least if Higgs part of EW doublet)

Not necessarily true at future colliders
Need a more global strategy
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M. Zuckerberg created FaceMash before Facebook

J.K. Rowling  got rejected 12 times by editors before she published Harry Potter

Beyonce wrote hundreds of songs before ‘Halo’

... Physicists used signal strengths to report Higgs data before ...

“the success comes from the freedom to fail”
one doesn’t have to succeed on the first try

M. Zuckerberg, Harvard graduation ceremony speech, May 25, 2017

(before Cambridge analytica story)

How to report Higgs data: from κ to EFT
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48 11. Status of Higgs boson physics

constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to

October 6, 2016 14:51

Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible deformations of SM & other rich diff. information

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W− LO coupling in the SM is pro-
portional to the metric tensor gµν , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all
κi = 1. In general, this means that for κi ≠ 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (κF , κV ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of κV and κF . By convention
negative values of κF can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
γγ is sensitive to the sign of κF through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of κF at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of κF . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that κF ≥ 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5σ in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W − t interference in the H → γγ channel and the H → W+W−

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

κV = 1.04 ± 0.05

κF = 0.98+0.11
−0.10

Is already at the 5% level for the κV parameter with the Run 1 dataset.

October 6, 2016 14:51

LHCHXSWG ’12
How to report Higgs data: from κ to EFT

http://arxiv.org/abs/arXiv:1209.0040
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constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to
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Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible deformations of SM & other rich diff. information

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W− LO coupling in the SM is pro-
portional to the metric tensor gµν , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all
κi = 1. In general, this means that for κi ≠ 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (κF , κV ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of κV and κF . By convention
negative values of κF can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
γγ is sensitive to the sign of κF through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of κF at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of κF . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that κF ≥ 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5σ in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W − t interference in the H → γγ channel and the H → W+W−

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

κV = 1.04 ± 0.05

κF = 0.98+0.11
−0.10

Is already at the 5% level for the κV parameter with the Run 1 dataset.

October 6, 2016 14:51

1) No manifestly gauge SU(2)xU(1) invariant formalism
(vertices with different number of Higgs bosons are not related to each others)

2) Missing some important symmetry properties of SM, already well 
constrained outside Higgs physics, e.g. in EW precision measurements

3) No general Lorentz structure (i.e. doesn’t fully exploit diff. measurements )

3) very difficult to go beyond LO

Main limitations of µ and κ 

LHCHXSWG ’12
How to report Higgs data: from κ to EFT

http://arxiv.org/abs/arXiv:1209.0040
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constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to

October 6, 2016 14:51

Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible deformations of SM & other rich diff. information

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W− LO coupling in the SM is pro-
portional to the metric tensor gµν , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all
κi = 1. In general, this means that for κi ≠ 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (κF , κV ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of κV and κF . By convention
negative values of κF can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
γγ is sensitive to the sign of κF through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of κF at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of κF . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that κF ≥ 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5σ in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W − t interference in the H → γγ channel and the H → W+W−

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

κV = 1.04 ± 0.05

κF = 0.98+0.11
−0.10

Is already at the 5% level for the κV parameter with the Run 1 dataset.
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1) No manifestly gauge SU(2)xU(1) invariant formalism
(vertices with different number of Higgs bosons are not related to each others)

2) Missing some important symmetry properties of SM, already well 
constrained outside Higgs physics, e.g. in EW precision measurements

3) No general Lorentz structure (i.e. doesn’t fully exploit diff. measurements )

3) very difficult to go beyond LO

Main limitations of µ and κ 

LHCHXSWG ’12
How to report Higgs data: from κ to EFT

Oversimplified PR plot
1) not a unique coupling to each particle

2) powerful complementarity/synergy with non-Higgs measurements not utilised
(e.g. EW, diboson, top)

Higgs at FCC.

To summarise the Higgs programme…























Note that y-axis is logarithmic!
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Future colliders

more, depending on the luminosity. The production rate of particles 
already within the LHC reach, such as top quarks or Higgs bosons, 
will increase by even larger factors. During its planned 25 years of 
data-taking, more than 1010�+LJJV�ERVRQV�ZLOO�EH�FUHDWHG�E\�)&&�
hh, which is 10,000 times more than collected by the LHC so far and 
100 times more than will be available by the end of LHC operations. 
7KHVH�DGGLWLRQDO�VWDWLVWLFV�ZLOO�HQDEOH�WKH�)&&�KK�H[SHULPHQWV�WR�
improve the separation of Higgs signals from the huge backgrounds 
WKDW�DIÁLFW�PRVW�/+&�VWXGLHV��RYHUFRPLQJ�VRPH�RI�WKH�GRPLQDQW�
systematics that limit the precision attainable from the LHC. 

While the ultimate precision on most Higgs properties can only be 
DFKLHYHG�ZLWK�)&&�HH��VHYHUDO�GHPDQG�FRPSOHPHQWDU\�LQIRUPDWLRQ�
IURP�)&&�KK��)RU�H[DPSOH��WKH�GLUHFW�PHDVXUHPHQW�RI�WKH�FRXSOLQJ�
between the Higgs and the top quark necessitates that they be pro-
GXFHG�WRJHWKHU��UHTXLULQJ�DQ�HQHUJ\�EH\RQG�WKH�UHDFK�RI�WKH�)&&�HH��
At 100 TeV, almost 109 of the 1012 produced top quarks will radiate a 
Higgs boson, allowing the top-Higgs interaction to be measured with 
a statistical precision at the 1% level – a factor 10 improvement over 
what is hoped for from the LHC. Similar precision can be reached for 
+LJJV�GHFD\V�WKDW�DUH�WRR�UDUH�WR�EH�VWXGLHG�LQ�GHWDLO�DW�)&&�HH��VXFK�
as those to muon pairs or to a Z and a photon. All of these measure-
PHQWV�ZLOO�EH�FRPSOHPHQWDU\�WR�WKRVH�REWDLQHG�ZLWK�)&&�HH��DQG�
will use them as reference inputs to precisely correlate the strength 
of the signals obtained through various production and decay modes. 

One respect in which a 100 TeV proton–proton collider would 
come to the fore is in revealing how the Higgs behaves in private. 
The Higgs is the only particle in the SM that interacts with itself. 
$V�WKH�+LJJV�VFDODU�SRWHQWLDO�GHÀQHV�WKH�SRWHQWLDO�HQHUJ\�FRQWDLQHG�
LQ�D�ÁXFWXDWLRQ�RI�WKH�+LJJV�ÀHOG��WKHVH�VHOI�LQWHUDFWLRQV�DUH�QHDWO\�

GHÀQHG�DV�WKH�GHULYDWLYHV�RI�WKH�
scalar electroweak potential. 
With the Higgs boson being an 
excitation about the minimum of 
this potential, we know that its 
ÀUVW�GHULYDWLYH�LV�]HUR��7KH�VHF-
ond derivative of the potential is 
simply the Higgs mass, which 
is already known to sub-per-
cent accuracy. But the third and 
fourth derivatives are unknown, 
and unless we gain access to 

Higgs self-interactions they could remain so. The rate of Higgs pair-
production events, which in some part occur through Higgs self-
LQWHUDFWLRQV��ZRXOG�JURZ�SUHFLSLWRXVO\�DW�)&&�KK�DQG�HQDEOH�WKLV�
unique property of the Higgs to be measured with an accuracy of 
5% per cent. Among many other uses, such a measurement would 
comprehensively explore classes of baryogenesis models that rely 
on modifying the Higgs potential, and thus help us to understand the 
origin of matter. 
)&&�KK�ZRXOG�DOVR�DOORZ�DQ�H[KDXVWLYH�H[SORUDWLRQ�RI�QHZ�7H9�

scale phenomena. Indirect evidence for new physics can emerge 
from the scattering of W bosons at high energy, from the produc-
tion of Higgs bosons at very large transverse momentum, or by test-
ing the far “off-shell” nature of the Z boson via the measurement 
of lepton pairs with invariant masses in the multi-TeV region. The 
plethora of new particles predicted by most models of symmetry-
breaking alternative to the SM can be searched for directly, thanks 
to the immense mass reach of 100 TeV collisions. The search for 
dark matter, for example, will cover the possible space of param-
eters of many theories relying on weakly interacting massive par-
ticles, guaranteeing a discovery or ruling them out. Theories that 
address the hierarchy problem will also be conclusively tested. 
)RU�VXSHUV\PPHWU\��WKH�PDVV�UHDFK�RI�)&&�KK�SXVKHV�EH\RQG�WKH�
UHJLRQV�PRWLYDWHG�E\�WKLV�SX]]OH�DORQH��)RU�FRPSRVLWH�+LJJV�WKHR-
ries, the precision Higgs coupling measurements and searches for 
new heavy resonances will fully cover the motivated territory. A 
100 TeV proton collider will even confront exotic scenarios such 
DV�WKH�WZLQ�+LJJV��ZKLFK�DUH�QLJKWPDULVKO\�GLIÀFXOW�WR�WHVW��7KHVH�
theories predict very rare or exotic Higgs decays, possibly visible 
DW�)&&�KK�WKDQNV�WR�LWV�HQRUPRXV�+LJJV�SURGXFWLRQ�UDWHV�

Beyond these examples, a systematic effort is ongoing to catego-
ULVH�WKH�PRGHOV�WKDW�FDQ�EH�FRQFOXVLYHO\�WHVWHG��DQG�WR�ÀQG�WKH�ORRS-
holes that might allow some models to escape detection. This work 
ZLOO�LQÁXHQFH�WKH�ZD\�GHWHFWRUV�IRU�WKH�QHZ�FROOLGHU�DUH�GHVLJQHG��
:RUN�LV�DOUHDG\�VWDUWLQJ�LQ�HDUQHVW�WR�GHÀQH�WKH�IHDWXUHV�RI�WKHVH�
GHWHFWRUV��DQG�HIIRUWV�LQ�WKH�)&&�&'5�VWXG\�ZLOO�IRFXV�RQ�FRP-
prehensive simulations of the most interesting physics signals. The 
H[SHULPHQWDO�HQYLURQPHQW�RI�D�SURWRQ²SURWRQ�FROOLGHU�LV�GLIÀFXOW�
due to the large number of background sources and the additional 
noise caused by the occurrence of multiple interactions among the 
hundreds of billions of protons crossing each other at the same 
time. This pile-up of events will greatly exceed those observed 

1.000

0.100

0.010

HL-LHC FCC-ee FCC-hh FCC-eh

0.001
WW ggγγZZ Zγ HH tt bb cc TT BRinv Γtotμμ

(Far left). The FCC accelerator complex in 
the Geneva region, showing the location of 
key experimental areas. (Middle) Proposed 
timeline of the FCC project shown in 
comparison with previous and existing 
CERN colliders. (Left) Fig. 1. Together, 
FCC-ee, hh and eh can provide detailed 
measurements on the Higgs properties. The 
ÀJXUH�VKRZV�LQGLFDWLYH�SUHFLVLRQ�LQ�WKH�
determination of couplings to gauge 
bosons, quarks and leptons, as well as of 
the Higgs self-coupling, of its total width 
and of the invisible decay rate. Firmer 
estimates will appear in the CDR. 

Future colliders 
like the FCC will be 
needed to explore 
these fundamental 
mysteries more 
deeply.
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http://arxiv.org/abs/arXiv:1209.0040
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    # $

EFT
Not unique!

Useful tools to probe 
broad classes of dynamics 

and to report  experimental results
in a meaningful way 
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    # $ beyond LO

EFT validitymatching

choice
of basis

power
counting

EFT

allow to focus on channels yet 
unconstrained and more likely to 
offer new discovery opportunities

unique to EFT
Pros:

 correlations between different channels/observables
 combination of measurements at different energies

e.g. EW precision data and Higgs measurements
 test of self-consistency

symmetry
linear vs non-linear

EFT

Not unique!
Useful tools to probe 

broad classes of dynamics 
and to report  experimental results

in a meaningful way 

Better than kappa’s?
Not necessarily

EFT assumes mass gap SM-BSM
Kappa’s doesn’t
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Effective Theory Approach to BSM
New physics scale Λ separated from EW scale v, i.e. Λ ≫ v 

Linearly realised SU(3)xSU(2)xU(1) local symmetry spontaneously broken by 
VEV of Higgs doublet field

Basic assumptions

EFT Lagrangian beyond the SM  expanded in operators of dimension D 

X X X

Lepton number violating, hence  
too small to be probed at LHC

By assumption, 
subleading

to D=6

Standard Model, 
operators up to D=4

Cutoff scale of EFT Appear when starting from L-conserving BSM,
and integrating out heavy particles with m≈Λ 

!59
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Effective Theory Approach to BSM
Observable effects of D=6 operators

 Many EFT operators, especially those involving leptons or affecting gauge boson propagators are 
already strongly constrained by LEP and other low-energy experiments. LHC rarely can compete on 
this field.  

 However, other operators, especially those involving Higgs bosons or quarks, are less strongly 
constrained, which opens opportunity for LHC to improve constraints (or discover new physics) 

 There are observables where new physics effects grow with energy, which gives the LHC an 
advantage 

Frontiers of knowledge
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y 
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)

• Corrections to SM Z and W boson couplings to fermions (so-called vertex corrections) 

• Corrections to SM Higgs couplings to matter and new tensor structures of these interactions

• Corrections to triple and quartic gauge couplings and new tensor structures of these interactions  

• Contact 4-fermion interactions

• ... and much more 
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Higgs couplings: kappa vs EFT
Complementarity between the two approaches

Kappa:
• Close connection to exp. measurements
• Widely used
• Exploration tool (very much like epsilons for LEP)
• Doesn’t require BSM theoretical computations 
• Could still valid even with light new physics, i.e. exotic decays
• Captures leading effects of UV motivated scenarios (SUSY, composite)

EFT:
• Allows to put Higgs measurements in perspective with other measurements (EW, diboson, flavour…)
• Connects measurements at different scales (particularly relevant for high-energy colliders CLIC, FCC-hh)
• Fully exploits more exclusive observables (polarisation, angular distributions…)
• Can accommodate subleading effects (loops, dim-8…)
• Fully QFT consistent framework
• Assumptions about symmetries more transparent
• Valid only if heavy new physics

L = L = LSM +
X

d,i

ci Oi
d

⇤d�4

ghXX = X gSMhXX



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!62

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

(assuming that the Higgs boson is part of a doublet)
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Higgs physics vs BSM 
Several deformations
 away from the SM 

affecting Higgs properties 
are already probed in the vacuum

One can use h→ZZ→4l to probe this deformation 
but hard time to compete with LEP bounds

consistency check
not discovery mode

(assuming EW symmetry linearly realised and that new physics is heavy)

https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
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e.g.

G G

1

g2s

G
2
µ⌫ +

|H|2

⇤2
G

2
µ⌫ !

✓
1

g2s

+
v
2
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◆
G

2
µ⌫

Effects that on the vacuum, H = v, give only !
a redefinition of the SM couplings:

⨂ ⨂

G G
Not physical!

But can affect h physics:

G G

⨂h
affects GG →h!

operator
not visible in the vacuum

(redefinition of input parameter)

Higgs/BSM Primaries
There are others deformations away from the SM that are harmless in the vacuum 

and need a Higgs field to be probed

operator
visible in Higgs physics(c
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of
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om
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http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
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(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|
2Bµ⌫B

µ⌫ , OGG = g2
s
|H|

2GA

µ⌫
GAµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫
, OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O3W =
1

3!
g✏abcW

a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3G =

1

3!
gsfABCG

A ⌫

µ
GB

⌫⇢
GC ⇢µ , (8)

and the CP-odd operators

O
B eB = g02|H|

2Bµ⌫
eBµ⌫ , O

G eG = g2
s
|H|

2GA

µ⌫
eGAµ⌫ , (9)

O
HfW = ig(DµH)†�a(D⌫H)fW a

µ⌫
, O

H eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O3fW =
1

3!
g✏abcfW a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3 eG =

1

3!
gsfABC

eGA ⌫

µ
GB

⌫⇢
GC ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a

µ⌫
Bµ⌫ and OWW = g2|H|

2W a

µ⌫
W µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c3W ⇠ g2/g2⇤ and c3G ⇠ g2
s
/g2⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu
= yu|H|

2Q̄L
eHuR ,

O
u

R
= (iH†

$
DµH)(ūR�

µuR) ,

O
q

L
= (iH†

$
DµH)(Q̄L�

µQL) ,

O
(3) q
L

= (iH†�a
$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�2H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

O
q

LL
= (Q̄L�

µQL)(Q̄L�
µQL) , O

(8) q
LL

= (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

O
u

LR
= (Q̄L�

µQL)(ūR�
µuR) , O

(8)u
LR

= (Q̄L�
µTAQL)(ūR�

µTAuR) ,

O
u

RR
= (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4O
H eB + O

B eB + O
W eB = 0 and 4O

HfW + O
WfW + O

W eB = 0.
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the 6 others have been measured (~15%)
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(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|
2Bµ⌫B

µ⌫ , OGG = g2
s
|H|

2GA

µ⌫
GAµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫
, OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O3W =
1

3!
g✏abcW

a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3G =

1

3!
gsfABCG

A ⌫

µ
GB

⌫⇢
GC ⇢µ , (8)

and the CP-odd operators

O
B eB = g02|H|

2Bµ⌫
eBµ⌫ , O

G eG = g2
s
|H|

2GA

µ⌫
eGAµ⌫ , (9)

O
HfW = ig(DµH)†�a(D⌫H)fW a

µ⌫
, O

H eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O3fW =
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W b

⌫⇢
W c ⇢µ , O3 eG =

1

3!
gsfABC

eGA ⌫

µ
GB

⌫⇢
GC ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a

µ⌫
Bµ⌫ and OWW = g2|H|

2W a

µ⌫
W µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c3W ⇠ g2/g2⇤ and c3G ⇠ g2
s
/g2⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
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O
(3) q
L

= (iH†�a
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DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�2H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

O
q

LL
= (Q̄L�

µQL)(Q̄L�
µQL) , O

(8) q
LL

= (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

O
u

LR
= (Q̄L�

µQL)(ūR�
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WfW + O

W eB = 0.
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µuR) , (15)

5For CP-odd operators the identities are 4O
H eB + O

B eB + O
W eB = 0 and 4O

HfW + O
WfW + O

W eB = 0.

5

|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling

yet to be measured
at the LHC
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Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection ‘2014

With some important differences:

1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by Δρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions up to a flat direction between between 

the top/gluon/photon couplings

the 6 others have been measured (~15%)

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

Azatov ’15

c g
=

9c
�
/4
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(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|
2Bµ⌫B

µ⌫ , OGG = g2
s
|H|

2GA

µ⌫
GAµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫
, OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O3W =
1

3!
g✏abcW

a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3G =

1

3!
gsfABCG

A ⌫

µ
GB

⌫⇢
GC ⇢µ , (8)

and the CP-odd operators

O
B eB = g02|H|

2Bµ⌫
eBµ⌫ , O

G eG = g2
s
|H|

2GA

µ⌫
eGAµ⌫ , (9)

O
HfW = ig(DµH)†�a(D⌫H)fW a

µ⌫
, O

H eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O3fW =
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3!
g✏abcfW a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3 eG =

1

3!
gsfABC

eGA ⌫

µ
GB

⌫⇢
GC ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a

µ⌫
Bµ⌫ and OWW = g2|H|

2W a

µ⌫
W µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c3W ⇠ g2/g2⇤ and c3G ⇠ g2
s
/g2⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu
= yu|H|

2Q̄L
eHuR ,

O
u

R
= (iH†

$
DµH)(ūR�

µuR) ,

O
q

L
= (iH†

$
DµH)(Q̄L�

µQL) ,

O
(3) q
L

= (iH†�a
$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�2H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

O
q

LL
= (Q̄L�
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(8) q
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u
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O
u
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= (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4O
H eB + O

B eB + O
W eB = 0 and 4O

HfW + O
WfW + O

W eB = 0.
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the first class we have, in addition, the four-fermion operators:

O
q

LL
= (Q̄L�

µQL)(Q̄L�
µQL) , O

(8) q
LL

= (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

O
u

LR
= (Q̄L�

µQL)(ūR�
µuR) , O

(8)u
LR

= (Q̄L�
µTAQL)(ūR�

µTAuR) ,

O
u

RR
= (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4O
H eB + O

B eB + O
W eB = 0 and 4O

HfW + O
WfW + O

W eB = 0.
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling

yet to be measured
at the LHC

!64

Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection ‘2014

With some important differences:

1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by Δρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions up to a flat direction between between 

the top/gluon/photon couplings

the 6 others have been measured (~15%)

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

Azatov ’15

c g
=

9c
�
/4At the Future Colliders, this separation of the three sectors

(EW precision measurements, diboson, Higgs) 
doesn’t hold and one needs to perform a global analysis 

including all(?) EFT operators 
that can affect the measurements in the three sectors

Higgs/BSM Primaries

http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181
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EFT and Higgs couplings
EFT fits can be performed in different bases (difficult to compare results among different analyses)

and seldom the meaning on the sensitivity on the various Wilson coefficients is transparent

— Practical approach — 
perform the fit in any basis you like and project the results on effective/pseudo couplings

EFT studies at future colliders

• Compare Future Collider sensitivity to deformations of Higgs couplings in a 
basis-independent way


• Project EFT fit results into (pseudo) observable quantities 

• Not enough to match EFT d.o.f : Add also aTGC


• Similarly, for EW interactions, project results into effective Zff couplings 
defined from EWPO, e.g.
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operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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1.3 Higgs couplings
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For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are
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The decay width to WW ú ZZú (with 4f final states) are given by
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
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)2 ,

�Z“

�SM
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ƒ (1 + cZ“
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)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.
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operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
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�
SM
H!X
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By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.

+ … (EW Vff, hVff)

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
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The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.

+ … (EW Vff, hVff)

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.

10

Effective Higgs couplings

Only these are described in κ-framework
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Experimental Inputs

Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019

Higgs (and EW) physics at Future Colliders

�19

• Inputs included in the fits (from ESU documents and Refs. therein):


Higgs aTGC EWPO Top EW

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes Yes (365 GeV, Ztt)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) LEP/SLD (Z-pole) + 

HL-LHC + W (ILC) Yes (500 GeV, Ztt)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes No

CLIC Yes (μ, σΖΗ) Yes (Full EFT 
parameterization)

LEP/SLD (Z-pole) + 
HL-LHC + W (CLIC) Yes 

HE-LHC Extrapolated from 
HL-LHC N/A → LEP2 LEP/SLD 


+ HL-LHC (MW, sin2θw) -

FCC-hh
Yes (μ, BRi/BRj) 


Used in combination 
with FCCee/eh

From FCC-ee From FCC-ee -

LHeC Yes (μ) N/A → LEP2 LEP/SLD 

+ HL-LHC (MW, sin2θw) -

FCC-eh
Yes (μ) 


Used in combination 
with FCCee/hh

From FCC-ee From FCC-ee 

+ Zuu, Zdd -

Warning

Warning

Warning

A circular ee Higgs factory
starts as a Z/EW factory

(TeraZ)  

A linear ee Higgs factory
operating above Z-pole

can also preform 
EW measurements 

via Z-radiative return

A linear ee Higgs factory
could also operate on the

Z-pole though at lower lumi
(GigaZ)

Not included in the analyses yet

ECFA Higgs study group ‘19

http://arxiv.org/abs/arXiv:1905.03764
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(1) Higgs kinematic parameters: mH and ΓH
↠ reduce parametric uncertainties in xs and BR

↠ control the fate of EW vacuum within the SM

↠ constrain new physics models (e.g. MSSM) 

(2) Precise and model-independent access to Higgs couplings
↠ <1% level

↠ identification of correlation patterns among deviations

↠ indirect test of extended Higgs sectors/composite nature

↠ ultimate test of naturalness 

(3) Access to decays modes that are background dominated @ LHC
↠ bb/cc/gg

↠ exotic decay modes (  portal models of Dark Matter)

(4) Constraints on Higgs flavor violating couplings
↠ shed light on the origin of fermion masses and flavours

!67

~~ significant steps in precision study of Higgs properties ~~

Higgs: ee colliders vs LHC
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Higgs width (and coupling normalisation) from Z recoil
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11

σ×BR BR g 
coupling

ΓH 
Total width

Z

H

μ+

μ−

e+

e−

Z X

ν

ν−

W

W
H

e+

e−

He+

e− Z

Z
e+

e−
H

W

W

ν

ν

-

At LHC all the measurements are σ×BR measurements. 

The Key

Key Point

σ 
from recoil mass

g
2
HAA

/ �(H ! AA) = �H ·BR(H ! AA)

BR(H ! WW
⇤)

M2
X =

�
pCM � (pµ+ + pµ�)

�2 Can detect even if Higgs 
decays invisibly!

At ILC all but the σ measurement using recoil mass technique is σ×BR 
measurements. 

WW-fusion is crucial 
for precision total 
width measurement 

→ Ecm > 350GeV

At hadron colliders, one needs to see the decay products of the Higgs to 
recognise that a Higgs has been produced ⇒ access to σxBR only and

At lepton colliders instead, one can tag a Higgs without having to look at his decay 
simply by measuring the Z-recoil mass ⇒ access to σ directly

it is not possible to extract the coupling normalisation nor the total width

Conservation of Energy & Momentum for ee→ZH:

EZ =
s+m2

Z �m2
h

2
p
s

At a 250GeV ee collider, the peak at EZ~110GeV 
corresponds to events with a 125GeV Higgs produced

This way, one knows σZH directly 
without having to rely on the Higgs decays
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XXXVIII International Symposium on Physics in Collision,
Bogotá, Colombia, 11-15 September 2018

upgrades to 500 GeV or 1 TeV. The highest-energy option is CLIC, which aims to reach 3 TeV in
the centre of mass. The circular e

+
e
� colliders FCC-ee and CEPC are limited to centre-of-mass

energies . 400 GeV, but could attain higher luminosities at the ZH and W
+
W

� thresholds, as
well as at the Z peak.

Figure 2: The prospective centre-of-mass energy reaches and luminosity targets of high-energy e
+
e
�

collider projects.

The ILC is currently awaiting approval by the Japanese government, and its prospective mea-
surements of Higgs couplings would complement those possible with HL-LHC, as seen in Fig. 3 [3].
On the other hand, the absence of new particles so far at the LHC has diminished the chance that
the ILC could discover any, and the higher luminosity of a circular e

+
e
� collider would enable it

to make more accurate measurements of the Higgs boson, as discussed below.

Figure 3: Complementarities between prospective Higgs coupling measurements at HL-LHC and the
ILC [3].

3

Higgs: synergy ee + LHC
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Kappa-2: allowing BSM and Invisible

�16

Results of kappa-2 fit
ECFA Higgs study group ‘19
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Results of kappa-3 fit
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Kappa-3: +HL-LHC  

�17

modified version (x-scale) of the plot in the report for illustration purposes 

Important synergy HL-LHC — low energy lepton colliders
1. Top/Charm Yukawa

2. Statistically limited channels: aa, mumu, Za
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Global fit results

�22
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019
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There is life 

 beyond HL-LHC  
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Figures of Merit with Respects to HL-LHC 
Global fit results

�23
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019

Fig. by M. Cepeda

Improvement with respect to HL-LHC
Factor of improvement 

in different channels 
viz. HL-LHC

Stat. limited

If no deviation seen at HL-LHC
5σ discovery still possible

at Future Collider
5

Possible at all colliders 
(often in their initial stage)

in most of the channels
with a few exceptions

Top quark channels
(LHC is a top factory and it is 
not so easy to outperform)

ECFA Higgs study group ‘19
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Theoretical UncertaintiesImpact of SM theory uncertainties

�37
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019
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Comparison of SM Theory uncertainties in Higgs calculations

Impact of SM theory uncertainties

�35
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019

• Sensitivity to NP depends on accuracy of SM calculations. Distinguish 2 types of 
uncertainties:


• Parametric theory uncertainties: For an observable O, this is the error 
associated to the propagation of the experimental error of the SM input 
parameters to the prediction OSM .


• Intrinsic theory uncertainties: Estimate of the net size associated with the 
contributions to OSM from missing higher-order corrections in perturbation 
theory.


• Somewhat artificial distinction (Exp. determination of SM inputs rely in SM 
calculations, e.g. QED), but useful to isolate the effect of theory uncertainties in 
certain calculations


• To isolate effects of SM Higgs uncertainties from others (e.g. EWPO) we use the 
SMEFTPEW benchmark scenario


• Focus the comparison on results at future lepton collider Higgs factories


Are current projections for SM theory uncertainties in Higgs processes 
enough compared to the expected experimental sensitivity?

Theorists

can do better

in few channels

(hZZ, hbb…) 

ECFA Higgs study group ‘19

http://arxiv.org/abs/arXiv:1905.03764


Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!74

Theoretical UncertaintiesImpact of SM theory uncertainties

�37
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019
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• Sensitivity to NP depends on accuracy of SM calculations. Distinguish 2 types of 
uncertainties:


• Parametric theory uncertainties: For an observable O, this is the error 
associated to the propagation of the experimental error of the SM input 
parameters to the prediction OSM .


• Intrinsic theory uncertainties: Estimate of the net size associated with the 
contributions to OSM from missing higher-order corrections in perturbation 
theory.


• Somewhat artificial distinction (Exp. determination of SM inputs rely in SM 
calculations, e.g. QED), but useful to isolate the effect of theory uncertainties in 
certain calculations


• To isolate effects of SM Higgs uncertainties from others (e.g. EWPO) we use the 
SMEFTPEW benchmark scenario


• Focus the comparison on results at future lepton collider Higgs factories


Are current projections for SM theory uncertainties in Higgs processes 
enough compared to the expected experimental sensitivity?

Theorists

can do better

in few channels

(hZZ, hbb…) 

Jorge de Blas 
INFN - University of Padova

KAIST-KAIX Workshop for Future Particle Accelerators 
Daejeon, July 8, 2019

Will SM theory calculations be enough?

�32

Theory requirements for EWPOCentral EW precision (pseudo-)observables at the Z pole
FCC-ee: update of Blondel et al., 1901.02648 (in prep.); ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic theory uncertainty

current ILC FCC-ee current current source prospect

∆MZ[MeV] 2.1 − 0.1

∆ΓZ[MeV] 2.3 1 0.1 0.4 α3,α2αs,αα
2
s 0.15

∆ sin2 θℓeff [10
−5] 23 1.3 0.6 4.5 α3,α2αs 1.5

∆Rb[10
−5] 66 14 6 11 α3,α2αs 5

∆Rℓ[10
−3] 25 3 1 6 α3,α2αs 1.5

Theory requirements for Z-pole pseudo-observables:

• needed: ⋄ EW and QCD–EW 3-loop calculations

⋄ 1 → 2 decays, fully inclusive

• problems: ⋄ technical: massive multi-loop integrals, γ5

⋄ conceptual: pseudo-obs. on the complex Z-pole

↪→ Enormous challenge, but feasible (anticipating progress + support!)

Stefan Dittmaier, Precision Electroweak Calculations Symposium on the European Strategy, Granada, May 2019 – 7

Prospects: Extrapolation assuming EW & QCD 3-loop corrections are known

Current: Full 2-loop corrections ⇒ Not enough for future Exp. precision

Technically challenging but feasible (with enough support)

ꔅ

More theory work needed to match EXP uncertainties

ECFA Higgs study group ‘19

http://arxiv.org/abs/arXiv:1905.03764
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Strong correlations between 2 data sets

Better to do a (8+2) parameter fit!

!75

Importance of WW run

2

We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W

+
W

�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
spond to the aTGCs [7]. We use this dependence to con-
struct the 3D likelihood function �

2

WW
(�g1,z, �� , �z).

For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �

2

h
(�g1,z, �� , . . . ), may lead to additional

constraints on aTGCs. Indeed, combining the likelihoods
�
2

comb.
= �

2

h
+ �

2

WW
we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the

LEP-2 (WW)
Higgs
LEP-2 + Higgs

-1.5 -1.0 -0.5 0.0
-1.0

-0.5

0.0

0.5

1.0

�g1,z

���

FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.

correlation matrix for the aTGCs:
0

@
�g1,z

��

�z

1

A =

0

@
0.043± 0.031
0.142± 0.085
�0.162± 0.073

1

A ,

⇢ =

0

@
1 0.74 �0.85

0.74 1 �0.88
�0.85 �0.88 1

1

A .

(3)

These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW

⇤
! We⌫) [5], as in Ref. [7]. That

process probes mostly �� but it also a↵ects limits on
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Falkowski et al ’15

diboson (1%) are a priori more constraining than Higgs (10%)

Is there any value in doing a global fit?
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Impact of HL-LHC WW data?
we assumed 1% syst. and also studied the impact of this assumption
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Figure 12: Top: One-sigma constraints on aTGCs parameters for di�erent assumptions
about the systematic uncertainties a�ecting the e+e≠

æ WW measurements at the
CEPC. Each of the five angular distributions is divided into 20 bins (or 10 bins for the
angles characterizing W decays in indistinguishable quark–antiquark pairs). We assume
a fixed relative uncertainty each bin, and no correlation among them. A benchmark value
of 1% is used elsewhere in this paper, for CEPC and FCC-ee measurements. Bottom:
One-sigma reach of the 240 GeV CEPC run for di�erent systematic uncertainties in the
di�erential measurements of diboson production.
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Strong correlations between 2 data sets

Better to do a (8+2) parameter fit!

!75

Importance of WW run

2

We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
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to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W

+
W

�
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Ref. [5]. These cross sections depend on a number of
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on the ones inducing corrections to Z and W propagators
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operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW
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! We⌫) [5], as in Ref. [7]. That

process probes mostly �� but it also a↵ects limits on
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Figure 12: Top: One-sigma constraints on aTGCs parameters for di�erent assumptions
about the systematic uncertainties a�ecting the e+e≠

æ WW measurements at the
CEPC. Each of the five angular distributions is divided into 20 bins (or 10 bins for the
angles characterizing W decays in indistinguishable quark–antiquark pairs). We assume
a fixed relative uncertainty each bin, and no correlation among them. A benchmark value
of 1% is used elsewhere in this paper, for CEPC and FCC-ee measurements. Bottom:
One-sigma reach of the 240 GeV CEPC run for di�erent systematic uncertainties in the
di�erential measurements of diboson production.
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One-sigma reach of the 240 GeV CEPC run for di�erent systematic uncertainties in the
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Introduction Refined TGC analysis EW corrections Conclusion

Impact on the Higgs fit
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eff δyt δyc δyb δyτ δyμ λZ

10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach of the 12-parameter EFT fit (Higgs basis)
LHC 300/3000 fb-1 Higgs + LEP e+e-→WW
CEPC 240GeV (5.6 ab-1), without/with HL-LHC
CEPC 240GeV (optimal observables in WW)

! δg1,Z , δκγ → cZZ , cZ" , cγγ , cZγ

! How well can we actually do? Need an experimental analysis!

! Note: other EW parameters can also enter e+e− → WW !

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit

Introduction Refined TGC analysis EW corrections Conclusion

A refined TGC analysis using Optimal Observables

! TGCs are sensitive to the differential distributions!
! Current method: fit to binned distributions of all

angles.
! Correlations among angles are ignored.

! What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

! For a given sample, there is an upper limit on the
precision reach of the parameters.

! In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Assume ∆bvb ≈ ∆bi�i ?

e−

e+

Z/γ

W−

W+

e−

e+

ν

W−

W+

100 Chapter 5: Measurement of Triple Gauge Couplings and Polarization
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Figure 5.16: Definition of the angles in an e
+
e
− → W

+
W

− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the g

Z

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ

∗
l

and φ
∗
l
, together with cos θW . This
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Diboson analysis can still be improved, e.g., using optimised observables



Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!76

ghZZ ghWW ghγγ ghZγ ghgg ghcc ghbb ghττ ghμμ δg1,Z δκγ λZ
10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach at CEPC with different Z-pole scenario (effective kappa)
with perfect Z-pole measurements
with CEPC Z-pole run (combined with LEP/SLD)
without CEPC Z-pole run (LEP/SLD only)

CEPC: 240 GeV (5.6 ab-1) and Z-pole (8 ab-1)

solid shade: flavor universal for leptons
light shade: flavor non-universal

ghZZ ghWW ghγγ ghZγ ghgg ghcc ghbb ghττ ghμμ δg1,Z δκγ λZ
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Δ/
Δ p

er
fe
ct
Z-
po
le

ratios of precision reaches at CEPC with different Z-pole scenario (effective kappa)
with perfect Z-pole measurements
with CEPC Z-pole run (combined with LEP/SLD)
without CEPC Z-pole run (LEP/SLD only)
CEPC: 240 GeV (5.6 ab-1) and Z-pole (8 ab-1)

light shade: flavor non-universal solid shade: flavor universal for leptons

EFT fit translated into 

postdicted Higgs couplings 

Introduction Refined TGC analysis EW corrections Conclusion

Results in the “Peskin” basis
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! “Higgs couplings” defined at the scale of decay (e.g. ghZZ ∝
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Towards v2.0 of the CEPC EFT fit
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Y

✗ CEPC alone

(combination with HL-LHC projections on its way)

Z-pole run needed
LEP/SLD is not enough

Issue for ILC?

Linear: L ➚ w/ E

Circular: L ➘ w/E

Impact of Z-pole measurements
J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
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Impact of Z-pole measurements
Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EW measurements

J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively
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Impact of Z-pole measurements

• FCC-ee and CEPC benefit a lot (>50% on HVV) from Z-pole run

• FCC-ee and CEPC EW measurements are almost perfect for what concerns Higgs physics (<10%).          

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EW measurements
J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
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electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1
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• Higher energy runs reduce the EW contamination in Higgs coupling extraction
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Contamination EW/TGC/Higgs can be 
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Figure 11: A scheme-ball illustration of the constraints on and correlations between all
the e�ective couplings with and without a Z-pole run at CEPC and FCC-ee.

at FCC-ee ”Ÿ“ is also correlated with ”gee

Z,L
. Therefore, when one assumes perfect EW

measurements shown with the white dots on the on the left side of the scheme-ball, the
bounds on the these couplings in the Higgs sector are significantly stronger as they are
a�ected by the assumption we make about the EW measurements.

The lighter colours, orange, green and light grey, mark the bar plots and correlations
for the case where we include the Z pole runs for CEPC (240 GeV) and FCC-ee (240 GeV
and 240+365 GeV), respectively. All of the large correlations between the e�ective Higgs
couplings and the EW couplings drop o� leaving only correlations between ”Ÿ“ and ”ge‹

W

for all energies. Correlations between ”gZZ

H
and ”g1,Z remain as significant correlations

between the e�ective Higgs couplings and the aTGCs for the 240 GeV runs at both CEPC
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Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by
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• Positron polarisation doesn’t play a big role (for Higgs couplings determination)

• If 250GeV run only: electron polarisation improves significantly (>50%) hVV determination

• Polarisation-benefit diminishes (in relative and absolute terms) when other runs at higher energies are added
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

”gZ“

H
su�ers from an accidental suppression for unpolarized beams. The h æ Z“ measure-

ment at the HL-LHC however e�ectively constrain this coupling, so that the loss in reach
incurred without beam polarization is limited. Additional measurements of the hZ process
at higher energies improve the reach on ”gZ“

H
but also make it more sensitive to the polar-

izations. For ”g1,Z and ”Ÿ“ , the discriminating power provided by the higher-energy runs
is also insu�cient to o�set the enhanced degeneracies in the diboson process, as observed
previously in figure 2. Losing the handle of beam polarizations thus further enhances the
degeneracies and reduces the reach.

Focusing on the 250 GeV run, figure 8 further highlights the complementarity of op-
posite beam polarization configurations for lifting approximate degeneracies. It shows the
relative improvement obtained between polarized and unpolarized scenarios. The cases of
P (e≠, e+) = (û80%, ±30%) and (û80%, 0%) beam polarization configurations are respec-
tively displayed in red and green. For reference, the gain expected from the increase in sheer
rate is displayed as orange lines. It is obtained by artificially augmenting luminosities by a
factor of 1.24◊0.9 ƒ 1.12 in our default unpolarized beam scenario. The factor of 1.24 is the
statistical increase in the precision of the hZ cross-section determination when adopting a
P (e≠, e+) = (û80%, ±30%) configuration (following the prescription of equation (3.3)) and
the same for ‹‹h. Note that no such statistical gain is obtained in the absence of positron
polarization. The factor of 0.9 is compensating for the 10% of luminosity collected with
same-sign polarization configuration and not used in our prospects.

As already noted above, polarized beams induce sizeable improvement (up to 80%) in
the precision achievable on several Higgs couplings, while positron beam polarization has a
marginal impact. As seen in the figure, this improvement is often much larger than the bare
statistical gain in hZ and ‹‹h rate due to polarization (up to 5.6% shown by the grey line).
Runs with two di�erent polarization configurations are indeed e�ective in reducing approx-
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previously in figure 2. Losing the handle of beam polarizations thus further enhances the
degeneracies and reduces the reach.

Focusing on the 250 GeV run, figure 8 further highlights the complementarity of op-
posite beam polarization configurations for lifting approximate degeneracies. It shows the
relative improvement obtained between polarized and unpolarized scenarios. The cases of
P (e≠, e+) = (û80%, ±30%) and (û80%, 0%) beam polarization configurations are respec-
tively displayed in red and green. For reference, the gain expected from the increase in sheer
rate is displayed as orange lines. It is obtained by artificially augmenting luminosities by a
factor of 1.24◊0.9 ƒ 1.12 in our default unpolarized beam scenario. The factor of 1.24 is the
statistical increase in the precision of the hZ cross-section determination when adopting a
P (e≠, e+) = (û80%, ±30%) configuration (following the prescription of equation (3.3)) and
the same for ‹‹h. Note that no such statistical gain is obtained in the absence of positron
polarization. The factor of 0.9 is compensating for the 10% of luminosity collected with
same-sign polarization configuration and not used in our prospects.

As already noted above, polarized beams induce sizeable improvement (up to 80%) in
the precision achievable on several Higgs couplings, while positron beam polarization has a
marginal impact. As seen in the figure, this improvement is often much larger than the bare
statistical gain in hZ and ‹‹h rate due to polarization (up to 5.6% shown by the grey line).
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is also insu�cient to o�set the enhanced degeneracies in the diboson process, as observed
previously in figure 2. Losing the handle of beam polarizations thus further enhances the
degeneracies and reduces the reach.

Focusing on the 250 GeV run, figure 8 further highlights the complementarity of op-
posite beam polarization configurations for lifting approximate degeneracies. It shows the
relative improvement obtained between polarized and unpolarized scenarios. The cases of
P (e≠, e+) = (û80%, ±30%) and (û80%, 0%) beam polarization configurations are respec-
tively displayed in red and green. For reference, the gain expected from the increase in sheer
rate is displayed as orange lines. It is obtained by artificially augmenting luminosities by a
factor of 1.24◊0.9 ƒ 1.12 in our default unpolarized beam scenario. The factor of 1.24 is the
statistical increase in the precision of the hZ cross-section determination when adopting a
P (e≠, e+) = (û80%, ±30%) configuration (following the prescription of equation (3.3)) and
the same for ‹‹h. Note that no such statistical gain is obtained in the absence of positron
polarization. The factor of 0.9 is compensating for the 10% of luminosity collected with
same-sign polarization configuration and not used in our prospects.

As already noted above, polarized beams induce sizeable improvement (up to 80%) in
the precision achievable on several Higgs couplings, while positron beam polarization has a
marginal impact. As seen in the figure, this improvement is often much larger than the bare
statistical gain in hZ and ‹‹h rate due to polarization (up to 5.6% shown by the grey line).
Runs with two di�erent polarization configurations are indeed e�ective in reducing approx-
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massless fermions to a vector is given by [41, 51]

‡Pe+ Pe≠ = ‡0(1 ≠ Pe+Pe≠)
5
1 ≠ ALR

Pe≠ ≠ Pe+

1 ≠ Pe+Pe≠

6
(2.10)

where ‡Pe+ Pe≠ is the cross section corresponding to a beam polarization of Pe+ and Pe≠

for the e+ and e≠ beam respectively and ‡0 is the unpolarized cross section. ALR is
the intrinsic left right asymmetry of the production cross section. For the SM e+e≠

æ

Zh production channel ALR = 0.1516. The e�ective luminosity, which scales as 1/2(1 ≠

Pe+Pe≠), is enhanced over that for unpolarized beams or that for the positron beam with
no polarization giving a corresponding reduction of statistical uncertainties.

For the ‹‹h production mode, which is driven by W boson fusion, the scaling for the
polarization is simpler. It depends only on the polarization since the reaction is driven
by left-handed fermions and right-handed anti-fermions (i.e. ALR = 1 in equation (2.10)).
Therefore, the scaling from the unpolarized cross section (‡LR) is given by:

‡Pe+ Pe≠ = 1
4‡LR(1 ≠ Pe≠)(1 + Pe+) (2.11)

In this case it is clear that a negative polarization for the electron and a positive polarization
for the positron will enhance the cross-section and the contrary will reduce it.

The prescriptions we adopt for the scaling of statistical uncertainties from one polar-
ization to the other are the following:

• e+e≠
æ Zh : As described in ref. [10], ALR being small, the enhancement in lu-

minosity for the P (e≠, e+) = (≠80%, +30%) beam polarization configuration over
the (+80%, ≠30%) is cancelled out by the slightly lower background in the latter.
Hence, the e�ective di�erence due to the term proportional to ALR in equation (2.10)
is evened out. So we assume that the statistical uncertainties will be the same for the
configurations (±80%, û30%) and can be scaled to other polarization configurations
using equation (2.10) with ALR set to 0.

• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (2.11) to scale the

statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

2.6 Fitting procedures

Two di�erent statistical frameworks were used to implement the global fits performed for
this work. The two procedures were implemented completely separately and the fits were
performed with the same inputs. We describe here the two frameworks and their di�erences.

6
Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to

≠1 + 2s2
W and 2s2

W , this polarization asymmetry is approximated by (1 ≠ 4s2
W )/(1 ≠ 4s2

W + 8s4
W ) and is

very sensitive to the sine of the weak mixing angle sW .
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overall, one could expect 
O(6%) increased coupling sensitivity

increased sensitivities Polarised vs. Unpolarised scenarios @ 250GeV
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Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ

H
and ”gW W

H
. Considering EW couplings, the gain on ”gl‹

W
coupling precisions is

commensurate with the purely statistical one and small in the case of and ”gee

Z,R
.

From figure 9 we get some insight into the di�erence in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee

Z,L
and ”gee

Z,R
. The latter are progressively better constrained

with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between ”g1,Z and ”ge‹

W
at all energies is also

distinctive for the case of the polarized beams and absent for unpolarized beams.
Beam polarization also helps controlling systematic uncertainties, an aspect we have
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massless fermions to a vector is given by [41, 51]

‡Pe+ Pe≠ = ‡0(1 ≠ Pe+Pe≠)
5
1 ≠ ALR

Pe≠ ≠ Pe+

1 ≠ Pe+Pe≠

6
(2.10)

where ‡Pe+ Pe≠ is the cross section corresponding to a beam polarization of Pe+ and Pe≠

for the e+ and e≠ beam respectively and ‡0 is the unpolarized cross section. ALR is
the intrinsic left right asymmetry of the production cross section. For the SM e+e≠

æ

Zh production channel ALR = 0.1516. The e�ective luminosity, which scales as 1/2(1 ≠

Pe+Pe≠), is enhanced over that for unpolarized beams or that for the positron beam with
no polarization giving a corresponding reduction of statistical uncertainties.

For the ‹‹h production mode, which is driven by W boson fusion, the scaling for the
polarization is simpler. It depends only on the polarization since the reaction is driven
by left-handed fermions and right-handed anti-fermions (i.e. ALR = 1 in equation (2.10)).
Therefore, the scaling from the unpolarized cross section (‡LR) is given by:

‡Pe+ Pe≠ = 1
4‡LR(1 ≠ Pe≠)(1 + Pe+) (2.11)

In this case it is clear that a negative polarization for the electron and a positive polarization
for the positron will enhance the cross-section and the contrary will reduce it.

The prescriptions we adopt for the scaling of statistical uncertainties from one polar-
ization to the other are the following:

• e+e≠
æ Zh : As described in ref. [10], ALR being small, the enhancement in lu-

minosity for the P (e≠, e+) = (≠80%, +30%) beam polarization configuration over
the (+80%, ≠30%) is cancelled out by the slightly lower background in the latter.
Hence, the e�ective di�erence due to the term proportional to ALR in equation (2.10)
is evened out. So we assume that the statistical uncertainties will be the same for the
configurations (±80%, û30%) and can be scaled to other polarization configurations
using equation (2.10) with ALR set to 0.

• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (2.11) to scale the

statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

2.6 Fitting procedures

Two di�erent statistical frameworks were used to implement the global fits performed for
this work. The two procedures were implemented completely separately and the fits were
performed with the same inputs. We describe here the two frameworks and their di�erences.

6
Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to

≠1 + 2s2
W and 2s2

W , this polarization asymmetry is approximated by (1 ≠ 4s2
W )/(1 ≠ 4s2

W + 8s4
W ) and is

very sensitive to the sine of the weak mixing angle sW .
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Gain is much higher in global EFT fit
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degeneracies among operators
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Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ

H
and ”gW W

H
. Considering EW couplings, the gain on ”gl‹

W
coupling precisions is

commensurate with the purely statistical one and small in the case of and ”gee

Z,R
.

From figure 9 we get some insight into the di�erence in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee

Z,L
and ”gee

Z,R
. The latter are progressively better constrained

with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between ”g1,Z and ”ge‹

W
at all energies is also

distinctive for the case of the polarized beams and absent for unpolarized beams.
Beam polarization also helps controlling systematic uncertainties, an aspect we have
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On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

2.6 Fitting procedures

Two di�erent statistical frameworks were used to implement the global fits performed for
this work. The two procedures were implemented completely separately and the fits were
performed with the same inputs. We describe here the two frameworks and their di�erences.

6
Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to

≠1 + 2s2
W and 2s2

W , this polarization asymmetry is approximated by (1 ≠ 4s2
W )/(1 ≠ 4s2

W + 8s4
W ) and is

very sensitive to the sine of the weak mixing angle sW .

– 12 –

Statistical gain from increased rates

From ee→Zh,  ALR~0.15 so ��80,+30 ⇠ 1.4�0

overall, one could expect 
O(6%) increased coupling sensitivity

Gain is much higher in global EFT fit
since polarisation removes 

degeneracies among operators

Polarisation benefit diminishes when other runs 
at higher energies are added

Basically left only with statistical gain
increased sensitivities Polarised vs. Unpolarised scenarios @ 250GeV

J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311

Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ
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and ”gW W
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. Considering EW couplings, the gain on ”gl‹
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does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee
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Higgs portals and Higgs exotic decays
|H|2 and HL are SM-singlet of low dimension

they can have large (renormalizable) couplings to hidden/dark sector that could 
(i) make up the DM relic abundance 

or (ii) be key agents in models of neutral naturalness

  

Higgs (rare) exotic decays                       
                                     

14/15                                                                                                                                                              S.Gori

Looking "directly" for rare new decays of the Higgs:

Background limited at the LHC.
Theory studies show that BRs ~ 0.1
might be reached

Example: 
h  ZZ

D
  4l

Example: 
h  ss  4b

These can be seen
by the LHC pretty easily:
BRs ~ 10-6 – 10-7 can be 
probed by the HL-LHC

Curtin, Essig, SG, 
Shelton 1412.0018

Cao et al, 1309.4939

What can e+e- colliders say about 
these difficult decay modes?

(as in the NMSSM)

Possibility to discover Higgs branching ratios to NP particles below 2%?

Final aim: maximize the coverage!

See Liu, Potter,
1309.0021
for a ILC
h  4τ
analysis
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~ Complementarity 
with LHC searches

new exotic/invisible decay modes: ee sensitivity BRexo<1%
(if mNP > mH/2: possible production via off-shell Higgs but limited reach Craig et al ’14 )

  

Beyond the SM Higgs couplings...          
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SM

New forces
New Higgses

New matter
 fields

Mediator

The interactions can be mediated by a 
(small set of) renormalizable "portals":

 The Higgs can easily couple to NP particles:
 since |H|2 is a singlet with respect to the SM gauge group, the Higgs
 can couple to NP that are neutral w.r.t the SM (e.g. hidden valleys)

 If these NP particles are light ( m
NP 

< m
H
/2 ), 

the Higgs will have new decay modes: H  NP particles

 Unique opportunity to test (light) "dark sectors":

Models for DM, 
neutral naturalness, 
baryogenesis, ...

new force new Higgses new matter

~ Importance
to measure
Higgs width
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