
( christophe.grojean@desy.de )

Ch !" o# e GrojeanCh !" o# e Grojean

DESY (Hamburg) 
Humboldt University (Berlin)

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the
Standard  Model"
Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Code  number

PR  /  012/15

Category  (s)

Professorships

Number  of  points

1

Of  use

Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Application  deadline

07/03/2015

Text:

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.
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Outlook
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3. Reporting results: Effective couplings instead of Wilson coefÞcients
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6. |dim-6|2 consistently with EFT expansion?
7. EFT for signal vs background
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(i.e. particle content and gauge symmetries deÞne SM)

Ñ But this new view on the SM brings in new challenges/poses new questions Ñ
1. all SM4 couplings known, inÞnite interactions of the SM totally unknown. Which organising principles?
2. which symmetry? If !  is not >1016GeV, B and L cannot be accidental symmetries anymore, but they 

cannot exact symmetries of Nature either (quantum gravity forbids exact continuous global symmetry). 
Similarly, other structures of SM4 now calls for further explanations (custodial protection/GIM-FCNCÉ) 

3. and donÕt let neutrino physicists tell you that neutrino masses are BSM!

Ñ SM    =   SMEFT Ñ  

3

What is the SM?

We certainly know that the SM is not *complete* and it should be considered as low energy EFT,
therefore there is no reason to stop at dim-4 operators.  A better deÞnition is then

SM is consistent (i.e. closed under radiative corrections and no pathology, except maybe hypercharge Landau pole).

  SM   =   ?
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Higgs Now
Many thanks to J. De Blas et al. (HEPÞt)  

for the analysis of current data (work in progress)  
and to A. Paul for plotting the results

EW

Higgs

TGC

EW known at 0.1%
TGC known at 1%

Higgs known at 10%
This hierarchy limits the correlations

between the 3 sectors

How solid is this picture?
What are the (hidden) assumptions?
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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)
¥ DoesnÕt 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)
¥ Main drawbacks: focused on inclusive quantities, not general

(SM)EFT:
¥ Allows to put Higgs measurements in perspective with other measurements (EW, diboson, ßavourÉ)
¥ Connects measurements at different scales (particularly relevant for high-energy colliders CLIC, FCC-hh)
¥ Fully exploits more exclusive observables (polarisation, angular distributionsÉ)
¥ Can accommodate subleading effects (loops, dim-8É)
¥ Fully QFT consistent framework
¥ Assumptions about symmetries more transparent
¥ Valid only if heavy new physics
¥ Main drawbacks: assume mass gap with New Physics, not general (no new particle with a Higgs-generated 

mass)

L = L = L SM +
!

d,i

ci Oi
d

! d! 4

ghXX = ! X gSM
hXX

HEFT
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mass)

L = L = L SM +
!

d,i

ci Oi
d

! d! 4

ghXX = ! X gSM
hXX

HEFTWhy performing a ! -Þt is always a good idea? it can be more easily 
compared to the Þts often performed by the various collaborations       
!  validation of the procedure/code (in particular the treatment of 
uncertainties and  correlations and the combination of ATLAS-CMS 

data/projections)
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 Kappa Fits for ECFA Report

¥Usual framework extended to accommodate Invisible and Untagged decays 

JH
E

P
01(2020)139

(! g, ! Z ! , ! ! ), hence standalone Þts to low-energy (lepton) colliders have no sensitivity to
! t in the ! -framework Þts considered here.4

3.1.2 Modeling of invisible and untagged Higgs decays

The ! -framework can be extended to allow for the possibility of Higgs boson decays to
invisible or untagged BSM particles. The existence of such decays increases the total
width ! H by a factor 1/ (1 ! BR BSM ), where BR BSM is the Higgs branching fraction to
such BSM particles. Higgs boson decays to BSM particles can be separated in two classes:
decays into invisible particles, which are experimentally directly constrained at all future
colliders (e.gZH, H " invisible), and decays into all other ÔuntaggedÕ particles.

Reßecting this distinction we introduce two branching fraction parametersBR inv and
BR unt so that:

! H =
! SM

H á! 2
H

1 ! (BR inv + BR unt )
, (3.4)

where ! 2
H is deÞned in eq. (3.3).

For colliders that can directly measure the Higgs width, BR unt can be constrained
together with ! i and BR inv from a joint Þt to the data. For standalone Þts to colliders
that cannot, such as the HL-LHC, either an indirect measurement can be included, such as
from o" -shell Higgs production, or additional theoretical assumptions must be introduced.
A possible assumption is|! V | # 1 (V = W, Z ), which is theoretically motivated as it holds
in a wide class of BSM models albeit with some exceptions [26] (for more details see [17],
section 10).

3.1.3 Fitting scenarios

To characterise the performance of future colliders in the! -framework, we deÞned four
benchmark scenarios, which are listed in table2. The goal of the kappa-0 benchmark is
to present the constraining power of the ! -framework under the assumption that there
exist no light BSM particles to which the Higgs boson can decay. The goal of benchmarks
kappa-1,2 is to expose the impact of allowing BSM Higgs decays, in combination with a
measured or assumed constraint on the width of the Higgs, on the standalone! results.
Finally, the goal of the kappa-3 benchmark is to show the impact of combining the HL-LHC
data with each of the future accelerators. In all scenarios with BSM branching fractions,
these branching fractions are constrained to be positive deÞnite.

Experimental uncertainties Ñ deÞned as statistical uncertainties and, when pro-
vided, experimental systematic uncertainties, background theory uncertainties and signal-
acceptance related theory uncertainties Ñ are included in all scenarios. Theory uncertain-
ties on the Higgs branching fractions predictions for all future colliders and uncertainties

4At high Higgs/jet pT , gg ! H becomes directly sensitive to ! t . However, high-pT regions are not
separately considered in the ! -framework Þts reported here. Furthermore, there is no sensitivity to the
sign of the ! parameters as the loop-induced processes with sensitivity to the sign have all been described
with e ! ective modiÞers. Single top production is sensitive to the sign but not used in the ! Þts presented
here (but used in the CP studies). Finally, note that, for vector-boson-fusion, the small interference e ! ect
between W- and Z boson fusion is neglected.

Ð 9 Ð
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Both approaches will be studied in this document and we will report the Þts to the
experimental projected measurements obtained in these two frameworks. As an illustration,
a concrete interpretation of the results obtained will be done in the context of composite
Higgs models.

3.1 The kappa framework

3.1.1 Choice of parametrization

The kappa framework, described in detail in ref. [16, 17], facilitates the characterisation of
Higgs coupling properties in terms of a series of Higgs coupling strength modiÞer parameters
! i , which are deÞned as the ratios of the couplings of the Higgs bosons to particlesi to
their corresponding Standard Model values. The kappa framework assumes a single narrow
resonance so that the zero-width approximation can be used to decompose the cross section
as follows

(" áBR)( i ! H ! f ) =
" i á! f

! H
, (3.1)

where " i is the production cross section through the initial state i , ! f the partial decay
width into the Þnal state f and ! H the total width of the Higgs boson. The ! parameters
are introduced by expressing each of the components of eq. (3.1) as their SM expectation
multiplied by the square of a coupling strength modiÞer for the corresponding process at
leading order:

(" áBR)( i ! H ! f ) =
" SM

i ! 2
i á! SM

f ! 2
f

! SM
H ! 2

H
! µf

i "
" áBR

" SM áBRSM
=

! 2
i á! 2

f

! 2
H

, (3.2)

where µf
i is the rate relative to the SM expectation (as given in tables18 and 19) and ! 2

H

is an expression that adjusts the SM Higgs width to take into account of modiÞcations! i

of the SM Higgs coupling strengths:

! 2
H "

!

j

! 2
j ! SM

j

! SM
H

. (3.3)

When all ! i are set to 1, the SM is reproduced. For loop-induced processes, e.g.H ! ##,
there is a choice of either resolving the coupling strength modiÞcation in its SM expectation,
i.e. ! ! (! t , ! W ) or keeping ! ! as an e" ective coupling strength parameter.

For the results presented in the document, we choose to describe loop-induced couplings
with e" ective couplings, resulting in a total of 10 ! parameters: ! W , ! Z , ! c, ! b, ! t , ! " ,
! µ , and the e" ective coupling modiÞers! ! , ! g and ! Z ! . The couplings ! s, ! d, ! u and ! e

that are only weakly constrained from very rare decays are not included in the combined
! -framework Þts presented in this section, their estimated limits are discussed separately
in section 5. We note the parameter ! t is only accessible above thetH threshold as the
processes involving virtual top quarks are all described with e" ective coupling modiÞers

Ð 8 Ð

¥ ! " , ! " Z, ! g are treated as independent effective coupling modifiers 
" alone, low energy colliders, below ttH/tH threshold, are not sensitive to ! top 
" no sensitivity to the signs of ! Õs (single top + h could provide such a sensitivity, but not 

included in our fits)

" invisible width : experimentally directly 
constrained at all future colliders (ZH, 
VBF H" invisible)  

" untagged width : h(125)->??. BSM, but 
also rare SM decays not directly probed 
by searches 

" #H and untagged are 100% correlated
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P
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Scenario BR inv BR unt include HL-LHC

kappa-0 Þxed at 0 Þxed at 0 no

kappa-1 measured Þxed at 0 no

kappa-2 measured measured no

kappa-3 measured measured yes

Table 2 . DeÞnition of the benchmark scenarios used to characterize future colliders in the
! -framework.

on production cross section predictions for hadron colliders, as described in section2, are
partially included; intrinsic theory uncertainties, arising from missing higher-order correc-
tions, are not included in any of the benchmarks, while parametric theory uncertainties
arising from the propagation of experimental errors on SM parametersare included in all
scenarios. A detailed discussion and assessment of the impact of theory uncertainties is
given in section 3.5.

3.2 Results from the kappa-framework studies and comparison

The ! -framework discussed in the previous section was validated comparing the results ob-
tained with the scenarios described as kappa-0 and kappa-1 to the original results presented
by the Collaborations to the European Strategy. In general, good agreement is found.

The results of the kappa-0 scenario described in the previous section are reported in
table 3. In this scenario, no additional invisible or untagged branching ratio is allowed in
the Þts, and colliders are considered independently. This is the simplest scenario considered
in this report, and illustrates the power of the kappa framework to constrain new physics
in general, and in particular the potential to constrain new physics at the proposed new
colliders discussed in this report. In general the precision is at the per cent level, In the Þnal
stage of the future colliders a precision of the order of a few per-mille would be reachable
for several couplings, for instance! W and ! Z . Cases in which a particular parameter has
been Þxed to the SM value due to lack of sensitivity are shown with a dash (-). Examples
of this are ! c, not accessible at HL-LHC and HE-LHC, and ! t , only accessible above the
ttH / tH threshold. Not all colliders reported results for all possible decay modes in the
original reference documentation listed in table1, the most evident example of this being
the Z " channel. In this standalone collider scenario, the corresponding parameters were
left to ßoat in the Þts. They are indicated with ! in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and
invisible and untagged decays (kappa-2), still considering individual colliders in a stan-
dalone way. The overall e! ect of this additional width is a slight worsening of the precision
of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the
kappa-2. It is most noticeable for ! W , ! Z and ! b. For comparison of the total impact, the
kappa-2 scenario results can be found in tables28 and 29 in appendix E.

Table 4 shows the expected precision of the! parameters in the Þnal benchmark
scenario discussed in this paper in which 95% CL limits on BRunt and BRinv are set, for

Ð 10 Ð

¥ ! s,d,u,e   only weakly constrained from very rare decays/productions and not 
included in the fits 

10+2 parameters: ! W,Z,g, $, $Z, t, c, b, %, µ + BRinv + BRunt 
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Global EFT Fit for ECFA Report

include not only Higgs but also top, di-boson and EWK precision observables  

¥No 4 fermion operators (except the one that contributes to muon decay and then 
affects GF) since they are better constrained outside Higgs processes 

¥No dipole operators (chiral suppression in production, contribution only to 3-body 
decays). Top dipoles could be relevant but neglected in our analyses. 

¥Flavour assumptions 
" flavour universality: 19 independent parameters + 5 SM inputs 
" flavour diagonality: 31 independent parameters + 5 SM inputs 

working at linear-level in the EFT effects
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Effective Higgs Couplings from EFT Fits
EFT Þts can be performed in different bases (difÞcult to compare results among different analyses)

and seldom the meaning on the sensitivity on the various Wilson coefÞcients is transparent
and information in correlation among WCs is too often totally lost

Ñ Practical approach (to report results)  Ñ 
perform the Þt 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 Þt results into (pseudo) observable quantities 

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

! Similarly, for EW interactions, project results into e ! ective Zff  couplings  
deÞned from EWPO, e.g."

Presentation of SMEFT Þt results

"21
Jorge de Blas 
INFN - University of Padova

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

operator D! !   D ! ! Gµ" Gµ" which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge!

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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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Presentation of EFT Þts results
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" E#ective couplings 
Direct connection to experimental measurements Connection to UV less direct

Try to deÞne from physical observables ⇒Basis independent
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The branching ratio can be derived from the total decay width, which can be obtained
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12The choices of the bottom mass value would change the numerical values inEq. (D.7), but has little
impact on the global Þt results.
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e.g. in Higgs basis

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

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

Similar deÞnition as # modiÞers, but di ! erent interpretation, e.g.

+ É ( EW Vff, hVff)

operator D⇢!   D ⇢! Gµ⌫Gµ⌫ which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge↵

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege↵

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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
Þnal states asZZ ! , as they can be relatively easily removed by kinematic cuts.

The decay of Higgs togg, ## 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 inSection 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 # gg,
while only keeping the tree level EFT contribution (c"" and cZ " ) for h # ## and h # Z#.
The decay widths are given by12
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The branching ratio can be derived from the total decay width, which can be obtained
from

! tot

! SM
tot

=
!

i

! i

! SM
i

BrSM
i . (D.9)

12The choices of the bottom mass value would change the numerical values inEq. (D.7), but has little
impact on the global Þt 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 ZZ ! , 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
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12The choices of the bottom mass value would change the numerical values inEq. (D.7), but has little
impact on the global Þt results.
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operator D! !   D ! ! Gµ" Gµ" which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge!

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
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R |2 ) , A e = |ge
L |2 " |ge

R |2
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R |2 . (15)

In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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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For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
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The decay width to WW! ZZ ! (with 4f Þnal 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
Þnal states asZZ ! , as they can be relatively easily removed by kinematic cuts.

The decay of Higgs togg, ## 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 inSection 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 # gg,
while only keeping the tree level EFT contribution (c"" and cZ " ) for h # ## and h # Z#.
The decay widths are given by12
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The branching ratio can be derived from the total decay width, which can be obtained
from

! tot

! SM
tot

=
!

i

! i

! SM
i

BrSM
i . (D.9)

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

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

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

Similar deÞnition as # modiÞers, but di ! erent interpretation, e.g.

+ É ( EW Vff, hVff)

operator D! !   D ! ! Gµ" Gµ" which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ⌘

" H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge!

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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
Þnal states asZZ ! , as they can be relatively easily removed by kinematic cuts.

The decay of Higgs togg, ## 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 inSection 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 # gg,
while only keeping the tree level EFT contribution (c"" and cZ " ) for h # ## and h # Z#.
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The branching ratio can be derived from the total decay width, which can be obtained
from
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12The choices of the bottom mass value would change the numerical values inEq. (D.7), but has little
impact on the global Þt results.
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e.g. in Higgs basis

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

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

Similar deÞnition as # modiÞers, but di ! erent interpretation, e.g.

+ É ( EW Vff, hVff)

operator D⇢!   D ⇢! Gµ⌫Gµ⌫ which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge↵

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege↵

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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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the experimental accuracy in the measurement ofgg " HH is worse thanO(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
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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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
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e" ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
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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
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are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
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! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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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The decay width to WW! ZZ ! (with 4f Þnal 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
Þnal states asZZ ! , as they can be relatively easily removed by kinematic cuts.

The decay of Higgs togg, ## 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 inSection 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 # gg,
while only keeping the tree level EFT contribution (c"" and cZ " ) for h # ## and h # Z#.
The decay widths are given by12

! gg

! SM
gg

! 1 + 241cgg + 2.10"yt " 0.10"yb , (D.7)

and

! ""

! SM
""

! (1 +
c""

" 8.3 $ 10" 2
)2 ,

! Z "

! SM
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! (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

=
!

i

! i

! SM
i

BrSM
i . (D.9)

12The choices of the bottom mass value would change the numerical values inEq. (D.7), but has little
impact on the global Þt results.
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impact on the global Þt results.
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operator D! !   D ! ! Gµ" Gµ" which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge!

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.
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6 sin 2 " w cos 2 " w
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R |2
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In what follows, we discuss the results of the SMEFT Þt from the point of view of the expected sensitivity
to modiÞcations of the Higgs couplings in the scenarios SMEFTFU and SMEFTND . As it was done in the Þts 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

E! ective Higgs couplings

Only these are described in #-framework

EFT studies at future colliders

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

! Project EFT Þt results into (pseudo) observable quantities 

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

! Similarly, for EW interactions, project results into e ! ective Zff  couplings  
deÞned from EWPO, e.g."

Presentation of SMEFT Þt results

"21
Jorge de Blas 
INFN - University of Padova

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

operator D! !   D ! ! Gµ" Gµ" which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ! " H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge!

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

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

March 21, 2019J. de Blas

Presentation of EFT Þts results

!5

" E#ective couplings 
Direct connection to experimental measurements Connection to UV less direct

Try to deÞne from physical observables ⇒Basis independent

L CC = ! e!
2s

!
1 + ! U gCC

"
W +

µ

#$
! ij +

%
! D U  

L

&

ij

'
" i

L #µ ej
L +

!
! D VR

"
ij

u i
R #µ dj

R +

+
%

Vij +
!
! D VL

"
ij

+ Vij ! I Vij

&
u i

L #µ dj
L

(
+ h .c.

(22)

L CC = ! e!
2s

!
1 + ! U gCC

"
W +

µ

)%
! ij +

!
! D UL

"
ij

&
" i

L #µ ej
L +

!
! D VR

"
ij u i

R #µ dj
R +

%
! ij +

!
! D VL

"
ij

&
u i

L #µ dj
L

(
+ h .c.

(23)

Ignoring CKM e! ects
Vij " ! ij

! D UL = C (3)
! l

v 2

! 2 ,

! D VL = C (3)
! q

v 2

! 2 , ! D VR = 1
2 C! ud

v 2

! 2 .

(24)

M 2
W = M 2

Z c2
%

1 ! c2

c2 " s2

%
C ! D

2 + 2s
c C! W B + s2

c2 ! G F

&
v 2

! 2

&
(25)

! U gCC =
)

sc
s2 " c2 C! W B ! c2

2( c2 " s2 )

%
! G F + C ! D

2

&(
v 2

! 2 . (26)

1.3 Higgs couplings

ge" 2
hXX = # H ! XX

# SM
H ! XX

L hV V = ghgg GA
µ " GAµ " h + g(1)

hW W W µ " W  
µ " h +

%
g(2)

hW W W + " $ µ W  
µ " h + h .c.

&
+ g(3)

hW W W +
µ W " µ h

+ g(1)
hZZ Z µ " Z µ " h + g(2)

hZZ Z " $µ Z µ " h + g(3)
hZZ Z µ Z µ h

+ g(1)
hZA Z µ " F µ " h + g(2)

hZA Z " $µ F µ " h + ghAA Fµ " F µ " h

L hf f = g ii
hee øe i

L e i
R h + g ii

huu øu i
L u i

R h + g ii
hdd

ød i
L d i

R h + h .c. (27)

ghf f = ! m f

v

%
1 +

)
(C! ! ! 1

4 C! D ) ! v!
2m f

Cf ! ! 1
2 ! G F

(
v 2

! 2

&
(28)

L h 3 = ghhh h3 (29)

ghhh = ! M 2
h

2v

%
1 +

)
3(C! ! ! 1

4 C! D ) ! 2 v 2

M 2
h

C! ! 1
2 ! G F

(
v 2

! 2

&
(30)

!%# =
)
3(C! ! ! 1

4 C! D ) ! 2 v 2

M 2
h

C! ! 1
2 ! G F

(
v 2

! 2 (31)

3

down the rate of thetøth process as

! tøth

! SM
tøth

! 1 + 2 "yt . (D.3)
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The decay width to WW! ZZ ! (with 4f Þnal 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
Þnal states asZZ ! , as they can be relatively easily removed by kinematic cuts.

The decay of Higgs togg, ## 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 inSection 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 # gg,
while only keeping the tree level EFT contribution (c"" and cZ " ) for h # ## and h # Z#.
The decay widths are given by12
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The branching ratio can be derived from the total decay width, which can be obtained
from

! tot

! SM
tot

=
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BrSM
i . (D.9)

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

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

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

Similar deÞnition as # modiÞers, but di ! erent interpretation, e.g.

+ É ( EW Vff, hVff)

operator D! !   D ! ! Gµ" Gµ" which simply comes with coe! cient ! g2
s /m 4

! . One can then easily see that when
the experimental accuracy in the measurement ofgg " HH is worse thanO(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 Þt 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 canproject the results of
the SMEFT Þt onto a set of on-shell properties of the Higgs boson, via the followingHiggs e! ective couplings:

ge! 2
HX ⌘

" H ! X

" SM
H ! X

. (14)

By deÞnition, these quantities, constructed from physical observables, are basis independent. These deÞnitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the# framework
for the single Higgs couplings. Such deÞnition 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) deÞning 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 deÞneghhh # $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-deÞned
at a Þxed order in perturbation theory and in the EFT expansion). The single Higgs couplings plusghhh are
however not enough to match the number of free parameters in the SMEFT Þts, even in the simpliÞed scenario
SMEFT PEW in eq. (11). In particular, the on-shell couplingsge!

HZZ,HW W in eq. (14) do not capture all possible
linear combinations of the di" erent types of EFT interactions contributing to the HZZ and HW W 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,HW W couplings
are not independent, and therefore we will present the results reporting only the coupling toZ bosons.

In the global Þt 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 Þt. Since%m is now a free parameter, we report separately thege!

HZZ,HW W
couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modiÞcations
in the e" ective couplings of theZ to fermions, which can be deÞned from theZ -pole measurements of theZ
decays and asymmetries, e.g.

! Z ! e+ e" = ! M Z
6 sin 2 " w cos 2 " w

( |ge
L |2 + |ge

R |2 ) , A e = |ge
L |2 " |ge

R |2

|ge
L | 2 + |ge

R |2 . (15)

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

E! ective Higgs couplings

Only these are described in #-framework

Effective couplings are used only for front-end report.
Back-end analysis is performed in terms of operators (in whatever basis 

is more convenient).
Effective couplings are rather clear for on-shell Higgs measurements.

Still need to be developed for more differential ones, especially the ones 
in the tails (ÒHiggs couplings without a HiggsÓ) expected to play a more 

and more important role in the future.
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Flavour Hypotheses
Among the many new interactions of SM# , the majority are linked to ßavour.

Within SM4, classically all generations are different enough from each other (no tree-level FNCN).
This is no longer true in full SM# .

Rich ßavour data could be exploited to explore the ßavour structure of SM#  that remains largely unknown
e.g. K (! ), Bd (̗ ), Bs (̙ ) mixings give stringent bounds even on ßavour diagonal operators from RGE
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These bounds can be alleviated in particular ßavour scenarios

Silvestrini, Valli Ô18 Isidori, LHCEFTWG Ô20

https://arxiv.org/abs/1812.10913
https://indico.cern.ch/event/943996/contributions/4041519/attachments/2126231/3579814/EFT-LHC-2020.pdf
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Flavour Hypotheses
Among the many new interactions of SM# , the majority are linked to ßavour.

Within SM4, classically all generations are different enough from each other (no tree-level FNCN).
This is no longer true in full SM# .

Flavour assumptions matter in a global Þt even for operators that donÕt involve fermions!
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Figure 7: Estimated 95% CL bounds on the aTGC at HL-LHC. Solid and dashed stand for

! syst = 5% and ! syst = 30% respectively. The bounds on !" ! , ! g1z change by a factor two

to three between the 3-parameter and the 7-parameter fits, while the bound on #! remains

una! ected. The aTGC bounds in 3-parameter fit agrees well with the ones obtained for

universal theories, see Fig. 17.

is particularly true for !" " and ! g1z: the bounds on the !" ! , ! g1z vary by more than 100%

if instead of setting ! V q̄q= 0 they are included in a global fit combining the LEP-1 data in

the context of FU or MFV scenarios. On the other hand #! will remain mostly una! ected,
as anticipated from Eqs. (6) and (7).

Figure 8 shows the 95%CL bound on ! g1z when setting !" ! = #! = 0 as a function of

the assumed systematic uncertainty. Two cases are considered: i) all deviations in the light

quark vertices are neglected and set to zero, and ii) the diboson data are combined with the

LEP-1 data and the light quark vertices are profiled over. The bound on ! g1z is rather robust

and does not show a strong dependence on the assumed systematic uncertainty, changing by

a factor two between when the systematics vary from 0% to 50% (the statistical uncertainty

is of course kept). The HL-LHC bound will be of the order of 0.1%, an order of magnitude

better than the current existing bound. And further improvement can be anticipated, e.g. by

relying on the new analyses proposed in Ref. [12].

5 Interpretation of the constraints

In this work we have performed a global analysis of the diboson data at the LHC and inferred

bounds on aTGCs as well as on anomalous couplings of the quarks to the EW gauge bosons.

We found that in some cases these bounds surpass the LEP-1 and LEP-2 bounds. Nonetheless,

it is important to stress that this is only so for certain regions of the parameter space. As

in any EFT analysis, the constraints on the Wilson coe" cients are only valid when the

characteristic energy of the processes remains smaller than the masses of the new particles.
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Can validity of (truncated) EFT be 
established model-independently?

Problem: Expansion Validity: E/! <<1 
Experimentally: better access to leading ciE2/ ! 2 
Truncation depends on c(8) iE4/ ! 4

No. EFT validity depends on (broad) BSM hypotheses on !  or ci

No, only to

Example: Fermi theory                                   is it valid up to v=246 GeV?                         

Weak couplings reduce the validity range of the EFT (as naively expected)

Strong couplings extend it (for g=4"  Fermi theory ok up to E#3 TeV!)
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Effective Field Theory

(can be easily seen by counting powers of             )

= Þeld operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefÞcients: number of Þelds in 
independently of D 

Cohen,Kaplan,NelsonÕ97; LutyÕ97 
Giudice,Grojean,Pomarol,Rattazzi,Õ07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test !  New Physics Search

e.g. E/!   expansion = hierarchy between departures from SM

Perturbativity (E/ ! , coupling ! v/ ! ) " 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justiÞed to truncate the EFT expansion at dimension-6? Exceptions?

https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444


Christophe Grojean EFT Interpretation: BSM HXSWG, Nov. 9, 202012

EFT Validity
EFT have an intrinsic cutoff scale that represents the mass scale of the particles integrated out.

Better to consider partonic energies below that cutoff.
The problem is that experimentally, measurements have only access to c/! 2 

(at best, assuming you can uniquely determine the EFT parameters from exp. data).
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FIG. 3. Projected bounds as a function of a cuto! on the mass variable. The gray region corresponds to! cut > ! max from
Eq. 2. Left: Bounds on W (with Y = 0 ) or Y (with W = 0 ) from neutral DY including only events with the dilepton invariant
mass smaller than ! cut . Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller
than ! cut .

bins, Fig. 3 illustrates the ranges of invariant/transverse
mass where percent-level experimental systematics will
be important. The e! ect of varying the systematic un-
certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3. Similar bounds but for a 100 TeV cen-
ter of mass pp collider are shown in Fig 4. In this case
the plots show that the bounds mainly rely on invari-
ant mass measurements (transverse mass measurements
in the case of charged DY) below 10 TeV.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this ßat direc-
tion is irrelevant in practice. However, we note that the
ßat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [41]. In
practice, this does not improve the 8 TeV limits (due to
the dominance of theqL qR ! l !

L l+
R amplitude), but may

be signiÞcant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFTÕs.Ñ When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto! and it should be regarded
as a free parameter of the EFT [66]. A related concept
is that of Òmaximal cuto! Ó, which is the maximal new
physics scale that can produce an EFT operator of a

given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto! . This concept has been addressed
in DM EFT searches [66, 67] and electroweak EFT stud-
ies [68]. Depending on whether we consider new physics
that directly generates contact interactions (L "), or mod-
iÞes the vacuum polarizations (L ), the maximal cuto!
estimate is,

" " "
4! mW /g 2

max(
#

W, t
#

Y)
, " "

mW

max(
#

W,
#

Y)
< " " . (2)

The Þrst estimate comes from demanding 2! 2 ampli-
tudes induced byL " not to exceed the 16! 2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di! erent cuto! s sinceL
and L " are equivalent only if the d > 6 operators induced
by the Þeld redeÞnition are negligible (as is the case when
q < " ).

In order to quantify the impact of the limited EFT
validity, Figs. 3 and 4 shows how the reach deteriorates
when only data below the cuto! are employed.[69] If the
resulting curve stays below the maximal cuto! lines cor-
responding to Eq. (2), as in our case, the EFT limit is
self-consistent. The right panels of Figs.3 and 4 also
show how lowering the systematic uncertainties moves
the limit curve far from the maximal cuto ! line. This
allows to test EFTs with below maximal cuto! s.

Our results can be applied to various new physics sce-
narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale" 2 $ mW /

#
W for the SU(2) gauge Þelds and

" 1 $ mW /
#

Y for the hypercharge. Our results imply

Practical simple recipe in simple EFTs
report the EFT bounds as a function of sliding cut on & !  (or equivalent)

The larger the cut, the stronger the constraints. But if it is taken too large, no consistent EFT interpretation.
One cannot exclude that for some measurements, there is simply no possible consistent EFT interpretation. 

regions where  
the coupling of NP 

would be larger than 4 !  
!  expansion not reliable 

i.e. large uncertainty 
from neglecting 

higher dimensional operators 

Constraints
on oblique corrections 

from Drell-Yan
Farina+ Ô16

Ricci+ Ô20

https://arxiv.org/abs/1609.08157
https://arxiv.org/abs/1609.08157
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Operator Naive (maximal) Symmetry/Selection Rule
scaling with g! and corresponding suppression

Oy! = |H |2 ø! L H ! R g3
! Chiral: yf /g !

OT = (1 / 2)
!

H  
"
D µH

" 2

g2
! Custodial: (g#/g ! )2, y2

t / 16" 2

OGG = |H |2Ga
µ! Ga µ!

OBB = |H |2Bµ! B µ!
g2

!

Shift symmetry: ( yt /g ! )2

Elementary Vectors: (gs/g ! )2 (for OGG)

(g#/g ! )2 (for OBB )

Minimal Coupling: g2
! / 16" 2

O6 = |H |6 g4
! Shift symmetry: #/g 2

!

OH = (1 / 2)($µ |H |2)2 g2
! Coset Curvature: %c

OB = ( i/ 2)
!

H  
"

D µH
"

$! Bµ!
g!

Elementary Vectors: g#/g ! (for OB )

g/g! (for OW )
OW = ( i/ 2)

!
H   &a

"
D µH

"
$! W a

µ!

OHB = ( i/ 2)
#
D µH   D ! H

$
Bµ!

OHW = ( i/ 2)
#
D µH   &aD ! H

$
W a

µ!

g!

Elementary Vectors: g#/g ! (for OHB )

g/g! (for OHW )

Minimal Coupling: g2
! / 16" 2

Table 1: Some operators relevant for Higgs physics and the impact of approximate symmetries
on the estimated size of their coe! cient [6]. The coe! cient ! c parametrizes the possibility that
the Higgs doublet originates as a PNGB from the ßat cosetISO(4)/SO (4) [36] (see also [37]).
A suppressiongV /g ! for every Þeld strength (referred to as Elementary Vectors in the table),
applies to all models where the transverse components of gauge bosons are elementary. See
Ref. [36] for a construction where transverse gauge bosons are composite and have strong
dipole interactions.

These inequalities determine the region of the plane (! , g! ) which is excluded consistently with
the EFT expansion for a given" . This is a conservative bound, since it is obtained by using
only a subset of the events (e" ectively only those with relevant energy up toMcut = " ! ). It
is thus less stringent than the bound one would obtain in the full theory with the full dataset,
but it is by construction consistent with the EFT expansion. Compared to the constraint
implied by the full theory with the same reduced dataset, that of Eq. (2.2) has an error of
order " 2. For constraints obtained in this way, and for a valid EFT description in general, no
question of unitarity violation arises (see for example Ref. [38] for a discussion of this issue
in the context of anomalous triple gauge couplings).

An analysis of the experimental results based on the multiple cut technique proposed here

6

Structural Hypotheses

c(D )
i ! (coupling)n i ! 2

Dimensional arguments impose

Effective Field Theory

(can be easily seen by counting powers of             )

= Þeld operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefÞcients: number of Þelds in 
independently of D 

Cohen,Kaplan,NelsonÕ97; LutyÕ97 
Giudice,Grojean,Pomarol,Rattazzi,Õ07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test !  New Physics Search

e.g. E/!   expansion = hierarchy between departures from SM

Perturbativity (E/ ! , coupling ! v/ ! ) " 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justiÞed to truncate the EFT expansion at dimension-6? Exceptions?

ni=number of Þelds in operator 
   (independant of D)

O(D )
i

generically, (coupling ~ g*) coupling of New Physics to SM
but there might exist Òselection rulesÓ that lead to other scaling

These selection rules follow from dynamical principles 
that deÞne broad classes of UV models

In all these classes of models, the interpretation of the exp. data
will be different and the validity of the EFT bounds change

The theoretical uncertainty/error induced by dropping dim.8, 10É
scales differently in the different classes of models.

There is no meaning to a model-independent ÒEFT uncertaintyÓ
(if by EFT uncertainty, you mean the effect of the truncation to dim. 6) 

Examples of symmetries leading to different selection rules

Beware that the scaling might be basis-dependent (e.g. SILH vs Warsaw), 
but the suppression applies to physical quantity, e.g. h'((  , and is robust.

In some bases, the selection rules therefore translate into correlations
among operators rather than in direct scaling of the operatorsContino+ Ô16 See also, recent HXSWG note 2019-006

https://arxiv.org/abs/1604.06444
https://arxiv.org/abs/2009.01249
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|dim-6| 2 ?
Formally |dim-6|2 ~ (dim4)*(dim-8) ~ 1/! 4

But there are cases where you can/should |dim-6|2 terms while keep the EFT expansion valid.

A = g2
SM + øc6 g2

!

!
E
!

" 2

+ øc8 g2
!

!
E
!

" 4

+ . . .

|A| 2 = |A| 2

!

1 +
g2

!

g2
SM

øc6

"
E
!

# 2

+
"

g4
!

g4
SM

øc2
6 +

g2
!

g2
SM

øc8

# "
E
!

# 4

+ . . .

$

Still possible to neglect dim-8 in a consistent way provided thatg! ! gSM

There is value in doing an analysis with and without |dim-6|2

If they differ, it means that the results can only be interpreted/valid for strongly coupled models 

øc6 ! øc8 ! O(1)

Contino+ Ô16

https://arxiv.org/abs/1604.06444
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|dim-6| 2 ?Important Remarks 
A ! g2

!
1 + öc

g2
!

g2

E 2

! 2

" BSM can be > 1 for g*/g>! /E>>1{

EFT valid

S
M

di
m

-6

di
m

-8

di
m

-1
0

}{1 ! ! 1
E
!

g!

g
E
!

S
M

di
m

-6

di
m

-8

di
m

-1
0

}
E
M

Small Deviations from SM Large Deviations from SM

! Interpretation possible for 
 small or large coupling

Interpretation possible  
ONLY for strong coupling  
(EFT expansion still valid)

! (D ) A! (D ) A

F.
 R

iv
a,

 L
H

C
H

X
S

W
G

 Ô
16

https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
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|dim-6| 2 ?

Azatov+ Ô16

There can be (many) exceptions to the simple general scaling rule

¥ SM had accidental/structural cancellation: |dim-6|2 can dominate over SM*dim-8 even for weakly coupled UV 
model, e.g. ßavour physics 

¥ there is no interference between SM and dim-6 operators, e.g. non-interference theorem, or observable too 
inclusive: 
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FIG. 2: A schematic representation of the relative size of di! erent contributions to the V V V V scattering cross sections,
with polarization LLLL (left panel), LLTT (central panel) and TTTT (right panel). LO/NLO denote the leading/next-
to-leading contributions to the cross section. In the white region the SM dominates and the leading BSM correction
comes from the BSM6-SM interference (denoted as BSM 6). BSM non-interference is responsible for the light-shaded
blue and orange regions, where the BSM, although it is only a small perturbation around the SM, is dominated by terms
of order E 4/ ! 4, either from (BSM 6)2 or from the BSM 8-SM interference (denoted as BSM 8).

The importance of the various terms is illustrated in
the central panel of Fig. 2. For small enough en-
ergy, where the BSM gives a small perturbation to
the SM prediction, the BSM6-SM interference dom-
inates. The suppression of the latter has however
an important impact on the behavior at higher ener-
gies. If g! > gSM , it implies a precocious onset of the
regime where the (BSM6)2 term must be included:
for (mW ! g/g! )1/ 2 < E < ! g/g! , corresponding to
the light blue region of the Figure, the SM still domi-
nates but the (BSM6)2 term gives the largest correc-
tion; for higher energies (BSM6)2 eventually domi-
nates the cross section. For weak or super-weak UV
completions, g! < gSM , the largest correction to the
SM prediction comes fromD = 8 operators, in par-
ticular from the interference BSM8-SM, as soon as
the energy is larger than!

"
mW ! (light orange re-

gion in the Figure). In this case, an EFT analysis in
terms of D = 6 operators alone is insu" cient.

Yet a di#erent energy behavior is found for the
scattering VT VT # VT VT , whereF 3 gives the leading
correction, while the operators F 2! 2, ! 4D 2 and ! 6

contribute at sub-leading order in "V . (Similar con-
clusions are in fact obtained also forVT VT # VL VL

in the case in which only F 3 contributes.) Because
the coe" cient of F 3 scales with only one power
of g! according to Eq. (14), the size of the D = 6
terms (both (BSM 6)2 and the BSM6-SM interfer-
ence) is suppressed compared to Eq. (16). The cor-

rection from D = 8 operators might not carry a sim-
ilar suppression, as it happens for example for the
F 2 øF 2 operator, whose coe" cient has a naive esti-
mate c(8) $ g2

! / ! 4. The di#erent contributions to
the cross section can thus be schematically summa-
rized as follows:

#T !
g4

SM

E 2

!
1 +

BSM 6 " SM
" #$ %
g!

gSM

m2
W

! 2 +

BSM 6
2

" #$ %
g2

!

g2
SM

E 4

! 4

+
g2

!

g2
SM

E 4

! 4
$ %" #

BSM 8 " SM

+
g4

!

g4
SM

E 8

! 8
$ %" #

BSM 8
2

+ . . .
&

.

(17)

Independently of the size of the interference term,
this expression shows that as soon as theD = 6 e#ects
become bigger than the SM (forE > ! (g/g! )1/ 2),
the D = 8 contribution takes over and dominates the
cross section [1]. Non-interference implies a pre-
cocious onset of the regime whereD = 8 operators
must be included: for energiesE >

"
mW ! (g/g! )1/ 4

the dominant correction to the SM comes both from
(BSM6)2 and from the BSM8-SM interference. The
situation is illustrated in the right panel of Fig. 2.
We conclude that, for the scattering VT VT # VT VT ,
inclusion of D = 8 operators is crucial in a vast energy
region above threshold.

So far we have considered processes where the
transverse polarizations of the vector bosons are

https://arxiv.org/abs/1607.05236
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EFT: signal vs background
We are looking for channels that show a strong dependence on Wilson coefÞcients:

the distinction between signal and background is not always easy.

Think of ZH with H! ((  & Z! ))  

The high pT distribution singles out 4 dim-6 operators that have an effect growing 
with the energy relative to SM

(EFT) approach, assuming that the beyond-the-SM (BSM) dynamics has an intrinsic scale
su! ciently higher than the range of energy spanned by theZh events. As we will see, in
the case of FCC-hh this amounts to the requirement that the EFT cut-o" is at least of
order 5 TeV.

With respect to W h production, the Zh process is sensitive to a wider set of energy-
growing new-physics e" ects. In fact it can be used to test the same operator,O(3)

! q , that
gives the leading corrections inW h. Moreover it gives access to three additional operators,
O(1)

! q , O! u and O! d, that encode deviations in the Z -boson coupling to left-handed and
right-handed quarks. All these operators give rise to corrections that grow quadratically
with the center-of-mass energy of the process, and are thus more visible in the high-energy
tail of the kinematic distribution.

The paper is structured as follows. In Section2, we present the main features of the
Zh production channel and the leading new physics e" ects it is sensitive to. In Section3,
we discuss the details of our analysis. In particular, we present the features of the signal
and background processes and the cuts we exploited to single out the new physics e" ects
from the backgrounds. In Section4 we collect the results of our analysis are collected,
whereas the conclusions of our work and possible future research directions are discussed
in Section 5. We collect in Appendices A and B some explicit formulae and additional
details about the analysis that were not included in the main text.

2 Theoretical background

2.1 Leading new-physics contributions

We parametrize new physics e" ects via the SMEFT formalism, focusing on the leading
BSM e" ects due to dimension-6 operators. Only four operators lead to contributions to the
pp ! Zh amplitudes that grow quadratically with the partonic center-of-mass energy [2].
In the Warsaw basis [4] they are given by

O(1)
! q =

!
QL ! µQL

" #
iH   !

D µ H
$

, (2.1)

O(3)
! q =

!
QL " a! µQL

" #
iH   " a !

D µ H
$

, (2.2)

O! u = ( uR! µuR)
#

iH   !
D µ H

$
, (2.3)

O! d =
!
dR! µdR

" #
iH   !

D µ H
$

, (2.4)

where
!
D µ = (

"
D µ)  "

#
D µ and " a are the Pauli matrices. We deÞne the Wilson coe! cients

of the above operators to be dimensionless so that the e" ective Lagrangian can be written
as

L eff =
%

a

ca

# 2 Oa , (2.5)

where # is the EFT scale and the index a runs over the operators in Eqs. (2.1)Ð(2.4).
To report all the numerical results we will Þx the EFT scale to the conventional value
# = 1 TeV.

Ð 3 Ð

Z polarization SM O(3)
! q O(1)

! q O! u O! d

! = 0 1
ös

! 2

ös
! 2

ös
! 2

ös
! 2

! = ± 1
M Z!

ös

!
ös MZ

! 2

!
ös MZ

! 2

!
ös MZ

! 2

!
ös MZ

! 2

Table 1 . High energy behavior of the tree-level SM and BSM helicity amplitudes for the process
qøq " Zh.

in Table 1. The full expressions for the LO helicity amplitudes are instead reported in
Appendix A.1.

For large partonic center-of-mass energy,
!

ös # M Z , the SM amplitude with a longitu-
dinally polarized Z boson is constant and dominates over the transversely polarized ones,
which are suppressed by aM Z /

!
ös factor.

On the other hand, all the contributions corresponding to the dimension-6 opera-
tors (2.1)Ð(2.4) show the same behavior. The amplitudes with a longitudinally polarized
Z boson grow as ös/ ! 2, i.e., with the square of the center-of-mass energy, while, for a
transversely polarizedZ , the growth is only linear, of order

!
ösMZ / ! 2.

We notice that a similar behavior characterizes the closely-relatedW h process [3].
Instead it contrasts with the W Z case, where the transverse opposite-polarization channels
are unsuppressed in the SM and constitute an important background for the BSM signal [2].

If one performs a fully inclusive analysis in theZ decay products, only amplitudes
with the same Z polarization can interfere. In this case, the dependence of the squared
SM amplitude and the leading interference terms on

!
ös and the scattering angle of theZ

boson," , is2

|M sm|2 $ sin2 " ,

ReM SM M !
bsm $

ös
! 2 sin2 " ,

(2.6)

where M bsm %{M (3)
! q , M (1)

! q , M ! u, M ! d} . It is important to notice that the BSM contri-
butions can directly interfere with the leading SM amplitude. The main BSM e" ects are
thus expected to be captured by exploiting the ös distribution. CG: Be careful with the
use of ÓinclusiveÓ here, since we said in Section 2.1 that the sensitivity to BSM come for a
di" erential analysis. GP: changed.

Direct inspection of the analytic expressions and numerical analyses (see Tables11
and 12) shows that, although the behavior of the BSM amplitudes is the same for all
e" ective operators (2.1)Ð(2.4), strong di" erences in the size of the interference terms are
present. The only operator that leads to a sizeable interference isO(3)

! q , while all others
su" er important suppression.

For the the right-handed operators, O! u and O! d, the interference term are suppressed
since they are proportional to the coupling of theZ boson to right-handed quarks, which

2The full expressions for the squared amplitudes and interference terms are given in Appendix A.2.

Ð 5 Ð

WH with H! ((  & W! l)  where the lepton is missed is an interesting background that actually
shows a strong dependence on        . So this ÒbackgroundÓ should be included in the backgrounds.

In general other backgrounds have a very mild dependence on WCs and can be treated as real 
backgrounds evaluated at the SM point.

c(3)
! q

F.
 B

is
ha

ra
+

, t
o 

ap
pe

ar
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SMEFT vs HEFT
SMEFT assumes the Higgs boson is part of SU(2) doublet and that SU(2)xU(1) is linearly realised

i.e. that all the heavy particles integrated out have a mass independent of the Higgs vev.
This is a reasonable assumption given the fact for instance that 4th family or chiral extension of the SM 

in general are ruled out/highly constrained.
But data should be used to established that SMEFT is a correct description of Nature.

HEFT = EFT Lagrangian non-analytic in |H|2

Simple examples of models matched to HEFT:
¥ massless scalar with a portal coupling to the Higgs
¥ models with additional sources of EWSB (2HDM, Higgs tripletsÉ)

2-Higgs vertices0-Higgs vertices 1-Higgs vertices

Higgs ReggeÕs plot is a prime example
Also correlation between diboson channels and Higgs couplings

ÒHiggs couplings w/o the HiggsÓ

test of the Ginzburg-LandauÕs model
test of PGB nature of the Higgs (VVh vs VVhh)

How to probe it experimentally? Which channels are best?

Be aware that doing a global Þt in HEFT is much more complicated than in SMEFT 
because of lack of correlations with non-Higgs sectors (& Higgs data are scarcer than EW ones)

Cohen+ Ô20

Falkowski, Rattazzi Ô19

https://arxiv.org/abs/2008.08597
https://arxiv.org/abs/1902.05936
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Future Directions: CPV
Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM4.

SM6 has many more CPV couplings:  1149 CPV couplings (incl. 1014 Four-Fermi ones)
LHC is getting sensitive to them (                                ), but not competitive with EDM

Not mature topic yet: next step is e.g. to develop STXS that are CP-odd

3

! hF ÷F !

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF ÷F from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton, ! , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.

of ÷YS, ! , and m! :

df = d(2 l )
f ! Q2

!
÷YS

v
m!

sin(2! )
!
g(m2

! /m 2
h ) " g(m2

! /m 2
S)

"
,

(13)
where the loop function is given by

g(z) =
z
2

# 1

0
dx

1
x(1 " x) " z

ln
$

x(1 " x)
z

%
, (14)

which satisÞesg(1) # 1.17 andg # 1
2 ln z for large z. We

show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di ! erent limits of
(13). When mh $ m! , mS, to logarithmic accuracy
g(m2

! /m 2
h ) " g(m2

! /m 2
S) % 1

2 ln(m2
min /m 2

h ), where mmin
is the smaller of mS and m! . In this limit, the heavy
Þelds can be integrated out sequentially, withS and "
Þrst, and h second. The Þrst step is simpliÞed by the
use of the chiral anomaly equation for" , #µ

ø"$ µ $5" =
2i ø"$ 5" + "

8# Q2
! Fµ$ ÷Fµ$ . This leads to the following iden-

tiÞcation:

÷ch

÷" 2
=

%Q2
!

4&

÷YSA
m2

Sm!
; " UV & min(mS, m! ). (15)

Apart from a smaller value for the logarithmic cuto! ,
the result in this limit di ! ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min /m 2
h ) # O(1), the corrections to

the Higgs diphoton rate will be limited to at most the
sub-percent level unless a Þne-tuned cancellation ofde is
arranged with some otherCP-odd source.

We now consider a di! erent near-degenerate limit,
|mh " mS| $ mh , which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di ! erence between the masses is small, we can ap-
proximate

sin(2! )(m2
S " m2

h ) % 2Av, (16)

and the EDM becomes

df = d(2 l )
f ! Q2

!
÷YS

2Av2m!

m4
h

g!(m2
! /m 2

h ) (17)

"% d(2 l )
f ! Q2

!
÷YS

Av2

m2
h m!

, (18)

where in the Þnal step we made use of the largem! limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting betweenh
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/ (m2

h m! ) in the O(10" 2 " 10" 3) range,
suppressing the EDM safely below the bound.

At the same time, as explicitly shown in Ref. [5], mod-
iÞcations to the h % $$ rate can be signiÞcant, and
enhancement can come from theFµ$ ÷F µ$ amplitude. Un-
like corrections to the Fµ$F µ$ amplitudes that can en-
hance or suppress the e! ective rate, the CP-odd chan-
nel always adds toR%%. Assuming that the mass di! er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
|mS " mh | #< 3 GeV with current statistics [5]), the ap-
parent increase in the diphoton rate in this model is

Re!
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. (19)

If ! is in the range
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and #öh# %% # # öS# %% then R%% simpliÞes to a ! -
independent expression,
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. (21)

The rate for the weak eigenstateöS to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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operators with  ! :  
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz Õ12

! CPV > 25 TeV

÷! !! ! ÷! ! Z " 10! 4

operators with top: 
already severely constrained 

by e and q EDMs

Brod, Haisch, Zupan Õ13
! CPV > 2.5 TeV

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
¥ dominant contribution from 

2-loop Barr-Zee type diagram

¥ depends on electron yukawa

¥ setting ye=1 is then quite constraining

¥ the constraint vanishes, if the Higgs does not couple to electrons 

¥ e.g. if it only couples to the 3rd gen.

7

exp

! ghtt !  0.01~

Brod,Haisch,Zupan 13

! ÷ghtt ! 0.01

Caveats: h couplings to light particles can be signiÞcantly reduced

e,q e,q
h

|! tth | < 43! & ! ! ! = (4 ± 17)!
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Future Directions: CPV
Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM4.

SM6 has many more CPV couplings:  1149 CPV couplings (incl. 1014 Four-Fermi ones)
LHC is getting sensitive to them (                                ), but not competitive with EDM

Despite tighter and tighter constraints, CPV Yukawa could still be the source of EW baryogenesis 

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) Ð TeV-scale BSM models 31

SMEFT: dim-6 complex Yukawas
! Consider dim-6 Yukawa with real and imaginary part (only 1 EFT term)

! Ratio of dim-6/dim-4: 

cf de Vries, Postma, van de Vies Ô18 where  !!!!!!!!!!!"!!EF, Losada, Nir, Viernik Ô19 Ô20

!  for more general 
EFT see next talk by 
K. Mimasu

su" cient baryon 
asymmetry within 
LHC & EDM limits?
! : yes
t, b, "#$no

EDM        " ( h!  ""%<1.7

EFT Cut-o# scales
Minimal scales   maximally allowed T (collider, EDM)!
   , b: 1 - 3 TeV; t: 1 TeV (LHC), 9 TeV (EDM)!
   : 10 Ð 12 TeV"

Maximal scales  minimally required T! I (EWBG) 
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SMEFT: dim-6 complex Yukawas
! Consider dim-6 Yukawa with real and imaginary part (only 1 EFT term)

! Ratio of dim-6/dim-4: 

cf de Vries, Postma, van de Vies Ô18 where  !!!!!!!!!!!"!!EF, Losada, Nir, Viernik Ô19 Ô20

!  for more general 
EFT see next talk by 
K. Mimasu

su" cient baryon 
asymmetry within 
LHC & EDM limits?
! : yes
t, b, "#$no

EDM        " ( h!  ""%<1.7

EFT Cut-o# scales
Minimal scales   maximally allowed T (collider, EDM)!
   , b: 1 - 3 TeV; t: 1 TeV (LHC), 9 TeV (EDM)!
   : 10 Ð 12 TeV"

Maximal scales  minimally required T! I (EWBG) 

Ñ continue the exploration, especially in the tau sector Ñ 

Fuchs et al. Õ20

see also 
de Vries et al. Õ17

|! tth | < 43! & ! ! ! = (4 ± 17)!
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Future Directions: CPV
Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM4.

SM6 has many more CPV couplings:  1149 CPV couplings (incl. 1014 Four-Fermi ones)

denominator as |DW |2 ! (M 2
!" " M 2

W )2 + M 2
W ! 2

W . Note that the angular dependence on
the W scattering angle, ! , in Eq. 2.4 can be recovered by integrating over the phase space
of the leptons, dcos! W d" W .
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g6
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EFT analysis at high pT more difÞcult for CP-odd operators because of non-interference

Need a double-differential distributions 
to catch effects growing with energy

x

z

y

ör

W

h

f +

f !

! W

" W

!

Figure 2 . Scattering and decay angles.f ± denotes the± helicity lepton from the W decay.

and ör (which for a 2 ! 2 process is parallel to the beam axis). The positive helicity lepton
decay angles,! W and " W , are deÞned in theW rest frame. The positive helicity lepton
corresponds to# or $ depending on the sign of the charged lepton. See Ref. [43] for more
details.

From Eq. (2.5), we Þnd that the leading interference terms involvingO! w and O! !w

grow with
"

ös/ ! . This is true provided that we do not integrate over the azimuthal an-
gle, " W . For the O! w operator, the leading interference terms after integrating over the
azimuthal angle are constant, see Eq. (2.6). On the other hand the interference involving
O! !w vanishes exactly since the amplitudes have opposite parity. This is not the case for

O(3)
! q , since this operator mainly contributes to the longitudinal W amplitude, which is also

the leading SM channel.
There is, however, a subtlety connected to the reconstruction of the neutrino. The

missing transverse momentum and the kinematics of the charged lepton can be exploited
to reconstruct the neutrino momentum only up to a two-fold ambiguity. This ambiguity,
in the limit of high neutrino pT , corresponds to a phase shift," W ! %# " W [43]. Because
of this, at high energies, all the terms proportional to cos" W in Eq. (2.5) vanish, while the
ones proportional to sin" W do not. In particular, the leading interference between theO! w

amplitude and the SM, and the subleading terms in the squared and interference amplitudes
for the SM and O(3)

! q average to zero.3 On the other hand, the leading interference term for
O! !w is una" ected by the ambiguity. It is important to notice that the neutrino ambiguity

will not have a signiÞcant impact on the bounds ofO(3)
! q , since as shown in Eq. (2.5) its

leading interference with the SM is insensitive to" W .
After taking into account the neutrino ambiguity, the Þrst non-vanishing interference

term for O! w does not grow with
"

ös anymore; rather, it is constant. Its explicit analytic
expression is:

ReM SM M !
! w $

M 2
W

! 2

!
(1 # cos! cos! W )2 +

1
2

sin2 ! sin2 ! W (1 + cos 2" W )
"

. (2.6)

3The interference for the O! w operator could be restored by considering hadronic W decay channels, in
which case the decay angles can be reconstructed up to an ambiguity (! W , " W ) ! (# " ! W , # " " W ) [43].
This channel, however, has much larger backgrounds, so we do not consider it in our analysis.
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need to develop STXS that are CP-odd
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Table 2 . High energy behavior of the SM and BSM helicity amplitudes forpp " W h.

In our analysis we neglect any modiÞcation of the Higgs branching ratio to"" .1

This is justiÞed because by the end of the HL-LHC the bound on the e" ective h""
coupling is expected to be below 2%, and below 0.3% after FCC-ee+FCC-hh, from a
global analysis of Higgs data [38]. Furthermore, the CP-odd operator, O! !w , is strongly
constrained by EDM measurements [39Ð41] as we discuss in Section4.

In order to maximize the sensitivity of our analysis to BSM e" ects, it is useful to
analyze the interference between the SM and the new physics contributions. We recall
here that the presence of interference between the SM and the BSM contributions is a
key ingredient to enhance the sensitivity, since in our case of study the SM term always
dominates over the BSM contribution. Indeed, in the absence of interference, the BSM
contributions come uniquely from the square of the new physics amplitude and become
visible only for very large values of the Wilson coe# cients.2

The leading high-energy behavior of each helicity amplitude is shown in Table2. The
leading SM amplitude is the one with a longitudinally-polarized W boson, which behaves
as a constant at high center-of-mass energy of the process,

!
ös, whereas the transverse

polarization channels are suppressed at high energy. This contrasts with the case ofW Z
production, where the (+ , # ) and (# , +) polarization channels, which are obviously absent
for W h, have the same energy behaviour as the longitudinal one and constitute the main
source of background for the longitudinal BSM signal at high energy (at least for leptonic
W Z decays). The only new physics operator that induces a growth of order ös/ ! 2 in the W h
amplitude is O(3)

! q , while O! w and O! !w generate amplitudes that grow at most with
!

ös/ ! .

It is interesting to notice that the O(3)
! q operator mainly contributes to the longitudinal W

channel and therefore can lead to a strong interference with the SM amplitude. On the
contrary, the leading contributions from the O! w and O! !w operators are in the transverse
W channels, which are subleading for the SM.

1Notice that since O! w and O! !w modify the H ! !! branching ratio, for large values of the corresponding
Wilson coe! cients, some cancellation must take place. For instance additional contributions coming from
O! B could provide such a cancellation, as happens in minimally coupled models.

2Such a situation is also problematic because additional contributions from dimension-8 operators, which
we do not include in our analysis, could play an important role, making the bounds more model depen-
dent [42].
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https://arxiv.org/abs/2004.06122


Christophe Grojean EFT Interpretation: BSM HXSWG, Nov. 9, 202021

Future Directions: BR exo

Exotic (Higgs) decays require new light degrees of freedom.
This should require extra caution when using EFT.

Not necessarily a problem: SMEFT doesnÕt care about massless graviton.
Fine to perform a SMEFT+BRexo Þt, 

but interpretation in terms of actual UV models should be examined case by case. 

S2|H |2
Scalar Higgs Portal

¥ h ! ss if 2ms < m h i.e. exotic decays

¥ hÐs mixing when "H # $= 0 , "S# $= 0

the mixing is an effect that is not directly captured by BRexo
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Conclusions

All projects of Higgs factories  have a rich potential:
* Legacy measurements that will go into textbooks

* ReÞnements in our understanding of Nature (EW phase transition, naturalnessÉ)

EFT analyses are not as-model-independent as they looked like or more precisely the 
interpretation of the bounds & the question of the validity are model-dependent, 

which is good because they can be used to probe different hypotheses 
so we can learn about the structure of BSM rather than measuring parameters.

* organising our knowledge
* parametrising our ignoranceEFTs are good for{

But we have to be careful and be aware of our hypotheses.
It can well be that the real potential of these projects is mis-estimated (LLP, exoticsÉ).

So we should stay open-minded and keep thinking different.


