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Plenty of new data from the LHC:  Implications?

• Most of us like to look for implications in specific       
    scenarios, motivated by naturalness, ...
    Top-down approach: MSSM, composite Higgs,...

• But not having found anything, it makes sense to be 
     more open to alternatives

(For example, even in susy scenarios, plenty of possibilities 
beyond the MSSM (e.g. Higgs as a partner of a SM lepton))

 Approach to look for deviations from the SM 
more model-independent:   

  SM + higher-dimensional operators



Assuming new-physics scale Λ is heavier than MW , we 
can perform an expansion in derivatives and SM fields

1 Introduction

2 Dimension-six operator basis

Let us consider a sector beyond the SM (BSM) characterised by a new mass-scale ⇤ much

larger than the electroweak scale mW . We will assume, among other requirements to be

specified later, that this sector preserves lepton and baryon number. By integrating out this

sector and performing an expansion of SM fields and their derivatives Dµ over ⇤, we can

obtain an e↵ective Lagrangian made of local operators:

Le↵ =
⇤4

g2⇤
L
✓

Dµ

⇤
,
gHH

⇤
,
gfL,R

fL,R
⇤3/2

,
gFµ⌫

⇤2

◆

' L4 + L6 + · · · , (1)

where Ln denotes the term in the expansion made of operators of dimension n. By g⇤ we denote

a generic coupling of the BSM, while gH and gfL,R
are respectively the couplings of the Higgs-

doublet H (of hypercharge Y = 1/2) and SM fermion fL,R to the BSM sector, and g and Fµ⌫

are respectively the SM gauge couplings and field-strengths. The Lagrangian Eq. (1) is based

on dimensional grounds where the dependence on the couplings is easily obtained when the

Planck constant ~ is put back in place. The dominant e↵ects of the BSM sector are encoded

in L6, as L4 leads only to an unphysical redefinition of the SM couplings. There are di↵erent

basis used in the literature for the set of independent dimension-six operators appearing in L6.

Although physics is independent of the choice of basis, it is clear that some basis are better

suited than others for extracting the relevant information for, for example, Higgs physics.

A convenient basis can be that which capture in few operators the impact of di↵erent new-

physics scenarios, at least for the most interesting cases. For example, in the basis of ref. [],

universal theories only generate 11 CP-conserving operators, but this number can be larger

in other basis, as that of ref. [], with the corresponding correlation in their coe�cients. If

only ff ! ff processes are considered, only 4 operators can parametrize universal theories

if we use the basis []. Another important consideration for the choice of basis is to avoid

mixing operators whose coe�cients are naturally expected to have di↵erent sizes (again, at

least in main theories of interest). For example, it is convenient to keep separated operators

that can be induced at tree-level from integrating weakly-coupled states from those that can

only be generated at the one-loop level. This helps to determine what are the most relevant

operators when dealing with a large class of the BSM such as supersymmetric, composite

Higgs or little Higgs models among others. As shown in ref. [] this criteria is also useful when

considering one-loop operator mixing, since one finds that tree-level induced operators do not

contribute to the RG flow of one-loop induced ones, independently, of course, of the origin of

the operators. In this sense the basis of [] is better suited than that of []. It is obvious that

all the criteria given above are not at all in contradiction with being generic, that is also the

propose of these analysis, as soon as we keep all operators, as we do in this analysis.

In our bases we broadly distinguish three classes of operators. The first two classes consist

of operators that can in principle be generated at tree-level when integrating out heavy states
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(assuming lepton & baryon number)

SM deviations 
from the SM

• How many?  What is the best basis of operators?

• What are the implications (on Higgs)?
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:    made of local dim-6 operators



Classification of dim-6 operators

Long story: Buchmuller&Wyler 86 ...  Grzadkowski et al. 10

from 80 operators ... to 59 operators

Reduction of the set by using field redefinitions:

Search for the set of independent operators forming a basis: 

e.g.

Appendix: Change of basis by field redefinitions

The following field redefinitions

H ! H
�
1 + ↵1g

2
H |H|2/⇤2

�
, H ! H

�
1� ↵2g

2
Hm

2/⇤2
�
+ ↵2g

2
H(D

2H)/⇤2 ,

Bµ ! Bµ + ig0↵B(H
†
$
DµH)/⇤2 , W a

µ ! W a
µ + ig↵W (H†�a

$
DµH)/⇤2 ,

Bµ ! Bµ + ↵2B(@
⌫B⌫µ)/⇤

2 , W a
µ ! W a

µ + ↵2W (D⌫W a
⌫µ)/⇤

2 , (60)

where the ↵i are arbitrary parameters, induce the following shifts in the coe�cients of the

dimension-six operators of Eqs. (4) and (6) plus O4K = |D2
µH|2: 8

cH ! cH + 2(↵1 + 2�↵2)� ↵Wg2/g2H ,

cr ! cr + 2(↵1 + 2�↵2) + 2↵Wg2/g2H ,

c6 ! c6 � 4↵1 ,

cT ! cT � ↵Bg
02/g2H ,

cB ! cB � 2↵B � ↵2B ,

cW ! cW � 2↵W � ↵2W ,

c2W ! c2W � 2↵2W ,

c2B ! c2B � 2↵2B ,

cK4 ! cK4 � 2↵2g
2
H . (61)

Notice that only operators of tree-level type are shifted. This is not a coincidence: dia-

grammatically, a field redefinition � ! � + J [�i,�j, ...] (with J some current with the same

quantum numbers as � and dependent on some other fields �i) corresponds to a � leg split-

ting in several �i,j... legs. Then, an operator generated by such field redefinition corresponds

to a tree-level diagram with a heavy state of mass ⇠ ⇤ (with the same quantum numbers of

�) as an internal propagator.

Using this shift freedom, we can trade 6 out of the 9 tree-level operators listed in section 2

(O2G is irrelevant for our discussion) and leave only OH , OT and O6 plus operators made

of fermions: those in (5), (16) and four-fermion operators. The shift parameters are arbi-

trary, and therefore physical quantities can only depend on the three following shift-invariant

combinations (we reserve capital letters for such physical combinations of coe�cients):

CH ⌘ cH � cr � 3g2

4g2H
(2cW � c2W ) ,

CT ⌘ cT � g02

4g2H
(2cB � c2B) ,

C6 ⌘ c6 + 2cr +
g2

g2H
(2cW � c2W ) + 4

�

g2H
cK4 . (62)

8Shifts of order m2/⇤2 are also induced on the renormalizable dimension-4 SM operators.

19

(for one family)

(equivalently, using EOM)



(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Q(1)

qqq εαβγεjkεmn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Q(3)

qqq εαβγ(τ Iε)jk(τ Iε)mn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut) Qduu εαβγ
[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

59 dimension-six operators (for one family)

Grzadkowski et al. 10



Choosing the basis for dim-6 operators 

Some criteria for a convenient basis:

 we will see examples in the literature of 
     how the use of the non-appropriate basis 
     can mislead people

Physics is basis-independent, as long as you keep all operators.
But in practice this is difficult, so people truncate the set, 

giving strong dependence on the choice of the basis

• Capture in few operators the impact of different BSM:
             Universal theories, weakly-coupled theories (MSSM), ...

• Clean operator ⬌ experiment connection

• Keep separated operators of possible different origins and 
coefficients of different expected size

• Keep symmetries of the BSM manifest
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Using the rules described in section 2.2, we obtain a low-energy effective action for the

leading dimension-6 operators involving the Higgs field of the form

LSILH =
cH

2f2
∂µ

(
H†H

)
∂µ

(
H†H

)
+

cT

2f2

(
H†←→DµH

)(
H†←→D µH

)

−
c6λ

f2

(
H†H

)3
+

(
cyyf

f2
H†Hf̄LHfR + h.c.

)

+
icW g

2m2
ρ

(
H†σi←→DµH

)
(DνWµν)

i +
icBg′

2m2
ρ

(
H†←→DµH

)
(∂νBµν)

+
icHW g

16π2f2
(DµH)†σi(DνH)W i

µν +
icHBg′

16π2f2
(DµH)†(DνH)Bµν

+
cγg′2

16π2f2

g2

g2
ρ
H†HBµνB

µν +
cgg2

S

16π2f2

y2
t

g2
ρ
H†HGa

µνGaµν . (2.15)

We will later discuss the Lagrangian terms that purely involve the vector bosons. The

coupling constants ci are pure numbers of order unity. For phenomenological applications,

we have switched to a notation in which gauge fields are canonically normalized, and

gauge couplings explicitly appear in covariant derivatives. Also, we recall the definition

H†←→D µH ≡ H†DµH − (DµH†)H.

In what follows, we will comment on the operators in eq. (2.15). Let us start with the

operators involving more than two Higgs fields. As previously discussed, by using the Fierz

identities for the Pauli matrices, one can write three independent operators involving four

H fields and two covariant derivatives. Two are shown in our Lagrangian with coefficients

cH and cT . The third operator H†H|DµH|2, can be written in terms of a combination of

cH , cT , c6, cy by a Higgs field redefinition Hα → Hα+(H†H)Hα/f2, or, which is equivalent,

by using the leading order equations of motion. The operator with coefficient cH , as we

will show in section 4, plays a crucial role in testing the SILH in Higgs and vector boson

scattering at high-energy colliders. The operator proportional to cT violates custodial

symmetry and gives a contribution T̂ to the ρ parameter

∆ρ ≡ T̂ = cT ξ, (2.16)

ξ ≡
v2

f2
, v =

(√
2GF

)−1/2
= 246GeV. (2.17)

From the SM fit of electroweak data [16], we find −1.1 × 10−3 < cT ξ < 1.3 × 10−3 at 95%

CL (letting also Ŝ to vary one finds instead −1.7 × 10−3 < cT ξ < 1.9 × 10−3 at 95% CL).

Because of this strong limit, we will neglect new effects from this operator and set cT to zero.

Indeed, the bound on cT suggests that new physics relevant for electroweak breaking must

be approximately custodial-invariant. In our Goldstone Higgs scenario this corresponds to

assuming the coset SO(5)/SO(4). When gSM is turned on, cT receives a model dependent

contribution, which should be small enough to make the model acceptable. In the next

section, we will briefly discuss the size of cT in various models.

The coefficient cy is universal at leading order in the Yukawa couplings, and non-

universal effects will appear at order y2
f/g2

ρ. This is because this term purely originates from

– 9 –

 Λ = mρ = gρ f 

Giudice,Grojean,AP,Rattazzi 07
Our basis will follow the SILH criteria: 
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Using the rules described in section 2.2, we obtain a low-energy effective action for the

leading dimension-6 operators involving the Higgs field of the form
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H†HGa

µνGaµν . (2.15)

We will later discuss the Lagrangian terms that purely involve the vector bosons. The

coupling constants ci are pure numbers of order unity. For phenomenological applications,

we have switched to a notation in which gauge fields are canonically normalized, and

gauge couplings explicitly appear in covariant derivatives. Also, we recall the definition

H†←→D µH ≡ H†DµH − (DµH†)H.

In what follows, we will comment on the operators in eq. (2.15). Let us start with the

operators involving more than two Higgs fields. As previously discussed, by using the Fierz

identities for the Pauli matrices, one can write three independent operators involving four

H fields and two covariant derivatives. Two are shown in our Lagrangian with coefficients

cH and cT . The third operator H†H|DµH|2, can be written in terms of a combination of

cH , cT , c6, cy by a Higgs field redefinition Hα → Hα+(H†H)Hα/f2, or, which is equivalent,

by using the leading order equations of motion. The operator with coefficient cH , as we

will show in section 4, plays a crucial role in testing the SILH in Higgs and vector boson

scattering at high-energy colliders. The operator proportional to cT violates custodial

symmetry and gives a contribution T̂ to the ρ parameter

∆ρ ≡ T̂ = cT ξ, (2.16)

ξ ≡
v2

f2
, v =

(√
2GF

)−1/2
= 246GeV. (2.17)

From the SM fit of electroweak data [16], we find −1.1 × 10−3 < cT ξ < 1.3 × 10−3 at 95%

CL (letting also Ŝ to vary one finds instead −1.7 × 10−3 < cT ξ < 1.9 × 10−3 at 95% CL).

Because of this strong limit, we will neglect new effects from this operator and set cT to zero.

Indeed, the bound on cT suggests that new physics relevant for electroweak breaking must

be approximately custodial-invariant. In our Goldstone Higgs scenario this corresponds to

assuming the coset SO(5)/SO(4). When gSM is turned on, cT receives a model dependent

contribution, which should be small enough to make the model acceptable. In the next

section, we will briefly discuss the size of cT in various models.

The coefficient cy is universal at leading order in the Yukawa couplings, and non-

universal effects will appear at order y2
f/g2

ρ. This is because this term purely originates from
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While, expectedly, operators involving gluons do not arise, it is also manifest that none of

these operators contributes to the process h → γγ (with real photons). On the other hand,

there are contributions to h → Zγ from OHW and OHB . Notice that, using integration by

parts, we could equivalently parametrize the set of operators in eqs. (2.9)–(2.10) by OW , OB

and OZB = H †B µν(Wµν +Bµν)H and OZW = H †W µν(Wµν +Bµν)H , where Wµν ≡ W i
µνσi.

Again, neither OZB nor OZW contribute to h → γγ. According to counting rule 2, all these

operators have a coe! cient of order 1/m 2
ρ, as they formally involve two extra covariant

derivatives with respect to a Higgs kinetic term. The absence of Og = H †HGµνGµν and

of operators a" ecting the coupling between Higgs and photons like OBB = H †HB µνB µν is

due to the Goldstone symmetry. Since the neutral Higgs h is both charge and color neutral,

the gauging of just SU(3)c ×U(1)Q does not break the U(1) generator Th of G under which

the physical Higgs boson shifts. Operators like Og or those leading to h → γγ (like OBB)

explicitly break this shift symmetry and cannot be generated upon the simple gauging of

the SM group described by rule 2. In order to generate these terms, the couplings that

break the symmetry generated by Th must intervene, so that their coe! cient must be

suppressed by extra powers of (gSM /g ρ). Normally one gets a g2
SM /g 2

ρ extra suppression.5

According to the general expression in eq. (2.5), four-derivative operators like those

in eqs. (2.9)–(2.10) can arise at tree level. However in “normal” theories, the classical ac-

tion including the heavy fields # involves at most two derivatives. Holographic Goldstone

models and Little Higgs are of this type. To be more specific, these theories correspond

to minimally-coupled field theories where the states have spin ≤ 1, and all vectors are

associated to (spontaneously-broken) gauge symmetries.6 In the case of minimally-coupled

theories, higher-derivative operators like those in eqs. (2.9)–(2.10) can appear in the classi-

cal low-energy action below mρ only if there exists a field # with the appropriate quantum

numbers to mediate the corresponding operator. In this respect we remark an interesting

di" erence between OW , OB and OHW , OHB . Two linearly independent combinations of

OHW and OHB contribute respectively to a vertex that couples an on-shell photon to two

neutral states (a Higgs and a Z ) and to a correction to the gyromagnetic ratio of the W .

On the other hand, in minimally-coupled theories photons do not interact at tree level

with neutral states and all gyromagnetic ratios are fixed to be equal to 2. In these theories

OHW , OHB must therefore appear in L(1) and bear an extra one-loop suppression. By

the same argument Og and OBB should also arise at one-loop and moreover, because of

the previous symmetry-based argument, they should be further suppressed by a Goldstone

symmetry-breaking power of gSM /g ρ. The operators OW or OB can instead be generated

in minimally-coupled theories by the tree-level exchange of heavy vector fields. We show

5A similar result holds in low-energy QCD. The coupling π2
0F 2

µ! vanishes at leading order in αEM , and

gets generated at subleading order in the quark mass mq and also through the chiral anomaly. On the other

hand, π+π! F 2
µ! exists at zeroth order in both αEM and mq.

6The latter property sets the rule to count derivatives for massive vector fields through the requirement

that the action for the eaten Goldstones be a 2-derivative one. For instance the gauge symmetry breaking

term (∂µVµ)2 counts like a four derivative object and is discarded from the classical action. Minimal

coupling along with the gauge principle ensures the absence of ghosts at the scale m" and a milder growth

of the amplitudes at energies above the scale m" .
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Inspiration from QCD: Chiral lagrangian for pions:

Ordinary basis:

Experiments say:

Chiral Perturbation Theory 11

1. The most general effective chiral Lagrangian of O(p4), L4, to be considered at tree

level.

2. One-loop graphs associated with the lowest-order Lagrangian L2.

3. The Wess–Zumino (1971)–Witten (1983) functional to account for the chiral

anomaly.

4.1. O(p4) Lagrangian

At O(p4), the most general§ Lagrangian, invariant under parity, charge conjugation
and the local chiral transformations (3.14), is given by (Gasser and Leutwyler 1985)

L4 = L 1 〈DµU†D µU〉2 + L 2 〈DµU†DνU〉 〈D µU†D νU〉

+ L 3 〈DµU†D µUDνU†D νU〉 + L 4 〈DµU†D µU〉 〈U†χ + χ†U〉

+ L 5 〈DµU†D µU
!
U†χ + χ†U

"
〉 + L 6 〈U†χ + χ†U〉2

+ L 7 〈U†χ − χ†U〉2 + L 8 〈χ†Uχ†U + U†χU†χ〉

− iL 9 〈F µν
R DµUDνU† + F µν

L DµU†DνU〉 + L 10 〈U†F µν
R UFLµν〉

+ H 1 〈FRµνF µν
R + FLµνF µν

L 〉 + H 2 〈χ†χ〉 .

(4.1)

The terms proportional to H 1 and H 2 do not contain the pseudoscalar fields

and are therefore not directly measurable. Thus, at O(p4) we need ten additional
coupling constants L i to determine the low-energy behaviour of the Green functions.

These constants parametrize our ignorance about the details of the underlying QCD

dynamics. In principle, all the chiral couplings are calculable functions of ΛQCD and

the heavy-quark masses. At the present time, however, our main source of information

about these couplings is low-energy phenomenology.

4.2. Chiral loops

ChPT is a quantum field theory, perfectly defined through equation (3.19). As

such, we must take into account quantum loops with Goldstone-boson propagators
in the internal lines. The chiral loops generate non-polynomial contributions, with

logarithms and threshold factors, as required by unitarity.

The loop integrals are homogeneous functions of the external momenta and the
pseudoscalar masses occurring in the propagators. A simple dimensional counting

shows that, for a general connected diagram with Nd vertices of O(pd) (d = 2, 4, . . .)
and L loops, the overall chiral dimension is given by (Weinberg 1979)

D = 2L + 2 +
#

d

Nd (d− 2) . (4.2)

§ Since we will only need L4 at tree level, the general expression of this Lagrangian has been simplified,
using the O(p2) equations of motion obeyed by U. Moreover, a 3 × 3 matrix relation has been used
to reduce the number of independent terms. For the two-flavour case, not all of these terms are
independent (Gasser and Leutwyler 1984, 1985).

L� =
f2

4
hDµUDµUi+ · · ·

Smaller by a “loop” ~ 1/Nc ~ 1/3!

c
loop

c
tree

=
L
9

+ L
10

L
9

� L
10

' 6.9� 5.5

6.9 + 5.5
⇠ 0.1

“tree”: “loop”

In a “SILH basis”:

h(U† $
D! U)DµF

µ !
L + (U

$
D! U

†)DµF
µ !
R i
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As in the SILH,  we will separate “tree” vs “loop” operators:

Choosing the basis for dim-6 operators 

with spin ! 1 under the assumption of minimal-coupling, i.e., gauge bosons couple only

through covariant derivatives [5]. As we show in the Appendix A, these operators can be

written as product of scalar, fermion or vector currents whose dimension is less than 3.

Among them we distinguish, what we call operators of the first class, those that involve extra

powers of Higgs fields or SM fermions, and are expected to be proportional to couplings of

these fields to the BSM sector, that we refer as g⇤, to a certain power. The importance of

these operators is that they can be the most sizeable one in the strong coupling limit, g⇤ " 4! .
Operators of the second class are those that involve extra (covariant) derivatives or gauge-field

strengths and, according to Eq. (1), are generically suppressed by 1/! 2 times a certain power

of gauge couplings. Finally, in the third class, we have operators that cannot be written as a

products of currents and therefore, in minimally-coupled theories, can only be induced at the

one-loop level. These operators are expected to be suppressed by g2⇤/(16! 2! 2). We can then

classify the dimension-six operators as

L6 =
X

i1

g2⇤
ci1
! 2

Oi1 +
X

i2

ci2
! 2

Oi2 +
X

i3

" i3

! 2
Oi3 , (2)

where for notational convenience we introduce for the third type of operators the one-loop

suppressed coe" cients

" i3 #
g2⇤

16! 2
ci3 . (3)

All coe" cients ci are of order ci " O(1) $ fi(g/g⇤, gH/g⇤, ...), where fi(g/g⇤, gH/g⇤, ...) are

functions that depend only on ratios of couplings (and of masses when they are di#erent from
! ). We will refer to the operators Oi1 and Oi2 as ”current-current” or ”tree-level” operators,

whileOi3 will be called ”one-loop suppressed” operators. Also useful basis for strongly coupled

theories...

Let us start considering only operators made of SM bosons. The appropriate basis was

defined in ref. [5]. In the first class of operators, Oi1 , we have

OH =
1

2
(#µ|H|2)2 , OT =

1

2

⇣

H†
$
DµH

⌘2

, Or = |H|2|DµH|2 , O6 = $|H|6 . (4)

Here we have defined H†
$
DµH # H†DµH % (DµH)†H, with DµH = #µH % ig%aW a

µH/2 %
ig0BµH/2. The size of the coe" cients of the operators Eq. (4) depends on the size of gH . For

the first three operators of Eq. (4), having four Higgs-fields, we can distinguish two limits:

g2⇤ci " g2H for gH & 1 , (5)

g2⇤ci " g4H/g
2
⇤ for gH ' g⇤ . (6)

For O6, involving six Higgs fields, an extra factor g2H could be present. Nevertheless, we have

substituted this by $, the Higgs self-coupling defined as V = m2|H|2+$|H|4. This is motivated

by the fact that the lightness of the Higgs suggests that there is a symmetry protecting the

Higgs self-couplings to be of order $ " m2
h/v

2 " 0.26. Examples are supersymmetry or global

symmetries as in composite Higgs models.

2
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g!  = generic coupling



where Y f
L,R are the fermion hypercharges. In particular, we could trade OW and OB with

other operators:

cWOW $ cW
g2

g2!

"

�3

2
OH + 2O6 +

1

2
Oy +

1

4

X

f

O(3) f
L

#

,

cBOB $ cB
g"2

g2!

"

�1

2
OT +

1

2

X

f

⇣

Y f
LOf

L + Y f
ROf

R

⌘

#

, (22)

Also the operator Or can be eliminated by field redefinitions. In this case

crOr $ cr



1

2
(Oyu +Oyd +Oyl )�OH + 2O6

�

. (23)

For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2

and 2.
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Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce

it by imposing flavour symmetries that are also needed to avoid important constraints from
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operators made of fermions

Some redundancy: 

where Y f
L,R are the fermion hypercharges. In particular, we could tradeOW and OB with

other operators:
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#

, (22)

Also the operatorOr can be eliminated by Þeld redeÞnitions. In this case

cr Or ! cr

&
1
2

(Oyu + Oyd + Oyl ) " OH + 2O6

'
. (23)

For one family of fermions, our basis will be deÞned in the following way. We keep all
operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM
such as universal theories, with the exception ofOr that we eliminate of our basis using
Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and
the equivalents for the down-type quark and leptons), with the exception of the 5 combinations
that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with
the operators of Eq. (19), Eq. (20) and Eq. (18). The Þnal set of operators is given in table2
and 2.

OH = 1
2(! µ |H |2)2

OT = 1
2

$
H  

#
D µH

%2

O6 = " |H |6

OW = ig
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$
H   #a
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OB = ig !
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%
! ! Bµ!
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2(D µW a

µ! )2

O2B = " 1
2(! µBµ! )2

O2G = " 1
2(D µGa

µ! )2
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OGG = g2
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OHW = ig(D µH )  #a(D ! H )W a
µ!

OHB = ig"(D µH )  (D ! H )Bµ!

O3W = g$abcW a !
µ W b

!" W c" µ

O3G = gsf abcGa !
µ Gb

!" Gc" µ

Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce
it by imposing ßavour symmetries that are also needed to avoid important constraints from

5
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where Y f
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Also the operator Or can be eliminated by field redefinitions. In this case
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. (23)

For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2

and 2.
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Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce

it by imposing flavour symmetries that are also needed to avoid important constraints from
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where Y f
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Also the operator Or can be eliminated by field redefinitions. In this case
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For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2
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Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce

it by imposing flavour symmetries that are also needed to avoid important constraints from
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where Y f
L,R are the fermion hypercharges. In particular, we could trade OW and OB with
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Also the operator Or can be eliminated by field redefinitions. In this case

crOr $ cr



1

2
(Oyu +Oyd +Oyl )�OH + 2O6

�

. (23)

For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2

and 2.
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⇣
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Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce
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where Y f
L,R are the fermion hypercharges. In particular, we could trade OW and OB with
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Also the operator Or can be eliminated by field redefinitions. In this case
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For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with
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where Y f
L,R are the fermion hypercharges. In particular, we could trade OW and OB with
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Also the operator Or can be eliminated by field redefinitions. In this case

crOr $ cr
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. (23)

For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2

and 2.
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Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce
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where Y f
L,R are the fermion hypercharges. In particular, we could trade OW and OB with
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Also the operator Or can be eliminated by field redefinitions. In this case
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For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2

and 2.
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Table 1: Operators made of SM bosons.
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where Y f
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Also the operator Or can be eliminated by field redefinitions. In this case
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For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using
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Some groups claim yes: B.Grinstein,  C. W. Murphy and D.Pirtskhalava 13

aW B ah as
hl at

hl as
hq at

hq ahu ahd ahe aW

4.6 ± 7.5 0.0 ± 26. 2.8 ± 6.7 0.9 ± 21. ! 0.9 ± 2.2 0.9 ± 21. ! 3.6 ± 8.9 1.7 ± 4.4 5.6 ± 13. ! 3.9 ± 32.

TABLE I: Best Þt values and 1! errors, in units of TeV�2, of the coe! cients of

dimension 6 operators in the HS basis when the coe! cient of four-fermion operators are

assumed to vanish.

The operators that may contribute to h " Z"ø", according to the way in which they

are constrained, can roughly be divided into two types: a) the ones that are mostly

constrained by the current Higgs data (such as theh " ## rate), and b) those that are

mostly constrained by EWPD. Examples of dimension-6 operators from category a), are

OBB = H   HB µ⌫B µ⌫ , OW W = H   H Tr[W µ⌫Wµ⌫ ] .

The coe! cients of these operators are not constrained by electroweak data, since their sole

contribution to EW precision observables is to rescale the gauge kinetic terms. However,

one combination of these does contribute to theh " ## rate and is therefore tightly

constrained by LHC measurements. Operators from the category b) are those in the HS

basis. Finally, there are dimension-6 operators involving only quark and/or gluon Þelds,

that are constrained neither by the current Higgs data, nor by electroweak precision

experiments. The latter are irrelevant for the present work.

Expanding the operators from the HS basis about the electroweak symmetry breaking

vacuum, one obtains various contributions to the couplings shown in (1). For example,

the coe! cients cL , cR and cZ � are given in terms of the coe! cients of the dimension-6

operators from the HS basis as follows

cL = ! v2(as
h` + at

h`), cR = ! v2ahe,
$cZ �

4%sW cW
= ! v2(c2

W ! s2
W )aW B . (2)

As already emphasized, a simultaneous Þt of all relevant ßavor-preserving operators to

the electroweak data yields reletively weak constraints on the Higgs couplings in (1).

A situation in which these constraints can be even weaker occurs when the UV theory

realizes the electroweak symmetry nonlinearly. The non-linear realization is appropriate

for models in which the symmetry is spontaneously broken dynamically, which can occur

for example by a new hyper-strong interaction with characteristic scale" ! 4%v [37]. The

7

Global fit in other bases don’t show big constraints
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T.Corbett, O.J.P. Eboli, J. Gonzalez–Fraile, M.C.Gonzalez–Garcia 12
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constrained by LHC measurements. Operators from the category b) are those in the HS

basis. Finally, there are dimension-6 operators involving only quark and/or gluon Þelds,

that are constrained neither by the current Higgs data, nor by electroweak precision

experiments. The latter are irrelevant for the present work.

Expanding the operators from the HS basis about the electroweak symmetry breaking

vacuum, one obtains various contributions to the couplings shown in (1). For example,

the coe! cients cL , cR and cZ � are given in terms of the coe! cients of the dimension-6

operators from the HS basis as follows

cL = ! v2(as
h` + at

h`), cR = ! v2ahe,
$cZ �

4%sW cW
= ! v2(c2

W ! s2
W )aW B . (2)

As already emphasized, a simultaneous Þt of all relevant ßavor-preserving operators to

the electroweak data yields reletively weak constraints on the Higgs couplings in (1).

A situation in which these constraints can be even weaker occurs when the UV theory

realizes the electroweak symmetry nonlinearly. The non-linear realization is appropriate

for models in which the symmetry is spontaneously broken dynamically, which can occur

for example by a new hyper-strong interaction with characteristic scale" ! 4%v [37]. The

7

4 operators involving Higgs and gauge bosons 
claimed to be unconstrained from fermion physics, 

while we have 6 !
One operator moved to operators made of fermions and another 

thought to be constrained by the S-parameter...

but fermion physics alone cannot constrain these two! 

Some other groups claim an overconstrained set:

Some groups claim yes:

Global fit in other bases don’t show big constraints

B.Grinstein,  C. W. Murphy and D.Pirtskhalava 13



Towards the ultimate SM fit

Assumptions:

• Lepton & baryon number
• Flavor symmetries (MFV)

Put bound on coefficients model-independently 
(allowing to vary the others)

  previous analysis always turning one by one the coefficients

• Neglect O3W (can be relaxed without great impact)

Step by a step process instead of a global fit 

Input:  ! , MZ, GF 



1) Breaking of EW symmetry:

 Mainly two types of SM 
deformations:

2) New interactions growing with the energy:

f

f

f

f

!
g2

H v 2

! 2

!
E2

! 2

W,Z

<H> f

f



1) Breaking of EW symmetry:

 Mainly two types of SM 
deformations:

2) New interactions growing with the energy:

Intensity frontier vs high-energy frontier

f

f

f

f

!
g2

H v 2

! 2

!
E2

! 2

W,Z

<H> f

f

LHC key-player

LEP key-player



1) Lepton-widths of the Z & MW :

LEP1:

Tevatron:

�(Z ! lL lL )

! (Z ! lRlR)

�(Z ! !! ) " �Z # �vis

MW

 constrain deformation on Z/W propagators
 and Zll vertices at per-mille



Ð 7Ð

where the Þrst error is the uncertainty from|Vud|2 and the
second error is the uncertainty from|Vus|2.

CKM Unitarity Constraints

The current good experimental agreement with unitarity,
|Vud|2+ |Vus|2+ |Vub|2 = 0.9999(6), provides strong conÞrmation
of Standard Model radiative corrections (which range between
3-4% depending on the nucleus used) at better than the 50 sigma
level [48]. In addition, it implies constraints on ÒNew PhysicsÓ
e! ects at both the tree and quantum loop levels. Those e! ects
could be in the form of contributions to nuclear beta decays,
K decays and/or muon decays, with the last of these providing
normalization via the muon lifetime [49], which is used to
obtain the Fermi constant, Gµ = 1.166371(6)! 10! 5GeV! 2.

In the following sections, we illustrate the implications of
CKM unitarity for (1) exotic muon decays [50]( beyond ordinary
muon decayµ+ " e+ νeøνµ) and (2) new heavy quark mixing
VuD [51]. Other examples in the literature [52,53] include
Z! boson quantum loop e! ects, supersymmetry, leptoquarks,
compositeness etc.

Exotic Muon Decays

If additional lepton ßavor violating decays such asµ+ "
e+ øνeνµ (wrong neutrinos) occur, they would cause confusion in
searches for neutrino oscillations at, for example, muon storage
rings/neutrino factories or other neutrino sources from muon
decays. Calling the rate for all such decays" (exotic µ decays),
they should be subtracted before the extraction ofGµ and
normalization of the CKM matrix. Since that is not done and
unitarity works, one has (at one-sided 95% CL)

|Vud|2 + |Vus|2 + |Vub|
2 = 1 # BR (exotic µ decays)$ 0.9989

(19)
or

BR (exotic µ decays)< 0.001. (20)

This bound is a factor of 10 better than the direct experimental
bound onµ+ " e+ øνeνµ.

New Heavy Quark Mixing

July 30, 2010 14:34

GF |quarks

GF |leptons
! 1 < 10! 3

2) Kaon decays (KLOE) + " -decay measurements has 
allowed to put a very stringent bound on quark-

lepton universality of the W interactions

+ LHC bounds on udlν
u

ν
e

d
+

u

ν
e

d

e

ν

u

d
W

Mario Antonelli |Vus| from kaon decays with the KLOE detector

Channel |f + (0) Vus| Correlation coe! cients
K Le3 0.2155(7) 1
K Lµ 3 0.2167(9) 0.28 1
K Se3 0.2153(14) 0.16 0.08 1
K ±

e3 0.2152(13) 0.07 0.01 0.04 1
K ±

µ3 0.2132(15) 0.01 0.18 0.01 0.67 1

Table 2: KLOE results for |f + (0) Vus|.

with ! 2/ ndf = 7.0/ 4 (CL=13%). It is worth noting that the only external exper-
imental input to this analysis is the K S lifetime. All other experimental inputs are
KLOE results.

Lattice evaluations of f + (0) are rapidly improving in precision. The RBC and
UKQCD Collaborations have recently obtainedf + (0) = 0 .9644±0.0049 from a lattice
calculation with 2 + 1 ßavors of dynamical domain-wall fermions [11]. Using their
value for f + (0), our K ! 3 results give |Vus|= 0.2237±0.0013. A recent evaluation of
|Vud| from 0+ ! 0+ nuclear beta decays [10], gives|Vud|=0.97418±0.00026 which,
combined with our result above, gives|Vud|2+ |Vus|2" 1=" 0.0009±0.0008, a result
compatible with unitarity, which is veriÞed to # 0.1%. Þgure 1 shows a compendium
of all the KLOE results.

0.948 0.949 0.950

0.052

0.051

0.050

0.049
! " !

#$ %

& &

-decay

K l"' (

unitarity

K ")(
'")(

* *Vud
+

* *Vus
+

1! contour

Figure 1: KLOE results for |Vus|2, |Vus/V ud|2 and |Vud|2 from " -decay measurements,
shown as 1# wide grey bands. The ellipse is the 1# contour from the Þt. The
unitarity constraint is illustrated by the dashed line.

Additional information is provided by the determination of the ratio |Vus/V ud|,

164

 constrain deformations 
on the Wud vertex at per-mille

assuming unitarity

Deformation involved:



Z

<H> q

q

Z

<H> q

q

H

~

3) Z decay-widths into quarks:

difficult to disentangle the different contributions, but same 
combination of coefficients enter in the H decay:

Z

<H> q

q



4) Gauge boson 3-vertices:

LEP11:   e⁺e⁻→WW

 constrain deformation 
on the ZWW vertex at per-cent

... LHC becoming also competitive



where Y f
L,R are the fermion hypercharges. In particular, we could trade OW and OB with

other operators:

cWOW $ cW
g2

g2!

"

�3

2
OH + 2O6 +

1

2
Oy +

1

4

X

f

O(3) f
L

#

,

cBOB $ cB
g"2

g2!

"

�1

2
OT +

1

2

X

f

⇣

Y f
LOf

L + Y f
ROf

R

⌘

#

, (22)

Also the operator Or can be eliminated by field redefinitions. In this case

crOr $ cr



1

2
(Oyu +Oyd +Oyl )�OH + 2O6

�

. (23)

For one family of fermions, our basis will be defined in the following way. We keep all

operators of Eqs. (4)-(13), since they are the relevant ones for a well-motivated class of BSM

such as universal theories, with the exception of Or that we eliminate of our basis using

Eq. (23). We also include the operators of Eq. (16) and Eq. (17) (for the up-type quark, and

the equivalents for the down-type quark and leptons), with the exception of the 5 combinations

that can be eliminated, using Eq. (21), in favor of Eq. (7). The basis is completed also with

the operators of Eq. (19), Eq. (20) and Eq. (18). The final set of operators is given in table 2

and 2.

OH = 1
2(!

µ|H|2)2
OT = 1

2

⇣

H  
#
DµH

⌘2

O6 = " |H|6

OW = ig
2

⇣

H   #a
#
DµH

⌘

D! W a
µ!

OB = ig!

2

⇣

H  
#
DµH

⌘

! ! Bµ!

O2W = �1
2(D

µW a
µ! )

2

O2B = �1
2(!

µBµ! )2

O2G = �1
2(D

µGa
µ! )

2

OBB = g"2|H|2Bµ! Bµ!

OGG = g2s |H|2Ga
µ! G

aµ!

OHW = ig(DµH)  #a(D! H)W a
µ!

OHB = ig"(DµH)  (D! H)Bµ!

O3W = g$abcW a !
µ W b

!" W
c "µ

O3G = gsfabcGa !
µ Gb

!" G
c "µ

Table 1: Operators made of SM bosons.

Extending it to 3 families increases considerably the number of operators. We can reduce

it by imposing flavour symmetries that are also needed to avoid important constraints from

5

Oyu = yu|H |2 øQL
!HuR Oyd = yd|H |2 øQLHdR Oyl = yl|H |2 øLLHeR

Ou
R = ( iH  

$
DµH )(øuR! µuR) Od

R = ( iH  
$

DµH )( ødR! µdR) Ol
R = ( iH  

$
DµH )(øeR! µeR)

Oq
L = ( iH  

$
DµH )( øQL! µQL) Ol

L = ( iH  
$

DµH )( øLL! µLL)

O(3) q
L = ( iH   " a

$
DµH )( øQL! µ" aQL) O(3) l

L = ( iH   " a
$

DµH )( øLL! µ" aLL)

Oud
R = y 

uyd(i !H  
$

DµH )(øuR! µdR)
Ou

LR = ( øQL! µQL)(øuR! µuR) Od
LR = ( øQL! µQL)( ødR! µdR) Ol

LR = ( øLL! µLL)(øeR! µeR)
O(8)u

LR = ( øQL! µTaQL)(øuR! µTauR) O(8) d
LR = ( øQL! µTaQL)( ødR! µTadR)

Ou
RR = (øuR! µuR)(øuR! µuR) Od

RR = ( ødR! µdR)( ødR! µdR) Ol
RR = (øeR! µeR)(øeR! µeR)

Oq
LL = ( øQL! µQL)( øQL! µQL) Ol

LL = ( øLL! µLL)( øLL! µLL)
O(8) q

LL = ( øQL! µTaQL)( øQL! µTaQL)
Oql

LL = ( øQL! µQL)( øLL! µLL)
O(3) ql

LL = ( øQL! µ" aQL)( øLL! µ" aLL)
Oql

LR = ( øQL! µQL)(øeR! µeR)
Olu

LR = ( øLL! µLL)(øuR! µuR) Old
LR = ( øLL! µLL)( ødR! µdR)

Oud
RR = (øuR! µuR)( ødR! µdR)

O(8)ud
RR = (øuR! µTauR)( ødR! µTadR)
Oul

RR = (øuR! µuR)(øeR! µeR) Odl
RR = ( ødR! µdR)(øeR! µeR)

Oyu yd = yuyd( øQi
LuR)#ij( øQj

LdR)
O(8)

yu yd = yuyd( øQi
LTauR)#ij( øQj

LTadR)
Oyu yl = yuyl( øQi

LuR)#ij( øL j
LeR)

O0
yu yl

= yuyl( øQi !
L eR)#ij( øL j

Lu!
R)

Oyl yd = yly
 
d( øLLeR)( ødRQL)

Ou
DB = yu øQL" µ" uR

!Hg0Bµ" Od
DB = yd øQL" µ" dR Hg0Bµ" Ol

DB = yl øLL" µ" eR Hg0Bµ"

Ou
DW = yu øQL" µ" uR " a !HgW a

µ" Od
DW = yd øQL" µ" dR " aHgW a

µ" Oe
DW = yl øLL" µ" eR " aHgW a

µ"

Ou
DG = yu øQL" µ" TauR

!HgsGa
µ" Od

DG = yd øQL" µ" TadR HgsGa
µ"

Table
2:
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row
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n-typ
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quark
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the
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row
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m
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6

redundant

lepton 
physics 
& MWcW+cB

e⁺e⁻→WW
only two

combinations
of the 4

β-decay, 
K-physics

& Z-physics
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No bound from EWPT on h→Zγ
(only from direct searches)

 (GeV)Hm
120 125 130 135 140 145 150

SM
 B

R]
×
σ/[

95
%

CL
 B

R]
×
σ[

0
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15

20

25
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35

40
Observed
Median Expected

σ 1 ±Expected 
σ 2 ±Expected 

CMS Preliminary
-1 = 7 TeV L = 5.0 fbs

-1 = 8 TeV L = 19.6 fbs
Electron + muon channels

... last hope for O(1) deviations?



Predictions on h→Wff,Zff:

M (h ! V J) = v! 1! " µ
1 J !

2

!
AV m2

H " µ ! + B V q2µ q1!
"

5 (for the Z) + 3 (for the W) 
parameters “ready” to be measured

(assuming mf=0 and CP-conservation)

AV =
aV

1 + aV
2 q2

2

q2
2 ! M 2

V
+

aV
3

q2
2

, B V =
bV

1

q2
2 ! M 2

V
+

bV
2

q2
2

(per fermion type)



Imposing bounds at per-mille:

Imposing bounds at per-cent:

5+3 → 2 

2 → 0

2 (Approximate) Bounds on the form factors

Taking the approximation ! !! = ! ! Z = c3,l
LL = cT = öS = ghZff = ghW ff ! ! 0 we have that:

(I also set cH = 0)

cB ! " cW (32)

! HB ! ! HW (33)

The form factors then have the following form:

aZ
1 ! aZ

1,SM

!
1 + 2cW (1 " tan2 "W ) + ! HW (1 + tan 2 "W )

m2
H

M 2
Z

"
(34)

aZ
2 ! 0 (35)

aZ
3 ! 0 (36)

bZ
1 ! " 4gf

Z ! HW (1 + tan 2 "W ) (37)

bZ
2 ! 0 (38)

aW
1 ! aW

1,SM

!
1 + 2 cW + ! HW

m2
H

M 2
W

"
(39)

aW
2 ! 0 (40)

bW
1 ! " 4gff !

W ! HW (41)

with the coe! cients

cW #
#

" 0.05, 0.08
$

(42)

cHW #
#

" 0.05, 0.04
$

(43)

3

2 (Approximate) Bounds on the form factors

Taking the approximation ! !! = ! ! Z = c3,l
LL = cT = öS = ghZff = ghW ff ! ! 0 we have that:

(I also set cH = 0)

cB ! " cW (32)

! HB ! ! HW (33)

The form factors then have the following form:

aZ
1 ! aZ

1,SM

!
1 + 2cW (1 " tan2 "W ) + ! HW (1 + tan 2 "W )

m2
H

M 2
Z

"
(34)

aZ
2 ! 0 (35)

aZ
3 ! 0 (36)

bZ
1 ! " 4gf

Z ! HW (1 + tan 2 "W ) (37)

bZ
2 ! 0 (38)

aW
1 ! aW

1,SM

!
1 + 2 cW + ! HW

m2
H

M 2
W

"
(39)

aW
2 ! 0 (40)

bW
1 ! " 4gff !

W ! HW (41)

with the coe! cients

cW #
#

" 0.05, 0.08
$

(42)

! HW #
#

" 0.06, 0.04
$

(43)

3



Going beyond tree-level...



Tree-level One-loop induced

dominant effect from running!!

Otree Oloop

cloop (mW ) !
ctree

16! 2 log

!
mW

One-loop operator mixing

RG evolution

Interesting situations could arise:



Jenkins,Grojean,Manohar,Trott 13 (JGMT) 
claimed to be the case for h#$$ :

Example given:

The mixing angle ! W in Eq. (4.5b) is evaluated at µ = Mh. The last term in Eq. (4.5b)
comes from the running of the mixing angle! W between ! and Mh. Coe! cients b(1)

0 =
! 1/6 ! 20ng/9 = ! 41/6, b(2)

0 = 43/6 ! 4ng/3 = 19/6 are the leading coe! cients of the
g1 and g2 " -functions, and ng = 3 is the number of generations. The running of the
CP -violating operator basis is identical at one loop.

4.1.1 A new contribution to " (h " ##)

As shown in Eq. (4.5), the Wilson coe! cient c!! at µ = Mh depends not only onc!! (! ),
but also on cWB (! ) due to operator mixing. There is no exact symmetry that forbids such
mixing in the anomalous dimension matrix. This mixing provides a demonstration of a
new mechanism for a modiÞcation of" (h " ##) due to NP that has not been considered
previously, despite the fact that such e" ects can be as largeas e" ects of NP which have
been examined traditionally.

When the new physics can be characterized by a single scaleM" and a coupling g" ,
simple physical arguments lead to an interesting power counting for the Wilson coe! cients
of our operator basis [13]. For coe! cients øci # ci v2/! 2, we Þnd the power counting

øcB , øcW , øcWB , øcDB , øcDW $ O
!

v2

M 2
!

"
, (4.6)

øcG , øc!! = øcW + øcB ! øcWB , øc! Z = øcW
tan #W

! øcB tan ! W ! øcWB
tan 2#W

$ O
!

g2
!

16$2
v2

M 2
!

"
, (4.7)

where the last row follows from the fact that the Higgs boson cannot decay to ##, Z# and
gg at tree-level in any theory that satisÞes the minimal coupling assumption. Note that,
when a discrete symmetry is present, there can be further suppression of the operators
in the Þrst row, as is the case in R parity conserving SUSY scenarios where there is no
tree-level contribution to the S parameter. Also, if the Higgs boson emerges as a pseudo
Nambu-Goldstone boson of the new physics sector, the Higgs decays to## and gg can only
be obtained from a loop that involves couplings which break the global shift symmetry
of the pseudo Nambu-Goldstone boson. In that case, we obtaina further suppression of
g2

SM /g2
" [13], so

øcG , øc!! $ O

#
g2

SM

g2
"

g2
"

16$2

v2

M2
"

$

. (4.8)

Here, gSM denotes a combination of the SM couplingsg1,2, yi . The simple power count-
ing above demonstrates the importance of the RGE mixing between the operators we are
considering:

c!! (µ) $ c!! (! ) +
g2

SM

16$2 log
%

!
µ

&
ci (! ), (4.9)

and parametrically the ratio of the RGE contribution over th e new physics contribution to
c!! scales like(g2

SM /g2
" ) log(! /µ) in the general case and is further enhanced tolog(! /µ)

in models where the Higgs boson is a pseudo Nambu-Goldstone boson. Hence, the RGE
e" ect we want to compute can dominate over the new physics contribution at the matching
scale. Similar RGE enhancement is present in the mixing between the operatorsOWB and

Ð 10 Ð

SILH case
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Our basis:

where for notational convenience we introduce for the third type of operators the one-loop
suppressed coe! cients

! i 3 !
g2

H

16" 2
ci 3 . (3)

All coe! cients ci are of orderci " O(1) # f (g/gH , ...) ! O(1), with f (g/gH , ...) a function
that depends only on ratios of couplings and is not expected to be larger than order one. In
the Þrst class of operators,Oi 1 , suppressed byg2

H / " 2, we have1

OH =
1
2

(#µ|H |2)2 , OT =
1
2

!
H  

!
D µH

" 2

, Or = |H |2|DµH |2 , O6 = $|H |6 . (4)

Here we have deÞnedH  
!

DµH ! H   DµH $ (DµH )  H , with DµH = #µH $ ig%aW a
µ H/ 2 $

ig"BµH/ 2, the standard covariant derivative (our Higgs doublet,H = ( G+ , (h + iG0)/
%

2)T ,
has hyperchargeY = 1/ 2). Finally, $ is the Higgs quartic coupling in the SM potential,
V = m2|H |2 + $|H |4. By means of the redeÞnitionH & H [1 $ cr g2

H |H |2/ (2" 2)] we could
trade the operatorOr with [4]

Oy = |H |2
#
yu

øQL
$HuR + yd

øQL HdR + yl
øLL Hl R

%
, (5)

where sum over all families is understood, and$H = i%2H #. Here yf are Yukawa couplings,
normalized as usual, withmf = yf v/

%
2 and v = ' h( = 246 GeV.

In the second class of operators,Oi 2 , suppressed by 1/ " 2, we have2

OW =
ig
2

&
H   %a

!
D µH

'
D ! W a

µ! , OB =
ig"

2

&
H  

!
D µH

'
#! Bµ! ,

O2W = $
1
2

(D µW a
µ! )2 , O2B = $

1
2

(#µBµ! )2 , O2G = $
1
2

(D µGa
µ! )2 . (6)

The easiest way to see that the operators of Eq. (4) and Eq. (6) can be generated at tree-
level is to realize that they can be written as products of vector and scalar currents [4, 5].

For example,OT = (1 / 2)JH
µJH µ, whereJH

µ = H  
!

D µH , could arise from integrating out a
massive vector. We will refer to the operators (4) and (6) as Ócurrent-currentÓ or Ótree-levelÓ
operators.

In the third class of operators,Oi 3 , suppressed by an extra loop factor, we have the
CP-even operators

OBB = g"2|H |2Bµ! B µ! , OGG = g2
s|H |2Ga

µ! Gaµ! , (7)

OHW = ig(D µH )  %a(D ! H )W a
µ! , OHB = ig"(D µH )  (D ! H )Bµ! , (8)

O3W = g&abcW a !
µ W b

!" W c" µ , O3G = gsf abcGa !
µ Gb

!" Gc" µ , (9)

1In O6 we have replaced a factorg2
H by a factor ! , the Higgs self-coupling, as this is what appears in

theories in which the Higgs is protected by a symmetry. Similarly, for operators involving øf L f R H we include
a Yukawa coupling, as in (5).

2 The operator O4K = |D 2
µ H |2 can be eliminated by a Þeld redeÞnition ofH . See Appendix for details.

3

where for notational convenience we introduce for the third type of operators the one-loop
suppressed coe! cients

! i 3 !
g2

H

16" 2
ci 3 . (3)

All coe! cients ci are of orderci " O(1) # f (g/gH , ...) ! O(1), with f (g/gH , ...) a function
that depends only on ratios of couplings and is not expected to be larger than order one. In
the Þrst class of operators,Oi 1 , suppressed byg2

H / " 2, we have1

OH =
1
2

(#µ|H |2)2 , OT =
1
2

!
H  

!
D µH

" 2

, Or = |H |2|DµH |2 , O6 = $|H |6 . (4)

Here we have deÞnedH  
!

DµH ! H   DµH $ (DµH )  H , with DµH = #µH $ ig%aW a
µ H/ 2 $

ig"BµH/ 2, the standard covariant derivative (our Higgs doublet,H = ( G+ , (h + iG0)/
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We found that this is not the case
Another example of: proper basis, simple solution
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Our basis:

JGMT basis:

operators are a mixture of “tree-level” and “loop” 
operators of our basis
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D µH , could arise from integrating out a
massive vector. We will refer to the operators (4) and (6) as Ócurrent-currentÓ or Ótree-levelÓ
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theories in which the Higgs is protected by a symmetry. Similarly, for operators involving øf L f R H we include
a Yukawa coupling, as in (5).
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µ H |2 can be eliminated by a Þeld redeÞnition ofH . See Appendix for details.
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with ba,b being respectively the beta-function of the gauge coupling above and belowM (h),
the mass of the heavy state in the Higgs background. From Eq. (17) and Eq. (18) we have

! !! =
! 2

16" 2

d
d logµ

!
(bb ! ba)
4vM (h)

#M (h)
#h

" #
#
#
#
h= v

= 0 , (19)

due to the fact that ba,b are independent ofµ at the one-loop level. Simply put, a heavy
charged particle with massM contributes to the running of the photon two-point function
through a loop which only contains that particle itself, and therefore no log-terms involving
the light-state masses are possible.

4 The importance of the choice of basis

The relevance of the possible contributions from tree-level operators to the one-loop RGE
of $!! and $! Z has been highlighted recently in ref. [2]. In fact, that analysis claims that
such important e" ect could actually occur, in contradiction with the results presented in the
previous section. In this section we show how this contradiction is resolved.

The analysis in ref. [2], GJMT in what follows, focuses on a subset of dimension-six
operators, chosen to beOBB and the two operators

OWB = gg0(H †%aH )W a
µ" Bµ" , OWW = g2|H |2W a

µ" W aµ" , (20)

which are not included in the basis we have used. The relation to our basis follows from the
two operator identities:

OB = OHB +
1
4

OWB +
1
4

OBB , (21)

OW = OHW +
1
4

OWW +
1
4

OWB , (22)

which allow us to removeOWW and OWB in favor of OB and OW . The two operatorsOHW and
OHB were also mentioned in ref. [2], although their e" ect was not included in the analysis. To
understand the issues involved it will be su# cient to limit the operator basis to Þve operators,
with the two bases used being

B1 = {O BB, OB, OW , OHW , OHB} , (this work) (23)

B2 = {O BB, OWW , OWB, OHW , OHB} , (GJMT) . (24)

In relating both bases we will use primed Wilson coe# cients for the GJMT basis

L 6 =
$

i

c0i
! 2

Oi , (25)
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We found that this is not the case
Another example of: proper basis, simple solution
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trivial exercise to transform it to other bases. In the GJMT basis one gets
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The 3 ! 3 upper-left block is therefore given by the expression calculated in [2]:

!̂ =
1

16! 2

!

#
6y2

t + 12" " 9
2g2 + 1

2g!2 0 3g2

0 6y2
t + 12" " 5

2g2 " 3
2g!2 g!2

2g!2 2g2 6y2
t + 4" + 9

2g2 " 1
2g!2

$

& ,

(47)

while the 2 ! 2 lower-right block X̂ has not been fully calculated in the literature. This lack

of knowledge a" ects also the 3 ! 2 block Y !, which depends on the entries of X̂ .
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where now
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while Y is also dependent on the unknown coe# cients of X̂. 6 We can reexpress ! in terms

of the physically relevant combinations of coe# cients #!! and #! Z defined in (14) plus the

orthogonal combination #ort # #HW + #HB . One gets
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6Note that the lower-right block öX is exactly the same in all the three bases considered.
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2 and v = ' h( = 246 GeV.

In the second class of operators,Oi 2 , suppressed by 1/ " 2, we have2
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ig
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D ! W a
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ig"
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&
H  
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D µH
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1
2

(#µBµ! )2 , O2G = $
1
2

(D µGa
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The easiest way to see that the operators of Eq. (4) and Eq. (6) can be generated at tree-
level is to realize that they can be written as products of vector and scalar currents [4, 5].

For example,OT = (1 / 2)JH
µJH µ, whereJH

µ = H  
!

D µH , could arise from integrating out a
massive vector. We will refer to the operators (4) and (6) as Ócurrent-currentÓ or Ótree-levelÓ
operators.

In the third class of operators,Oi 3 , suppressed by an extra loop factor, we have the
CP-even operators

OBB = g"2|H |2Bµ! B µ! , OGG = g2
s|H |2Ga

µ! Gaµ! , (7)

OHW = ig(D µH )  %a(D ! H )W a
µ! , OHB = ig"(D µH )  (D ! H )Bµ! , (8)

O3W = g&abcW a !
µ W b

!" W c" µ , O3G = gsf abcGa !
µ Gb

!" Gc" µ , (9)

1In O6 we have replaced a factorg2
H by a factor ! , the Higgs self-coupling, as this is what appears in

theories in which the Higgs is protected by a symmetry. Similarly, for operators involving øf L f R H we include
a Yukawa coupling, as in (5).

2 The operator O4K = |D 2
µ H |2 can be eliminated by a Þeld redeÞnition ofH . See Appendix for details.
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with ba,b being respectively the beta-function of the gauge coupling above and belowM (h),
the mass of the heavy state in the Higgs background. From Eq. (17) and Eq. (18) we have

! !! =
! 2

16" 2

d
d logµ

!
(bb ! ba)
4vM (h)

#M (h)
#h

" #
#
#
#
h= v

= 0 , (19)

due to the fact that ba,b are independent ofµ at the one-loop level. Simply put, a heavy
charged particle with massM contributes to the running of the photon two-point function
through a loop which only contains that particle itself, and therefore no log-terms involving
the light-state masses are possible.

4 The importance of the choice of basis

The relevance of the possible contributions from tree-level operators to the one-loop RGE
of $!! and $! Z has been highlighted recently in ref. [2]. In fact, that analysis claims that
such important e" ect could actually occur, in contradiction with the results presented in the
previous section. In this section we show how this contradiction is resolved.

The analysis in ref. [2], GJMT in what follows, focuses on a subset of dimension-six
operators, chosen to beOBB and the two operators

OWB = gg0(H †%aH )W a
µ" Bµ" , OWW = g2|H |2W a

µ" W aµ" , (20)

which are not included in the basis we have used. The relation to our basis follows from the
two operator identities:

OB = OHB +
1
4

OWB +
1
4

OBB , (21)

OW = OHW +
1
4

OWW +
1
4

OWB , (22)

which allow us to removeOWW and OWB in favor of OB and OW . The two operatorsOHW and
OHB were also mentioned in ref. [2], although their e" ect was not included in the analysis. To
understand the issues involved it will be su# cient to limit the operator basis to Þve operators,
with the two bases used being

B1 = {O BB, OB, OW , OHW , OHB} , (this work) (23)

B2 = {O BB, OWW , OWB, OHW , OHB} , (GJMT) . (24)

In relating both bases we will use primed Wilson coe# cients for the GJMT basis

L 6 =
$

i

c0i
! 2

Oi , (25)
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An even better basis:



cV V !

g
cV V !

g, g!

Figure 1: The only two diagrams that could give a contribution (at one loop)
from OWW , OBB and OWB (with coe! cient generically denoted ascV V 0 in the
Þgure) to the renormalization ofOHW and OHB (or to OW and OB).

of the two gauge boson legs is attached to the other gauge boson leg or to one of the Higgs
legs (see Þgure 1). In the Þrst case (Þg. 1, left diagram) it is clear that the resulting Higgs
structure for the operator generated is either|H |2 or H   ! aH and not that in ( 42) (in fact,
the diagram is zero). In the second case (Þg. 1, right diagram) the only structures that result
are either " µH   " ! (HB µ! ) or " µH   ! a" ! (HW a

µ! ), which give zero after integrating by parts.
We can therefore extract#" Z following the same procedure used for#"" in the previous

section, and we obtain

16$2#" Z = %" Z

!
6y2

t + 12&!
7
2

g2 !
1
2

g!2
"

+ ( %HW + %HB)
#
2g2 ! 3e2 ! 2&cos(2' w)

$
, (43)

and a similar expression for#" !Z with the corresponding CP-odd operator coe! cients instead
of the CP-even ones.

The arguments we have used to prove thatOWW , OBB and OWB do not enter into the
anomalous dimensions ofOHW and OHB can be applied in exactly the same way to prove
that they do not generate radiatively the operatorsOW and OB which have exactly the same
trilinear structures displayed in Eq. (42) for OHW and OHB. This immediately implies that
the 5" 5 matrix of anomalous dimensions will be block diagonal if instead of using the bases
in (23) and (24), we use instead the basis

B3 = {O BB, OWW , OWB, OW , OB} . (44)

Calling öci, ö%i the operator coe! cients in this basis, we have

d
d logµ

%

&
&
&
&
&
'

ö%BB

ö%WW

ö%WB

öcW
öcB

(

)
)
)
)
)
*

=

+
ö" 03" 2

02" 3
öX

,

%

&
&
&
&
&
'

ö%BB

ö%WW

ö%WB

öcW
öcB

(

)
)
)
)
)
*

. (45)

Taking the anomalous-dimension matrix in the simple form (45) as starting point, it is a
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RG evolution

Tree-level One-loop induced

dominat effect from running!!

Otree Oloop

cloop (mW ) !
ctree

16! 2 log

!
mW

One-loop operator mixing

Interesting situations could arise:

Seems not to 
happen in any 
SM process!



Inspiration from QCD: Chiral lagrangian for pions:

Ordinary basis:

Experiments say:

Not renormalized by loop of pions:

Chiral Perturbation Theory 11

1. The most general effective chiral Lagrangian of O(p4), L4, to be considered at tree

level.

2. One-loop graphs associated with the lowest-order Lagrangian L2.

3. The Wess–Zumino (1971)–Witten (1983) functional to account for the chiral

anomaly.

4.1. O(p4) Lagrangian

At O(p4), the most general§ Lagrangian, invariant under parity, charge conjugation
and the local chiral transformations (3.14), is given by (Gasser and Leutwyler 1985)

L4 = L 1 〈DµU†D µU〉2 + L 2 〈DµU†DνU〉 〈D µU†D νU〉

+ L 3 〈DµU†D µUDνU†D νU〉 + L 4 〈DµU†D µU〉 〈U†χ + χ†U〉

+ L 5 〈DµU†D µU
!
U†χ + χ†U

"
〉 + L 6 〈U†χ + χ†U〉2

+ L 7 〈U†χ − χ†U〉2 + L 8 〈χ†Uχ†U + U†χU†χ〉

− iL 9 〈F µν
R DµUDνU† + F µν

L DµU†DνU〉 + L 10 〈U†F µν
R UFLµν〉

+ H 1 〈FRµνF µν
R + FLµνF µν

L 〉 + H 2 〈χ†χ〉 .

(4.1)

The terms proportional to H 1 and H 2 do not contain the pseudoscalar fields

and are therefore not directly measurable. Thus, at O(p4) we need ten additional
coupling constants L i to determine the low-energy behaviour of the Green functions.

These constants parametrize our ignorance about the details of the underlying QCD

dynamics. In principle, all the chiral couplings are calculable functions of ΛQCD and

the heavy-quark masses. At the present time, however, our main source of information

about these couplings is low-energy phenomenology.

4.2. Chiral loops

ChPT is a quantum field theory, perfectly defined through equation (3.19). As

such, we must take into account quantum loops with Goldstone-boson propagators
in the internal lines. The chiral loops generate non-polynomial contributions, with

logarithms and threshold factors, as required by unitarity.

The loop integrals are homogeneous functions of the external momenta and the
pseudoscalar masses occurring in the propagators. A simple dimensional counting

shows that, for a general connected diagram with Nd vertices of O(pd) (d = 2, 4, . . .)
and L loops, the overall chiral dimension is given by (Weinberg 1979)

D = 2L + 2 +
#

d

Nd (d− 2) . (4.2)

§ Since we will only need L4 at tree level, the general expression of this Lagrangian has been simplified,
using the O(p2) equations of motion obeyed by U. Moreover, a 3 × 3 matrix relation has been used
to reduce the number of independent terms. For the two-flavour case, not all of these terms are
independent (Gasser and Leutwyler 1984, 1985).

L� =
f2

4
hDµUDµUi+ · · ·

Smaller by a “loop” ~ 1/Nc ~ 1/3!

c
loop

c
tree

=
L
9

+ L
10

L
9

� L
10

' 6.9� 5.5

6.9 + 5.5
⇠ 0.1

!
loop

! !
9

+ !
10

=
1

64" 2

"
1

64" 2

= 0

“tree”: “loop”

In a “SILH basis”:

h(U† $
D! U)DµF

µ !
L + (U

$
D! U

†)DµF
µ !
R i



Final answer:

The b!
i,j is a 5 ! 5 anomalous-dimension matrix of which the 3 ! 3 submatrix corresponding to

i, j = 1 " 3 (that is, c!
BB , c!

W W , c!
W B ) was calculated in [2], while the rest is unknown. From

! !! =
P5

i =1 "i c!
i where "i = (1, 1, " 1, 0, 0), we have

16#2$!! =
5X

i,j =1

"i b!
i,j c!

j . (35)

Using Eq. (28), we can translate this anomalous dimension to our basis. We get

16#2$!! =
5X

i =1

"i (b!
i,BB ! BB + b!

i,HW ! HW + b!
i,HB ! HB ) (36)

+
1

4
cB

5X

i =1

"i (b!
i,W B + b!

i,BB + 4b!
i,HB ) +

1

4
cW

5X

i =1

"i (b!
i,W W + b!

i,W B + 4b!
i,HW ) .

From our discussion in Section 2, we know that the tree-level coe! cients cB and cW do not

appear in this RGE. This means that the two last terms of Eq. (36) must be zero, allowing

us to extract the sum of the unknown coe! cients b!
i,HB and b!

i,HW in terms of coe! cients

calculated in ref. [2]:

5X

i =1

"i b!
i,HB = "

1

4

5X

i =1

"i (b!
i,W B + b!

i,BB ) ,
5X

i =1

"i b!
i,HW = "

1

4

5X

i =1

"i (b!
i,W W + b!

i,W B ) . (37)

Notice that "4 = "5 = 0 is crucial to allow us to restrict the sums in the right-hand-side to

terms that were already calculated in [2]. Plugging the terms (37) back in (36), one gets

16#2$!! =
5X

i =1

"i


b!

i,BB ! BB "
1

4
(b!

i,W B + b!
i,W W )! HW "

1

4
(b!

i,BB + b!
i,W B )! HB

�
. (38)

Using the coe! cients b!
i,W W , b!

i,W B and b!
i,BB from [2], one arrives at

16#2$!! =


6y2

t "
3

2
(3g2 + g!2) + 12%

�
! BB +


3

2
g2 " 2%

�
(! HW + ! HB ) . (39)

This expression gives the one-loop leading-log correction to ! !! (mh). For the resummation of

the log terms we would need the full anomalous-dimension matrix. Nevertheless, this is not

needed for " # TeV since the log-terms are not very large.

The size of the contributions of Eq. (39) to ! !! (mh) is expected to be of two-loop order in

minimally-coupled theories. Therefore, we have to keep in mind that the tree-level operators

of Eq. (4), possibly entering in the RGE of ! !! at the two-loop level, could give corrections

of the same order. For strongly-coupled theories in which gH # 4#, we could have ! i #
O(1), and the corrections from Eq. (39) to h $ $$ could be of one-loop size. Of course, in

principle, the initial values ! i (" ) will give, as Eq. (14) shows, the dominant contribution to

h $ $$, $Z and not Eq. (39). Nevertheless, it could well be the case that |! BB (" )| % 1 and
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mass, at which they are measured in Higgs decays. Let us focus for simplicity on��, as
similar considerations will be applicable to�!�,�Z ,� !Z . At one-loop leading-log order one
has, running from⇤ to the Higgs massmh:

��(mh) = ��(⇤) ! ��� log
⇤

mh
. (15)

Here, ��� = d��/d logµ, with µ the energy scale, is the one-loop anomalous dimension for
��. In principle, ��� can depend on the Wilson coe�cients of any dimension-six operator
in Eq. (2). A particularly interesting case would be if the RGEs were to mix the tree-
level operators into the RG evolution of one-loop suppressed operators, such asOBB . In
that case we would expect��� " g2

H / (16⇡2) from mixings with the operators of Eq. (4), or
��� " g2/ (16⇡2) from mixings with (6). Such loop e↵ect could give a sizeable contribution to
��(mh), logarithmically enhanced by a factor log⇤/m h. The initial value ��(⇤), expected
to be one-loop suppressed, would then be subleading.

Remarkably, and this is our main result, there is no mixing from tree-level operators
(4)-(6) to one-loop suppressed operators (7)-(12), at least at the one-loop level. This can
be easily shown for the renormalization of��. The argument goes as follows. Let us Þrst
consider the e↵ects of the Þrst-class operators, Eq. (4). Since these operators have four or
more H , their contribution to the renormalization of �� can only arise from a loop of the
electrically-chargedG± with at least one photon attached to the loop. However,

• O6 has too many Higgs legs to contribute.

• OH is simply@µ(h2+ G2
0+2G+ G! )@µ(h2+ G2

0+2G+ G! )/ 8 and this momentum structure
implies that a G± loop can only give a contribution# @µh2, which is not the Higgs
momentum structure of Eq. (13).

• OT does not contain a vertexh2G+ G! .

• Or can be traded withOy, which clearly can only give one-loop contributions to oper-
ators # |H |2H , so it only contributes to the RGE of itself andO6.

We conclude that there is no contribution from these operators to the RGE of��. To
generalise the proof that no operator in (4) contributes to the one-loop anomalous-dimension
of any operator in (7)-(9) 3, we have calculated explicitly the one-loop operator-mixing. We
Þnd that the only operators involving two Higgs and gauge bosons that can be a↵ected by
(4) are the tree-level operators (6). The result is given in Section 4.

For the operators of Eq. (6), proving the absence of one-loop contributions to the anoma-
lous dimension of (7)-(9) is even simpler. By means of Þeld redeÞnitions, as those given in the

3Obviously, their contribution to the CP-odd operators ( 10)-(12) is zero as the SM gauge-boson couplings
conserve CP.

5

hγγ:

dominant if κγγ  is one-loop suppressed  but not κHW+κHB

e.g. H as PGB:

H→H+c means ! BB=0 but κHW+κHB≠0



Conclusions

•  Bases separating “tree” & “loop” operators can be       
   useful for the analysis

• At the one-loop order, no operator mixing
                    from “tree” to “loop” operators

• Dim-6 operators give a model-independent way 
   to search for open doors to leave the SM

• Implications on Higgs decays after an educated fit to the SM: 
      Wide open door:  h→Zγ      
     Open doors:  h→γγ,  GG→h,  h→ff 
      Almost closed doors:  h→Zff,Wff


