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There	are	many	excellent	reviews	on	Effec5ve	Field	Theories:	

!

• S. Weinberg, Physica A96 (1979) 327; QTF 1995	

• H. Georgi, Ann. Rev. Nucl. Part. Sci. 43 (1993) 209; WI&MPT 1984  	

• D.B. Kaplan, nucl-th/9506035 	

• A.V. Manohar, hep-ph/9508245	

• A. Pich, hep-ph/9806303	

• I.Z. Rothstein, hep-ph/0308266	

• C.P. Burgess, hep-th/0701053	

• W. Skiba, arXiv:1006.2142 [hep-ph] 	

!

• S. Dittmaier’s (EW), A. Mitov’s (QCD), A. Pich's (Flavor) and J. Valle’s (ν) lectures on 
the Standard Model, and H. Hollik's (SUSY), S. Pokorski’s (SIH) and G. Ross’ (GUT) 
lectures in Corfu 2016
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Outline

• Standard Introduction 	

• Operator basis: accidental symmetries and equations of motion 	

• Decoupling	and	matching	

• Recent	developments	on the Standard Model Effective Field Theory 
mainly deal with its phenomenological applications to confront the LHC 
data on top and especially Higgs physics, and with the calculation of the 
one-loop contributions of arbitrary additions of heavy particles with 
spin 0, 1/2 and 1:    	

• Diagramma5c	approach	

• Func5onal	approach
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• An effective field theory (EFT) is a model which is assumed to describe a physical 
system in a given range of energy (implying the existance of a heavy scale). It is more 
convenient because being precise enough, it is in general easier to deal and to 
calculate with. 	

• It is specified once the light fields and the symmetries of the interactions are fixed 
(assumed to be local).		

• There	is	a	renewed	interest	nowadays	mo5vated	by	experiment:	LHC	is	confirming	a	
gap	with	increasing	precision.		

• We	will	assume	that	the	Standard	Model	(SM)	is	the	light	sector	of	a	weakly	coupled	
more	fundamental	theory	at	a	high	scale	Λ,	above	the	TeV.	

• In	the	following	we	review	some	of	the	ingredients	to	describe	the	SM	EFT	up	to	one	
loop.
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Effective Lagrangian

basis of local operators (no redundant) 	
-systematic use of equations of motion-

accidental symmetries are not fulfiled by 
higher order operators -lepton number, ...-

⇒
⇣E

⇤

⌘dimOi�4
⇠ ✏ dimOi ⇠ 4 +

log ✏

log(E/⇤)

engineering dimension upper limit

Le↵ = LSM +
X

dimOi>4

ci

⇤dimOi�4
Oi

finite number of independent operators

⇣
2 =

log 0.01

log

100 GeV
1 TeV

⌘
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Accidental symmetries
Lepton number is an accidental symmetry of the (minimal) Standard Model because 
all renormalizable couplings among the electroweak quark and lepton doublets and 
singlets and invariant under the gauge symmetry group SU(3)XSU(2)XU(1) do also 
preserve baryon and lepton number. 	

However, already at next order there exists one dimension 5 operator with non-
vanishing lepton number equal to 2:

S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566

see-saw I, III see-saw II
P. Minkowski ‘77; M. Gell-Mann, P. Ramond and R. Slansky ‘79; T. Yanagida ‘79; !
R.N. Mohapatra and G. Senjanovic ’80; J. Schechter and J.W.F. Valle ‘80

10 14. Neutrino mixing

violating effects will be strongly suppressed. In particular, we get A
(l′l)
CP = 0, unless all

three ∆m2
ij ̸= 0, (ij) = (32), (21), (13).

If the number of massive neutrinos n is equal to the number of neutrino flavours,
n = 3, one has as a consequence of the unitarity of the neutrino mixing matrix:
∑

l′=e,µ,τ P (νl → νl′) = 1, l = e, µ, τ ,
∑

l=e,µ,τ P (νl → νl′) = 1, l′ = e, µ, τ .
Similar “probability conservation” equations hold for P (ν̄l → ν̄l′). If, however, the
number of light massive neutrinos is bigger than the number of flavour neutrinos as
a consequence, e.g., of a flavour neutrino - sterile neutrino mixing, we would have
∑

l′=e,µ,τ P (νl → νl′) = 1 − P (νl → ν̄sL), l = e, µ, τ , where we have assumed the
existence of just one sterile neutrino. Obviously, in this case

∑

l′=e,µ,τ P (νl → νl′) < 1 if
P (νl → ν̄sL) ̸= 0. The former inequality is used in the searches for oscillations between
active and sterile neutrinos.

Consider next neutrino oscillations in the case of one neutrino mass squared difference
“dominance”: suppose that |∆m2

j1| ≪ |∆m2
n1|, j = 2, ..., (n − 1), |∆m2

n1|L/(2p) !1 and

|∆m2
j1|L/(2p) ≪ 1, so that exp[i(∆m2

j1 L/(2p)] ∼= 1, j = 2, ..., (n − 1). Under these
conditions we obtain from Eq. (14.13) and Eq. (14.14), keeping only the oscillating terms
involving ∆m2

n1:

P (νl(l′) → νl′(l))
∼= P (ν̄l(l′) → ν̄l′(l))

∼= δll′ − 2|Uln|2
[

δll′ − |Ul′n|
2
]

(1 − cos
∆m2

n1

2p
L) . (14.20)

It follows from the neutrino oscillation data (Sections 14.4 and 14.5) that in the case
of 3-neutrino mixing, one of the two independent neutrino mass squared differences, say
∆m2

21, is much smaller in absolute value than the second one, ∆m2
31: |∆m2

21| ≪ |∆m2
31|.

The data imply:

|∆m2
21| ∼= 7.5 × 10−5 eV2 ,

|∆m2
31| ∼= 2.5 × 10−3 eV2 ,

|∆m2
21|/|∆m2

31| ∼= 0.03 . (14.21)

Neglecting the effects due to ∆m2
21 we get from Eq. (14.20) by setting n = 3 and choosing,

e.g., i) l = l′ = e and ii) l = e(µ), l′ = µ(e) [60]:

P (νe → νe) = P (ν̄e → ν̄e) ∼= 1 − 2|Ue3|2
(

1 − |Ue3|2
)

(

1 − cos
∆m2

31

2p
L

)

, (14.22)

P (νµ(e) → νe(µ)) ∼= 2 |Uµ3|2 |Ue3|2
(

1 − cos
∆m2

31

2p
L

)

=
|Uµ3|2

1 − |Ue3|2
P 2ν

(

|Ue3|2, m2
31

)

, (14.23)

August 29, 2014 14:37

atmospheric neutrinos
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• + …

1

p2 �M2
= � 1

M2

⇣
1 +

p2

M2
+ . . .

⌘

LSM + Llh = LSM + iNR 6DNR �
⇣1
2
NT

RCM†NR + �†`L�̃NR + h.c.
⌘

�L
�NR

= i 6DNR �MC(NR)
T � ��̃†`L = 0

[(i 6D)2 �MM†]NR � i 6D(��̃†`L)�M�⇤C(�̃†`L)
⇤ = 0

NR = � 1

MM†

⇣
1� D2

MM† + . . .
⌘
[i 6D(�†�̃†`L) +M�⇤C(�̃†`L)

⇤]

Writing the analogous equation for NL and combining them

★

★

NL = (NR)
c = C(NR)

T , NR = (NL)
c = C(NL)

T

omitting flavour indices

M6p+M



L5 = (α5)ij(liL)cφ̃∗φ̃†ljL + h.c., (5)

L6 =
[

(α(1)
φl )ij

(

φ†iDµφ
) (

liLγµljL

)

+ (α(3)
φl )ij

(

φ†iσaDµφ
)(

liLσaγ
µljL

)

+
(

αeφ

)

ij

(

φ†φ
)(

liLφej
R

)

+ (α(1)
ll )ijkl

1

2

(

liLγµljL

)(

lkLγµllL

)

+ h.c.

]

+ α(1)
φ

(

φ†φ
)(

(Dµφ)† Dµφ
)

+ α(3)
φ

(

φ†Dµφ
)(

(Dµφ)†φ
)

+ αφ
1

3

(

φ†φ
)3

,

(6)

where we choose the basis of Büchmuller and Wyler to express the result 16. lL stands for any
lepton doublet, eR for any lepton singlet, and φ is the SM Higgs doublet. In Table 1 we collect
the explicit expressions of the coefficients in terms of the original parameters for each type of
see-saw (see Fig. 2 and the table caption for definitions).

Only the dimension 6 operators can give deviations from the SM predictions for the elec-
troweak precision data (EWPD). The operators of dimension 4 only redefine SM parameters.
The one of dimension 5 gives tiny masses to the light neutrinos, and contributes to neutrinoless
double β decay. An important difference is that the coefficient α5 involves LN-violating prod-
ucts of two λ’s or of µ and λ, while the other coefficients depend on λ∗λ or |µ|2. Therefore,
it is possible to have large cancellations in α5 together with sizeable coefficients of dimension

six14,15. Type I and III fermions generate the operators O(1,3)
φl , which correct the gauge fermion

couplings. Type II scalars, on the other hand, generate 4-lepton operators and the operator O(3)
φ ,

which breaks custodial symmetry and modifies the SM relation between the gauge boson masses.
EWPD are sensitive to all these effects and put limits on the see-saw parameters.

There are two classes of processes, depending on whether they involve neutral currents
violating lepton flavour (LF) or not. The first class puts more stringent limits 17,18, but only
on the combinations of coefficients entering off-diagonal elements. The second class is measured
mainly at LEP19 and constrains the combinations in the diagonal entries 20. The LF violating
limits are satisfied in types I and III if N and Σ mainly mix with only one charged lepton
family. In Table 2 we collect the bounds from EWPD on the N and Σ mixings with the SM
leptons VℓN,ℓΣ

20, and in Table 3 their product including the LF violating bounds17,18. These

Table 2: Upper limit at 90 % confidence level (CL) on the absolute value of the mixings. The first three columns
are obtained by coupling each new lepton with only one SM family. The last one corresponds to the case of lepton
universality: three new lepton multiplets mixing with only one charged-lepton family each, all of them with the

same mixing angle. All numbers are computed assuming MH ≥ 114.4 GeV.

Coupling Only with e Only with µ Only with τ Universal
∣

∣

∣

∣

VℓN =
v(λ†

N )lN√
2MN

∣

∣

∣

∣

< 0.055 0.057 0.079 0.038

∣

∣

∣

∣

VℓΣ = −v(λ†
Σ)lΣ

2
√

2MΣ

∣

∣

∣

∣

< 0.019 0.017 0.027 0.016

values update and extend previous bounds on diagonal entries for N 21,22 (see also 23.) Their
dependence on the model parameters entering in the operator coefficients in Table 1 is explicit in
the first column of Table 2. All low energy effects are proportional to this mixing, and the same
holds for the gauge and Higgs couplings between the new and the SM leptons, responsible of the
heavy lepton decay (and N production if there is no extra NP). An interesting by-product of a
non-negligible mixing of the electron or muon with a heavy N is that the fit to EWPD prefers a
Higgs mass MH higher than in the SM, in better agreement with the present direct limit. This
is so because their contributions to the most significative observables partially cancel24, so that

coupling λ∆ needs not be very small because it is only one of the factors entering in the LN
violating expression for ν masses (see Table 1). In fact, this process is LN conserving as we can

Table 1: Coefficients of the operators up to dimension 6 arising from the integration of the heavy fields involved in
each see-saw model. The parameters λ3 and λ5 are the coefficients of the scalar potential terms −(φ†φ)(∆⃗†∆⃗) and
−(∆⃗†Ti∆⃗)(φ†σiφ), respectively, and (λe)jj the diagonalised SM charged-lepton Yukawa couplings. The remaining

parameters are defined in the caption of Fig. 2.

Coefficient Type I Type II Type III

α4 − 2 |µ∆|2

M2
∆

−

(α5)ij

Λ
1
2

(λT
N )ia(λN )aj

MNa
−2µ∆(λ∆)ij

M2
∆

1
8

(λT
Σ)ia(λΣ)aj

MΣa

(α(1)
φl )ij

Λ2
1
4

(λ†
N )ia(λN )aj

M2
Na

− 3
16

(λ†
Σ)ia(λΣ)aj

M2
Σa

(α
(3)
φl )ij

Λ2 −
(α

(1)
φl )ij

Λ2 − 1
3

(α
(1)
φl )ij

Λ2

(α(1)
ll )ijkl

Λ2 − 2
(λ∆)jl(λ

†
∆)ki

M2
∆

−
αφ

Λ2 − −6(λ3 + λ5)
|µ∆|2

M4
∆

−

α
(1)
φ

Λ2 − 4 |µ∆|2

M4
∆

−

α
(3)
φ

Λ2 − 4 |µ∆|2

M4
∆

−

(αeφ)ij

Λ2 − 4
3

(α
(1)
φl )ij

Λ2 (λe)jj

conventionally assign LN equal to 2 to ∆−−. There are other processes that do violate LN, e.g.
when one of the doubly-charged ∆ in Fig. 2–(II) decays into WW . Then, what does violate
LN is the corresponding ∆WW vertex, which is proportional to the coupling of the only LN
violating term in the fundamental Lagrangian φ̃†(σ⃗ · ∆⃗)†φ, with total LN equal to 2. In the
examples in Fig. 1–(I, III) LN is violated in the decay (mass) of the heavy neutral fermion.

In conclusion, all the three mechanisms produce same-sign dilepton signals, but only the
last two are observable at LHC 7,8,9,10,11,12,13 in minimal models. Heavy neutrino singlets in
particular non-minimal scenarios could also be observed, as described in Section 3.

In the following we first review the experimental constraints on the parameters entering the
three see-saw mechanisms, and then the LHC reach for the corresponding see-saw messengers.
Complementary reviews on this subject have been presented by other speakers at this Conference
(see F. Bonnet, T. Hambye and J. Kersten in these Proceedings).

2 Electroweak precision data limits on see-saw messengers

The low energy effects of the see-saw messengers can be described by the effective Lagrangian

Leff = L4 +
1

Λ
L5 +

1

Λ2
L6 + . . . , (3)

where Λ is the cut-off scale, in our case of the order of the see-saw messenger masses M , and the
different terms contain gauge-invariant operators of the corresponding dimension. The non-zero
terms up to dimension 6 are 14,15

L4 = LSM + α4

(

φ†φ
)2

, (4)

The PMNS matrix	
is unitary to a very 	
good approximation

Modify the SM gauge 	
couplings to neutrinosThe PMNS matrix
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The effective field theory does incorporate an expansion parameter v/Λ which allows 
in principle to classify the size of the different effects.  	
!
In this case, what if, for instance, no new physics is found up to 1012 TeV -already 
near the Planck scale- ? 	
!

• The new physics originating Majorana neutrino masses at so high scale is strongly 
interacting. 	
!

• Otherwise, neutrino masses are mainly Dirac -requiring the existance of 3 light 
right-handed neutrinos-. 

⇣ 0 m
m M ⇠ ⇤

⌘
!

⇣ 0 m
m m0 ⇠ 0

⌘
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Equations of motion and field redefinitions

Relevant (dimension < 4), marginal (dimension = 4) and irrelevant (dimension > 4) 
operators, which it is convenient to bring to a canonical form without redundancies:	

• Necessary to make a meaningful comparison between different (phenomenological) 
analyses. 	

• Although there are subsets more suitable for given data subsets.	

As in the case of lepton number violation, just discussed, new physics may only 
contribute at tree level to relatively large orders (in 1/Λ) but in general its effects 
will also manifest at lower orders after quantum corrections are taken into account.

LSM = qLi6DqL + tRi6DtR � �t(qL�̃tR + tR�̃†qL) + . . .

i6DqL � �t�̃tR = 0

qL EOM: 
O(1)

�q = �†� qL i 6D qL �t (Ou� = �†� qL �̃ tR)
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C. Arzt, hep-ph/9304230 

Se↵ =
Z

d

4
x Le↵

Le↵ = LSM +
X

dimOi>4

ci

⇤dimOi�4
Oi =

1X

n=0

Ln

�LSM

�'† � @µ
�LSM

�@µ'† = 0

Lm =
1

⇤m

⇣
· · · + f(', @µ')

⇣�LSM

�'† � @µ
�LSM

�@µ'†

⌘⌘

↵(1)
�q

⇣
(O(1)

�q = �†� qL i 6D qL) �t (Ou� = �†� qL �̃ tR)
⌘

Any combination of terms which 	
allows for the factorization of an 	
equation of motion of a light field 	
φ can be removed because it has 	
no contribution to the S-matrix

This follows from the observation that the field redefinition 

cancels such a combination without modifying L =
mX

n=0

Ln

'† ! '† � 1
⇤m

f(', @µ')

Z[J ] =

Z

D' exp

n

i

Z

dx [L('(x), @µ'(x)) + J(x)'(x)]

o
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Warsaw basis

B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, [arXiv:1008.4884 [hep-ph]]

J.A. Aguilar-Saavedra, [arXiv:1008.3562 [hep-ph]]

W. Buchmüller and D. Wyler, Nucl. Phys. B268 (1986) 621

Operator basis 1986 2010

No fermions 16 15

2 fermions 35 19

4 fermions 29 25

Dimension 6 80 59

Gauge-invariant dimension 6 operators constructed with the Standard Model fields, up to 
redundancies which are taking care using equations of motion for fermions and gauge and 
Higgs bosons, integration by parts, Pauli (SU(2)) and Gell-Mann (SU(3)) matrix properties 
and Fierz transformations

Ignoring flavor indices and assuming that there are not light right-handed neutrinos (and 
that baryon number is conserved) 
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Flavor changing top couplings 

3 (2) stands for t (c)

J.A. Aguilar-Saavedra, [arXiv:0904.2387 [hep-ph]]
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Pauli (τ) and Gell-Mann (λ) matrices: Fierz rearrangements:

572 independent gauge-invariant four-fermion operators involving one or two top quarks 
(taking into account different fermion chiralities, colour contractions and flavour combinations) 
-out of the 25 different types of independent four-fermion operators-.

J.A. Aguilar-Saavedra, [arXiv:1008.3562 [hep-ph]]

Three-body top decays and single and pair top production

two orderings
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The expansion of the effective lagrangian is on the small ratio E/Λ between the available 
energy (E) in the process and the heavy scale (Λ) set by the new physics. However, the 
theory and then, the Wilson coefficients, are also an expansion on the interaction parameters 
α/4π, i.e., on the number of loop corrections. 	
!
Hence, one must worry about the relative size of the different coefficients, too. As a matter 
of fact, only 39 of the 59 independent operators of dimension 6 considered are generated at 
tree level by exchange of particles of spin 0, 1/2 and 1 (interaction terms up to dimension 4). 	
      C. Arzt, M.B. Einhorn and J. Wudka, hep-ph/9405214; M.B. Einhorn and J. Wudka, arXiv:1307.0478[hep-ph] !
The X3, X2φ2 and ψ2Xφ sets are loop generated.!
!
Analogously, other bases can be more convenient to account for particular new physics 
additions because they capture their contributions in a smaller set of independent operators. 
A prime example, very timely, is the case of universal heavy physics primarely manifesting in 
the Higgs sector.  !

Loop expansion and small Wilson coefficients
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Le↵ = LSM +
c'⇤
⇤2

O'⇤ ! 1

2
(1� 2c'⇤

v2

⇤2
)@µh@

µh+ . . . , v ⇠ 246 GeV

Similarly, the operators                     (eventually flavor 	
dependent) modify the Higgs couplings

Oe',u',d'

h ! (1 + c'⇤
v2

⇤2
)h

Result Correlation Matrix

S 0.04± 0.09 1.00

T 0.08± 0.07 0.86 1.00

�gbL 0.003± 0.001 �0.24 �0.15 1.00

�gbR 0.017± 0.008 �0.29 �0.22 0.91 1.00

�gbR = 0

S 0.10± 0.09 1.00

T 0.12± 0.07 0.85 1.00

�gbL �0.0001± 0.0006 0.07 0.13 1.00

�gbL = 0

S 0.08± 0.09 1.00

T 0.10± 0.07 0.86 1.00

�gbR 0.004± 0.003 �0.19 �0.21 1.00

Table 9. Results of the combined fit of the oblique parameters S and T , and of the modified Zbb̄

couplings, in the case when both �gbR and �gbL are non zero, and in the case in which either �gbR = 0
or �gbL = 0.

refs. [42, 43] for H ! ⌧+⌧�, refs. [44–46] for H ! ZZ, refs. [47–49] for H ! W+W�, and

refs. [50–53] as well as the Tevatron papers [54, 55] for H ! bb̄. The Higgs-boson signal

strength µ of a specific Higgs-search analysis can be calculated as

µ =
X

i

wiri with ri =
(� ⇥Br)i

(�SM ⇥BrSM)i
and wi =

✏i(�SM ⇥BrSM)iP
j ✏j(�SM ⇥BrSM)j

, (5.1)

where the sum runs over all channels which can contribute to the final state of the spe-

cific analysis. The SM Higgs-boson production cross sections (including QCD and, when

available, EW corrections) are taken from ref. [56] and the SM Higgs-boson decay rates

are taken from ref. [57]. In the presence of NP, the relative experimental e�ciencies, ✏i,

will in general be di↵erent from their values in the SM. In particular, the appearance of

new tensor structures in the vertices can modify the kinematic distributions of the final-

state particles, thereby changing the e�ciencies. In this work we only consider rescalings

of the SM Higgs couplings and use the SM weight factors throughout. This assumption

is justified a posteriori by the overall compatibility of the measurements of Higgs-boson

properties with the corresponding SM predictions.

We first consider a minimal scenario consisting of an e↵ective theory with only one

Higgs boson below the cuto↵ scale ⇤. We assume that custodial symmetry is approximately

realized, and corrections from NP are flavour diagonal and universal. This scenario can be

described by a general e↵ective Lagrangian of the form (see e.g. [58–61]):

Le↵ =
v2

4
tr
�
Dµ⌃

†Dµ⌃
�✓

1 + 2V
H

v
+ · · ·

◆
�mif̄

i
L

✓
1 + 2f

H

v
+ · · ·

◆
f i
R + · · · , (5.2)

where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, �a(x), are described by the two-by-two matrix ⌃(x) =

– 14 –

⌃ = exp

⇣
i⌧

a�
a
(x)

v

⌘

J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina and L. Silvestrini [arXiv:1608.01509 [hep-ph]]

M.B. Einhorn and J. Wudka [arXiv:1307.0478[hep-ph]]

In the SM 𝜅V,f = 1

G.F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi [hep-ph/0703164] "
J. Elias-Miro, J.R. Espinosa, E. Masso, A. Pomarol [arXiv:1308.1879 [hep-ph]] "
R. Contino, A. Falkowski, F. Goertz, C. Grojean and F. Riva [arXiv:1604.06444 [hep-ph]]
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Result 95% Prob. Correlation Matrix

V 1.01± 0.04 [0.93, 1.10] 1.00

f 1.03± 0.10 [0.83, 1.23] 0.31 1.00

Table 11. SM-like solution in the fit of V and f to the Higgs-boson signal strengths.

Vκ
0 0.5 1 1.5

f
κ

2−

1−

0

1

2
all
γγ

WW
ZZ
ττ

bb

HEP fit

Vκ
0.8 1 1.2

f
κ

0.5

1

1.5

68% Probability
95% Probability
99% Probability

HEP fit

Figure 7. Left: constraints from individual channels at 95% probability. Right: two-dimensional
probability distributions for V and f at 68%, 95%, and 99% (darker to lighter), obtained from
the fit to the Higgs-boson signal strengths.

Result 95% Prob. Correlation Matrix

V 1.02± 0.02 [0.99, 1.06] 1.00

f 1.03± 0.10 [0.85, 1.23] 0.14 1.00

Table 12. Same as table 11 but considering both the Higgs-boson signal strengths and the EWPO.

left panel of of figure 7 shows the 95% probability contours obtained from a fit including

only each individual channel (e.g. H ! ��), as well as the result from the global fit.

Since both production cross sections and decay rates depend on the modified couplings via

products of the form ij , theoretical predictions are symmetric under the simultaneous

exchange {V , f} $ {�V , �f}. We therefore restrict the parameter space to positive

V only. Note also that, when performing the global fit to all channels, the region with

negative f is not populated even at 99% probability, so that we only show positive values

of f in the right-hand-side plot of figure 7. The e↵ect of performing a combined fit of

both Higgs-boson signal strengths and EWPO is summarized in table 12 and illustrated

in figure 8 (note that in tables 11 and 12 we only show the results corresponding to the

SM-like solution, i.e. V,f > 0). It is interesting to notice that the constraint on V from

EWPO is stronger than the one obtained from the Higgs-boson signal strengths alone.

We then lift the assumption of custodial symmetry and rescale theHZZ andHW+W�

couplings independently, introducing two parameters Z and W , while keeping a unique

rescaling factor for all fermionic couplings, f . We obtain the results summarized in table 13

and the corresponding probability distributions shown in figure 9, which are consistent

– 16 –
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Figure 10. Two-dimensional probability distributions for V and `, for V and u, and for V

and d, at 68%, 95%, and 99% (darker to lighter), obtained from the fit to the Higgs-boson signal
strengths only (top plots) or the combination of Higgs-boson signal strengths and EWPO (bottom
plots).

Result 95% Prob. Correlation Matrix

W 0.94± 0.10 [0.73, 1.13] 1.00

Z 1.03± 0.13 [0.77, 1.28] 0.34 1.00

` 1.02± 0.15 [0.73, 1.33] 0.55 0.22 1.00

u 0.95± 0.13 [�0.96,�0.72] [ [0.68, 1.28] 0.49 0.04 0.44 1.00

d 0.91± 0.22 [0.46, 1.36] 0.81 0.36 0.62 0.78 1.00

Table 16. Results of the simultaneous fit of W , Z , `, u, and d, considering only Higgs-boson
signal strengths.

6 Expected sensitivities at future lepton colliders

Future lepton colliders represent an opportunity to reach the ultimate precision both on

EWPO and Higgs-boson couplings. In this work, we assess the impact of this improve-

ment in precision by considering the following proposed e+e� colliders: the Future Cir-

cular Collider (FCCee) project at CERN [76], the International Linear Collider (ILC) in

Japan [77, 78], and the Circular Electron Positron Collider (CepC) in China [79]. For

completeness in the comparison we also consider the improvements in the measurements of

EWPO and Higgs-boson signal strengths expected at the High Luminosity LHC (HL-LHC)

– 19 –
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Effective field theories can make calculations not only easier but also allow to parameterize any 
unknown heavy physics. Although, the increasingly larger number of higher order operators and 
hence, of possible cancellations, may reduce the significance of the experimental fits and 
contraints.
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Decoupling
Decoupling is inherent to Effective Field Theories, the question being if the fundamental 
field theory, which we assume originates it, does really decouple. 	

Natural (small) parameter

L =  (i 6@ �M) +
1
2
@µ� @

µ�� m2

2
�2 � �  � M.D. Schwartz, QFT&SM 

 ! ei↵�5 
n  6D !  6D 
  ! e2i↵�5  
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Natural parameters according to P.A.M. Dirac or G. ‘t Hooft, technical naturalness (weakest).

no protection: hierarchy must be enforced
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The addition of an extra U(1) with the mass of the new Z’ going to infinity in a spontaneously 
broken gauge symmetry implies that the vacuum expectation value of the corresponding new 
scalar σ is neutral under the SM. Otherwise, the Z mass will go to infinity, too. Hence, the Z-Z’ 
mass matrix has the form:                              , being then enough to constraint vSM. 	
!
A more detailed study is required for  

+
⇣ ⇠ �2

1M
2 ⇠ �1�2M2
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⌘

F. del Aguila, M. Masip and M. Perez-Victoria, hep-ph/9507455"
P.H. Chankowski, S. Pokorski and J. Wagner, hep-ph/0601097

T. Appelquist and J. Carazzone, Phys. Rev. D11 (1975) 2856
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The decoupling theorem states that low-energy effects of heavy particles are suppressed 	
by inverse powers of their masses or can be absorbed into the renormalisation of the light 	
fields and couplings.  	
This does not need to apply if a coupling becomes large, making the theory non-perturbative. 	
It is also convenient to use a renormalisation scheme where the decoupling is manifest.	
In any case one must impose all the conditions needed to define the hierarchy.

⇣ ⇠ v2SM ⇠ v2SM
⇠ v2SM ⇠ v2�

⌘

⇣ m2 mM
mM M2

⌘
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As already emphasized by H. Georgi, the relevant question is: Which is the difference of 
integrating out heavy modes and using the resulting non-local theory from calculating 
with the effective field theory ? 	
!

• In general easier calculations.	

• Subtraction of infinities rather than renormalization (DR with MS).	

• Dimensional analysis applies 	

However, although the effective field theory in general allows for an easier description 
of the relevant physics, usually providing a better understanding of the important effects, 
the right physics must be put by hand requiring that the predictions of the effective field 
theory match those of the fundamental theory at the appropriate scale.  
!
Let us review the different scenarios for lepton number violation beyond the Standard 
Model, already discussed at Corfu in 2012 by A. Santamaria: 
F. del Aguila, A. Aparici, S.Bhattacharya, A. Santamaria and J. Wudka [arXiv:1305.4900 [hep-ph]]

Matching

not involving quarks
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F. del Aguila, A. Aparici, S. Bhattacharya, A. Santamaria and J. Wudka [arXiv:1204.5986 [hep-ph]]

EFT estimate

EFT estimate

X

X

matching

matching

Neutrinoless double beta decay:

Majorana neutrino masses:

•

•

•
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F. del Aguila, A. Aparici, S. Bhattacharya, A. Santamaria and J. Wudka [arXiv:1111.6960 [hep-ph]]

Heavy scalar masses < 30 TeV
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                          Large μ	
Renormalization Group flow           	

!

Matching at                 μ = M	

!

Renormalization Group flow          	

                          Small μ

Matching
The matching conditions are fixed by requiring that the two theories describe the same physics. 	
What is guaranteed requiring the equality of the 1LPI Green functions of the fundamental and the 	
effective field theories at the matching scale, fixed to minimize the logarithmic terms.

L(l) + L(l, h)

L(l) + �L(l)
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Large μ	
    	

     	

                
μ = M	

 	

!

                         
Small μ

LSM + LT

LSM = qLi6DqL + tRi6DtR � �t(qL�̃tR + tR�̃†qL) + . . .

LT = T (i 6D �M)T � �T (qL�̃TR + TR�̃†qL)

F. del Aguila, M. Perez-Victoria and J. Santiago [hep-ph/0007316]

L(0l)
6 = ↵(1)

�qO(1)
�q + ↵(3)

�qO(3)
�q + ↵u�Ou� + h.c.

LSM + L(0l)
6

Heavy vector-like quark of charge 2/3

EOM (no TL interaction): TL =
1
M

(��T �̃†qL), TR =
i 6D
M2

(��T �̃†qL)

use t EOM to write the dimension 6 effective Lagrangian in the Warsaw basis  

★

★

↵(1)
�q = �↵(3)

�q =
|�T |2

4M2
, ↵u� = 2�t↵

(1)
�q

O(1)
�q = i�†Dµ� q̄�µq, O(3)

�q = i�†�aDµ� q̄�µ�aq, Ou� = �†�q̄�̃t
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LSM + LT

LSM = qLi6DqL + tRi6DtR � �t(qL�̃tR + tR�̃†qL) + . . .

LT = T (i 6D �M)T � �T (qL�̃TR + TR�̃†qL)
F. del Aguila, Z. Kunszt and J. Santiago [arXiv:1602.00126 [hep-ph]]"
C. Anastasiou, A. Carmona, A. Lazopoulos and J. Santiago MatchMaker

L(0l)
6 = ↵(1)

�qO(1)
�q + ↵(3)

�qO(3)
�q + ↵u�Ou� + h.c.

LSM + L(1l)
6

redundant on-shell
use Φ EOM 
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�q = i�†�aDµ� q̄�µ�aq, Ou� = �†�q̄�̃t
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Heavy vector-like quark of charge 2/3
Large μ	
    	

     	

                
μ = M	

 	

!

                         
Small μ



LSM + LT

LSM = qLi6DqL + tRi6DtR � �t(qL�̃tR + tR�̃†qL) + . . .

LT = T (i 6D �M)T � �T (qL�̃TR + TR�̃†qL)
F. del Aguila, Z. Kunszt and J. Santiago [arXiv:1602.00126 [hep-ph]]"
C. Anastasiou, A. Carmona, A. Lazopoulos and J. Santiago MatchMaker

L(0l)
6 = ↵(1)
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�q + ↵(3)

�qO(3)
�q + ↵u�Ou� + h.c.

Heavy vector-like quark of charge 2/3
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Large μ	
    	

     	

                
μ = M	

 	

!

                         
μ = mt

 To complete the calculation one has to integrate out the top, too
2



Automated one-loop matching

C. Anastasiou, A. Carmona, A. Lazopoulos and J. Santiago, MatchMaker!
F. del Aguila, Z. Kunszt and J. Santiago [arXiv:1602.00126 [hep-ph]]!
(M. Boggia, R. Gomez-Ambrosio and G. Passarino [arXiv:1603.03660 [hep-ph]])

B. Henning, X. Lu and H. Murayama [arXiv:1412.1837 [hep-ph]], [arXiv:1604.01019 [hep-ph]]"
A. Drozd, J. Ellis, J. Quevillon and T. You [arXiv:1512.03003 [hep-ph]], S.A.R. Ellis, J. 
Quevillon, T. You and Z. Zhang [arXiv:1604.02445 [hep-ph]] "
J. Fuentes-Martin, J. Portoles and P. Ruiz-Femenia [arXiv:1607.02142 [hep-ph]]

Recently, further effort has been dedicated to automate the one-loop calculations in 
the SM EFT, to account for arbitrary additions of heavy particles of spin 0, 1/2 and 1. 	
!
This requires the corresponding matching between the fundamental theory and the 
effective one. Work has been done using both the diagrammatic and the functional 
approaches. No public codes are still available in either case:	

• Diagrammatic	

• Functional	

!

!

MatchMaker will allow to perform tree-level and one-loop matching once the 
fundamental theory and the effective field theory operator basis are fixed, the SM 
EFT being only a particular case. 	

It uses standard tools and the matching is performed off-shell assuming (to start 
with) massless light particles and hence, the unbroken phase of the SM. 

Diagrammatic method
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⌘

= U
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0 ��

⌘
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det

Integrating out the heavy particles 
and heavy modes of the light ones: 	
M, phard in light propagator >> m, ∂

Dropping the local counterpart  

J. Fuentes-Martin, J. Portoles and P. Ruiz-Femenia 
[arXiv:1607.02142 [hep-ph]]

B. Henning, X. Lu and H. Murayama "
[arXiv:1604.01019 [hep-ph]]

C.P.  Burgess, hep-th/0701053

Functional method
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I.Z. Rothstein, hep-ph/0308266 
C.P. Burgess, hep-th/0701053

V (l, h) = 1
2m2l2 + gl

4! l
4

+ 1
2M2h2 + g̃hM

3! h3 + gh

4! h
4

+ g̃lhM
2 l2h + glh

4! l2h2

l! �l

The one-loop 1LPI generator is independent of the couplings of h3 and l2h at leading order 	
on 1/M, when expressed as a function of the renormalised couplings. 
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Summary

• The SM EFT is the most general operator product expansion involving the SM fields 
and preserving the SM symmetries. It allows to encode in a model independent way 
possible deviations from the SM, eventually observable at the LHC. Although it should 
be modified if new fermions, scalars or interactions are eventually observed, enlarging 
the set of light fields.	

• Present experimental limits and precision in general require to consider up to 
dimension 6 operators only. Without accounting for different flavours, there are 59  
independent operators of this dimension. Their implications on top and Higgs physics 
have been extensively analysed.	

• There	are	currently	efforts	to	provide	automated	tools	for	calcula5ng	this	effec5ve	
theory	up	to	one-loop	for	arbitrary	addi5ons	of	heavy	par5cles	of	spin	0,	1/2	and	1.	
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Thanks for your attention
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