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• The discovery of a Higgs-like boson in 2012 provided experimental 
confirmation of the last particle predicted by the SM…
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• So far, its properties also seem 
to be very SM-like… to 
~10-20% accuracy.


• This precision, however, is still 
not enough to learn too much 
about possible sources of New 
Physics (NP)…


H Couplings
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• Indeed, the measurements of the Higgs properties have not provided 
much information (constraints) on New Physics yet:


• Higgs couplings also provide information about Naturalness:
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Typical BSM deformation:

Not better than direct searches 
(unless NP is strongly coupled)
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R. Rattazzi’s talk at 
ESU symposium, Granada

 ⇒ Higgs precision physics is a key tool to learn from BSM

E.g.
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• Therefore, a key component of the physics program at future particle 
colliders has revolved around the possible improvements on the 
knowledge of properties of the Higgs …
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• Therefore, a key component of the physics program at future particle 
colliders has revolved around the possible improvements on the 
knowledge of properties of the Higgs … 


• One should however not forget about improving our measurements of the 
properties of the other particles of the EW sector:


Electroweak Precision Observables (EWPO)

MZ, �Z, �0
had, sin

2 ✓lept
E↵ , P pol

⌧
, Af , A0,f

FB
, R0

f

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�

e+e�!e+e�

d cos ✓

Higgs signal strengths:

H ! ��, ZZ, W+W�, bb̄, ⌧+⌧�

LHC Drell-Yan
�(pp ! `+`�)

3 E↵ective Lagrangian description of New Physics:

Equations

LE↵ =
P1

d=4
1

⇤d�4Ld = LSM +
1
⇤
L5 +

1
⇤2L6 + · · · (2)

Ld =
P

i
↵d

i
Od

i
(3)

⇥
Od

i

⇤
= d (4)

E ⌧ ⇤ (5)

4 New Particles

3

W obs. (LEP2, Tevatron, LHC)
0.02-O(1)%

1 Equations

MW , �W (1)

M2
W =

M2
Z

2

✓
1 +

q
1 � 4⇡↵p

2GµM2
Z

(1 + �r)

◆
(2)

L= e
2sW cW

Zµ

P
f̄
h
gf
V �µ � gf

A�µ�5

i
f

= e
2sW cW

Zµ

P
f̄
h
gf
L�µ(1 + �5) + gf

R�µ(1 � �5)
i
f

= e
2sW cW

p
⇢fZµ

P
f̄
h
(If

3 � 2Qf
f
Zs

2
W )�µ � If

3 �µ�5

i
f

(3)

⇢f
Z =

⇣
gf
A

If
3

⌘2

(4)

s2W = 1 � M2
W

M2
Z

(5)

f
Z = 1

4|Qf |s2W
⇣
1 � gf

V

gf
A

⌘
(6)

A0,f
L,R = Af =

2Re

(
g
f
V

g
f
A

)

1+Re

(
g
f
V

g
f
A

)2 (7)

(f = `, c, b) (8)

A0,f
FB = 3

4
AeAf (9)

sin2 ✓lept
E↵ = Re

�
`

Z

 
s2W (10)

�f /
���⇢f

Z

���
���g

f
V

gf
A

���
2

Rf
V + Rf

A

���� (11)

�Z, �0
h = 12⇡

M2
Z

�e�h

�2
Z

, R0
` = �h

�`
, R0

c,b = �c,b

�h
(12)

LE↵ = v2

4
Tr

⇥
Dµ⌃†⌃

⇤ �
1 + 2V

h
v
+ . . .

�
� mif̄ i

L

�
1 + 2f

h
v
+ . . .

�
f i
R (13)

LE↵=
v2

4
Tr

⇥
Dµ⌃†⌃

⇤ �
1 + 2V

h
v
+ . . .

�

�mif̄ i
L

�
1 + 2f

h
v
+ . . .

�
f i
R

(14)

2

Z-pole obs.
(SLD/LEP)
0.002-O(1)%

Provide precise measurements of properties (mass & couplings) of the W & Z bosons

Measurements of cross sections and asymmetries, coming mostly from e+e- colliders (LEP/SLD)
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• Therefore, a key component of the physics program at future particle 
colliders has revolved around the possible improvements on the 
knowledge of properties of the Higgs …


• One should however not forget about improving our measurements of the 
properties of the other particles of the EW sector: 

• …even if the Higgs is the primary goal, one cannot separate the 
determination of its properties from the knowledge of the 
properties of the other SM particles…
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• Precision of Higgs measurements expected to be close to per mille 
level in several cases
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Higgs production at “low-energy” lepton colliders

Introduction Framework Measurements Parameterization Results Conclusion

Higgs measurements

! e+e− → hZ, cross section maximized at around
250 GeV.

! e+e− → νν̄h, cross section increases with energy.
! e+e− → t̄th, can be measured with

√
s ! 500GeV.

! e+e− → Zhh and e+e− → νν̄hh (triple Higgs
coupling, not included here).
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• Precision of Higgs measurements expected to be close to per mille 
level in several cases


• Is the knowledge of the EW interactions from LEP/SLD enough to 
neglect EW uncertainties in the extraction of Higgs properties?


• To answer this, first we need to set the (B)SM interpretation “framework”
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Introduction

• At LEP2 aTGC determination was built on the assumption that the EW 
Vff are SM-like. Justified by the precise LEP/SLD Z-pole constraints


• Is the knowledge of the EW interactions from LEP/SLD enough to 
neglect EW uncertainties in the extraction of aTGC at future colliders?


• To answer this, first we need to set the (B)SM interpretation “framework”
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Similar considerations for WW production at lepton colliders
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• Two possible approaches to compare indirect sensitivity to BSM:


• We will follow the model-independent approach using an EFT:


Look at Specific Models:
SUSY, Composite Higgs, …

Look at Model-Independent deformations 
 of SM interactions

Too many models  
+ 

 No experimental indication favoring any  
particular scenario

UV IR
Λ vEWE≪Λ

We don’t need to know this to describe the physics here
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• The dimension 6 SMEFT: 

• LO new physics effects “start” at dimension 6: 


• Describes correlations of BSM effects in different types of observables,


• We focus on EW/Higgs: Assume CP-even. 4-Fermion and dipole 
operators tested better by other processes (no EW/Higgs) and are 
neglected.


Λ: Cut-off of the EFT
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Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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59 B & L preserving operators  
(2499 counting flavor) 

We also restrict the analysis to flavour preserving processes/interactions

• SM Particles and Symmetries at Low-energies. Assume H in SU(2) doublet
• Expansion in canonical mass dimension
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Dimension-6 effects in Higgs/EW physics at LO

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw
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, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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1
2
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◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff
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v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`
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R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
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⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV

6 =
h
v


2dcw m2

WW+
µ W�

µ +dcz m2
ZZµ Zµ + cw⇤ g2 �W�

µ ∂nW+
µn +h.c.

�
+ cz⇤ g2Zµ ∂n Zµn + cg⇤ gg0Zµ ∂n Aµn

+cww
g2

2
W+

µnW�
µn + cgg

g2
s

4
Ga

µn Ga
µn + cgg

e2

4
Aµn Aµn + czg

e
p

g2 +g0 2

2
Zµn Aµn + czz

g2 +g0 2

4
Zµn Zµn

#
,

4/49

– Trilinear Gauge Couplings:

DL
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µ W�
n + igcosqw
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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L n̄ ḡµ e+ d̂gWq
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and
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D a are defined as:
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Dµ ⌘ Dµ �

 
Dµ and
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D a
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Dµ sa, while Bµn , W a
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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l̄1gµ l2
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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Rgµ dj

R)
�
Ofud

�
ij

G
F y4 �

l̄1gµ l2
��

l̄2gµ l1
�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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Dimension-6 effects in Higgs/EW physics at LO

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �
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iglz

m2
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µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.

6/49

Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.

Operator Notation Operator Notation
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ss
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
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g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:
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Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.
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L ūgµ d + d̂gWq
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of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV

6 =
h
v


2dcw m2

WW+
µ W�

µ +dcz m2
ZZµ Zµ + cw⇤ g2 �W�

µ ∂nW+
µn +h.c.

�
+ cz⇤ g2Zµ ∂n Zµn + cg⇤ gg0Zµ ∂n Aµn

+cww
g2

2
W+

µnW�
µn + cgg

g2
s

4
Ga

µn Ga
µn + cgg

e2

4
Aµn Aµn + czg

e
p

g2 +g0 2

2
Zµn Aµn + czz

g2 +g0 2

4
Zµn Zµn

#
,
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H
V

V

Only 7 independent  
parameters 

Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.

Operator Notation Operator Notation
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(l̄iLfej
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�
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�
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�
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�
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�
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3
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⌘
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$
Dµ f)(ēi
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(f †i
$
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$
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G
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��
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�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘
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p
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✓
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"

Â
f =u,d,e,n
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#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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hVV

6 =
h
v


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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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L = d̂gZn

L � d̂gZe
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L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:

DL
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6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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while lz, is an independent parameter.
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basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
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In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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$
D a are defined as:
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the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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aT
G

C

δg1Z and δκγ related to HVV couplings
Only λz is independent

Where to test these?

gg ! H (10)

e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)

2

2

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

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

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

+
W

�

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

2

WW
(�g1,z, �� , �z).

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

2

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

constraints on aTGCs. Indeed, combining the likelihoods
�
2

comb.
= �

2

h
+ �

2

WW
we obtain strong constraints on the

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

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

-1.5 -1.0 -0.5 0.0
-1.0

-0.5

0.0

0.5

1.0

δg1,z

δκγ

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

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

correlation matrix for the aTGCs:
0

@
�g1,z

��

�z

1

A =

0

@
0.043± 0.031
0.142± 0.085
�0.162± 0.073

1

A ,

⇢ =

0

@
1 0.74 �0.85

0.74 1 �0.88
�0.85 �0.88 1

1

A .

(3)

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

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

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

⇤
! We⌫) [5], as in Ref. [7]. That

process probes mostly �� but it also a↵ects limits on

A. Falkowski et al., PRL 116 (2016) 011801

Complementarity H/aTGC

(Tree level)
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Dimension-6 effects in Higgs/EW physics at LO

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV

6 =
h
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
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,
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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Rgµ ej
R)

�
Ofe

�
ij

(f †i
$
Dµ f)(q̄i

Lgµ qj
L) (O(1)

fq )ij (f †i
$
D a

µ f)(q̄i
Lgµ saqj

L) (O(3)
fq )ij

(f †i
$
Dµ f)(ūi
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg
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,
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⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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Where to test these?

gg ! H (10)

e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)

pp ! HH (14)

e+e� ! ZHH, ⌫⌫̄HH (15)

H ! ff 0 (16)

pp ! tt̄H (17)

e+e� ! tt̄H (18)

2
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e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)

pp ! HH (14)

e+e� ! ZHH, ⌫⌫̄HH (15)

H ! ff 0 (16)

pp ! tt̄H (17)

e+e� ! tt̄H (18)
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(Tree level)

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
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(g2 �g0 2)
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while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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aTGC = iedkg AµnW+

µ W�n + igcosqw
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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(g2�g0 2)
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and
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D a are defined as:
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Dµ ⌘ Dµ �

 
Dµ and
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D a
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Dµ sa, while Bµn , W a
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D a are defined as:
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Rgµ uj
R)

�
Ofu

�
ij (f †i

$
Dµ f)(d̄i

Rgµ dj
R)

�
Ofd

�
ij

(f̃ †iDµ f)(ūi
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
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while lz, is an independent parameter.

– Yukawa couplings:
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f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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where θw denotes the weak mixing angle while δm is an independent parameter from L6

controlling the deviation of m2
W with respect to its tree level SM value.

Trilinear gauge couplings:

∆LaTGC = ieδκγ A
µνW+

µ W−
ν

+ig cos θw

[
δg1Z (W+

µνW
−µ −W−

µνW
+µ)Zν +

(
δg1Z − g′ 2

g2
δκγ

)
ZµνW+

µ W−
ν

]

+
igλz
m2

W

(
sin θwW

+ν
µ W−ρ

ν Aµ
ρ + cos θwW

+ν
µ W−ρ

ν Zµ
ρ

)
, (3.10)

where of the three coefficients g1,z and δκγ depend on cgg, δcz, cγγ , czγ , czz, cz!:

δg1,z =
1

2
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[
cγγe
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)
, (3.11)

while λz is an independent parameter.

Yukawa couplings:

∆Lhff
6 = −h

v

∑

f∈u,d,e
δ̂yf mf f̄f + h.c., (3.12)

where δ̂yf mf should be thought as 3 × 3 matrices in flavour space. FCNC are avoided

when δ̂yf is diagonal in the same basis as mf . Under the assumption of Flavour Uni-

versality (δ̂yf )ij ≡ δyf × δij , corresponding to a total of three parameters δyu, δyd, δye.

The assumption of Neutral Diagonality corresponds instead to (δ̂yf )ij ≡ δ(yf )i × δij (no

summation) corresponding to 9 parameters δu, δc, δt for the ups and similarly for downs

and charged leptons. In practice only δt,c, δb and δτ,µ are expected to matter in plausible

models and in the experimental situations presented by all future colliders. This adds two

parameters with respect to Flavour Universality.

Vector couplings to fermions:

∆Lvff,hvff
6 =
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h
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µ
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µfR

]

(3.13)

where, again, not all terms are independent:7

δ̂gW ℓ
L = δ̂gZν

L − δ̂gZe
L , δ̂gWq

L = δ̂gZu
L VCKM − VCKM δ̂g

Zd
L . (3.14)

7Here we choose a slightly different convention for the dependent couplings with respect to [35, 36], and

we express everything in terms of the modifications of the neutral currents.
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where θw denotes the weak mixing angle while δm is an independent parameter from L6

controlling the deviation of m2
W with respect to its tree level SM value.

Trilinear gauge couplings:
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−µ −W−
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δκγ
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ν

]

+
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W

(
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µ W−ρ
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ρ

)
, (3.10)

where of the three coefficients g1,z and δκγ depend on cgg, δcz, cγγ , czγ , czz, cz!:
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2
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2 − g′ 2)g′ 2 − czz(g

2 + g′ 2)g′ 2 − cz!(g
2 + g′ 2)g2

]
,

δκγ = −g2

2

(
cγγ

e2

g2 + g′ 2
+ czγ

g2 − g′ 2

g2 + g′ 2
− czz

)
, (3.11)

while λz is an independent parameter.

Yukawa couplings:

∆Lhff
6 = −h

v

∑

f∈u,d,e
δ̂yf mf f̄f + h.c., (3.12)

where δ̂yf mf should be thought as 3 × 3 matrices in flavour space. FCNC are avoided

when δ̂yf is diagonal in the same basis as mf . Under the assumption of Flavour Uni-

versality (δ̂yf )ij ≡ δyf × δij , corresponding to a total of three parameters δyu, δyd, δye.

The assumption of Neutral Diagonality corresponds instead to (δ̂yf )ij ≡ δ(yf )i × δij (no

summation) corresponding to 9 parameters δu, δc, δt for the ups and similarly for downs

and charged leptons. In practice only δt,c, δb and δτ,µ are expected to matter in plausible

models and in the experimental situations presented by all future colliders. This adds two

parameters with respect to Flavour Universality.

Vector couplings to fermions:

∆Lvff,hvff
6 =

g√
2

(
1 + 2

h

v

)
W+

µ

(
δ̂gW ℓ

L ν̄Lγ
µeL + δ̂gWq

L ūLγ
µdL + δ̂gWq

R ūRγ
µdR + h.c.

)

+
√
g2 + g′ 2

(
1 + 2
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v
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[
∑

f=u,d,e,ν

δ̂gZf
L f̄Lγ

µfL +
∑

f=u,d,e

δ̂gZf
R f̄Rγ

µfR

]

(3.13)

where, again, not all terms are independent:7

δ̂gW ℓ
L = δ̂gZν

L − δ̂gZe
L , δ̂gWq

L = δ̂gZu
L VCKM − VCKM δ̂g

Zd
L . (3.14)

7Here we choose a slightly different convention for the dependent couplings with respect to [35, 36], and

we express everything in terms of the modifications of the neutral currents.
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– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.

Operator Notation Operator Notation

C
la

ss
1

X3 eabcWan
µ Wbr

n Wc µ
r OW

f 6 �
f †f

�3
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f 4D2 �
f †f

�
⇤
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f †f

�
Of⇤
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f †Dµ f

�
((Dµ f)† f) OfD

X2f 2 f †fBµn Bµn
OfB f †fWa

µn Wa µn
OfW

f †safWa
µn Bµn

OfWB f †fGA
µn GA µn

OfG

C
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ss
2

y2f 2
�
f †f

�
(l̄iLfej

R)
�
Oef

�
ij�

f †f
�
(q̄i

Lfdj
R)

�
Odf

�
ij

�
f †f

�
(q̄i

Lf̃uj
R)

�
Ouf

�
ij

C
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ss
3

y2f 2D

(f †i
$
Dµ f)(l̄iLgµ ljL)

⇣
O

(1)
f l

⌘

ij
(f †i

$
D a

µ f)(l̄iLgµ saljL) (O(3)
f l )ij

(f †i
$
Dµ f)(ēi

Rgµ ej
R)

�
Ofe

�
ij

(f †i
$
Dµ f)(q̄i

Lgµ qj
L) (O(1)

fq )ij (f †i
$
D a

µ f)(q̄i
Lgµ saqj

L) (O(3)
fq )ij

(f †i
$
Dµ f)(ūi

Rgµ uj
R)

�
Ofu

�
ij (f †i

$
Dµ f)(d̄i

Rgµ dj
R)

�
Ofd

�
ij

(f̃ †iDµ f)(ūi
Rgµ dj

R)
�
Ofud

�
ij

G
F y4 �

l̄1gµ l2
��

l̄2gµ l1
�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV

6 =
h
v


2dcw m2

WW+
µ W�

µ +dcz m2
ZZµ Zµ + cw⇤ g2 �W�

µ ∂nW+
µn +h.c.

�
+ cz⇤ g2Zµ ∂n Zµn + cg⇤ gg0Zµ ∂n Aµn

+cww
g2

2
W+

µnW�
µn + cgg

g2
s

4
Ga

µn Ga
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e2

4
Aµn Aµn + czg

e
p

g2 +g0 2

2
Zµn Aµn + czz

g2 +g0 2

4
Zµn Zµn

#
,
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– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
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6 =
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✓
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#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and
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D a are defined as:
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Dµ and
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Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.
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To study the impact of EW measurements in the determination of Higgs properties  
we will compare with an scenario with “perfect EW” data 

i.e. EW interactions known to be SM-like with infinite precision:  

“Perfect EW” →
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• New type of contributions: apart from new HVV’ tensor structures, virtual 
exchange of BSM particles can generate contact interactions


• Remember, these HZff terms are connected to modifications of Zff 
couplings, e.g.


Interference grows like E2 wrt. SM

Uncertainty on (H)Zee introduces growing-with-E “contamination”  
in the extraction of HZZ interactions from ZH processes

LO

of those onto a basis, using equation of motion, integration by part, Fierz identity, etc.
would have the same e�ect. Focusing on arbitrary subset of operators is also technically
inconsistent at the quantum level where counterterms from discarded operators may be
needed. This naturally leads to the necessity to consider global studies of indirect e�ects,
where one includes all possible types of physical observables to probe simultaneously all
SMEFT directions open at a given order. In this work, where we are mainly interested
in the study of possible deformations in Higgs processes. This will necessarily lead us to
include in the discussion the observables typically considered in electroweak precision tests
and diboson production. In what follows, we describe the di�erent operators that enter in
all these processes in the dimension-six SMEFT formalism. For that purpose, we will use
the convenient parametrization of ref. [10, 46], the so-called Higgs basis, where the leading
order e�ects of new physics are presented in the unitary gauge.

For simplicity, we will restrict our study to CP-conserving interactions. CP-violating
interactions can be constrained separately with specifically designed CP-odd observables
that are insensitive to CP-even e�ects. The two sector can thus be decoupled. The new
physics contributions to the couplings of the Higgs boson to vector bosons can then be
written in terms of the following interactions in the physical basis:
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In the previous Lagrangian only cgg, ”cz, c““ , cz“ , czz, cz⇤ are independent parameters,
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In the previous equations gs, g and gÕ denote the SU(3)c ◊SU(2)L ◊U(1)Y gauge coupling
constants, e is the electric charge, ◊w denotes the weak mixing angle and mZ,W are the
electroweak vector boson masses. The parameter ”m describes new physics contributions
to the W mass, and it is the only source of custodial symmetry breaking in Higgs couplings
to dimension six. The same dynamics generating some of the couplings in equation (2.2)
also induces modifications in the so-called anomalous triple-gauge couplings (aTGC). These
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Figure 1: A summary of run scenarios for CEPC, FCC-ee, ILC and CLIC considered in
our analysis, with the corresponding integrated luminosities. The impact of beam polariza-
tion at the ILC is examined by considering P (e≠, e+) = (û80%, ±30%), (±80%, 0%) and
unpolarized configurations.

studies, such as refs. [57–59], leading to e�ects larger than expected. It would therefore be
interesting to quantity the impact of these EW loops on our global fit, but such an analysis
is certainly beyond the scope of the paper.

2.2 Run scenarios and input measurements

We detail below the future lepton collider run scenarios we assume, together with the
sources of measurement precision estimates adopted as input, also for the HL-LHC. The
EW precision measurements of LEP and SLD that we use are listed too. More details are
provided in appendix E.

• LEP and SLD: The current constraints on EW precision observables from Z-pole
measurements at LEP and SLD are taken from ref. [60]. For the W mass and width,
we take the values from PDG [61] which also includes measurements from the Tevatron
and LHC. We include the constraints on leptonic branching ratios of W from ref. [62].
Diboson measurements from LEP II would be completely surpassed by future lepton
colliders ones.

• HL-LHC: For Higgs measurements with 3 ab≠1 of integrated luminosity, we use the
projections provided in the HL-LHC/HE-LHC working group report of ref. [51], under

– 9 –
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Official inputs available for  Higgs/WW/EW

Higgs aTGC EWPO

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes (Z-pole run)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) Yes (Rad. Return)


(Giga-Z? Not in baseline)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes (Z-pole run)

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

Yes (Rad. Return)

(Giga-Z? Not in baseline)

We will always combine with the info expected at the end of the (HL-)LHC era 
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Official inputs available for  Higgs/WW/EW

Higgs aTGC EWPO

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes (Z-pole run)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) Yes (Rad. Return)


(Giga-Z? Not in baseline)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes (Z-pole run)

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

Yes (Rad. Return)

(Giga-Z? Not in baseline)

We will always combine with the info expected at the end of the (HL-)LHC era 

No full EFT studies available for WW processes at future lepton colliders

December 16, 2019

Material for talk at the ATM talk on December 17, 2019
at Durham University.

J. de Blasa†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

Materials for the talk presented at the ATM talk on December 17, 2019 at Durham
University.

1 Latex Stu↵
�gh

gh
⇠ g

2
NPv

2

⇤
2
NP

(1)

�gh

gh
⇠ g

2
NPv

2

⇤
2
NP

=) ⇤NP & 500 gNP

gSM
GeV (2)

�gh

gh

���
LHC

⇠ O(10 - 20)% (3)

⇤ & 500gNP

gSM
GeV (4)

µ(i ! H ! f) ⌘ �·BR

�SM·BR
SM (5)

µ ⌘ �·BR

�SM·BR
SM (6)

�ZH ⌘ �(e+e� ! ZH) (7)

H ! V V 0 (8)

H ! ff 0 (9)

†E-mail: jorge.de-blas-mateo@durham.ac.uk

1

December 16, 2019

Material for talk at the ATM talk on December 17, 2019
at Durham University.

J. de Blasa†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

Materials for the talk presented at the ATM talk on December 17, 2019 at Durham
University.

1 Latex Stu↵
�gh

gh
⇠ g

2
NPv

2

⇤
2
NP

(1)

�gh

gh
⇠ g

2
NPv

2

⇤
2
NP

=) ⇤NP & 500 gNP

gSM
GeV (2)

�gh

gh

���
LHC

⇠ O(10 - 20)% (3)

⇤ & 500gNP

gSM
GeV (4)

µ(i ! H ! f) ⌘ �·BR

�SM·BR
SM (5)

µ ⌘ �·BR

�SM·BR
SM (6)

�ZH ⌘ �(e+e� ! ZH) (7)

H ! V V 0 (8)

H ! ff 0 (9)

†E-mail: jorge.de-blas-mateo@durham.ac.uk

1

Only possible at  
lepton colliders

Rates (signal strength)

(Inclusive) cross section

�(pp!H!µµ)

�(pp!H!4`)
(28)

MZ, �Z, �Z!f , Af

FB,LR
, . . . (29)

MW , �W , �W!f (30)

3

EWPO

pp ! HV (10)

e+e� ! HZ (11)

gg ! H (12)

e+e� ! Z ! ff̄ (13)

e+e� ! W+W� (14)

pp ! W+W�,WZ,W� (15)

pp ! HH (16)

e+e� ! ZHH, ⌫⌫̄HH (17)

H ! ff 0 (18)

pp ! tt̄H (19)

e+e� ! tt̄H (20)

n
ge↵

HZZ
, ge↵

HWW
, ge↵

H��
, ge↵

HZ�
, ge↵

Hgg
, ge↵

Htt
, ge↵

Hcc
, ge↵

Hbb
, ge↵

H⌧⌧
, ge↵

Hµµ

o
(21)

{�g1z, ��,�z} (22)

n
ge↵

HZZ
, ge↵

HWW
, ge↵

H��
, ge↵

HZ�
, ge↵

Hgg
, ge↵

Htt
, ge↵

Hcc
, ge↵

Hbb
, ge↵

H⌧⌧
, ge↵

Hµµ
, �g1z, ��, �z

o

(23)

gHXX ⌘ X gSM

HXX
(24)

n
g⌫e

L
, g

⌫µ

L
, g⌫⌧

L
, ge

L,R
, gµ

L,R
, g⌧

L,R
, gu=c

L,R
, gt

L,R
, gd=s

L,R
, gb

L,R

o
(25)

BR(H!µµ)

BR(H!4`)
(26)

�(pp!H!µµ)

�(pp!H!4`)

���
Large pTH

(27)

2

aTGC

Higgs

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (7)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (8)

S(�) = S0(�) +
P

i ciSi(�) (9)

S(�) = d�
d�

(10)

S0(�) = d�
d�

��
SM

(11)

ciSi(�) = d�
d�

��
Interf . SM�NP

(12)

Oi =
P

k2events

Si(�k)
S0(�k)

(13)

cov(ci, cj) =
⇣
L
R
d�Si(�)Sj(�)

S0(�)

⌘�1

+ O(ck) (14)

L �! "L (15)

p
s = MZ : e+e�

! Z ! X (16)

p
s > MZ : e+e�

! �Z ! �X (17)

2

Z physics via Z-pole:

or Rad. Return:

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (7)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (8)

S(�) = S0(�) +
P

i ciSi(�) (9)

S(�) = d�
d�

(10)

S0(�) = d�
d�

��
SM

(11)

ciSi(�) = d�
d�

��
Interf . SM�NP

(12)

Oi =
P

k2events

Si(�k)
S0(�k)

(13)

cov(ci, cj) =
⇣
L
R
d�Si(�)Sj(�)

S0(�)

⌘�1

+ O(ck) (14)

L �! "L (15)

p
s = MZ : e+e�

! Z ! X (16)

p
s > MZ : e+e�

! �Z ! �X (17)

2

(Except for CLIC, which uses a preliminary version of this study)

HKUST IAS HEP Program Conference 
Hong Kong, January 21, 2020

Jorge de Blas 
IP3 - Durham University



Global EFT study of WW production

• Current projections based on sensitivity to aTGC ONLY in differential 
angular distributions (ignoring correlations between bins)
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WW production at lepton colliders
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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Optimal Statistical Observables (OO)

• Consider a Phase-space distribution linear in some coefficients ci:


• In the limit of large statistics, the observables


provide the most precise statistical information about the coefficients ci 
around the point ci=0, ∀i 

• Idealized (no systematics) ⇒ We compensate omission of systematics via 
conservative selection efficiency ε
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Global EFT study of WW production

• Current projections based on sensitivity to aTGC ONLY in differential 
angular distributions (ignoring correlations between bins)


• We prepared a new sensitivity study using full information about each 
event in the formalism of “optimal statistical observables”


• Default method only accounts for statistical sensitivity ⇒ Compensate 
omission of systematics via conservative selection efficiency ε
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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Global EFT study of WW production

• Current projections based on sensitivity to aTGC ONLY in differential 
angular distributions (ignoring correlations between bins)


• We prepared a new sensitivity study using full information about each 
event in the formalism of “optimal statistical observables”:


• We also consider all possible BSM deformations within the dim-6 
SMEFT framework
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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Global EW/Higgs fits at future colliders
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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• All future lepton colliders can reach near per-mile level precision on hVV


• Rare decays (H→Zγ, H→µµ) statistically limited

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

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

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

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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← Better at pp coll.,        
e.g. FCC-hh

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

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung production
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• All future lepton colliders can reach near per-mile level precision on hVV


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

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

• e+e≠
æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (3.2) to scale the

statistical errors for the di�erent polarizations.

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

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on ”gZZ

H
and ”gW W

H
coupling pre-

cisions. A small indirect impact is also observed on ”gbb

H
and ”g··

H
. It arises mainly from

the additional discrimination power provided by the two di�erent beam polarizations, each
sensitive to di�erent combinations of parameters. The increase in e+e≠

æ Zh cross-section
only induces a limited improvement. This explains the small impact of positron beam po-
larization: two (û80%, 0%) electron beam polarization configurations already e�ectively
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• Polarization can resolve degeneracies in the ZH rate appearing in the 
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

• e+e≠
æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (3.2) to scale the

statistical errors for the di�erent polarizations.

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

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on ”gZZ
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and ”gW W

H
coupling pre-

cisions. A small indirect impact is also observed on ”gbb
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and ”g··
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. It arises mainly from

the additional discrimination power provided by the two di�erent beam polarizations, each
sensitive to di�erent combinations of parameters. The increase in e+e≠

æ Zh cross-section
only induces a limited improvement. This explains the small impact of positron beam po-
larization: two (û80%, 0%) electron beam polarization configurations already e�ectively
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

• e+e≠
æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (3.2) to scale the

statistical errors for the di�erent polarizations.

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

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on ”gZZ

H
and ”gW W

H
coupling pre-

cisions. A small indirect impact is also observed on ”gbb
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and ”g··
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. It arises mainly from

the additional discrimination power provided by the two di�erent beam polarizations, each
sensitive to di�erent combinations of parameters. The increase in e+e≠

æ Zh cross-section
only induces a limited improvement. This explains the small impact of positron beam po-
larization: two (û80%, 0%) electron beam polarization configurations already e�ectively
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

• e+e≠
æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (3.2) to scale the

statistical errors for the di�erent polarizations.

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

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on ”gZZ

H
and ”gW W

H
coupling pre-

cisions. A small indirect impact is also observed on ”gbb
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and ”g··
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. It arises mainly from

the additional discrimination power provided by the two di�erent beam polarizations, each
sensitive to di�erent combinations of parameters. The increase in e+e≠

æ Zh cross-section
only induces a limited improvement. This explains the small impact of positron beam po-
larization: two (û80%, 0%) electron beam polarization configurations already e�ectively
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

• e+e≠
æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (3.2) to scale the

statistical errors for the di�erent polarizations.

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

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on ”gZZ
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only induces a limited improvement. This explains the small impact of positron beam po-
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⇒ interference with Zγ diagrams cancels  
(approximately) for unpolarized beams
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

The dominant uncertainties associated to the knowledge of polarization are included and
seem to be smaller than the statistical ones. Still this estimate will need to be confirmed af-
ter full detector simulation, resolved photon production, and minute systematic uncertain-
ties are fully accounted for. As illustration, we nevertheless display the improvement that
would be brought by such a measurement with yellow marks in figure 2. It would mostly
benefit the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insuf-
ficient to control EW uncertainties contaminations to a satisfactory level, collecting some
amount of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections are that of diboson production [66] and of
the W mass [87]. They are combined with LEP and SLD ones. The latter will continue
to dominate the constraints on Z-boson couplings to fermions until until a new lepton
collider is built, which naturally brings significant improvements either from direct Z-pole
measurements or from measurements using Z-radiative return. Diboson measurements
accessible to all future lepton colliders have a dramatic impact on our knowledge of the
couplings of W -boson to the leptons.9 The lower energy runs at circular colliders provide
the best reaches on these couplings given the higher e+e≠

æ WW production rates and
luminosities. Runs at the WW production threshold however only play a marginal role
once high luminosities are collected at centre-of-mass energies of 240 GeV and above.

The potential impact of Higgs measurements on EW parameters is assessed by com-
parison with the prospects obtained without Higgs measurements, shown with trapezoidal
marks. Sizeable e�ects are only seen, at linear colliders, on the Z-boson couplings to

9
No study of the correlations at the future colliders between the di�erent decay modes of the W is

available. They were of the order 10% ≠ 20% at LEP2, but better flavour tagging is expected at any future

collider and these correlations are not anticipated to change significantly our results.
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due to the Tera-Z factory run  vs. the use of rad. return measurements at 
linear colliders


• Conversely, high-energy runs at linear colliders can measure HZee (and 
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and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

The dominant uncertainties associated to the knowledge of polarization are included and
seem to be smaller than the statistical ones. Still this estimate will need to be confirmed af-
ter full detector simulation, resolved photon production, and minute systematic uncertain-
ties are fully accounted for. As illustration, we nevertheless display the improvement that
would be brought by such a measurement with yellow marks in figure 2. It would mostly
benefit the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insuf-
ficient to control EW uncertainties contaminations to a satisfactory level, collecting some
amount of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections are that of diboson production [66] and of
the W mass [87]. They are combined with LEP and SLD ones. The latter will continue
to dominate the constraints on Z-boson couplings to fermions until until a new lepton
collider is built, which naturally brings significant improvements either from direct Z-pole
measurements or from measurements using Z-radiative return. Diboson measurements
accessible to all future lepton colliders have a dramatic impact on our knowledge of the
couplings of W -boson to the leptons.9 The lower energy runs at circular colliders provide
the best reaches on these couplings given the higher e+e≠

æ WW production rates and
luminosities. Runs at the WW production threshold however only play a marginal role
once high luminosities are collected at centre-of-mass energies of 240 GeV and above.

The potential impact of Higgs measurements on EW parameters is assessed by com-
parison with the prospects obtained without Higgs measurements, shown with trapezoidal
marks. Sizeable e�ects are only seen, at linear colliders, on the Z-boson couplings to
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No study of the correlations at the future colliders between the di�erent decay modes of the W is

available. They were of the order 10% ≠ 20% at LEP2, but better flavour tagging is expected at any future

collider and these correlations are not anticipated to change significantly our results.
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Figure 3. Degradation in Higgs and triple-gauge coupling determinations due to EW uncertain-
ties at future circular colliders. It is obtained by comparison with a perfect EW measurement
scenario and quantified as δg/δg(EW→ 0) − 1 expressed in percent. The dashed and solid lines
are respectively obtained with and without new Z-pole run. Numerical values are also provided in
table 1.
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Figure 4. Global one-sigma reach on electroweak couplings for the same scenarios as in figure 2.
Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal and green marks
respectively indicate the prospects obtained with Higgs and WW threshold measurements excluded.
The numerical results are reported in table 2.
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Figure 4. Global one-sigma reach on electroweak couplings for the same scenarios as in figure 2.
Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal and green marks
respectively indicate the prospects obtained with Higgs and WW threshold measurements excluded.
The numerical results are reported in table 2.
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• EW Vff couplings (and therefore HVff) better determined at circular colliders 
due to the Tera-Z factory run  vs. the use of rad. return measurements at 
linear colliders


• Conversely, high-energy runs at linear colliders can measure HZee (and 
therefore Zee) via Higgs, but only in combination with other HZZ interactions
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

The dominant uncertainties associated to the knowledge of polarization are included and
seem to be smaller than the statistical ones. Still this estimate will need to be confirmed af-
ter full detector simulation, resolved photon production, and minute systematic uncertain-
ties are fully accounted for. As illustration, we nevertheless display the improvement that
would be brought by such a measurement with yellow marks in figure 2. It would mostly
benefit the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insuf-
ficient to control EW uncertainties contaminations to a satisfactory level, collecting some
amount of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections are that of diboson production [66] and of
the W mass [87]. They are combined with LEP and SLD ones. The latter will continue
to dominate the constraints on Z-boson couplings to fermions until until a new lepton
collider is built, which naturally brings significant improvements either from direct Z-pole
measurements or from measurements using Z-radiative return. Diboson measurements
accessible to all future lepton colliders have a dramatic impact on our knowledge of the
couplings of W -boson to the leptons.9 The lower energy runs at circular colliders provide
the best reaches on these couplings given the higher e+e≠

æ WW production rates and
luminosities. Runs at the WW production threshold however only play a marginal role
once high luminosities are collected at centre-of-mass energies of 240 GeV and above.

The potential impact of Higgs measurements on EW parameters is assessed by com-
parison with the prospects obtained without Higgs measurements, shown with trapezoidal
marks. Sizeable e�ects are only seen, at linear colliders, on the Z-boson couplings to

9
No study of the correlations at the future colliders between the di�erent decay modes of the W is

available. They were of the order 10% ≠ 20% at LEP2, but better flavour tagging is expected at any future

collider and these correlations are not anticipated to change significantly our results.
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Figure 3. Degradation in Higgs and triple-gauge coupling determinations due to EW uncertain-
ties at future circular colliders. It is obtained by comparison with a perfect EW measurement
scenario and quantified as δg/δg(EW→ 0) − 1 expressed in percent. The dashed and solid lines
are respectively obtained with and without new Z-pole run. Numerical values are also provided in
table 1.
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Figure 4. Global one-sigma reach on electroweak couplings for the same scenarios as in figure 2.
Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal and green marks
respectively indicate the prospects obtained with Higgs and WW threshold measurements excluded.
The numerical results are reported in table 2.
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Interplay EW/Higgs at future colliders

41Figure 5: A scheme-ball illustration of the correlations between Higgs and EW sector
couplings. The Z-pole runs are included for both FCC-ee and CEPC. Projections from
HL-LHC and measurements from LEP and SLD are included in all scenarios. The outer
bars give the one-sigma precision on the individual coupling (see tables 1 and 2).

lepton collider is built, which naturally brings significant improvements either from direct
Z-pole measurements or from measurements using Z-radiative return. Diboson measure-
ments accessible to all future lepton colliders have a dramatic impact on our knowledge
of the couplings of W -boson to the leptons. The lower energy runs at circular colliders
provide the best reaches on these couplings given the higher e+e≠

æ WW production rates
and luminosities. Runs at the WW production threshold however only play a marginal
role once high luminosities are collected at centre-of-mass energies of 240 GeV and above.

The potential impact of Higgs measurements on EW parameters is assessed by com-
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Couplings and correlations
FCCee ILC
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Couplings and correlations
FCCee ILC

FCC-ee: Z-pole EWPO remove correlations  
not only with the H sector, but also with the aTGC
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• Motivated by the Higgs factory option, there seems to be a consensus that a 
future lepton collider must be the next step in particle collider experiments:


• “Model-independent” determination of H couplings (unlike the HL-LHC)

• Near per-mille level precision in some H couplings.

• But rare channels limited by stats ⇒ need Hadron collider afterwards


• But future lepton colliders are more than Higgs factories: possibility of 
improving the knowledge of ALL EW interactions


• In fact, a precise determination of Higgs properties requires to keep under 
control uncertainties associated to other EW parameters!


• We studied the impact of the EW uncertainties adding to the global Higgs 
+ EW fit a fully global EFT study of WW at future lepton colliders


• Polarization and higher energies at LC can partially mitigate the impact of the 
absence of Z-pole run in some couplings (HZZ), but cannot the replace the net 
added value of the EW precision measurements.
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EFT Higgs couplings and aTGC: dependence on WW projections
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Figure 6: Impact of diboson measurement precision on Higgs and triple-gauge couplings.
Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ

H
and ”gW W

H
couplings constrained by measurements

in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
measurements at 240 GeV are included. Reducing ‘ from 50% to 1% worsens diboson
measurement precision by a factor of


0.5/0.01 ƒ 7 and increases the uncertainties on

”gZZ

H
and ”gW W

H
by a factor of about 2. This also indirectly a�ects ”gbb

H
and ”g··

H
. Including

higher energy runs helps reducing the impact diboson measurements. Higgs measurements
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corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ

H
and ”gW W
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couplings constrained by measurements

in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
measurements at 240 GeV are included. Reducing ‘ from 50% to 1% worsens diboson
measurement precision by a factor of
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0.5/0.01 ƒ 7 and increases the uncertainties on
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and ”gW W
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by a factor of about 2. This also indirectly a�ects ”gbb
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. Including

higher energy runs helps reducing the impact diboson measurements. Higgs measurements
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Results in manifestly gauge-invariant dim-6 bases

be obtained by eliminating di�erent operators via the relations from integration by parts,

OB = OHB + 1
4OBB + 1

4OW B ,

OW = OHW + 1
4OW W + 1

4OW B , (B.1)

and from the SM equations of motion of the gauge fields,
1

gÕ2 OB = ≠
1
2OT + 1

2
ÿ

f

(YfLOHfL + YfROHfR) ,

1
g2 OW = ≠

3
2OH + 2O6 + 1

2
ÿ

f

Oyf + 1
4

ÿ

f

O
Õ
HfL

, (B.2)

where fL = ¸, q are the left-handed fermion doublets, fR = e, u, d are the right-handed
fermion singlets, and Y is the hyperchange (Y¸ = ≠

1
2 , etc.). Note that only the entries of

OHfL,R and O
Õ
HfL

proportional to the SM fermionic currents enter in the previous equation.
In the SILH’ basis, OW W , OW B and the above-mentioned flavour universal entries of OH¸

and O
Õ
H¸

are eliminated. The modified-SILH’ basis is obtained from the SILH’ basis trading
OW and OB by OW W and OW B. In the Warsaw basis, OW , OB, OHW and OHB are
eliminated from table 3. It should also be noted that our definition of OW B di�ers from
the one in ref. [16] by a factor of two.

Our results for the three bases are presented in figure 10 in terms of the 95% confidence
level (CL) (�‰2 = 4) reach for �/


|ci|, with ci and � defined in equation (2.1). This is

particularly convenient for comparing � with the bounds on new particle masses from
direct searches (which are usually in terms of 95% CL). However, it should be emphasized

OH = 1
2(ˆµ|H2

|)2
OGG = g2

s |H|
2GA

µ‹GA,µ‹

OW W = g2
|H|

2W a
µ‹W a,µ‹

Oyu = yu|H|
2q̄LH̃uR + h.c. (u æ t, c)

OBB = gÕ2
|H|

2Bµ‹Bµ‹
Oyd = yd|H|

2q̄LHdR + h.c. (d æ b)

OHW = ig(DµH)†‡a(D‹H)W a
µ‹ Oye = ye|H|

2 l̄LHeR + h.c. (e æ ·, µ)

OHB = igÕ(DµH)†(D‹H)Bµ‹ O3W = 1
3!g‘abcW a ‹

µ W b
‹flW c flµ

OW = ig

2 (H†‡a
Ωæ
DµH)D‹W a

µ‹ OB = ig
Õ

2 (H†ΩæDµH)ˆ‹Bµ‹

OW B = ggÕH†‡aHW a
µ‹Bµ‹

OH¸ = iH†ΩæDµH ¯̧
L“µ¸L

OT = 1
2(H†ΩæDµH)2

O
Õ
H¸

= iH†‡a
Ωæ
DµH ¯̧

L‡a“µ¸L

O¸¸ = (¯̧
L“µ¸L)(¯̧

L“µ¸L) OHe = iH†ΩæDµHēR“µeR

OHq = iH†ΩæDµHq̄L“µqL OHu = iH†ΩæDµHūR“µuR

O
Õ
Hq

= iH†‡a
Ωæ
DµHq̄L‡a“µqL OHd = iH†ΩæDµHd̄R“µdR

Table 3: A redundant set of dimension-six operators that contributes to the Higgs and
EW processes in our analysis. Flavour indices are omitted. The operators OW W , OW B,
and the flavour universal components of OH¸ and O

Õ
H¸

are eliminated in the SILH’ basis;
OW , OB, OH¸ and O

Õ
H¸

are eliminated in the modified-SILH’ basis; OW , OB, OHW and
OHB are eliminated in the Warsaw basis.
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Figure 10: The 95% CL reaches for for �/


|ci| for HL-LHC and the future lepton colliders
in the SILH’ (top), modified-SILH’ (middle) and Warsaw (bottom) bases. The correspond-
ing values for ci/�2 are shown on the right-hand side in units of [TeV≠2]. The columns
with solid shades shows the results from a global fit, and the ones with light shades are
obtained by switching on one operator at a time.

that in an EFT analysis one always constrain the combination �/
Ô

ci (or ci/�2) rather
than � itself [65], and such comparisons are only valid if the sizes of ci are known, for
instance, from assumptions of the UV theory. Unlike in the rest of the paper, in the
results presented here we will impose, for simplicity, the flavour universality condition in
the operators modifying the gauge-fermion couplings. This reduces the total number of
new physics fit parameters to twenty. For each operator, we show both the reach from a
global fit (solid shade) and the individual one with all other operator coe�cients set to
zero (light shade). The corresponding values for ci/�2 are also shown on the right-hand
side of the plots.
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On the beam polarization at linear colliders
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Impact of polarization in Higgs coupling sensitivity

• Polarization can resolve degeneracies in the ZH rate appearing in the 
unpolarized case. 


• The same can be resolved using data at different energies                         

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

æ hZ

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

representative of a 5.6% gain (
Ô

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

resolve approximate degeneracies. The inclusion of a 500 GeV run provides significant dis-
criminating powers and can largely compensate the lack of beam polarizations in the ”gZZ

H

and ”gW W

H
coupling reach.

We also observe small di�erences (10–20%) between polarized and unpolarized cases
for the ”gZ“

H
, ”g1,Z and ”Ÿ“ couplings. These are enhanced by the inclusion of the higher-

energy runs. As pointed out in ref. [14], the sensitivity of the hZ production process to
”gZ“

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

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

H
but also make it more sensitive to the polar-

izations. For ”g1,Z and ”Ÿ“ , the discriminating power provided by the higher-energy runs
is also insu�cient to o�set the enhanced degeneracies in the diboson process, as observed
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Impact of polarization in Higgs coupling sensitivity

• Polarization can resolve degeneracies in the ZH rate appearing in the 
unpolarized case. 


• The same can be resolved using data at different energies                         

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

æ hZ

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

representative of a 5.6% gain (
Ô

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

resolve approximate degeneracies. The inclusion of a 500 GeV run provides significant dis-
criminating powers and can largely compensate the lack of beam polarizations in the ”gZZ
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and ”gW W

H
coupling reach.

We also observe small di�erences (10–20%) between polarized and unpolarized cases
for the ”gZ“

H
, ”g1,Z and ”Ÿ“ couplings. These are enhanced by the inclusion of the higher-

energy runs. As pointed out in ref. [14], the sensitivity of the hZ production process to
”gZ“

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

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

H
but also make it more sensitive to the polar-

izations. For ”g1,Z and ”Ÿ“ , the discriminating power provided by the higher-energy runs
is also insu�cient to o�set the enhanced degeneracies in the diboson process, as observed
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Future colliders considered in the study
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Official inputs available for  Higgs/WW/EW

Higgs aTGC EWPO

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) Yes (Rad. Return)


(Giga-Z? Not in baseline)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes

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

Yes (Rad. Return)

(Giga-Z? Not in baseline)

FCC-hh Yes (μ, BRi/BRj for rare 
decays) From Lepton Coll. From Lepton Coll.

We will always combine with the info expected at the end of the (HL-)LHC era 
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Figure 4.6: Projected precision for the measurement of ratios of rates of different Higgs final states, in
the gg!H production channel. The systematic uncertainty labels are defined in the text.

by fully exploiting data-driven techniques to reduce the experimental systematics. At the least, one can
expect that these potential improvements will compensate for the current neglect of other experimental
complexity, such as pile-up. The most robust measurements will involve the ratios of branching ratios.
Taking as a given the value of the HZZ coupling (and therefore B(H! 4`)), which will be measured to
the few per-mille level by FCC-ee, from the FCC-hh ratios it could be possible to extract the absolute
couplings of the Higgs to gg (0.4%), µµ (0.7%), and Zg(0.9%).

The ratio with the tt̄Z process is considered for the tt̄H process, as proposed in Ref. [89]. This
allows the removal of the luminosity uncertainty, and reducing the theoretical systematics on the produc-
tion modelling below 1%. An updated study of this process, including the FCC-hh detector simulation,
is presented in Ref. [88]. Assuming FCC-ee will deliver the expected precise knowledge of B(H!bb̄),
and the confirmation of the SM predictions for the Ztt̄ vertex, the tt̄H/tt̄Z ratio should therefore allow a
determination of the top Yukawa coupling to 1%.

The limit quoted in Table 4.4 on the decay rate of the Higgs boson to new invisible particles is
obtained from a study of large missing-ET signatures. The analysis, discussed in detail in Ref. [88],
relies on the data-driven determination of the leading SM backgrounds from W/Z+jets. The integrated
luminosity evolution of the sensitivity to invisible H decays is shown in Fig. 4.7. The SM decay H!4n,
with branching ratio of about 1.1 ⇥ 10

�3, will be seen after ⇠1 ab�1, and the full FCC-hh statistics will
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SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (7)
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+ O(ck) (14)
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Couplings and correlations
FCCee+eh+hh

PRELIMINARY

FCCee+hh

FCC-ee+hh+eh:FCC-ee+hh:
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Couplings and correlations (ILC+FCChh)
ILC ILC+FCChh

PRELIMINARY: To be updated with FCCeh soon…

ILC (±80%, ∓30%) + FCC-hh:
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Results in the SMEFT-framework (Higgs/aTGC)
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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Results in the SMEFT-framework (Higgs)
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Fig. 3.9: 68% probability reach on Higgs couplings and aTGC at the different future colliders
from the Global fit SMEFTND. For details, see Ref. [39].

second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611 [?]
is based on the direct search for H ! e+e�. A study at the FCCee [?] has assessed the reach
of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sec. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.
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The other “half” of the SMEFT fit: EW Zff couplings
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
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systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

estimated following the studies in Ref. [4, 46] 16.

• The study in Ref. [50] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [13] and
FCC-hh [1]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500/1000 GeV). Current ILC projections
for Higgs production at 1 TeV [4] are only available for the W boson fusion channel. For the fits presented in this section,
for sZH ⇥BR(H ! bb) at ILC at 1 TeV an uncertainty of 1.3% is assumed for each polarization [51].

• The pTV distribution in pp !WZ from Ref. [52] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study of the potential of the different machines in this regard. (See, e.g., [53, 54].)

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 9. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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• Comparison of capabilities to measure the H3 coupling 
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 5. 68% probability reach on Higgs couplings and aTGC values for the different lepton colliders from the Global fit
SMEFTND, compared with the results obtained assuming infinite precision for the EWPO (scenario SMEFTPEW). The
difference (partially) illustrates the impact of the EW constraints on the Higgs results. See text for discussion and caveats which
apply to this study. The measurements based on Z bosons from radiative return at ILC and CLIC are included in the default fit,
and the horizontal red marks indicate the coupling reach when additionally a dedicated Z-pole run is taken.

We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show
the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by
the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by
several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are
mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar
constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak
precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the
new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing
weakly coupled scenarios.

3.5 Impact of Standard Model theory uncertainties in Higgs calculations
As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental
from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes
with comparable or better precision. In this sense, to quantify to what extent an experimental measurement with uncertainty
dexp can be translated into a constraint on new physics,17 one needs to know the corresponding uncertainty dSM for the SM
prediction. In order to extract the maximum experimental information, ideally, dSM ⌧ dexp. The sources of the SM uncertainty
are typically separated in two types of contributions:

• Parametric theory uncertainties (ThPar). For a given observable O, this is the error associated to the propagation of the
experimental error of the SM input parameters to the SM prediction OSM.

• The second source of uncertainty is due to the fact that, in practice, OSM is only known to a finite order in perturbation
theory. The estimate of the net size associated with the contribution to OSM from missing higher-order corrections is
usually referred to as intrinsic theory uncertainty (ThIntr).

17Or, equivalently, to what extent a measurement agrees with the SM.
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Figure 5. 68% probability reach on Higgs couplings and aTGC values for the different lepton colliders from the Global fit
SMEFTND, compared with the results obtained assuming infinite precision for the EWPO (scenario SMEFTPEW). The
difference (partially) illustrates the impact of the EW constraints on the Higgs results. See text for discussion and caveats which
apply to this study. The measurements based on Z bosons from radiative return at ILC and CLIC are included in the default fit,
and the horizontal red marks indicate the coupling reach when additionally a dedicated Z-pole run is taken.

We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show
the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by
the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by
several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are
mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar
constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak
precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the
new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing
weakly coupled scenarios.

3.5 Impact of Standard Model theory uncertainties in Higgs calculations
As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental
from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes
with comparable or better precision. In this sense, to quantify to what extent an experimental measurement with uncertainty
dexp can be translated into a constraint on new physics,17 one needs to know the corresponding uncertainty dSM for the SM
prediction. In order to extract the maximum experimental information, ideally, dSM ⌧ dexp. The sources of the SM uncertainty
are typically separated in two types of contributions:

• Parametric theory uncertainties (ThPar). For a given observable O, this is the error associated to the propagation of the
experimental error of the SM input parameters to the SM prediction OSM.

• The second source of uncertainty is due to the fact that, in practice, OSM is only known to a finite order in perturbation
theory. The estimate of the net size associated with the contribution to OSM from missing higher-order corrections is
usually referred to as intrinsic theory uncertainty (ThIntr).

17Or, equivalently, to what extent a measurement agrees with the SM.
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Figure 5. 68% probability reach on Higgs couplings and aTGC values for the different lepton colliders from the Global fit
SMEFTND, compared with the results obtained assuming infinite precision for the EWPO (scenario SMEFTPEW). The
difference (partially) illustrates the impact of the EW constraints on the Higgs results. See text for discussion and caveats which
apply to this study. The measurements based on Z bosons from radiative return at ILC and CLIC are included in the default fit,
and the horizontal red marks indicate the coupling reach when additionally a dedicated Z-pole run is taken.

We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show
the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by
the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by
several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are
mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar
constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak
precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the
new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing
weakly coupled scenarios.

3.5 Impact of Standard Model theory uncertainties in Higgs calculations
As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental
from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes
with comparable or better precision. In this sense, to quantify to what extent an experimental measurement with uncertainty
dexp can be translated into a constraint on new physics,17 one needs to know the corresponding uncertainty dSM for the SM
prediction. In order to extract the maximum experimental information, ideally, dSM ⌧ dexp. The sources of the SM uncertainty
are typically separated in two types of contributions:

• Parametric theory uncertainties (ThPar). For a given observable O, this is the error associated to the propagation of the
experimental error of the SM input parameters to the SM prediction OSM.

• The second source of uncertainty is due to the fact that, in practice, OSM is only known to a finite order in perturbation
theory. The estimate of the net size associated with the contribution to OSM from missing higher-order corrections is
usually referred to as intrinsic theory uncertainty (ThIntr).

17Or, equivalently, to what extent a measurement agrees with the SM.
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Figure 5. 68% probability reach on Higgs couplings and aTGC values for the different lepton colliders from the Global fit
SMEFTND, compared with the results obtained assuming infinite precision for the EWPO (scenario SMEFTPEW). The
difference (partially) illustrates the impact of the EW constraints on the Higgs results. See text for discussion and caveats which
apply to this study. The measurements based on Z bosons from radiative return at ILC and CLIC are included in the default fit,
and the horizontal red marks indicate the coupling reach when additionally a dedicated Z-pole run is taken.

We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show
the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by
the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by
several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are
mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar
constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak
precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the
new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing
weakly coupled scenarios.

3.5 Impact of Standard Model theory uncertainties in Higgs calculations
As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental
from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes
with comparable or better precision. In this sense, to quantify to what extent an experimental measurement with uncertainty
dexp can be translated into a constraint on new physics,17 one needs to know the corresponding uncertainty dSM for the SM
prediction. In order to extract the maximum experimental information, ideally, dSM ⌧ dexp. The sources of the SM uncertainty
are typically separated in two types of contributions:

• Parametric theory uncertainties (ThPar). For a given observable O, this is the error associated to the propagation of the
experimental error of the SM input parameters to the SM prediction OSM.

• The second source of uncertainty is due to the fact that, in practice, OSM is only known to a finite order in perturbation
theory. The estimate of the net size associated with the contribution to OSM from missing higher-order corrections is
usually referred to as intrinsic theory uncertainty (ThIntr).

17Or, equivalently, to what extent a measurement agrees with the SM.
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Constraints on SILH effective Lagrangian
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical “T” lines indicate the results
assuming only the corresponding operator is generated by the new physics. The HE-LHC results correspond to the S02
assumptions for the theory systematic uncertainties in Higgs processes [13].

Of course, in the interpretation of any measurement in a particular extension of the SM, there are also errors associated with the
missing corrections in the expansion(s) including the new physics parameters. In the particular case of the EFT framework,
these would come from NLO corrections in the perturbative expansion including dimension-6 interactions or, from the point
of view of the EFT expansion, from q4/L4 effects coming from either the square of the dimension-6 contributions to the
amplitudes, or the SM interference with amplitudes involving dimension-8 operators or double insertions of the dimension-6
ones. Note that all these corrections affect the interpretation of a measurement in terms of pinpointing what is the source of the
deformation from the SM, i.e. which particular operator and how large its coefficient can be, but not on the size of the overall
deformation per se. The latter is only controlled by the SM theoretical uncertainty. Because of that, and in the absence of a
fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at644

hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.645

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the646

assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in647

Eq. (20) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate648

the results of the fit in Figure 6 in terms of the 95% probability constraints in the (g?,m?) plane under such assumptions, and649

setting all O(1) coefficients exactly to 1, i.e.650
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show651

the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by652

the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by653

several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are654

mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar655

constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak656

precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the657

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing658
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Simplified CH benchmark: 1 coupling (g*) - 1 scale (m*)
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Figure 7. (Left) 2-s exclusion regions in the (g?,m?) plane from the fit presented in Figure 6, using the SILH
power-counting described in Eq. (20) and below (solid regions). Dashed lines indicate the regions constrained by the
corresponding low-energy runs (or FCC-ee only for the case of the FCC project). (Right) The same comparing the results from
the global fit with the constraints set by some of the operators individually, for the illustrative case of the
HL-LHC+FCC-ee/eh/hh. In this case, the constraints from the on-shell Higgs measurements mainly affect Of and Oy f .

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated with the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [13]).

In Table 10 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 11 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
of sensitivity. The most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties
for the e+e� ! ZH and, especially, in e+e� ! Hn̄n , estimated to be ⇠0.5%. In reaching this level of theoretical precision
it was assumed that predictions at NNLO in the EW coupling for both processes will be available. This is within reach for
ZH production, but it may be more challenging for e+e� ! Hn̄n (and H !VV ⇤ ! 4 f ). However, with enough effort on the
theory side [55–57], this type of uncertainties can be reduced. If the necessary resources are dedicated to develop these types of
calculations, it should be possible to achieve, or even surpass, the required level of precision. This is not the case for the SM
parametric errors, which depend on the experimental measurements of the corresponding input parameters. From the results of
the fits, the largest effect of this type of uncertainty on the determination of the fermion couplings affects the effective coupling
of the bottom to the Higgs. The corresponding SM error in H ! bb̄ depends on the precision of the bottom quark mass, whose
projected future determination was assumed to be ⇠ 13 MeV. Taking into account the projected improvements from Lattice
QCD calculations, this should be a conservative estimate [55]. Other parametric uncertainties, e.g. in H ! cc̄,gg and associated
with mc and aS, are larger than the one for H ! bb̄ but have a smaller effect in the results due to the also larger experimental
errors expected in the corresponding channels. From the point of view of the Higgs decays into vector bosons, the predictions
of H ! ZZ⇤,WW ⇤ have a strong dependence on the value of the Higgs mass. It it therefore important to accompany the precise
measurements of the Higgs couplings with equally precise measurements of the Higgs mass, to the level of 10 MeV. This would
be possible at 240/250 GeV lepton colliders but more challenging at CLIC, where the final precision on MH is expected at the
level of 20-30 MeV (see Section 7). In the kappa-framework, the fact that the dependence of the production e+e� Higgs cross
sections on MH is less severe helps to reduce the impact of the MH uncertainty in the CLIC results. This is no longer the case
once we move to the more general description of the SMEFT. In that case, non-SM like interactions contribute to the effective
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Estimates for SM theory uncertainties used in the ESU studies

A. Freitas et al., arXiv: 1906.05379 [hep-ph]

Table 10: Partial decay widths for the Higgs boson to specific final states and the uncertainties in their cal-
culation [?]. The uncertainties arise either from intrinsic limitations in the theoretical calculation (ThIntr)
and parametric uncertainties (ThPar). The parametric uncertainties are due to the finite precision on the quark
masses, ThPar(mq), on the strong coupling constant, ThPar(↵s), and on the Higgs boson mass, ThPar(MH). The
columns labelled ”partial width” and ”current uncertainty” and refer to the current precision [?], while the pre-
dictions for the future are taken from ref. [?]. For the future uncertainties, the parametric uncertainties assume
a precision of �mb = 13 MeV, �mc = 7 MeV, �mt = 50 MeV, �↵s = 0.0002 and �MH = 10 MeV.

Decay Partial width Projected future unc. ��/� [%]

[keV] ThIntr ThPar(mq) ThPar(↵s) ThPar(mH )

H ! bb̄ 2379 0.2 0.6[ < 0.1] �

H ! ⌧
+
⌧
� 256 < 0.1 � � �

H ! cc̄ 118 0.2 1.0[ < 0.1] �

H ! µ
+
µ

� 0.89 < 0.1 � � �

H ! WW
⇤ 883 . 0.4 � � 0.1‡

H ! gg 335 1.0 � 0.5] �

H ! ZZ
⇤ 108 . 0.3† � � 0.1‡

H ! �� � < 1.0 � � �

H ! Z� 2.1 1.0 � � 0.1‡

†From e
+
e
�

! ZH.
‡For �MH = 10 MeV. Adjusted for Higgs mass precision at CLIC.

[For �mb = 13 MeV, �mc = 7 MeV. (Lattice projection).
]For �↵s = 0.0002. (Lattice projection).
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Intrinsic TH unc in production
e.g. e+ e-→Z H 

LO to NLO: 5-10%

Missing 2-loop: O(1%)
 Full 2-loop should  

reduce uncertainty to O(0.1%)

Z width effects relevant  
at this level of precision?

Assessment of TH uncertainty  
may require full 2->3 NNLO

In any case, reducible with  
necessary effort from theory side

Hence the choice of presenting  
main results with parametrics only
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Comparison of SM Theory uncertainties in Higgs calculations
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Figure 8. Impact of the different sources of SM theory uncertainties in the coupling reach at the different lepton-collider
projects based on the SMEFTPEW fit. Using dark to light shades we show the results without SM theory uncertainties (darkest
shade), only with the intrinsic uncertainty (medium), and the full SM error (lightest shade). The solid line indicates the result
with SM parametric uncertainties only. The most significant differences are found for the effective coupling to vector bosons
(dominated by intrinsic uncertainties) and to bottom quarks (controlled by the parametric error associated with mb). See
Table 11 and text for details.

HZZ and HWW couplings, and the information on H !WW ⇤ becomes relevant to determine geff
HZZ . The measurement of MH

at the HL-LHC at the 10-20 MeV level prevents this from becoming an issue at the lower energy stages at CLIC. But there is
still a factor ⇠ 2 deterioration in the precision of the geff

HZZ coupling in the final CLIC results, emphasising again the necessity
of a precise determination of MH .
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Theory requirements for EWPOCentral EW precision (pseudo-)observables at the Z pole
FCC-ee: update of Blondel et al., 1901.02648 (in prep.); ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic theory uncertainty

current ILC FCC-ee current current source prospect

∆MZ[MeV] 2.1 − 0.1

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

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

∆Rb[10
−5] 66 14 6 11 α3,α2αs 5

∆Rℓ[10
−3] 25 3 1 6 α3,α2αs 1.5

Theory requirements for Z-pole pseudo-observables:

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

⋄ 1 → 2 decays, fully inclusive

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

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

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

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

Prospects: Extrapolation assuming 
EW & QCD 3-loop corrections 

are known

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

Technically challenging  
but feasible (with enough support)

⇩

Strongly coupled models come with a parametric enhancement of Ŝ, T̂ over W,Y , such that in the class of models, one can
simplify further the analysis of EW data and perform a two-dimensional fit.

The results of this fit setup are presented in Table 37 and Figure 17, for the different future lepton-collider options, where
the largest improvement in terms of measurements of the EW precision observables (EWPO) is expected. In the table and
figures we also show the impact of the SM theory uncertainties in the results. The results are presented assuming the projected
future improvements in SM theory calculations (Full ThIntr Unc.), neglecting the intrinsic theory uncertainties associated to
such calculations (No ThIntr Unc.) and, finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr
Unc.). Since several of the SM EW inputs are to be measured at the future collider under consideration, the latter scenario
goes beyond the physics potential of these machines. This scenario is presented only to illustrate whether the precision of the
measurements of such inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be the case for the
circular colliders and, to a less extent, the linear collider Giga-Z options.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to EWPO in the form of the oblique
S and T parameters, under different assumptions for the SM theory uncertainties. We express the results in terms of the usually
normalised parameters: S = 4sin2 qwŜ/a and T = T̂/a .

HL-LHC HL+CLIC380 HL+CLIC380 (GigaZ) HL+ILC250 HL+ILC250 (GigaZ) HL+CEPC HL+FCC-ee

S Full ThIntr Unc. 0.053 0.032 0.013 0.015 0.012 0.01 0.0079
No ThIntr Unc. 0.053 0.032 0.011 0.012 0.009 0.0068 0.0038

No ThPar+Intr Unc. 0.052 0.031 0.0091 0.011 0.0067 0.0031 0.0013
T Full ThIntr Unc. 0.041 0.023 0.013 0.015 0.014 0.0094 0.0058

No ThIntr Unc. 0.041 0.023 0.012 0.014 0.013 0.0072 0.0022
No ThPar+Intr Unc. 0.039 0.022 0.01 0.011 0.0091 0.0041 0.0019

2-σ region (no ThIntr)
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee
Including ThIntr
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee

-0.04 -0.02 0.00 0.02 0.04
-0.04

-0.02

0.00

0.02

0.04

T

S

Figure 17. (Left) 2-s regions in the S�T plane at the different future colliders, combined with the HL-LHC (including also
the LEP/SLD EWPO programme). We express the results in terms of the usually normalised parameters: S = 4sin2 qwŜ/a and
T = T̂/a . The results include the future projected parametric uncertainties in the SM predictions of the different EWPO, but
not the intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors. For each project
(including the Giga-Z option for linear colliders) the solid regions show the results in the left panel, to be compared with the
regions bounded by the dashed lines, which include the full projected theory uncertainty.
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Still a limiting factor… Example: Reach on oblique parameters S & T

MZ, �Z, �0
had, sin

2 ✓lept
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⌧
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f

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
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i
|Vui|2

LEP 2 data:
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d cos ✓

Higgs signal strengths:
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3 E↵ective Lagrangian description of New Physics:

Equations

LE↵ =
P1

d=4
1

⇤d�4Ld = LSM +
1
⇤
L5 +

1
⇤2L6 + · · · (2)

Ld =
P

i
↵d

i
Od

i
(3)

⇥
Od

i

⇤
= d (4)

E ⌧ ⇤ (5)

↵S = 4e2
h
⇧

NP 0
33 (0) � ⇧

NP 0
3Q (0)

i
(6)

↵T =
e
2

s
2
W c

2
WM

2
Z

⇥
⇧

NP
11 (0) � ⇧

NP
33 (0)

⇤
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↵U = 4e2
⇥
⇧

NP 0
11 (0) � ⇧

NP 0
33 (0)

⇤
(8)

(9)

4 New Particles

3

Oblique parameters:  
NP modifying gauge boson self-energies

+ W & Y at LO in heavy NP expansion (arXiv: hep-ph/0405040) 
(Assumed to be ~0 here)

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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