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Abstract

We review the effective field theory where the Standard Model is extended by higher-dimensional
operators. Various existing operator sets (bases) spanning the space of dimension-6 operators are
discussed. For the SILH basis and for the Warsaw basis, we derive the map between the Wilson
coefficients of dimension-6 operators and the couplings of mass eigenstates in the Lagrangian. We
also propose a new parametrization of the space of dimension-6 operators: the so-called Higgs
basis. In that basis, the dimension-6 operators that can be best probed by LHC Higgs searches
are explicitly separated from the ones strongly constrained by previous experiments. Therefore,
the Higgs basis is particularly convenient for leading order effective field theory analyses of the
LHC Higgs data.
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1 Introduction

For a large class of models beyond the SM, physics at energies below the mass scale A of the
new particles can be parametrized by an effective field theory (EFT) where the SM Lagrangian
is supplemented by new operators with canonical dimensions D larger than 4. The theory has
the same field content and the same linearly realized SU(3) x SU(2) x U(1) local symmetry as
the SME The higher-dimensional operators are organized in a systematic expansion in D, where
each consecutive term is suppressed by a larger power of A. For a general introduction to the
EFT formalism see e.g. [2, B, 4, 5] [6]; for recent review articles about EFT in connection with
Higgs physics see e.g. [7, 8, 9, 10, 1T, 12].
Quite generally, the EFT Lagrangian takes the form:
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where each (’)l(-D) isan SU(3) x SU(2) xU (1) invariant operator of dimension D and the parameters
CZ(D) multiplying the operators in the Lagrangian are called the Wilson coefficients. This EFT is
intended to parametrize observable effects of a large class of BSM theories where new particles,
with mass of order A, are much heavier than the SM ones and much heavier than the energy
scale at which the experiment is performed. The main motivation to use this framework is that
the constraints on the EFT parameters can be later re-interpreted as constraints on masses and
couplings of new particles in many BSM theories. In other words, translation of experimental
data into a theoretical framework has to be done only once in the EFT context, rather than for
each BSM model separately.

The contribution of each OZ(D) to amplitudes of physical processes at the energy scale of order
v scalesﬂ as (v/A)P~*. Since v/A < 1 by construction, the EFT in its validity regime typically
describes small deviations from the SM predictions, although, under certain conditions, it may
be consistent to use this framework to describe large deviations [14] [13].

A complete and non-redundant set of operators that can be constructed from the SM fields
is known for D=5 [15], D=6 [16], D=7 [17, 18], and D=8 [19, 18]. All D=5 operators violate
the lepton number [I5], while all D=7 operators violate B — L (the latter is true for all odd-D
operators [20]). Then, experimental constraints dictate that their Wilson coefficients must be
suppressed at a level which makes them unobservable at the LHC [2I], and for this reason D=5
and 7 operators will not be discussed here. Consequently, the leading new physics effects are
expected from operators with D=6 [22], whose contributions scale as (v/A)?. Contributions from
operators with D > 8 are suppressed by at least (v/A)*, and in most of the following discussion
we will assume that they can be neglected.

In this note, we discuss in detail the D=6 operators that can be constructed from the SM
fields. We review various possible choices of these operators (the so-called basis) and their phe-
nomenological effects. Only the operators that conserve the baryon and lepton numbers are
considered. On the other hand, we do not impose a-priori any flavor symmetry. Also, we include
CP violating operators in our discussion. One purpose of this note is to propose a common

!The latter assumption can be relaxed, leading to an EFT with a non-linearly realized electroweak symmetry.
This framework is discussed in Section 11.2.4 of [I].

2Apart from the scaling with A, the effects of higher-dimensional operators also scale with appropriate powers
of couplings in the UV theory. The latter is important to assess the validity range of the EFT description, as
discussed in Ref. [I3] and Section I1.2.2 of [I].



EFT language and conventions that could be universally used in LHC Higgs analyses and be
implemented in numerical tools.

In Section [2] we introduce the SM Lagrangian extended by dimension-6 operators. Two
popular bases of dimension-6 operators using the manifestly SU(2) x U(1) invariant formalism
are introduced. In Section[3|we discuss the interactions of the SM mass eigenstates that arise in the
presence of dimension-6 operators beyond the SM, with the emphasis on the Higgs interactions.
We also provide a map between the couplings in that effective Lagrangian and Wilson coefficients
of dimension-6 operators introduced in Section In Section [4 we define a new basis of D=6
operators, the so-called Higgs basis, which is spanned by a subset of the independent couplings of
the mass eigenstate Lagrangian. This material is a slightly extended version of Section I1.2.1 of
the Yellow Report 4 [1]; additional technical details not included in [I] are collected in Appendices
A, B, C, D.

2 SM EFT with dimension-6 operators

We consider an EFT Lagrangian where the SM is extended by dimension-6 operators:

Lerr = Lsv + Y &0, (2.1)

In our conventions, the scale A has been absorbed in the deﬁnltlon of the Wllson coefficients,
&6 = 6(6)’02 /A?, and we divided the dimension-6 operators by v2, O / 2,
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To ﬁx our notation and conventions, we first write down the SM Lagranglan
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Here, G%, W, and B, denote the gauge fields of the SU(3) x SU(2) x U(1) local symmetry.
The corresponding gauge couplings are denoted by gs, g, ¢’; we also define the electromagnetic

coupling e = gg'/\/g* + ¢'?, and the Weinberg angle sg = ¢'/1/g%> + ¢g’2. The field strength
tensors are defined as Gj, = 0,G}, — 0,G}, + gsf“chZGf,, WZ,} = 9, W} — 8VW:& + geTRWWE,
B,, = 0,8, — 0,B,. The Higgs doublet is denoted as H, and we also define H; = ein;-‘. The
covariant derivative is defined as D, H = 0,H — i%ainLH — i%BuH . The field H acquires the
VEV (H'H) = v2/2. In the unitary gauge we have H = (0, (v + h)/+/2), where h is the Higgs
boson field. After electroweak symmetry breaking, the electroweak gauge boson mass eigenstates
are defined as W+ = (W' FiW?)/\/2, Z = cgW? — 5yB, A = s¢W?3 + cyB, where cg = /1 — sg.

The tree-level masses of W and Z bosons are given by my = gv/2, mz = \/g* + g’?v/2. The left-
handed Dirac fermions q;, = (ur,dr) and ¢, = (vp,er) are doublets of the SU(2) gauge group,
and the right-handed Dirac fermions ug, dg, eg are SU(2) singlets. All fermions are 3-component
vectors in the generation space, and yy are 3 x 3 matrices. The 3 electroweak parameters g, ¢’, v
are customarily derived from the Fermi constant G measured in muon decays, Z boson mass mz,
and the low-energy electromagnetic coupling «(0). The Higgs quartic couplings A can then be



fixed from the measured Higgs boson mass. The tree-level relations between the input observables
and the electroweak parameters are given by:

GF:L a:i mZ:i\/gﬂ—l—g’zv m2 = 2?2 (2.3)
V2uv? dm(g? + g'?)’ 2 ’ h ‘ :

We demand that the dimension-6 operators OZ@ in Eq. form a complete, non-redundant
set - a so-called basis. Complete means that any dimension-6 operator is either a part of the
basis or can be obtained from a combination of operators in the basis using equations of motion,
integration by parts, field redefinitions, and Fierz transformations. Non-redundant means it
is a minimal such set. Any complete basis leads to the same physical predictions concerning
possible new physics effects. Several bases have been proposed in the literature, and they may
be convenient for specific applications. Historically, a complete and non-redundant set of D=6
operators was first identified in Ref. [16], and is usually referred to as the Warsaw basis. Below,
we work with another basis choice commonly used in the literature: the so-called SILH basis [23].
Later, in Section. [d we propose a new basis choice that is particularly convenient for leading-order
LHC Higgs analyses in the EFT framework.
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Table 1: Bosonic D=6 operators in the SILH basis.

The full set of operators in the SILH basis is given in Tables and We use the
normalization and conventions of Ref. [23]E|

3In Ref. [23] it was assumed that the flavor indices of fermionic D=6 operators are proportional to the unit
matrix. Generalizing this to an arbitrary flavor structure, one needs to specify flavor indices of the operators [Om¢],
[O%4], [Oee] and [Oy,,] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a
particular though somewhat arbitrary choice of these indices.



Vertex Yukawa and Dipole
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [Opygli1, [Of,J11 are absent by definition. We define
Ouw = i[Yu,7w]/2. In this table, e,u,d are always right-handed fermions, while ¢ and ¢ are
left-handed. For complex operators the complex conjugate operator is implicit.

3 Effective Lagrangian of mass eigenstates

In Section. [2] we introduced an EFT with the SM supplemented by D=6 operators, using a mani-
festly SU(2) x U(1) invariant notation. At that point, the connection between the new operators
and phenomenology is not obvious. To relate to high-energy collider observables, it is more
transparent to express the EFT Lagrangian in terms of the mass eigenstates after electroweak
symmetry breaking (Higgs boson, W, Z, photon, etc.). Once this step is made, only the unbroken
SU(3)ex U(1)em local symmetry is manifest in the Lagrangian. Moreover, to simplify the interac-
tion vertices, we will make further field transformations that respect only SU(3). X U(1)em. Since
field redefinitions do not affect physical predictions, the gauge invariance of the EFT we started
with ensures that observables calculated using this mass eigenstate Lagrangian are also gauge
invariant. This is possible because the full SU(2) x U(1) electroweak symmetry is still present,
albeit in a non-manifest way, in the form of non-trivial relations between different couplings of
mass eigenstates. Finally, for the sake of calculating observables beyond the tree-level one needs
to specify the gauge fixing terms. Again, the gauge invariance of the starting point ensures that
physical observables are independent of the gauge fixing procedure. Below we only present the
Lagrangian in the unitary gauge when the Goldstone bosons eaten by W and Z are set to zero,
which is completely sufficient to calculate LHC Higgs observables at tree level; see Appendix [C]
for a generalization to the R¢ gauge.

In this section we relate the Wilson coefficients of dimension-6 operators in the SILH basis
to the parameters of the tree-level effective Lagrangian describing the interactions of the mass
eigenstates. The analogous relations can be derived for any other basis; see Appendix [A] for the
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Table 3: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis
[16], except that the operators [Ogli221, [Orel1122, [Ouu)3333 are absent by definition. In this table,
e, u,d are always right-handed fermions, while £ and ¢ are left-handed. A flavor index is implicit
for each fermion field. For complex operators the complex conjugate operator is implicit.

map from the Warsaw basis. The form of the mass eigenstate Lagrangian obtained directly by
inserting the Higgs VEV and eigenstates into Eq. is not convenient for practical applications.
However, at this point one is free to make the following redefinitions of fields and couplings in
the Lagrangian:

GY = (1466)G%, Wi—= 1+ow)Wi, Zu— (1+062)Zu, Au— (1+04)Au+ 0422,
v = v(l+0v), gs—g(1+6g9s), g—9(1+dg9), ¢ =g (1+6d),

A = A140N),  h— (1+8)h+6h?/ v+ d3h3 /02, (3.1)

where the free parameters J; are O(A~2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(A~2) in
the effective Lagrangian that cannot be generated by D=6 operatorsﬁ In addition, one is free
to add to the Lagrangian a total derivative and/or interactions terms that vanish by equations
of motion. These redefinitions of course do not change the physical predictions or symmetries of
the theory. However, they allow one to bring the theory to a more convenient form to perform
practical calculations. We will use this freedom to demand that the mass eigenstate Lagrangian
has the following features:

#1 All kinetic and mass terms are diagonal and canonically normalized. In particular, higher-
derivative kinetic terms are absent.

#2 The non-derivative photon and gluon interactions with fermions are the same as in the SM.

4For example, applied to the h* self-interaction term in the SM Lagrangian, it generates h® and hS self-
interactions at O(A~?), which are also generated by the Og operator in the STLH basis. Rather than applying the
non-linear transformation, one can equivalently use the equations of motion for the Higgs boson field.



#3 Tree-level relations between the electroweak parameters and input observables are the same
as the SM ones in Eq. (2.3)).

#4 Two-derivative self-interactions of the Higgs boson (e.g. h0,hd,h) are absent.

#5 In the Higgs boson interactions with gauge bosons, the derivative does not act on the Higgs
(e.g., there is no 0,hV, V,, terms).

#6 For each fermion pair, the coefficient of the vertex-like Higgs interaction terms (2% + g—j) Vi f’y“ f

is equal to the vertex correction to the respective V), f'yu f interaction.

These conditions are a choice of conventions (one among many possible ones) how to represent
interactions in the mass eigenstate Lagrangian. It is always possible to implement this choice
starting from any D=6 basis: SILH, Warsaw, or any other. The condition #1 simplifies extracting
physical predictions of the EFT, and is essential to implement the theory in existing Monte Carlo
simulators. The conditions #2-#3 simplify the interpretation of the SM parameters g, ¢’ and v.
If the [GFr, «, myz] input is used to determine them (as assumed here), their numerical values
should be the same as in the SM, and the input observables are not affected by D=6 operators
at the leading orderﬁ The conditions #4-#6 are conventions commonly used in the literature
that allow one to fix the remaining freedom of fields and couplings redefinitions. These particular
conventions match the ones used e.g. in the Higgs characterization framework of Ref. [24]. See
Appendix [D| for physical examples showing these redefinitions do not change the S-matrix. Other
convention choices can be made, leading to the same predictions for observables. For example,
the features #3, #4, and #6 are not enforced in the alternative approach proposed in Section
11.2.3 of [1].

In general, dimension-6 operators do induce interaction terms that do not respect the features
#1-#6. However, these features can always be achieved, without any loss of generality, by using
equations of motion, integrating by parts, and redefining the fields and couplings. Starting from

SIf other input observables are used, for example [G'r, mw, mz] or [o, mw mz], the shift of input observables
due to the presence of D=6 operators must be taken into account to correctly derive physical predictions of the
theory. Much as in the SM, the input observables [Gr, «, mz] are affected by loop corrections, and this has to be
taken into account if the framework is used beyond tree level.



the SILH basis, the conditions #1-#6 fix the free parameters in Eq. (3.1)) as
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Finally, the Higgs mass term in the SM Lagrangian is related by vacuum equations to the other
parameters by u?, = Av?(1 + 6\ + 26v + 3/4¢). One can repeat this procedure starting from
any other basis than SILH, and find a unique solution to the conditions #1-#6 in terms of the
Wilson coefficients in that basis.

We move to discussing the interactions in the mass eigenstate Lagrangian once conditions
#1-#6 are satisfied. We will focus on interaction terms that are most relevant for LHC phe-
nomenology. To organize the presentation, we split the Lagrangian into the following parts,

Lerr = Lyinetic + Laft + Lvertex + Ldipole + Ltge + Lage,0 + Lage,2
+ Lug + Loww + Lhost + Lhdvff + Lhovvw + L gett + Lp2 + Lother- (3-3)

Below we define each term in order of appearance. We also express the corrections to the SM
interactions in LgpT in terms of linear combinations of Wilson coefficients of D=6 operators in
the SILH basis (the analogous formulas for the Warsaw basis are given in Appendix . These
corrections start at O(1/A?) in the EFT expansion, and we will ignore all O(1/A%) and higher
contributions.



Kinetic Terms

By construction, the kinetic terms of the mass eigenstates are diagonal and canonically normal-
ized:

1 1 1 1,
Ekinetic = _QW:;W;W - ZZ}U/Z},LV - ZA}U/A/U/ - ZGHVGHV
2,,2 2 12\,,2
g*v 2 e
+ T (L om) WIW 2,7,
1 _
+ 5 Ouhduh — B2+ Y F 0 —my) f- (3.4)
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Above, the parameter \ is defined by the tree-level relation m,% = 2X\v2. There is no correction
to the Z boson mass terms, in accordance with the condition #3. With this convention, the
corrections to the W boson mass cannot be in general redefined away, and are parametrized by
om. The relation between dm and the Wilson coefficients in the SILH basis is given by

gIZ 92 1
3 <EW +cp + cow + Cop — —5¢C1 + [5%g]22> . (3.5)

)
m 2 —g 2¢g'? 2

Gauge boson interactions with fermions

By construction (condition #2), the non-derivative photon and gluon interactions with fermions
are the same as in the SM:

Losr = €Ay Y fuQpf +9:Go > fuT"f. (3.6)

feu,d,e feu,d

The analogous interactions of the W and Z boson may in general be affected by dimension-6
operators:

Crne = Gy (i () - s (o) )
+ Ve 2| Y R <T}’>_S§Qf+5gff) fo+ Y. Frw (—s%Qerég?) IR

feu,d,e,v f€u,d,e
(3.7)

Here, I3 is the 3 x 3 identity matrix, and the vertex corrections §g are 3 x 3 Hermitian matrices
in the generation space, except for (592/‘1 which is a general 3 x 3 complex matrix. The vertex
corrections to W and Z boson couplings to fermions are expressed by the Wilson coefficients in



the SILH basis as
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(3.9)

and it is implicit that [Eng]ll = [EHK]H = 0.

Another type of gauge boson interactions with fermions are the so-called dipole interactions.
These do not occur in the tree-level SM Lagrangian, but they in general may appear in the EFT
with D=6 operators. We parametrize them as follows:

VAL LG ¥ \/ mg,
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Me. M
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(3.10)

where oy, = iy, ]/2, and gy, day, dzy, and dwy are complex 3 x 3 matrices. The field
strength tensors are defined as X, = 0, X, — 0,X,,, and X, = €,,p00,X,. The coefficients d, s



are related to the Wilson coefficients in the SILH basis as

16
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f 92 f
16 _ 3
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16 _ _
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16 _
de = _972wa’ (3.11)

where 1, = +1, g = —1.

Gauge boson self-interactions

Gauge boson self-interactions are not directly relevant for LHC Higgs searches, however we include
them in this presentation because of the important synergy between the triple gauge couplings
and Higgs couplings measurements [25], 26}, 27, 8, 28], 29] [30]. The triple gauge interactions in the
effective Lagrangian are parameterized by

Lige = e (WhWi = W W) Ay e [(1+ 60,) Ay WIEW, + iy Ay WEW, |

_l’_

igce [(1 +0g12) (WEWe =W W) Zy + (14 662) Zu WEW, + & Zy W;W;}

. € - X -5 . gco — 3 — 5
i MWW A+ MWW A | + i L (W W Z + MWW 2]
My My
C3 C3 ~

— g5 /"0, GLGhGE + 395 feeGe,GY LGS, + 39 feeGe,GYGS,.- (3.12)
The couplings of electroweak gauge bosons follow the customary parametrization of Ref. [31].
The anomalous triple gauge couplings of electroweak gauge bosons are related to the Wilson
coefficients in the SILH basis as

2, 2.2 2 2 2
g +9° (9°—9g~°_ _ _ g 97 11,
6 p— _ — — —_ J—
91z gz—g’z 92 cgw + cw + cow + 92 cp + 92 CoB 2CT+ 2[CH£]22 ,
0ky = —CHW — CHB,
2 2, 2 2 2
_ _ g +9° | _ g°_ . 9°_ 11,
Sk, = — g9 &z 9 7T9 9- g 1 L
K CHW 3 e~ g O T ew e+ gt — per g [Chril2z] »
)\z = _69263W> )\'y = )‘27
0ky = —CHw — CHB,
12
0k, = e [eaw + CuB),
xz = _69263W7 5\7 = ~27
4 . 4 .
C3g = ?6307 C3g = ?630- (3.13)

The tilded Wilson coefficients refer to the tilded (CP-odd) operators in Table
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Quartic gauge boson self-interactions may also receive corrections from D=6 operators. Those
with zero derivatives take the form

Logeo = € (WSAW, A, —WIWAA)
2
+ (L 260g1s) (W WEW, Wy = WEW, Wiw,)
+ g*c; (1 +26g1.) (W2, W, Z, — W,W, Z,2,)
+ egeg(L+6g1.) W2, W, A, + WEAW, Z, —2WIW, Z,A,).  (3.14)

In this case, the deformations from the SM are controlled by the anomalous triple gauge couplings
dg1,.- On top of that, two-derivative quartic gauge couplings appear with the coeflicients related
to A,:

2
g Az _ _ _ _
Loge = o (W Wy, = W W) (WEW, = W, w)
w
A _ _ _
+ GG (Wi WiaZup = ZuwWo,) Zp + Wy (Wi Zup = ZwWy,) Z,)
w
A _ _ _
- engV (Wi (W Avp = AwWyp) Ay + W, (WL Ay — AuWy) Al

Az _ _ _
+ 6909% [Wj (W/“/Ayp - AMVWyp) Zp + Wu (W;;E/AVP - A.U'VWVJFP) ZP]

A _ _ -
+ 9D 2 Wi (WiZwp = ZuwW,,) Ap + W (Wi Zup — ZwW,,) Ay, (3.15)

where CP odd stands for analogous terms with A\, — 5\2, and one of the field strength tensor
replaced by the dual one.
Single Higgs couplings

In this subsection we discuss the terms in the effective Lagrangian that involve a single Higgs
boson field h. This part is the most relevant one from the point of view of the LHC Higgs
phenomenology.

We first define the Higgs boson couplings to a pair of fermions:

h iolo\ 7
Lug = —= >0 > gy (0 + bysle’ ) frife, +he. (3.16)

f€u,d,e ij

where [0ys];; and ¢;; are general 3 x 3 matrices with real elements. The corrections to the SM
Yukawa interactions are related to the Wilson coefficients in the SILH basis by

. B 1. .
[Byslijel®rls = —lesli = dij5 € + [Chreloz) - (3.17)
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Next, we define the following single Higgs boson couplings to a pair of the SM gauge fields:

h 92U2 3 (92 +g’2)02
Lve = — (14 8c0) =W W, + (1 +6¢.) =———2,7,

2 2
g _ .9 - _
Y Wi W, + Cuw'y WEW,, + cong® (W, 0,W,5, +h.c)

2 2 2 2 2, 12
e e + +

+cgg%waGZ,, + CWZAWAW + czw\/g2ing,AW + CZZ%ZWZW
+czgg2ZM81,ZW + cyggg’ZM&,AW

2 2 2 2 2, 12

N . e - eVgr+ P+ .
+099%SGZVGZV + C’Y’YZA#VAHV + cm\/gzing,AW + sz%ZWZW ,
(3.18)

where all the couplings above are real. The terms in the first two lines describe corrections to the
SM Higgs couplings to W and Z, while the remaining terms introduce Higgs couplings to gauge
bosons with a tensor structure that is absent in the SM Lagrangian. Note that, using equations of
motion, we could get rid of certain 2-derivative interactions between the Higgs and gauge bosons:
hZ,0,Zy,, hZ,0,A,,, and th@VWlfB. These interactions would then be traded for contact
interactions of the Higgs, gauge bosons and fermions in Eq. . However, one of the defining
features of our effective Lagrangian is that the coefficients of the latter couplings are equal to
the corresponding vertex correction in Eq. . This form can be always obtained, without any
loss of generality, starting from an arbitrary dimension-6 Lagrangian provided the 2-derivative
hV,0,V,,, are kept in the Lagrangian. Note that we work in the limit where the neutrinos are
massless and the Higgs boson does not couple to the neutrinos. In the EFT context, the couplings
to neutrinos induced by dimension-5 operators are proportional to neutrino masses, therefore they
are far too small to have any relevance for LHC phenomenology.

The shifts of the Higgs couplings to W and Z bosons are related to the Wilson coefficients in
the SILH basis by

1 1 - - - - 3 2 + /2 -
dcy = —5CH P 49" (ew + e + Gap + cow) — 2¢%er + S 5 J [&ro)22]
1 3
dc, = —§EH - 5[5}14]22- (3.19)

The two-derivative Higgs couplings to gauge bosons are related to the Wilson coefficients in the
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SILH basis by

16 _
Cgg = ~5Cg;
16 _
Cyvv = 3%
4 g/2 g/2 9 :|
Cow = ——— |Cuw + 5 Cup — 475 558, |
9 B - - /2 - B B 17 1 .
o = ng CW+CHw+ng+?(CB+CHB+CZB) - §CT+§[CHZ]22 )
2 _ 9_
Coy = 9—2 (cHB — Cgw — 839(:7) ,
2 (enw —eap) + s |ew + eow + L (@5 + e25) — Lo + Lela
c = — (¢ —C —— |C C “—(c C — —C —|é
4 _
Cwow = T 5CHW,
g
2cgw 2 _ _ 97 _ 1 L
. R B [CW + Cow + ?(CB +e2p) = 5ot + S lChde| (3.20)
~ 16 _
Cgg = ?Cgv
- 16 _
Cyy = ?C%
/2 /2
- ~ g~ . g 9.
C = ——————|¢ + ==cyp — 4=s3¢+ | ,
ZZ g2+g/2 HW 92 HB g2 0%y
- 2 - -
Czy = ? ( HB — CHwW — 88307) s
_ 4
Cow = —gﬁcHw. (3.21)

Next, couplings of the Higgs boson to a gauge field and two fermions (which are not present
in the SM Lagrangian) can be generated by dimension-6 operators. The vertex-like contact
interactions between the Higgs, electroweak gauge bosons, and fermions are parametrized as:

h
Lhoff = ﬁg;W: <ﬂL’yuégZquL + ﬂgvucsggwqd}g + ﬁLvuégﬁWEeL) + h.c.
h = hz F hz
+ 2 NP2 | Y Towdd ot Y Femdar r| . (322)
f=u,d,e,v f=u,d,e

By construction (condition #6), the coefficients of these interaction are equal to the corresponding
vertex correction in Eq. (3.7):

sgh2l = 5427, §g"W I =547 (3.23)
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The dipole-type contact interactions of the Higgs boson are parametrized as:

AL AL LYY
ﬁhd’uff = Z JszUul/ [thf]iij,jGZy+e Z JszUuV[dhAf]UfR,j Ny
feu,d feu,de
,/mfimf, _
Ve +g% > f]fL,iauu[thf]iij,jZ,uu
f€u,d,e

NS Ty —
+\f2971; =

driouw|drnwalijur; W,

/M. TN
+V2g 37

+
VL zo',ul/[the]z‘jeRJWMV -+ h.C.,

o+ V2T

UL 40 uv [thd] ij dR,] W+

(3.24)

where dyngr, dpayf, dnzy, and dpy s are general complex 3 x 3 matrices. The coefficients are simply
related to the corresponding dipole interactions in Eq. (3.10):

dpvy =dyy. (3.25)

Finally, the CP-conserving single Higgs couplings to 3 gauge bosons take the form

vtV p

h
Lioww = eg>— {icwwW W A, + 2icyad, W W, A, ichOHW;“Wl:AZ,
v
. _ . oh _
—icywnly W+W A, + h.c.} - zegzzAWWjWV (3Cw[\ +cony + sgcw)
+ VR + g% - {chw09W+W Zy +icwn (1+2¢5) O,WIW, Z,
—icwn (2+ cg) OWIW, Zy +icwnszdyWiEW, Z, + hoe.}
— iVg?+ g% ZMVW+W (3cwnch + Cuw — S5Czy — S4Cyy ) - (3.26)
There are also analogous CP-violating couplings which can be obtained from Eq. (3.26)) by setting
cwo = 0 and, in the remaining terms, replacing ¢; — ¢;, Vi, — V.
Higgs boson self-couplings and double Higgs couplings

The cubic Higgs boson self-coupling and couplings of two Higgs boson fields to matter play a role
in the EFT description of double Higgs production [32] B3]. Self-interactions of the Higgs boson
are parametrized as

5)\5 06 , 6

v2

1
Lhself = — (A4 6A3) vh? — 7 A +0N) Rt — Z2h5 — 22hS, (3.27)
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The relation between the Higgs self-coupling corrections and the Wilson coefficients in the SILH

basis is given by

03

04

05

0N

3 1
A (Cﬁ — §EH — 2[0914]22) )
25
A (656 — 351{ — [E}{Am) ,
3
)\ <466 - EH) 5

1 1

In accordance with the condition #4, the 2-derivative Higgs boson self-couplings have been traded
for other equivalent interactions and do not occur in the mass eigenstate Lagrangian.
The interactions between two Higgs bosons and two other SM fields are parametrized as

follows:

2 /2
Lo = 12 (1+20c9) 2 +9

2 3 h2 _
ZuZy + 0 (1 +20¢2) Twiwy - 55 2T, FurlyPliif 4+ e

fiig

h? _
+ 5 (cg) 92Ge, G, + 22 PWEW L + D9 + ) Z Zy + 262 99 Zy Ay + C(Q)eQAWAW>

2y 7Y

h? ~ a Aa ~ i ~ 74 ~ A ~ A
+ 8? (cg])ggG/u/Gm/ + 20’53’2092W/EW;U/ + CZQZ) (92 + QIZ)ZMVZMV + chy)gg,ZMVAMV + CS?’y)ezAMVAMV)
h2
~ 902 (g2cg%(W;8,,Wy; + W, o,W,) + gQC%)Zu@,,ZW + gg'c%)Zu(?,,AW) . (3.29)
All double Higgs couplings arising from D=6 operators can be expressed by the single Higgs
couplings:
5P = 5c¢? = 6c, + 30m,
WPy = 3loyslyes — de. i,
CQ()%}) = 61()%)) = 61}1)7 v e {gv w, 277}7
g = v € {w,z,v}. (3.30)

Other interaction terms with two Higgs bosons involve at least 5 fields: e.g the h2V3 or h2ffV
contact interactions, and are not displayed here.

Other terms

In this section we have written down the interaction terms of mass eigenstates in the dimension-6
EFT Lagrangian which are most relevant for LHC Higgs phenomenology. They either enter the
single and double Higgs production at tree level, or they affect electroweak precision observables
that are complementary to Higgs couplings measurements. The remaining terms in the mass
eigenstate Lagrangian, which are not explicitly displayed in this chapter, are contained in Lother
in Eq. . They include 4-fermion terms, dipole-like interactions of two gauge bosons and two
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fermions, and interaction terms with 5 or more fields. For a future reference, we only comment on
two 4-lepton terms involving left-handed electrons and muons and the corresponding neutrinos:

1 _ _ _ _
LoD 5 [[eeel 1122 (Grv,uly) (C2v,lz) + [coeiao1 (Cry,ulz) (b2y,ulh)] - (3.31)

The coefficients of these 4-lepton terms are related to the Wilson coefficients in the SILH basis
by

2912
[colize = gTEQB — 2w,
[colizor = 4caw. (3.32)

Note that the corresponding 4-fermion operators are absent in the SILH basis. However, in the
mass eigenstate Lagrangian, these operators do appear, once the SILH operators Osyy and Osp
are traded for other interactions terms by using equations of motion. By the same token, the 4-top
term [Oyy)3333 does appear in the mass eigenstate Lagrangian, with the coefficient proportional
to coc.

4 Higgs basis

In the previous section we related the Wilson coefficients in the SILH bases of D=6 operators
to the couplings of mass eigenstates in the Lagrangian. With this information at hand, one can
proceed to calculating observables at a given order in the EFT as a function of the Wilson coeffi-
cients. The information provided above is enough to calculate the leading order EFT corrections
to SM predictions for single and double Higgs production and decays in all phenomenologically
relevant channels.

There is no theoretical obstacle to present the results of LHC Higgs analyses as constraints
on the Wilson coefficients in the SILH, Warsaw, or any other basis. However, this procedure may
not be the most efficient one from the experimental point of view. The reason is that the relation
between the Wilson coefficients in the SILH basis and the relevant couplings of the Higgs boson
in the mass eigenstate Lagrangian is somewhat complicated, c.f. Eqs (3.8), (3.17)), (3.19), (3.20).
The situation is similar for the Warsaw basis, see Appendix [A] In this section we propose another,
equivalent parametrization of the EFT with D=6 operators. The idea, put forward in Ref. [34],
is to parametrize the space of D=6 operators using a subset of couplings in a mass eigenstate
Lagrangian, such as the one defined in Eq. of Section. |3| The parametrization described in
this section, which differs slightly from that in Ref. [34], is referred to as the Higgs basisﬂ

The salient features of the Higgs basis are the following. The goal is to parametrize the
space of D=6 operators in a way that can be more directly connected to observable quantities
in Higgs physics. The variables spanning the Higgs basis correspond to a subset of the couplings
parametrizing interaction terms in the mass eigenstate Lagrangian in Eq. . Since these
couplings have been expressed as linear combinations of the SILH basis Wilson coefficients, tech-
nically the Higgs basis is defined as a linear transformation from the SILH basis. All couplings

6 Here, the Higgs basis is introduced in a different manner than how the SILH or Warsaw basis were defined in
the literature. Rather than by choosing a set SU(3) x SU(2) x U(1) invariant D=6 operators, we introduce the
Higgs basis as a parametrization of the space of all possible deformations of the SM mass eigenstate Lagrangian
that can arise in the presence of D=6 operators. However, both ways can be shown to be equivalent, which justifies
using the term basis for our construction. In particular, it is possible to define the Higgs basis as a complete
non-redundant set of SU(3) x SU(2) x U(1) invariant D=6 operators, see Section
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in the subset have to be independent, in the sense that none can be expressed by the remaining
ones at the level of a general D = 6 EFT Lagrangian. It is also a maximal such subset, which
implies that their number is the same as the number of independent operators in the Warsaw or
SILH basis. We will refer to this set as the independent couplings. They parametrize all possible
deformations of the SM Lagrangian in the presence of D=6 operators. Therefore, they can be
used on par with any other basis to describe the effects of dimension-6 operators on any physical
observables (also those unrelated to Higgs physics). By definition of the Higgs basis, the indepen-
dent couplings will include single Higgs boson couplings to gauge bosons and fermions. Thanks
to that, the parameters of the Higgs basis can be connected in a more intuitive way to LHC Higgs
observables calculated at leading order in the EFT. Furthermore, the vertex corrections to the Z
boson interactions with fermions are chosen to be among the independent couplings. As a con-
sequence, combining experimental information from Higgs and electroweak precision observables
is more transparent in the Higgs basis.

4.1 Independent couplings

We now describe the choice of independent couplings which defines the Higgs basis.
The first group of independent couplings parametrizes the interactions of the Higgs boson
with itself and with the SM gauge bosons and fermions:

Cqg> dcs, Cyvyy Czy, Czz, Cz0O, 6997 5777 Ez'yy Cozy OA3,
Oyulijs [0yalijs [0velijs [@Dulijs [Palijs [Pelis- (4.1)

The parameters in the first line are defined by Eq. and Eq. @D, and in the second line
by Eq. . Overall, there is 65 independent parameters in Eq. @, and they all affect Higgs
boson production and/or decay at the leading order in the EFT expansion. Therefore they are
of crucial importance for LHC Higgs phenomenology. Moreover, at the leading order, they are
not constrained at all by LEP-1 electroweak precision tests or low-energy precision observables.

The second group of independent couplings parametrizes the W boson mass and the Z and
W boson couplings to fermions:

om, (6975, 16955, 169 Nijy 16975, (692445, (0975, (69245, [592/(1]2'3',

[deulijs [dadlijs [daelijs [daulijs [dadlijs [dzelij, [dzulij, [dzalij-

(4.2)

Here the mass correction dm is defined in Eq. , the vertex corrections d¢’ are defined in
Eq. , and the dipole moments d; are defined in Eq. . All these parameters also affect
the Higgs boson production and/or decay at the leading order in the EFT. However, as opposed
to the ones in Eq. , they affect at the same order electroweak and/or low-energy precision
observables.

The third group of independent couplings parametrizes the self-couplings of gauge bosons:

)\27 >\Z7 C3G7 63G' (43)

They are defined in Eq. (3.12)). These couplings do not affect Higgs production and decay at the
leading order in EFT.

To complete the definition of the Higgs basis, one has to select the independent couplings
corresponding to 4-fermion operators. We choose to parametrize them by the same set of Wilson
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coefficients as in the SILH basis, c.f. Table 3}

/ / / /
Cee, CQQ) qu) qua ng, Cquqda Cquqd) Cfequv cgequa Cﬁedqu

/ / /
Ctes Ctuy Cids Cqes Cqus cqu7 Cqd» qu7 Ceey Cuuy Cddy Ceus Cedr Cudr Cyq- (44)

Each parameter cs; has 4 flavor indices, which are not displayed here. The non-trivial question of
which combination of flavor indices constitutes an independent set was worked out in Ref. [35]. In
the Higgs basis we take the same choice of independent 4-fermion couplings as in that reference,
with one exception. As explained in the next subsection, in a dimension-6 EFT Lagrangian, the
coupling [cge]1201 multiplying a particular 4-lepton operator can be expressed by ém and dg°.
Therefore [cy]1221 is not among the independent couplings defining the Higgs basis.

4.2 Dependent couplings

In the mass eigenstate Lagrangian in Eq. , all deviations from the SM Lagrangian originate
from D=6 operators. However, the number of interaction terms characterizing these deviations
is larger than the number of Wilson coefficients multiplying the D=6 operators in Eq. .
Therefore, there must be relations among the couplings in the mass eigenstate Lagrangians.
Working in the Higgs basis, some of these couplings can be expressed by the independent couplings
defining the Higgs basis; we call them the dependent couplings. The relations between dependent
and independent couplings can be inferred from the matching between the effective Lagrangian
and the SILH basis in Section. [3] These relations hold at the level of the dimension-6 Lagrangian,
and they are in general not respected in the presence of dimension-8 and higher operators.

We start with the dependent couplings in Eq. parametrizing the single Higgs boson
interactions with gauge bosons. They can be expressed in terms of the independent couplings a

dcw = ¢y +4om,

Cow = Cuzz-+ 235027 + sgcw,
Cuw = Coz+ 255G + S4Cyy,
1
Con = PR [gQCZg + g%, — e*sher, — (g% — g'2)sgczﬂ,} ,
1
Cyo = W [2g2czD + (92 + gIQ)sz - 62077 - (92 - gIQ)Cz’y] . (4'5)

The coefficients of W-boson dipole interactions in Eq. (3.10]) are related to those of the Z and
the photon as

T]fdwf :de+8§dAf7 (4.6)

where 7, = 1 and 714, = —1. The coefficients of the dipole-like Higgs couplings in Eq. (3.24]) are
simply related to the corresponding dipole moments:

dpvy=dvy, dpyy=dyy, Vel{G,W,Z A} (4.7)

The coefficients of quartic and higher self-interaction terms of the Higgs bosons in Eq. (3.27)

"The relation between Cww, Cww and other parameters can also be viewed as a consequence of the accidental
custodial symmetry at the level of the dimension-6 operators [23].
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are dependent couplings. They can be expressed by the Higgs basis parameters as

4
SAs = 60Xs— ?Aécz,
3 A
5)\5 = 16}\3 — Z(;CZ,
1 A
5)\6 = g(;)\g - ﬂ(SCZ. (48)

The coefficients of all interaction terms with two Higgs bosons in Eq. (3.29) are dependent
couplings. They can be expressed in terms of other Lagrangian parameters as:

5022) = Jcs, 501(3) =dc, + 30m,
[y](fz)]ij = 3[dyslie’? — dc. by,
053) = Cuo, 51(;%;) = Cov, v € {g,w, 2,7},
B = an,  ve{wzqh (4.9)

The dependent vertex corrections are expressed in terms of the independent couplings as
w
595” = 5956 + 59?“, 5gL 7= 5gf“VCKM — VCKM(ngd. (4.10)

All but four triple gauge couplings in Eq. (3.12)) are dependent couplings expressed in terms of
the Higgs basis parameters as

g1, = 2(921_g,2) (€9 + cn (9 — §)9% — 22 (9 + 97)g* — can(9® + 9)g?]
2 2 2 /2
Oky = —% (chQ j_ e + cmgQ +z,2 — sz> )
Ry = s <éw ¢ +6Z792 i c> :
D) 2+ g? 2+ g?
Ok, = 091, — t(%é/iy, Rk, = —tgkv,
A= A A = (4.11)

Finally, we discuss how the Wilson coefficient [cg]i221 is expressed by the independent cou-
plings. One defining feature of the mass eigenstate Lagrangian Eq. is that the tree-level
relations between the SM electroweak parameters and input observables are not affected by D=6
operators (condition # 3). On the other hand, one of the four-fermion couplings in the La-
grangian,

£4Df:6 D [eeelr221 (G, 2vp02,0) (2. L7,01.1), (4.12)

does affect the relation between the parameter v and the muon decay width from which v =
(vV2G )2 is determined:
L= ) g4 (el 4 2089Y ¥z — 46m — [earlizm (4.13)
I'(pn — evv)gm L L ¢ ' .
Therefore, the muon decay width is unchanged with respect to the SM when [cy]1221 is related
to dm and dg as
[ng]lggl = 25[92/6]11 + 2[692/6}22 — 4ém. (4.14)
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This relation can be verified using the expressions of these parameters in terms of the SILH Wilson
coefficients in Egs. , , and . In other words, due to the fact that we selected dm
and dg as independent couplings in the Higgs basis, [cg]1221 has to be a dependent coupling. Of
course, one could equivalently choose [cg]1221 to define a basis, and remove e.g. dm from the
list of independent couplings. The remaining 4-fermion parameters in Eq. are independent
couplings.

4.3 Gauge invariant definition

In summary, in the Higgs basis the parameters spanning the space of D=6 EFT operators are
the independent couplings in Egs. , , , and . In the EFT expansion, the
independent couplings are formally of order O(A~2). These parameters are directly linked to
deviations from the SM interactions in the mass eigenstate Lagrangian in Eq. . All other
deviations in the mass eigenstate Lagrangian can be expressed by the independent couplings.

In this note, the Higgs basis was introduced by choosing a subset of independent couplings in
the mass eigenstate Lagrangian defined in Section |3} The latter is not manifestly invariant under
the full gauge symmetry of the SM, as the electroweak symmetry SU(2) xU (1) is broken to U(1)em
at the mass eigenstate level. Nevertheless, one can provide an equivalent and manifestly gauge
invariant definition of the Higgs basis. To this end, one can introduce the SU(3) x SU(2) x U(1)
invariant D=6 operators as follows:

Osyg = —E(HTH)
O,y = 49;2 miHGe,Ge,
Ose. = 7712 {aH(HT H)]2 n Q(HT DY \/i?fiHTH friHfri+he. |,
0 = e ()~ (),
0. - m (#16y11) D, - ;gﬂg iglg"+97) Z (11D, 1) 0,5,
. Z% (DHHTaiDVH) Wi, — 192, <DMHTD,,H> B,
O.., = ?% (Duto D, H) Wi, + % (DuH'D,H) By,
0. = _m (HTaii?;H) DWW, + m (H@LH) 0, By
- 112(91;94932)2 (Dut'o' D H) Wi, + W (DuH'DLH) By + Z;HT H By By,
[Osy,lij = —THTHJCL Hfrj;+hc.,

The coefficients of the operators on the right-hand side in Eq. (4.15]) are determined by the linear
map relating the SILH Wilson coefficients to those in the Higgs basis, which can be obtained by
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inverting the relations between the Higgs and SILH coefficients derived earlier in this note. By
following this algorithm, a complete and non-redundant set of D=6 operators O, defining the
Higgs basis can be constructed. Then the Higgs basis Lagrangian can be defined in a manifestly
gauge invariant way as Lrrr = Lsm + D _; ¢iOg;.

4.4 Simplified scenarios

In total, the Higgs basis, as any complete basis at the dimension-6 level, is parametrized by 2499
independent real couplings [35]. One should not, however, be intimidated by this number. The
point is that a much smaller subset of the independent couplings is relevant for analyses of Higgs
data at leading order in EFT. First of all, the coefficients of 4-fermion interactions in Eq. and
triple gauge interactions in Eq. do not enter Higgs observables at the leading order. At that
order, the parameters relevant for LHC Higgs analyses are those in Egs. and , which
already reduces the number of variables significantly. Furthermore, there are several motivated
assumptions about the UV theory underlying the EFT which could be used to further reduce the
number of parameters:

e Minimal flavor violation, in which case the matrices dyy, ¢, dy s, and 5gVf, reduce to a
single number for each f.

e CP conservation, in which case all CP-odd couplings vanish: ¢; = ¢y = Imdy = 0.
o (Custodial symmetry, in which case dm = 0E|

We stress that independent couplings should not be arbitrarily set to zero without an underlying
symmetry assumption. Furthermore, the relations between the dependent and independent cou-
plings in the mass eigenstate Lagrangian should be consistently imposed, so as to preserve the
structure of the dimension-6 EFT Lagrangian.

Finally, to reduce the number of free parameters in an analysis, one may take advantage of
the fact that, in addition to Higgs observables, other measurements are sensitive to the param-
eters in Eq. . In particular, the parameters in the first line of Eq. are constrained by
electroweak precision tests in LEP-1. These are among the most stringent constraints on EFT
parameters, and they have an important impact on possible signals in Higgs searches. Assuming
minimal flavor violation, all the vertex corrections in Eq. are constrained to be smaller than
O(1073) (for the leptonic vertex corrections and dm), or O(1072) (for the quark vertex correc-
tions) [26] 28] 36]E| Even when the assumption of minimal flavor violation is not imposed, all the
leptonic, bottom and charm quark vertex corrections are still constrained at the level of O(1072)
or better [38]. Similarly, many parameters in the second line of Eq. are strongly constrained
by measurements of the magnetic and electric dipole moments. In the LHC environment, exper-
imental sensitivity is often not sufficient to probe these parameters with a comparable accuracy.
If that is indeed the case, it is well-motivated to neglect the parameters in Eq. in LHC Higgs
analyses.

8Custodial symmetry implies several relations between Higgs couplings to gauge bosons: dc, = dc., cwn =
chzu + sgcwg, Cww = Czz + 283627 + sgcy, and Cyw = Czz + 233527 + sgé«,. The last three are satisfied automatically
at the level of dimension-6 Lagrangian, while the first one is true for ém = 0, see Eq. .

9These constraints may be relaxed if the leading-order dimension-6 EFT does not provide an adequate description
of electroweak precision observables [37]. If that is the case, the vertex-like and dipole-like Higgs boson couplings
in Eqgs. and could in principle be sizable enough to be relevant for the LHC searches without conflict
with electroweak precision constraints. However, it is not clear whether there exist explicit BSM models where this
concern is relevant.
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Once the parameters in Eq. are neglected, this leaves the parameters collected in Eq.
to describe leading order deformations of Higgs observables. This set consists of 11 bosonic and
2 x 3 x 3 x 3 = b4 fermionic couplings. While that number is still large, it represents a significant
simplification compared to the 2499 Wilson coefficients parametrizing a complete D=6 basis.
Further simplifications can be introduced by making more specific assumptions about the high-
energy theory that generates D=6 operators in the EFT. For example, if the high-energy theory
respects the minimal flavor violation paradigm, the flavor structure of the fermionic parameters
in Eq. is proportional to the unit matrix: [0ys];; = 0;;0ys and [¢¢]i; = 6;5¢¢. This reduces
down to 17 (11 bosonic and 6 fermionic) the number of parameters relevant for LHC Higgs
observables. In the Higgs basis, these parameters are:

CP-even : Cgg, dc., Cyyy Czys Czzy CzO, 0Yus 0Yds 0Ye, OA3;
CP-odd : Cggs 577, Coyy Czz, Ous Pdy Ge- (4.16)

Assuming in addition CP conservatiorm in the Higgs sector leaves only 10 CP-even parameters
to describe leading order EFT corrections to single and double Higgs production and decay.

Providing model-independent constraints on the 17 parameters in Eq. or at least the
10 CP-even ones, is a realistic target for run-2 LHC Higgs searches. The CP-even parameters are
weakly constrained by prior precision experiments, with 0(0.1)- O(1) values allowed by current
global fits to Higgs and electroweak data [29]. The CP-odd parameters are even less constrained
by Higgs and electroweak data, though they are indirectly constrained by low-energy probes of
CP violation [39, 40, 411, 42]. Better constraints on this reduced sets of EFT parameters from the
ensemble of LHC Higgs measurements would already be a valuable input for constraining a large
class of theories beyond the SM.

4.5 Relation to other frameworks

The Higgs basis can be used in par with any other basis to describe the effects of dimension-6
operators on physical observables. Other popular SM EFT approaches in the literature use the so-
called SILH [23], Warsaw [16], or HISZ [31] bases of D=6 operators. At the leading order in EFT
all these approaches are completely equivalent, as there exists a 1-to-1 correspondence between
the parameter of the Higgs basis and Wilson coefficients of any other D=6 basis. Therefore,
the results of leading order EFT analyses can be always translated from and to the Higgs basis
without any loss of generality (see e.g. [29] for the translation of the LHC Higgs and TGC
constraints). Formulas necessary for translations between various bases are provided in this note:
see Section [3] for the Higgs-SILH basis translation, and Appendix [A] for the Higgs-Warsaw basis
translation. A map between the Higgs basis parameters in Eq. and the HISZ basis can
be found in Appendix These maps are used by the Rosetta package [43], which provides
automated translation between different bases and an interface to Monte Carlo simulations in the
MadGraph 5 framework [44].

Using the Higgs basis for leading order Higgs EFT analysis is then simply a matter of conve-
nience. Its usefulness is in the fact that description of Higgs observables and electroweak precision
observables at the leading EFT order (tree-level O(A~2)) is more transparent than in other bases.

19The CP-odd parameters affect inclusive Higgs observables only at the quadratic level, (O(A~%) in the EFT
expansion). Therefore they can be neglected in the leading order approximation, even without assuming CP
conservation, if one restricts the analysis to inclusive measurements, such as the Higgs signal strength measurements
at the LHC.
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This also implies simplification of Monte Carlo simulation of collider signals, as relevant Higgs
observables typically depend on a smaller number of parameters than in other bases. The ad-
vantages of the Higgs basis are especially pronounced when simplified approaches to LHC Higgs
data are employed. The main point of the Higgs basis is to separate parameters affecting only
Higgs observables at leading order from those that also affect electroweak precision observables.
If the latter are neglected in an analysis, a small subset of Higgs basis parameters in Eq.
is adequate to describe all leading order effects of D=6 operators on Higgs observables.

Beyond tree level, advantages of using the Higgs basis are yet to be demonstrated. Indeed,
one-loop corrections will introduce a dependence of the Higgs observables on a larger number of
parameters, and the neat separation of parameters affecting precision observables is not main-
tained. As of this time, no one-loop EFT calculations using the Higgs basis formalism exists in
the literature; the existing ones are typically performed in the SILH [45] 46, 47, 148, [49], 50] or
Warsaw [51], 52, 53], 35], 54, 55, [56] basis.

We will now comment on the relationship between the Higgs basis and other frameworks
that also do not introduce new particles beyond the SM but are not equivalent to an EFT. The
Higgs basis (and dimension-6 EFT in general) is an extension of the x-formalism [57]. That
formalism, widely used in LHC Runl analyses, assumes that only the Higgs couplings already
present in the SM receive corrections from new physics. This way, the kinematics of the Higgs
production and decay in various channels is unchanged with respect to the SM, and only the signal
strength is affected. Moreover, the standard approach allows for new effective Higgs coupling to
gluons and photons, as they lead to subleading modifications of the Higgs kinematics when one
restrict experimental analyses to inclusive signal strength observables. Recent applications of
the r-formalism include global fits to the Higgs data with 7 independent coupling modifiers [5§].
This is still less general than the dimension-6 EFT, even in its restricted form with the free
parameters Eq. . In particular, the D=6 operators may induce Higgs couplings with a
different Lorentz structure than that present in the SM (see e.g. Eq. ) and thus they my
violate the assumptions of the k-formalism by modifying the Higgs kinematics. Therefore, the
results obtained within the k-formalism cannot be in general translated into the EFT language,
whereas the translation is always possible in the opposite directionﬂ

Pseudo-observables, introduced in Refs. [59, [60] and Section III.1 of [I], offer a more general
approach than the SM EFT with D=6 operators discussed. Pseudo-observables are defined as
form factors parametrizing amplitudes of physical processes subject to constraints from Lorentz
invariance. These form factors are expanded in powers of kinematical invariants of the process
around the known poles of SM particles, assuming poles from BSM particles are absent in the
relevant energy regime. Such a framework involves a larger number of parameters, as it does not
impose relations between different form factors or between amplitudes of different processes that
are predicted by dimension-6 EFT. Constraints on pseudo-observables can always be projected
into constraints on the Higgs basis parameters, provided the complete likelihood function (with
correlations) is given; see Ref. [59] for a map between observables relevant for h — 4f decays and
EFT parameters. The converse is in general not true: constraints on the Higgs basis parameters
cannot always be translated into constraints on pseudo-observables.

In Section [3| we introduced the effective Lagrangian that arise when dimension-6 EFT is

HNote however that, in the dimension-6 EFT, modifications of the relative Higgs coupling strength to W.W,
and Z,Z, are always correlated with corrections to the W-boson mass, see Eq. (5)), which is not taken into
account in the x-formalism. Strictly speaking, one can thus project general dim-6 EFT results onto a subset of 6
k parameters of Ref. [58]: kgz, Azg, Atg, Ayz, Arz, Abz, With Awz set to zero. In the LO EFT, these 6 «’s are in
the 1-to-1 correspondence with a subset of 6 parameters in Eq. : Cgg, 0Cz, Cyy, OYu, 0Yd, OYe.
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rewritten in terms of mass eigenstates after electroweak symmetry breaking. The crucial feature
of this Lagrangian is that various interaction terms are not independent but are instead related
by the formulas summarized in Section These relations are required by the SM gauge sym-
metry realized linearly at the level of operators with D < 6. However, one could consider the
same Lagrangian without imposing the correlations listed in Section [4.2] and treating instead all
parameters as independent. Such a construction is referred to as the Beyond-the-Standard
Model Characterization (BSMC). The BSMC Lagrangian is more general than dimension-6
EFT, and involves more parameters. At leading order, it can be used to parametrize new physics
effects on Higgs and other observables in a manner akin to pseudo-observables. Once the likeli-
hood function for the parameters of the BSMC Lagrangian is provided by experiment, it can be
projected into constraints on the Higgs basis parameters by imposing the relations of Section
At the same time, the BSMC likelihood can be used to constrain some more general theories that
do not reduce to a SM EFT at low energies. The BSMC Lagrangian is a part of the Rosetta
package [43].

Another well-known framework to describe Higgs observables is the so-called Higgs Charac-
terization (HC) [24]. In the HC Lagrangian, one describes the effective Higgs couplings to the
SM gauge bosons and fermions using 20 new parameters. The HC framework is distinct from the
SM EFT. On the one hand, the relations between various 2-derivative Higgs couplings to gauge
bosons required by dimension-6 EFT are not imposed. In this aspect HC is more general than the
Higgs or other D=6 basis, where these relations follow automatically from the structure of the
EFT Lagrangian. On the other hand, the HC Lagrangian does not include all possible deforma-
tions of the SM Lagrangian predicted in the presence of D=6 operators. For example, corrections
to SM gauge boson couplings to fermions, dipole interactions, or contact Higgs interactions with
one gauge boson and 2 fermions are not implemented. In this aspect, the HC framework is less
general than the SM EFT.

Thus, it is in general not possible to translate the constraints from the HC framework to
the Higgs basis or the other way around. However, it is possible to do so in certain situations
when a simplified EFT description is employed. In particular, one can project constraints on
the HC parameters onto the subset of the Higgs basis parameters in Eq. assuming other
parameters in the Higgs basis are not relevant for these constraints. For such a special case, the
relation between the HC parameters and the Higgs basis parameters is given in Appendix
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A Map from the Warsaw basis

In this appendix we summarize the relations between the independent couplings defining the
Higgs basis and the Wilson coefficients w; in the Warsaw basis. For the latter we use the original
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notation of Ref. [16]. The procedure of relating the Wilson coefficients w; to the couplings in the
mass eigenstate Lagrangian is exactly the same as the one described in Section |3| for the SILH
basis. This way we can obtain the map between w; and the subset of independent couplings
defining the Higgs basis. We find

U2 1 g/2 3 3 92
om = EW [—QQIWM/B + T ([wee]nm - 2[w<(¢>z)h1 - 2[w<(;sz)h2> - 4w¢D] ) (A1)
st = Yy () + £0/2.0) - f(-1/2.-)
gr, - A2 w¢€ ’ ’ ’
2
ze _ v (_ 1 1
091" = A2 <_2w¢e - §w¢e +f(=1/2,-1) |,
Ze v? 1
OgF° = g (gwee +10,-1)) (A2)
2
111 v 1
5gRq = A2 <_2w¢ud)7
" v (1 3 1 ¢
st = <2w;q> - Jwhy + f<1/2,2/3>> ,
v? 1 3 1 1
6g?l = v (—QVCTKMwéq)VCKM - §VCTKMw§,q)VCKM + f(=1/2, —1/3)> :
u v? 1
(591% = A2 <_2w¢u + f(072/3)> )
sozd — (1, + £(0,-1/3) (A.3)
9r - A2 9 ¢d ’ ’ '
where
/
[(T°,Q) = 43@%“’@%
1 Lo@y Lo 1 3 9
+ I3 (4[wee]1221 = slwgeln = Slwgglee = Jwep | (T7 + QW ’
(A.4)
and I3 is the 3 x 3 identity matrix.
doy = —Coa Uy
S VA
U2 (%
d = ——52V2—
Af A2 \f My my, (nfwa +wa)7
v2 22 v
d _ v 2 2 A,
25 NG 1 g7 gy 9 renw — 9 ) (A.5)

where 7, = +1, g = —1.
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A = *Eigwwa
2
~ v° 3
v? wa
GG = 5
A% g3
2
v wé
GG = 13 ) (A7)
A? g3
”a v? v " 1 1. (3 1. @ 1
[0y )ije'® = v —7\/W[wf¢]ij + i <4[W6]1221 = Slwgehn = Slwgglee +won = Jwep | |
(A.8)
2
v 1 3 3. 3 3. 3
de, = e <UJ¢>D — qWen + Z[wzzhml - §[w¢€ 11 — i[w‘ﬂ J2 |, (A.9)
v? 1 1 (3) (3) 1
C.0 = g _§[w€£]1221 + [quz Ji1+ [%se J22 + WD ) (A.10)
v? 4
Cgg = A2 g2 VoG
S
v (1 1 1
C'yry = P4 ?'lUd)W + ﬁwd)B — ww(bWB ,
o — ﬁ FPwew + 9"*weB + 99'wew B
2z A2 (42 + g%)2 )
2 4w¢W — 4’LU¢B - 2gzigl2w¢WB
Czy = % 2 /2 - ’ (A.11)
A g°+yg
- v? 4
Co9. = A2 2 %We
S
N v? (1 1 1
C’Y’Y = FZJ: ?w¢w+ﬁw¢é—gw¢ﬁ/3 5
0, = ¥ T wgi + 9" W5 + 99 Vg
2z A2 (2 + g%)2 )
2 dw o — 4w, 5 — 28792
s v TWew T MWeB T 2 g YW n (A.12)
€y = A2 2+ g2 ’ :
2
v 3 1 1. @ 1.
0Ny = 2 |:)\ <3w¢|j — waj + Z[wuhgzl — §[w<§§€)]11 _ 2[w((m)]22> — w¢] , (A.13)
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Cq = p2%aq>
2
a9 A2 99
2
A N G))
g T A27g>
2
_ v
G =y
2
roo_ VT (8)
Cud - A2 ud ?
2
_ v
Cud = p wd
2
c = U—w(g)
d T A27qd>”
2
_ v
ol =Rt
2
/ v 8
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2
v
Cqu = 72'&7(,[11‘),
A q
2
c = 7)—w(g)
qugd A2 qugd’
2
C = v—w(l)
qugd A2 quqd’
2
/ _ v 3)
cfequ - A2 wﬂequ’
2
c = T (A.14)
lequ  — A2 Lequ’ .

and the relation is trivial, ¢; = w;v?/A?, for the remaining 4-fermion coefficients (except for
[cee]1221 which does not enter into the definition of the Higgs basis).

This map can be used to translate to the Higgs basis formalism results of any tree level cal-
culations using the Warsaw basis. Translating NLO EFT results between different bases requires
specifying the renormalization scale for the SM couplings appearing in the dictionary. One simple
choice is to use the running couplings; another natural choice is to use couplings defined at the
scale p = my,.

At this point we have a 1-to-1 map between the Higgs basis and the Warsaw basis, as well as
one between the Higgs basis and the SILH basis derived in Section [3| Using these two, we can
eliminate the Higgs basis coeflicients, and derive the map between the Warsaw and SILH basis.
We find the following relations between the Wilson coefficients w; in the Warsaw basis and the
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Wilson coefficients ¢; in the SILH basis:

2
v
pw¢ = X(—¢c + 8caw + 8cw + 8cuw) ,
2 2
v _ _ _ _ _ _ 1_ 1_
AzWen = 3Gw + 36w +3cuw + e (€25 +Cp + Cnp) — 5n — Ser,
2 12
v 49'¢ _ _ _
AzUD = 3 (¢ap + ¢ + Cup) — 2¢r,
v gl
A2 WG = g2 Cg>
2
v _
AgWew = —CHw,
ﬁw B = 49,25 - LQEHB
A2 ¢ 2 g2 )
2 /
v g
nalews = — (Cuw + ¢uB) ,
v? _ 4g§ _
A2 ’U)G - 92 C3G7
2
v _
wa = 4dgcw, (A.15)
2 2memy,
v fillvfs _ _ _
p[wfqb]ij I = ([erlij + 2045 (Cow + Ew + CaW)) »
2
v 3 _ _ _ _
F[wéf)]w = [Cle]ij + (51']' (QCQW +cw + CHW) s
2 2
T wly = [emgly +2Y 95, (2¢ap + B + up)
A2 Worlii = Hflij f 92 ij 2B T CB T CHB),
02 e
FWW]U = [CHflij + ny?éij (2¢2B + ¢ + ¢uB), (A.16)
02 2
P[wee]m‘i = [Corliisi + 97523 + cw,
02 e
p[wﬁ]iijj = [Cerlisj; + 2?523 —2Cw, 1<],
02
ﬁ[ww]ij]’i = [Culijji +4caw, <7, (A.17)

where it is implicit that [E}If]n = [Cufli1 = 0, and [Cyli221 = [Cee]i122 = 0. The same relations
can be obtained by directly transforming the SILH operators to the Warsaw basis using equations
of motion and integration by parts.

B More dictionaries

In this section we quote the linear transformation between the parameters defining the Higgs basis
and the Wilson coefficients in two other bases of dimension-6 operators utilized in the literatureE

20n request, translation to other bases may be added in the future.
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For simplicity, we assume here (unlike in the rest of this note) that the parameters are flavor blind.
Moreover, we give the dictionary only for the subset of the Higgs basis parameters that can give
observable contributions to single Higgs and electroweak diboson processes, given the constraints
from electroweak precision tests. That set consists of 10 CP-even and 8 CP-odd parameters:

Cqg> 56,2’ Cyvyy Czy,y Czz, Cz0O, 6yu7 6yd7 5:’/67 )‘Z7 (Bl)

Cag> Cyys Czyy Cazy Puy Pdy Pe, A (B.2)

The dictionaries below allow one to translate results of any complete EFT Higgs analyses into
constraints on the Higgs basis parameters (and, by consequence, between any pair of bases), as
long as the full likelihood function in the space of Wilson coefficients is given.

B.1 SILH’ basis

The original SILH basis discussed in the main text includes the operators Ospy, O2p and Oqg,
which lead to 4-derivative corrections to the kinetic terms of the gauge fields. This may be
inconvenient for some applications. A simple fix is to remove these operators in favor of the
4-fermion operators [Ogli221, [Ow)i122, and [0} ]3333. This construction was used in Ref. [20]
and we refer to it as the SILH’ basis. One advantage of this choice is that electroweak precision
constraints take a particularly simple form. Namely, the vanishing of the vertex correction d¢g and
the W mass correction dm corresponds to setting ér = [Cpel1221 = CHf = E}If =0, and ¢g = —cw.

The CP even Higgs basis parameters in Eq. are related to the Wilson coefficients in the
SILH’ basis by

16 _
C = —5Cqg,
99 29
1 3 3.
0c, = _§CH + 1[022]1221 - 5[03%]227
16 _
C’Y’Y - ?C’W
2, _ 2
Cz’y = 972 (CHB — CHW — 88007) )
4 g 9%
c — —_—— E + 76 - 478 E )
s 92+g,2 [ HW 92 HB 92 0~
9 [ ) g/2 B - 1_ 1., 1.
o = = ew + aw + g—Q(cB +éuB) — 5T T E[CHZ]QQ - Z[W]l??l ’
A: = —6g%Cw. (B3)

The CP odd Higgs basis parameters in Eq. (B.2]) are related to the Wilson coefficients in the
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SILH’ basis by

N 16 _

Cgg = gﬁcgv

- 16

Cyy = ?C%

- 2

c = —

zY g2

e T _g2+g’2[
X, = —6g%Cy.

c

(eup — enw — 8s5¢,)

Finally, the corrections to the Yukawa couplings are given by

. 1
dyse'®l = —[eslij — 0ij 5 [CH +

B.2 HISZ basis

/2 2
- g~ . g- 2.
HW + ~5Cup — 4=5sC } )
92 92 0%y
(B.4)
» 1.
[Crel22 — 5[%]1221 , fe{u,d,e}. (B.5)

We consider a subset of bosonic operators introduced by Hagiwara et al. (HISZ) in Ref. [31]:

Onp

Oca

WWW
where the electroweak field strength tensors

B;w =

{
_ig/BH/y7

! (oumm)”

g
3272
H'W,, W, H,
H'B,,B,,H,
D,H'W,,D,H,
D,H'B,,D,H,
Tr [WNVWVPWPN] )

Hf HGS,GY,,

g2

3272
H'W,, W, H,

H'B,,B,,H,
D,H'W,,D,H,
Tr [WMVW,,pWPM] :

H'HGS, G

Nz

(B.7)
are related to the one used in this note via{™|

F [ —
Wia = =599 W, (B.8)

13The additional minus sign in Eq. (B.8) is due to the fact that the covariant derivatives in Refs. [31] are defined
with the opposite sign to that used here. This amounts to rescaling the gauge fields as W, — —W,, B, — —B,

in the translation.
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We also consider the Yukawa operators
Ouw=HHG H ™ up, Oy = HHg H % dg, O, = HIHI H ey, (B.9)
v v v

where my are 3 x 3 diagonal fermion mass matrices. The dimension-6 Lagrangian is given by

EHISZ A2 Z f,OZ + Z <fjéj + h.C.> +... ], (B.lO)
i J

where the first sum goes over the bosonic operators in Egs. and , the second sum
goes over the fermionic operators in Eq. , and the dots stands for remaining operators that
complete the dimension-6 basis. The CP-even operators from this set (except OWWW) are used
by SFitter [61] to describe constraints on dimension-6 operators from LHC Higgs data. Ref. [62]
proposes to use the HISZ operators OW, O B, OWWW, OW’ and Om to describe constraints
on dimension-6 operators from the pair production of electroweak gauge bosons.

The CP even Higgs basis parameters in Eq. are related to the Wilson coefficients in the

HISZ basis by

1 v2
Cgg — _@fGpr
2
v
dc, = —ifH,pr
02
Cyy = (_fWW_fBB)F7
1 1 v?
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Crz = <29fw + ifB — G fww — 53fBB> A2
1 2
Co = <_4f 4CQfB> A27
3g' v
A = , B.11
3 AQfWWW ( )

The CP odd Higgs basis parameters in Eq. (B.2) are related to the Wilson coefficients in the
HISZ basis by
N 1 v?
Cgg — QfG'G A2’
~ ’U2

Cyy = (f W*fBB)p,
2

- 1 ~ ~ v
Coy = <f —Cgfww-i'sngB) A

2
- = v
Cyry — ( fW — CngW 30fBB) p (B.l?)
Finally, the corrections to the Yukawa couplings are given by
Sy, et = —lfH _ i j€{u,d, e} (B.13)
J 2 \/‘ A27 s Wy
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For completeness, we also give the relation between the anomalous TGCs and the HISZ basis
Wilson coefficients:

2 2 2
_ 9ty v7
5912 = 3 fWA2
2 2 2 2
g v - g° - v
Oky = g(f +fB)F7 5%7:§pr
_ 3g* v? T 3g% - v?
Az = ?fWWWF, Az = ?fWWWﬁ. (B.14)

Inverting the transformations, the relation between the Wilson coefficients in the HISZ basis
and the Higgs basis parameters reads

1}2
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B.3 Higgs Characterization framework

The Higgs Characterization (HC) framework [24] in general cannot be mapped to the Higgs basis
or any other dimension-6 EFT basis. However, it is possible to to related the HC and EFT
parameters in certain situations when a simplified EFT description is employed. In particular,
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the HC parameters can be related to the subset of the Higgs basis parameters in Eq. (4.16),
assuming other parameters in the Higgs basis are set to zero. In such a case, the relation between
the HC parameters (as defined in Section I1.3.1 of [1]) and the Higgs basis parameters readsE

CaﬁHff—l = 5nyOS¢f,
—SakAff = Oyssingy,
CakKSM — 1 = 567;7
47
g2 Caliiyy = Gy
1 -
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1
1972 CaKHgg = Cgg)
1 -
_@Sa’mgg = Cgg,
v
—mcoﬂsz = Czz,
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v _ 942 4
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v 99
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82 —5 ~
—(2317(2)80[:‘4/,427 = Czy. (B18)

C Goldstone bosons and gauge fixing

In the main body of this note we worked in the unitary gauge where the Goldstone boson degrees
of freedom in the Higgs doublet are set to zero. This is enough for the sake of tree-level EFT
calculations. However, in order to extend the calculations to a loop level, retrieving the Goldstone
degrees of freedom may be convenient, as it allows one to perform the standard gauge fixing
procedure. The procedure is sketched in this appendix.

We parametrize the Higgs doublet as

iG
H= ( \}i(v+h+— iGs) ) (C.1)

MThanks to Rostislav Konoplich for pointing out several mistakes in an earlier version of this equation.
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where G+ and G3 are three Goldstone fields, that will be eaten by the W and Z bosons. In the
presence of dimension-6 operators, in general one may need to rescale

Gi _>Gi(]-+5G+)a G3 _>G3(1+5G3)7 (02)

in order to bring the Goldstone kinetic terms into a canonically normalized form. Other fields and
couplings are also rescaled to match the conventions specified earlier in this note, see Eq. (3.1]).
Once this has been done, the quadratic terms containing Goldstone fields are given by

/02 L 12
hinetic — 9 G, 9,G_ + - (a Ga)? =L (14 6m) (0,64 W +h.c.) —Waﬂaigzu. (C.3)
As usual, the Goldstones kinetically mix with the electroweak gauge bosons with the mixing
strength proportional to the gauge boson mass.

All Goldstone boson couplings are dependent ones, that is they can be expressed by the
independent couplings defining the Higgs basis. As an illustration, below we display Goldstone
a subset of CP-even interaction terms with up to 4-fields and with one or two electroweak gauge
fields. The relevant part of the Lagrangian can be written as

L£OLEY 4 o8V 4 p8aV? SV pSav? (C.4)
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L5V = z'";:’)” (G Wy = hic) Ay — 92 (G4 Wy, = hic) Zua, (C.7)

522 e(g> — 9”) (9> —9")° g’ _
[:G’v = G1G- (6214#14# + /Bcczyﬁfl Z + BcczzWZuZp + Bceww?W:—WM

2., 2 2
+ _
+ G3G3 (533zz v19 3 g ZuZy, + B33wngWJWM )
e /
+ zﬁchwv (G+W —h.c.) hA, = 1Behwz— (GyW, —h.c.)hz,

/

- 603107 (G+W +hC)G3A +5a3wz (G+W —|—hC)G3Zﬂ

+ nécww? (G+G+W;W; + hC) s (08)
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2 2 —
VLEY = GLG_ (Mo Au Ay + Neey 99 Apw Zyw + Neez= (9% + 9 Zyw Zyw + Necwwd™ Wi, W)

+ G3G3 ("7337’\/6214;11114#1/ + 77332'ygglAuuZ;w + 13322 (92 + 9/2)Z;U/Z,uzx + 7733ww92W/j;W,;/)
+  Ne3wry€Y (G+WM_V + h.c.) G3A,L + Ne3w=€9’ (G+WH_ + h.c.) G3Zu.
(C.9)

The coefficients of the Goldstone interaction terms are related as follows to those of the Higgs
and gauge boson interaction terms in Eq. (3.3):

/thw = 1+ QQCwD + 502 + 3(5777,,
Brz: = 1+ g*con + dc. + 20m,
3
BScw = 1- 292Cw|:| + §QQCZ|:| — 35m,
Ban: = 1-— 92Cw|:1 + g2CzE| + dc, — 26m,
2 /2
g°+g
6ccz =1 + W (—g2CZ|:| + 45m) y
Behw = 1+ dc, + 3dm,
2
Baw = 1—Ten+om, (C.10)
/Bcw'y = 1 + 5m,
2.2 /2 2 /2
9°(g" +yg 29°+g
Bew: = 1+ (29,2) (20 — cwn) — T(Sm, (C.11)
g9’ 2 2 2
Newy = —F=——=((9" = 9*)cun — g”cz0)
cwry g, 92 +g,2 ( w z )
g
Newz = —Fr—0 ((g2 —g*)cwn — g2czu) ; (C.12)
V3-+g
2 /2
_ g~ +g 2
Bcezﬂ{ = 1+ W (—g C.o + 457’)1) s
2 /2
+9g
Beczz = 1+ '32_79,2 (*92Cz\] + 45m) ,
ﬁccww = 1+ 29202\] - 392Cw[| — 4(5m,
/83322 = 1- g2cw|:l - 2(5771,
B3zww = 1-— gZCZE\ + 20m,
/Bchw'y = 14dc,+ 3(5m,
392 g2 _|_g/2 292 _|_g/2
Bchwz = 1+ 2(9,2 (Czlj — Cw[y) + (SCZ — 3T(5m7
92
503w’y = 1- ECZD + (5m,
4 2(.2 /2 2 /2
g 9°(9"+yg 29" +yg
Bc3wz = 1+ 29,2 Co — ( 29,2 )Cwlj - T(Sm,
nécww = 92 (CwD - CzD) + 26m7 (013)
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C.
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C
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713322 ] )
1 33 33
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g2 o g/2 62
e R A ol
1 2 /2 2
Nc3wz J g ‘ (C14)

—Cyp — Cay — Coyry-
27 22 +gD) T 27+
With the Goldstone bosons degrees of freedom present in the Lagrangian, gauge fixing can be

implemented as in any gauge theory. Below we show how to implement the linear R, gauge. For
the electroweak sector, we introduce the following gauge fixing Lagrangian

1
Ly = % [Fi+FZz+2F.F ], (C.15)
where
Fy = (1+ OzAA)aMAM + OéAZa#ZM ,
/92 +g/2U
F; = (1 + Ozzz)auzu + ff(l + Ozzg)G;;
Fi = (1+aww)d W+ g%u + awe)Gy. (C.16)

Above the fields and couplings are the ones before the rescaling in Eqs. (3.1) and (C.2|) that
bring the Lagrangian to the canonical form. To derive the ghost action later, we will need the
SU(2) x U(1) gauge transformations acting on these fields

§A, = Ouoy+ie(W, ay —Wia ),
62y = Ouaz+igey (W, oy —W/iha),

5W/f = Ouoy —igoy (coZy + spAy) +ig (copoz + spay) WJ, (C.17)
2 2
oh = —gf_’_gGgaz — % (G+a_ + G_a+) ,
(o2 1 2 :
5Gy — g#” (wt+h)az — 2 (Grae — G_ay),
g 9> —9g"”
Gy = = ( +h— ZGg) oy + ieG+a7 +i————G ayz. (018)
2 2 92 +g/2
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The coefficients axy in Eq. (C.16) are O(1/A?) in the EFT expansion. One can choose them
such that, after the rescaling in Egs. (3.1 and (C.2|), the gauge fixing Lagrangian becomes

2
1 / a2 12 2

This choice of the gauge fixing terms ensures that the kinetic mixing between the Goldstone
bosons and massive vector bosons in Eq. (C.3)) is canceled after gauge fixing. At the same time,
the Goldstone bosons acquire the gauge dependent masses:

/2 /2
mey = \/E% (146m) = émw,  mg, = ﬁ% = \/¢mz. (C.20)

Finally, the ghost Lagrangian can be obtained by the usual Fadeev-Popov procedure. In the
R¢ gauge introduced above

_ T4 ¢y ¢ c
Oay, Oay, Oay, T oy, | Y

(C.21)

O0F. O00F_ O00F OOF
Eghost = - Z |:5 u C z C A

ne(+7_7Z7’Y)

where 0F is the variation of the gauge fixing terms F' in Eq. (C.16) under the infinitesimal
SU(2)xU(1) gauge symmetry transformations in Eq. (C.17)). At this point the ghost kinetic terms
are not canonically normalized and diagonal. To this end one needs to perform the transformation

¢y — (1—aaa)cy —aageyz,
cCz — (1 —azz) Cz,
c+ — (1 — aww) C4. (0.22)

After this transformation (and the rescaling Eq. (3.1))) the ghost kinetic and mass terms are
diagonal and the kinetic terms are canonically normalized. The gauge dependent masses of the
ghosts are given by

/a2 1 /2
Mey = \/g% (1+0m) = \/gmw, Me, = \/Zw = \/Emz, me, = 0. (C.23)

The ghost interactions with electroweak vector bosons take the form

Leev = i(eAy + weez9coZy,) (0uCrc— — Oy_cy)
+ i (WyeweOuly + WaewgCoOutz) (WM_C+ — ch,)
+ 1 (WJ@LE_ — WJ@HEJF) (ecy + wezwgcocz) , (C.24)
where
B @2+ g7
Weez = 1— 9 CwO,
202 12 4
Wryew = 1+ J (929/29 )CwD - 299/2 Cz0,
g
Weew = 1-— g2CwI:I + ECZD’
2 2
+
Wezy = 1— J 9 J CywO- (025)
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D Examples

D.1 On eliminating hoh? interactions

We consider an effective Lagrangian for a Dirac fermion f and a scalar h with the following terms:

L= ifv0uf + = (ah) mh 2 Y pif - hahah (D.1)

7

The interactions terms are the Yukawa coupling between the scalar and fermions, and a 2-
derivative self-interaction term of the scalar. In this effective theory, we consider the scattering
process ff — hh at tree level. The amplitude for this process can be written as

« 2 _

2
Yy o « 3my,
= ) § 1+ (D2)
V2 A s —mj

where p1, p2, k1, ko are the momenta of the incoming fermions and the outgoing scalars, s =
(k1 + k2)?, and u, v are spinor wave functions for the fermions. Since ¥(p2)u(p1) ~ /s, the
h(8,h)? interaction leads to amplitudes growing with energy as a/s/A which eventually violates
perturbative unitarity for large enough /s.

We can equivalently work with an effective Lagrangian where the 2-derivative h((‘)uh)2 inter-
action is eliminated via field redefinitions. To this end we redefine the scalar field as

2
— D.
h—>h+2Ah (D.3)

After this redefinition the effective Lagrangian of Eq. (D.1)) takes the form

L=if 8f+1(8h)2—m—’21h2 h+5h2 Ff = (D.4)
=1 YuOu o\ B \/ﬁ A xx .
where o

and the dots stand for h?* interactions that are not important for the present discussion. Seemingly,
the effective Lagrangians in Egs. and are different, as they contain different interaction
terms. However, we know that field redefinitions cannot change the physical content of the theory.
Thus, the two Lagrangians must give exactly the same predictions for physical observables. We
will verify this explicitly for the ff — hh process. Indeed, calculating the amplitude using the
Lagrangian in Eq. we find

m2
MUEF = ) = =2 (o) 28+ 6% 2y . (0.6)

This is exactly the same as the amplitude in Eq. upon using Eq. . In particular, the
amplitude is growing as /s even though the 2-derivative interaction h(9,h)? have been redefined
away. In Eq. , this behavior is due the contact term h%ff in Eq. which appeared as
a consequence of the redefinition.
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An analogous method to eliminate the h(auh)2 interaction of the Higgs boson was applied in
the mass eigenstate Lagrangian for dimension-6 EFT in Section 3] see Eq. . In that case, the
motivation for doing so is stronger than in the current example. The point is that dimension-6
operators in popular bases generate corrections to all the 3 types of interaction terms relevant
for double Higgs production: h3, h2ff and h(d,h)%. By eliminating the h(9,h)? interaction
we reduce the number of interaction vertices in the theory, without changing at all the EFT
predictions for double Higgs production amplitudes. Similarly, the purpose of other redefinitions
in Eq. is to fix the redundancies in the mass eigenstate Lagrangian, so as to reduce the
number of interaction terms. This way one arrives at a simpler and more convenient form of the
mass eigenstate Lagrangian without changing the physical predictions of the dimension-6 EFT.

D.2 On eliminating hV ff interactions

We consider an effective Lagrangian for a massless Dirac fermion f, a massive scalar h, and a
massive U(1) vector V,, with the following terms:

1 1 ~ 1 2
L = _ZV#VV#V + 5m%/VuVu + i fYuOuf + §(auh)2 - %hQ

_ h _
+ gVuF o +envy g gVt (D.7)

The interaction terms are the renormalizable interaction between the vector and fermion fields
with the coupling strength g, and the non-renormalizable contact interaction between the scalar,
vector and fermions with the dimensionful coupling strength gcpy ¢/A. In this effective theory, we
consider the decay process h — ffV at tree level. The amplitude for this process can be written
as

F gervy ,_ .

Mh = £FV) = Z @ka)yohn) € (ks), (D.8)
where k1, ko, k3 are the momenta of the outgoing fermion, anti-fermion, and vector, respectively.
Furthermore, u, v are spinor wave functions for the fermions, and ¢ is the polarization vector for
V.

We can equivalently work with an effective Lagrangian where the Higgs contact interaction is
eliminated in favor of other Higgs couplings. To this end, we can use the equation of motion for
the vector field:

OV = miVy + gfyuf + O(1/A). (D.9)

Solving this equation for f’yu [ and plugging back the solution into the last term of Eq. (D.7)) one
obtains the effective Lagrangian

1 L o g 1 2 mi% 2
L = _ZVNVV#V + EmVVHVH + Zf’)/ualuf + 5(8“]2) — 7h
- h h
+ gv,uff)/,uf + CVXm%/VuV,u, + Cvo Kvﬂal‘vl“/ + 0(1//\2) (DlO)
where
Cv = —Chvf, cvo = Cpvf- (D.11)

Seemingly, the effective Lagrangians in Eqs. (D.7) and (D.10) are different, as they contain
different interaction terms. However, much like field redefinitions, replacing interactions terms by
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others related via equations of motion does not change physics. Therefore, observables calculated
with the effective Lagrangian must be the same We can verify it explicitly for the decay
process h — ffV at tree level. Unlike with Eq. , there is no direct vertex connecting h to
the final state ffV. Instead, with the vertices in Eq. , the process occurs via a decay of h
to one on-shell and one off-shell V, with the latter decaying to a fermion pair. One finds

2 2 2
Mh— [fV) = Zovmiy + ovaly 44 )) ,

2
q2_mv

(@R uo(k)) € (k) ( (D.12)

>

where ¢ = k1 + k2, and the denominator comes from the propagator of the off-shell V. This
exactly matches the amplitude in Eq. upon using Eq. .

This example demonstrates that contact hV f f interactions can be equivalently represented
by hVV interactions with zero and two derivatives. This is taken advantage of in this note
to simplify the mass eigenstate Lagrangian for the SM EFT with D=6 operators in Section [3]
Namely, it turns out that D=6 operators generate two kinds of AV ff terms, with V = W, Z
bosons, and f the SM fermions. One is universal, in the sense that it depends only on the
quantum numbers of f, and the corresponding direction in the EFT parameter space is relatively
unconstrained by experiment so far. For the other kind, the coefficients of AV ff terms are in
general non-universal and equal to vertex corrections to SM V ff interactions. The latter are
strongly constrained by electroweak precision measurements. The condition #6 below Eq.
amounts trading the universal hV ff terms for zero- and two-derivative hWW, hZZ and two-
derivative hZOA interactions. The motivation is that, in this way, a small number of bosonic
hV'V terms in the Lagrangian represents universal hV f f terms for all flavors of the SM fermions.
One could of course, equivalently, eliminate hV OV interactions in favor of the fermionic contact
terms, without changing the observable predictions of the EFT.
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