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1 Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] has opened
a new era in particle physics in which we have, for the first time, direct access to the
electroweak symmetry breaking sector. The naturalness problem associated to this scalar
sector is still one of the main reasons to expect new physics beyond the Standard Model
(SM) at the TeV scale, and thus accessible to the LHC. However, the lack of significant
deviations from the SM predictions after Run 1 suggests that, even if really present, the
new particles may be too heavy to be produced on-shell, so that only their indirect effects
can be observed at the LHC —although it is certainly possible that they are just above the
current reach and can still be directly produced at the higher energies of Run 2. In such
a case, the natural language to parameterize the expected effects of new physics is that of
effective theories.

Effective Lagrangians provide a model-independent description of the effects of new
particles at energies much smaller than their masses. Hence, they are the perfect tool to
study any new physics that lies beyond the reach of our current experiments. A single
higher-dimensional gauge-invariant operator contributes in general to several different cou-
plings between SM particles after electroweak symmetry breaking, leading to non-trivial
correlations between different observables [3]. These correlations can be tested experimen-
tally or, alternatively, be used to predict the size of the expected deviations with respect
to the SM predictions [4]. In addition, higher-dimensional operators are often generated



by a smaller number of couplings in specific ultraviolet completions and therefore the co-
efficients of different operators are correlated as well. It could be argued that these latter
correlations are model-dependent, defeating the very purpose of the effective Lagrangian.
However, model independence can be recovered if a complete dictionary between ultra-
violet completions and effective operators is built. Such a dictionary would provide a
comprehensive classification of new physics with potentially observable effects at the LHC.
This classification can hence guide experimental searches to ensure that no viable option
is missed at the LHC, and help to identify the origin of possible deviations from the SM
predictions.

Encouraged by the recent experimental observation of a Higgs sector, in this article we
focus on new scalar particles. We first classify all the possible new scalars that can cou-
ple linearly, with renormalizable interactions, to SM fields, and write their most general
phenomenologically-relevant interactions. These particles can be singly produced at col-
liders with sizable couplings and have therefore the most promising discovery potential at
the LHC. The corresponding general interactions of new quarks, leptons and vector bosons
have already been given in refs. [5, 6] and [7], respectively. Our results here thus complete
the description of arbitrary new particles with linear gauge-invariant renormalizable cou-
plings to the SM fields. This provides an extremely useful scheme for a model-independent
interpretation of LHC searches. Particular models correspond to specific choices of the
general couplings and masses in this set-up. Therefore, once the experimental results are
written in terms of the general parameters it is straightforward to derive consequences for
any model of choice.

It turns out that the same classification also covers all possible new scalar particles
that contribute, once integrated out at the tree level, to the SM effective Lagrangian of
dimension five and six. We perform this integration explicitly. In predictive models loop
contributions are suppressed, so it is expected that the leading observable consequences of
new heavy scalars are those generated at tree level. Except for this assumption, our results
are completely general and can be used for an arbitrary extension of the SM with heavy
scalars, independently of their amount and quantum numbers. Furthermore, extra heavy
particles with different spins do not mix with the heavy scalars in their contribution to
the dimension-six effective Lagrangian at tree level. Therefore, together with the effective
Lagrangians generated by the most general extension of the SM with new quarks [5],
leptons [6] and vector bosons [7], our results complete the tree-level dictionary between
any model of new physics and the dimension-six SM effective Lagrangian. This dictionary
can be used to trivially obtain the observable implications of an arbitrary model of new
physics at energies much smaller than the masses of the new particles involved. It is also
a powerful tool to investigate correlations or cancellations predicted among observables
in specific extensions of the SM. Finally, it provides a rationale for the calculation of the
constraints on the coefficients of the SM effective Lagrangian, as one can put constraints
on the sources of the effective operators in a correlated way rather than on arbitrary
combinations of them.

The article is organized as follows. We classify in section 2 all possible new scalars
that can have linear interactions with SM fields. We describe in section 3 how to compute



the effective Lagrangian that results from the tree-level integration of an arbitrary number
and type of new heavy scalars, and show that the previous classification exhausts the list
of new spin-0 particles that can contribute to the dimension-six effective Lagrangian at
tree level. In section 4 we discuss what effects induced by the heavy scalars are observable
at this order. Some applications of the effective Lagrangian are presented in section 5.
Finally, we comment on the interplay between new scalars and particles with different
spin in section 6, and conclude in section 7. The basis of dimension-six operators and
all the relevant scalar interactions with the resulting effective Lagrangians, are given in
appendix A and B, respectively.

2 Standard model extensions with extra scalar fields

We consider a general renormalizable theory for extra scalars and SM fields, invariant under
Lorentz transformations and under the complete SU(3). ® SU(2)r ® U(1)y gauge group.
The new scalar fields will come in complete representations of this group, which can be
decomposed into their irreducible components o. Non-renormalizable interactions are also
possible in principle, but in a predictive theory they will be suppressed by a scale larger
than the mass of the extra scalars. Here we concentrate on the leading effects, which are
generically described by operators of dimension four at most.
The most general Lagrangian for such an extension of the SM can be written as

L= Lo+ Lo + Lint, (2.1)

where Lgy is the SM Lagrangian, £, contains the kinetic (with covariant derivatives) and
mass terms for the new scalars and Ly describes the non-gauge interactions of the extra
scalars.

The SM Lagrangian reads, in standard notation®

1 1 1
Lou = =G, G 1 — WL, WM — 2By, B
H Ui D + g i D)+ ey i D ey + uly i Dufy + diy i B dy, (2:2)
+ (Du9)! D6 — U (9) = (5 lyoch + vih aiodiy + Vil didufy +hec.) .

In order to fix the meaning of flavor indices, we have chosen a basis in which the Yukawa
interactions for the charged-leptons and down-type quarks are diagonal. As usual, (;3 =
io9¢* denotes the iso-doublet of hypercharge —1/2, constructed with the Higgs doublet ¢.
The Higgs scalar potential is

U (¢) = —ug 10" + Xo |6l (2:3)
The Lagrangian £, contains the gauge-invariant kinetic and mass terms for the new scalars:
Lo = Zna {(DMJ)Jr Do — MgaTa] , (2.4)

g

'We use capital indices A, B, C as color indices, whereas lower case indices a,b = 1,2, 3 tag fields in the
adjoint of SU(2). Latin indices i, j, k are used to label different generations.



where 1, = 1, 5, for complex and real scalars, respectively. Note that we are working in a

’ 27
basis with canonical kinetic terms and diagonal mass matrices for all scalar fields, including
the Higgs doublet. To match models written in a different basis, the diagonalization must

be performed prior to using our formulas.?

Finally, Liy contains the renormalizable interactions of the extra scalars (among them-
selves and with the SM fields), except for the gauge interactions, which are already included
in £,. We can distinguish between interactions with fermions and purely scalar interac-
tions:

Ling = -V ({c},¢) — Z No <UTJ(; + h.c.) ) (2.5)

The chirality-flipping fermionic currents J, ~ 11, ® g or J, ~ Eg @1, couple to one scalar
field with a dimensionless coupling. The potential V' contains scalar interactions between
the new particles and, possibly, the SM Higgs fields. Together with the mass terms and U,
it forms the total scalar potential. As explained above, V' does not include mass mixing
terms, since we work in a basis with diagonal quadratic terms. Thus, each term in V
contains either three or four scalars, with couplings of dimension one or zero, respectively.
Furthermore, all the terms in V have at least one o field.

The new scalars with linear interactions in Lin; can be singly produced at tree level
in colliders.® By “linear interactions” we mean that Li,; contains some non-vanishing
term that is the product of SM fields and a single power of the given extra scalar field,
with no other extra scalars. Gauge invariance and the particle content of the SM strongly
constraints the quantum numbers of new scalars that can have such linear interactions.
As we show in the next section, only the scalars in representations that allow for these
linear couplings can contribute at tree level, to order 1/M2 in the heavy mass limit, to
observable processes with SM particles in the initial and final states. We list in table 1 all
the irreducible representations of scalars with linear interactions of this kind. The scalar
representations S, =y, ©1 and ©3 do not couple to the SM fermions. In appendix B we
write the interactions in Ly explicitly, including only those that have an impact in the SM
effective Lagrangian at dimension six. These include the mentioned linear interactions of
the scalar fields in the irreducible representations of table 1, as well as terms involving two
or three scalar fields in the same set of representations. Note that, in particular, new scalars
can always couple with the SM through a Higgs-portal type of coupling (O’TU) (QSTQS) 8].
However, only the ones in our list with the right quantum numbers to allow for linear
couplings to the SM will induce dimension-six operators when integrated at tree level.
Moreover, as we explain in the next section, interactions involving two or more new scalars
are relevant for the calculation of the effective Lagrangian to dimension six only in those

2Furthermore, we assume that there are no tadpole operators in the electroweak symmetric phase. This
entails no loss of generality since these tadpoles, which are only possible for new singlet scalars, can always
be eliminated by a shift of the singlet field(s). The only effect of this shift is a redefinition of the parameters
that we write explicitly.

30ther scalar fields can also be singly produced if they mix with these after electroweak symmetry
breaking, but if they are heavy the production rate will be suppressed by the square of small mixings.



Colorless S S Sy ® = =] (Ch O3
Scalars

Irrep (1,1), (1,1), (1,1), (1, 2)% (1,3), (1,3), (1,4)% (1, 4)%
Colored w1 ) w4 114 I ¢

Scalars

Irrep G Bz B (3,2): (3,2)z  (3,3) 1

Colored 0 Qo Qy T (0]

Scalars

Irrep 6,1 (61 2 (6,1 (63 (8,2)1

Table 1. Scalar bosons with linear renormalizable interactions with the SM fields. The quantum
numbers (R., Ry,)y denote the irreducible representation (Irrep) R, under SU(3)., Rz under SU(2)y,
and the hypercharge Y, respectively. The hypercharge is normalized such that the electric charge
is Q@ = Y + T3. Looking only at the quantum numbers, some readers might miss in this list a
scalar particle transforming as a (1, 2)% and coupling linearly to three Higgs doublets. However,
the corresponding operator actually vanishes, since it involves an antisymmetric combination of the
Higgs fields.

cases where the scalar potential contains trilinear couplings of new scalars to two Higgs
fields (see tables 9, 13, 14 and 28 in appendix B).

Extensions of the SM with new scalar fields have been extensively considered in the
past and partial classifications have been presented, with special emphasis on their effect
on baryon and lepton number violation [9-11], collider physics [12, 13], top physics [14] or
flavor physics [15]. However the complete classification of the scalar fields that can couple
linearly to the SM and the calculation of the tree-level dimension-six effective Lagrangian
for the most general extension of the SM with an arbitrary number of new scalar fields has,
to the best of our knowledge, never been presented before.

3 The effective Lagrangian for heavy new scalar particles

In this paper we are mainly interested in the effects of heavy new scalars, with masses
M, that are large in comparison to the Higgs vacuum expectation value (vev) and to the
energies probed by the available experimental data. An efficient way to describe these
effects at leading order is to integrate the heavy scalars out and expand in 1/M, to obtain
an effective Lagrangian with gauge-invariant local operators of dimension up to six. This
allows for a direct comparison with model-independent analyses and also for a simple
combination with other extensions of the SM. In our theory with general extra scalars, the
coefficients of these operators will be simple functions of the couplings and masses of the
heavy scalars. Once again, we work at the tree level for simplicity and to avoid further
suppressions (see [13, 16-18] for examples of one-loop integration of scalar multiplets).

In this section we describe the integration of the heavy scalar fields. In particular,
we show that among the infinite scalar representations that can appear in Liy, only the



ones in table 1 contribute to the effective Lagrangian to dimension six. For clarity, our
discussion will be slightly schematic. The complete explicit results, i.e. the dimension-six
operators and the values of their coeflicients, are collected in the appendices.

In the following we assume that, before electroweak symmetry breaking, the scalar mass
matrix has only one negative eigenvalue, —ui. The eigenvector is a (1,2); /5 scalar field ¢,
which we identify with the SM scalar doublet. The other eigenvalues, M2, are assumed
to be large in comparison with the Higgs vev and with the relevant energies. Finally, we
assume that the dimensionful couplings x, that multiply the dimension-three operators in
V are at most of the size of the smaller heavy-scalar mass, |ky| S M, with M = Min {|M,|}.
These assumptions are well motivated by the agreement, within the available precision, of
experimental results and SM predictions for Higgs observables. They lead to a decoupling
scenario and allow us to perform the integration in the electroweak symmetric phase, which
is extremely convenient. The occurrence of electroweak symmetry breakdown and all its
effects are captured to order 1/M? by the effective Lagrangian. This includes the case in
which the extra scalars acquire (suppressed) vevs in the Higgs phase [16, 17].

The integration at the tree level can be performed solving the classical equations of
motion for the heavy fields and inserting the solutions into the original Lagrangian. This
procedure manifestly preserves the gauge invariance of the original theory. Let ¢! be each
of the scalar fields. Different values of the index i label different scalars, in the same or
in different representations. We will use upper and lower indices for the fields and their
complex conjugates, respectively. The covariant propagator is

-1 1 D?

Aj=—(DI+M} =-— (1— ! ) +0(1/M°®), (3.1)
() 1 M@Q MlZ

with D; the covariant derivative acting on ¢’. The part of the Lagrangian that contains

the extra scalars reads

U(i)UJA@;Ui + Ling. (3.2)

We are using the convention of repeated indices, contracting upper and lower indices. A
parenthesis indicates an index that can run but does not count as repeated to induce
the running (indices in parenthesis actually refer to the diagonal elements of a diagonal
matrix, the propagator). The interaction Lagrangian is a polynomial in o of degree 4 with
no constant term. Hence, it will be of the form

4

L == Y o)y Wiiiot o', (3.3)
m-+n=1
where m and n vary independently subject to the indicated constraint. The operators
Wfl 1.'.‘.3: are formed with SM fields only and obey the obvious hermiticity conditions inher-
ited from Lint. In general, they carry reducible representations of the gauge group, but the
operators with one index i belong to the irreducible representation of the associated o’ or
03 . The equations of motion for the new scalars read
. oL

o' = —Ap— 5
o]

2

(3.4)



Figure 1. Feynman diagrams contributing to the effective Lagrangian to order 1/M?. Non-
equivalent permutations of the arrow directions shown here should be considered as well.

Note that the right-hand sides depend on the fields o, so these are not explicit solutions.
But the equations can be solved iteratively. The crucial point is that A; is O(1/M?),
whereas the couplings in Ly, are either dimensionless or O(M), at most. Therefore, the
iterative solution of (3.4) starts at O(1/M), and each correction (step of the iteration) is
suppressed by at least another 1/M factor. Using (3.3) in the right-hand side of (3.4), we
can perform the iteration explicitly. Then we plug the iterative solution in (3.2) and (3.3),
neglecting O(1/M?3) terms, to obtain

Lot = Loy — A WilW' = A Ay (Wi WWI + WIW, W + WIW W)
— A AG A (WijkWinWk + Wi W WIW* + WIw,w,wk + wiw,wiw*
FRWRWIWW; + 2WoWEW W 4 AW S W W + Wiw W, )
+O(1/M3). (3.5)

In each term, A(;) acts on the operator with an upper index i. The covariant propagators
A,; are to be expanded in 1/M?, as in (3.1). This result matches precisely the one obtained
from the possible Feynman diagrams with heavy-scalar propagators that contribute to or-
der 1/M?, shown in figure 1. The blobs in this figure represent the SM operators W;lljl;”
with m incoming and n outgoing lines, and the arrowed lines represent the covariant prop-
agators A;.

Observe that in all the terms in (3.5) except the ones in the last line, there is one

W; or W operator for each propagator index i. W; and W arise from terms in L., with
.|.

only one heavy scalar (o% or o]), which are what we have called linear interactions. In the



last line (corresponding to the last Feynman diagram), on the other hand, all terms have
a propagator with index k that is not attached to any Wj or W, but only to operators
with two indices. However, these terms are actually the contraction of the two one-index
operators Wj, = [Wij AjyW] and Wk = (Wi AyWY] (or variations in the position of
the indices). The operators Wk and WF are in the same gauge representation as W and
W¥ . respectively. Moreover, to allow for an O(1/M?) contribution, the operators WN/k and
W* must have a dimensionless coefficient and, hence, scaling dimension four. Therefore,
the scalars o* (0;2) associated to Wk (Wk) must also belong to a representation that
allows for renormalizable linear interactions. We conclude that only the scalar fields in the
irreducible representations of table 1 contribute at the tree level to the effective Lagrangian
to dimension six.

Note also that the last two topologies in figure 1 only contribute to this order when the
four blobs contain O(M) dimensionful couplings, which requires that all of them arise from
trilinear terms in the scalar potential. In particular, the SM fermions only appear through
the diagrams with the first and second topologies. Gauge bosons only arise at dimension
six from the covariant propagator of the first topology, when both blobs represent trilinear
interactions in the potential.

A complete basis of gauge-invariant operators to dimension six, including the ones
generated by heavy scalars, is given in appendix A. The relevant interactions of arbitrary
scalars and the detailed results of the integration are collected in appendix B.*

4 Observable effects of new scalars

The leading indirect effects of new heavy scalar particles on physical observables are de-
scribed by the dimension five and six effective operators, with coefficients given in tables 9—
28 in appendix B. In this section we give an overview of these effects. We discuss colored
and colorless scalars in turn.

The scalar fields with SU(3). quantum numbers manifest themselves, at dimension six,
only through four-fermion interactions. Therefore they can be tested in two-to-two fermion
processes or in particle decays. The flavor structure of the scalar interactions makes them
particularly sensitive to constraints from flavor-violating processes, although it is always
possible to go into an alignment limit in which each new scalar couples exclusively to certain
fermion generations, up to factors of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In
such a case, the bounds from flavor-preserving processes can become dominant. We will
only consider this scenario in the following.

The scalar fields w1, wy, 111, IT7 and ¢ carry quantum numbers that allow for lepton-
quark Yukawa interactions. These scalar leptoquarks can be tested in the dilepton processes
ete™ — had at LEP2 and pp — £/~ at the LHC, where the new particles are exchanged
in the ¢ channel, and also in low-energy experiments (e.g. parity violation in atoms). The
multiplets w1, ws and ¢ admit purely hadronic interactions too. The simultaneous presence
of all these interactions introduces a violation of lepton (L) and baryon (B) number, as is

“In some cases, we employ algebraic identities and/or field redefinitions to transform the induced oper-
ators into the ones in our basis.



manifest by the generation of the operators labeled as “B & ¥” in tables 19, 17, and 22.
These contributions are proportional to the product of one lepton-quark and one quark-
quark Yukawa coupling, so the strong constraints set by the non-observation of proton
decay forces one of these two couplings to be very small (see for instance [19]).

The remaining colored representations, ws, 21, 29, Q4, T and ®, only admit quark
Yukawa interactions and therefore generate only four-quark contact interactions. Aside
from flavor observables, these can be tested in dijet production at hadron colliders. If
coupled to the first and third family, top pair production (with opposite or same sign) is
also possible.

The phenomenology of colorless scalars is significantly richer. Again, the exchange of
some colorless heavy scalars generates four-fermion operators, which in this case include
operators with four leptons. In particular, all the four-fermion interactions induced by the
multiplets &1 2 and =Z; are purely leptonic. The effects of these operators could show up in
the eTe™ — £T¢~ data taken at LEP2 or in low-energy experiments such as measurements
of parity violation in Mgller scattering.® In general, these four-lepton operators also con-
tribute to very sensitive lepton flavor violating processes, such as u~ — eTe~e™ (note that

Te~. But similarly to the quark case, these

this cannot be mediated by Si) or 77 — u”e
dangerous effects are absent when the scalar couplings are properly aligned with the SM
lepton flavors.

Colorless scalars can also have visible effects in other types of observables. To start
with, the hypercharge-one iso-triplet =1 is the only scalar multiplet that can produce lepton-
number violation. Indeed, it contributes to the dimension five Weinberg operator [21]
O5 = EQZ;*Q;)TZ L, which generates Majorana masses for the SM neutrinos. This is nothing
but the well-known seesaw mechanism of type II. Unless the scalar iso-triplet is very heavy
(and thus does not contribute to other observables), the smallness of neutrino masses
requires that either the lepton Yukawa couplings of the scalar or its linear interactions
with the Higgs be tiny [22-24].

Colorless scalars contribute to the following three purely bosonic dimension-six opera-
tors: Oy = (¢1¢) O (¢19), Opp = (¢'Dyg) (DF¢T¢) and Oy = (¢T¢)3 /3. The first one,
Ogp, is in one to one correspondence with the Peskin-Takeuchi oblique 7" parameter [25],

QpD ’U2

20, A2’

(4.1)

which is very strongly constrained by electroweak precision data (EWPD), especially now
that the value of the Higgs mass is known. Only the colorless iso-triplets =g and Z;
contribute to Oyp at the tree level. Hence, these are the only scalars whose effects break
custodial symmetry at tree level, to dimension six in the effective Lagrangian expansion.
In this regard, note that, unlike the weak iso-singlets and iso-doublets, quadruplets do also
break custodial isospin at the tree level if they acquire a vev. However, because of the
absence of trilinear interactions with two Higgs fields, this vev is suppressed by a factor

5Four-lepton operators not involving electrons could in principle be accessible through four-lepton pro-
duction at the LHC or ILC. The sensitivity is however only marginal if there is no resonant production [20].



of O(1/M?). Therefore, quadruplet custodial isospin breaking effects appear starting at
dimension eight.
Both Oyp and Oy renormalize the wavefunction of the physical Higgs field,

H — <1 + Oé¢|]i2 — 10& ’1)2> H (4.2)

A2 4 0PN )
and therefore enter in most Higgs observables. Nevertheless, the constraints on the coeffi-
cient of Oyp from EWPD are significantly stronger than the ones from Higgs physics [26,
27], and completely dominate in the global fit. The operator O, introduces corrections to
the Higgs vev and mass parameters, which can always be absorbed in the physical values.

It also gives a direct contribution to the self-coupling of the physical Higgs,

5 o3

which is in principle observable in Higgs pair production. However, the LHC data at 8 TeV

H3, (4.3)

are not sensitive enough to probe the Higgs self-coupling. Given the small cross sections
for Higgs pair production in the SM, a measurement of the Higgs self-coupling seems to be
challenging even with the results of Run 2, and may require of the high-luminosity upgrade
of the LHC [28]. On the other hand, a relatively large enhancement in diHiggs production
due to the effect of Oy could unveil the presence of new physics effects before sensitivity
to the SM coupling is attained.

With the exception of &1 and Ss, all the colorless multiplets contribute to Higgs ob-
servables (the singlet S and the two quadruplets ©; and ©2 only contribute to Higgs
observables). The singlet S and the iso-triplets =9 and Z; contribute to Oy and their
trilinear couplings can therefore be constrained by Higgs measurements. The latter two,
however, contribute to Oyp via the same trilinear coefficients, which are therefore con-
strained mainly by EWPD. The quadruplets ©1 and O3 only contribute to Oy, so, to
dimension six, their effects are not observable in current data.

Finally, the scalar-fermion operators Q.4 = (ngT(ﬁ) (Egbe R), Oag = (QST(;S) (qrodr), and

Oug = (nggZ)) ((TLQZ;u R) correct the SM Yukawa interactions:
1 i i i v?
ALyukawa = EH ((a€¢)ij epen + (Voaug);; upug + (adg);; didp + h'C') ek

In this equation we have already reabsorbed the corrections to the masses in the definition

(4.4)

of the SM Yukawa matrices. These operators are generated by the colorless iso-triplets
and iso-doublet. For Zy and =1, the coefficients are proportional to the (squared) trilinear
couplings, which as pointed out above contribute to the 1" parameter and are strongly
constrained by EWPD. In the case of the doublet ¢, the coefficients are proportional to
the product of the scalar coupling A, (nggb) (ngqﬁ) + h.c. and the corresponding fermionic
coupling. The Higgs observables only constrain this product but not the individual cou-
plings. (The scalar coupling enters quadratically in the coefficient of O, but, as indicated
above, there is no significant bound on this coefficient at present.)

In the next section we give some numerical results for bounds that can be obtained on
the couplings and masses of the heavy scalar particles from the available measurements.

~10 -



5 Precision constraints on new scalars

As explained in the previous section, the effects of the scalar couplings in tables 9-27 can
potentially be observed in several different physical processes. The good agreement of
the SM predictions with most of the current observations implies bounds on the different
interactions. In this section, we use the effective Lagrangian results obtained in the previous
sections to derive flavor-conserving limits on some of the scalar representations.

For the sake of simplicity, in the fits presented here we consider only one scalar multiplet
at a time and always assume that only one of the possible couplings of each scalar is non-
vanishing.® In most cases, this assumption gives rise to conservative limits. More general
scenarios are certainly interesting and can be studied with the tools provided in this paper.
At any rate, it is important to observe that there are strong phenomenological reasons for
not considering certain couplings simultaneously, as we explain next.

As stressed above, the new scalar fermionic interactions do not conserve flavor in
general. Thus, they are subject to the constraints imposed by observables measured in
flavor-violating processes, which are usually much stronger than the ones from flavor-
conserving observables. For pure hadronic interactions in the form of four-quark operators,
for instance, the observables with AF = 2 transitions (e.g. €x or Amp, measured in
KO — KO mixing) impose bounds on the new physics scale typically around 102-10% TeV,
assuming order-one couplings [30]. Lepton flavor violating processes also impose strong
bounds, especially from rare decays such as u~ — ete~e™ or u — ey. Flavor-preserving
results are meaningful in scenarios in which flavor constraints are subdominant or do not
apply. For instance, flavor constraints can be avoided in a natural manner by enforcing an
appropriate symmetry on these SM extensions, which requires extending each scalar gauge
multiplet to a full multiplet under the corresponding flavor group [15]. From the point of
view of our model-independent description of new scalars, each of these flavor multiplets
corresponds to several copies of one of our gauge-covariant multiplets, with correlated
couplings.” The presence of tree-level flavor changing neutral currents can also be softened
if the new Yukawa interactions are adequately aligned with the SM flavors. In particular,
any flavor violation can be removed — up to terms suppressed by the corresponding CKM
matrix elements — if, for each scalar multiplet, only one entry of the new Yukawa matrices
is non-zero. We will restrict ourselves to this case in the present section. This tuned choice
provides conservative bounds. It also helps to establish in which places certain new physics
effects might be hidden and to determine their maximum size allowed by current data.

We also noted in the discussion of the previous section that in several cases the new
scalars can contribute to other extremely sensitive physical observables, such as proton
decay or neutrino masses. Since one can always assign definite B and L numbers to the
new scalars, such contributions can only appear as the product of two interactions selecting

5Besides the obvious simplifications of reducing the number of free parameters and allowing for a simple
one-dimensional presentation of the results, this assumption allows us to use the pp — jj results of [29].
Indeed, the four-quark operators O[(Ii)d and Oéi)d, not considered in that reference, are generated for some
scalar representations, but their coefficients always involve the product of two different Yukawa couplings.

"Since ref. [15] concentrates on quark processes, its classification does not include the scalar representa-
tions that do not have purely quark interactions.
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different assignments of these quantum numbers. Therefore, they are always avoided when
only one of these couplings is non-vanishing.

Finally, certain contributions to four fermion operators that would give rise to charged-
current interactions mediating rare decays are also absent when we only consider one non-
zero coupling. For instance, the observable R, = I'(mt — ve™)/T'(7" — vu™) set bounds
on the operators Oyge, Ojeqq and Ojyqe, which are significantly stronger than the ones from
the LHC and EWPD considered here [31, 32]. The same holds for same-sign top pair
production [33].

In the scenario we are considering, with no contribution to any of these sensitive
observables, the most relevant constraints on the couplings and masses of the new scalars
come from flavor-, B- and L-blind observables. Our fits combine the bounds on dimension
six interactions from EWPD [34] (see also [35]),® LHC dilepton [32] and dijet searches [29],
and measurements of Higgs observables [26].” In all the analyses we fix the SM inputs to
their best-fit values in the absence of extra scalars,

my =1251402GeV,  my; =173.840.8GeV, My = 91.1880 & 0.0020 GeV,
as(M%) = 0.1186 +0.0006,  Aal?) (M2) = 0.02754 + 0.00010, (5.1)

and vary only the new-physics parameters. This is a good approximation, since large effects
are not allowed. The limits we obtain in this way are presented in table 2 for the colorless
multiplets, and in table 3 for the ones charged under SU(3).. In all cases the limits apply
to ratios of couplings and masses, which are the quantities that appear in the coefficients
of the effective operators. (In some cases tailored searches can give better bounds when
the new scalars can be directly produced [46].)

Let us comment on the few absences in those tables. In the colorless case, we cannot
put meaningful bounds on the quadruplet couplings. As explained in the previous section,
they only modify the Higgs self-coupling, which is not significantly constrained by the
LHC data at 8 TeV. In the colored sector, we have not presented any bounds for wy, nor
for the hadronic couplings of wy and . These could be in principle constrained by the LHC
dijet data. However, the hadronic couplings of these three multiplets are antisymmetric
and necessarily involve more than one family. Hence, they go beyond the first-family
approximation used in [29]. Putting bounds on them would require an extended analysis.

Finally, let us discuss the range of validity of the effective Lagrangian. In this approach,
the results are given on the ratios y,/M,, where y, < 47 to allow for a loop expansion, or
ko /M2, where we assumed |ky| < M,. To guarantee the validity of our bounds, we need to
assume that the scalar masses are sufficiently larger than the relevant energies and momenta
of the processes we consider. This condition depends on each observable and coupling and
is always satisfied by large enough values of the masses. But for large masses the upper

8This includes the usual Z-pole data [36], Aa&?d (M%) [37], as(M2) [38], the top [39] and Higgs [40, 41]
masses, the W mass and width [42, 43], the final LEP2 results of eTe™ — ff [44], unitarity constraints on
the the CKM matrix [38], as well as several low-energy measurements [38].

9We do not include here limits from (opposite sign) top pair production on couplings mixing the first
and third generation of quarks. These can be obtained from LHC data and the results in [45] and [14] and
will be considered elsewhere.
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Scalar Parameter 95% C.L. Bound
[TeV™1]
ks
S M—‘E 1.55
‘l ‘ — 0.08 —
Ys
Si Ms, 0.08 — —
0.36 0.19 0.28
5
S2 Ms, 019 — -
028 — —
0.26 0.56 0.79
© ’i”/}d 0.56 — —
0799 — -—
d
’(y]\%})(pll’ 061
’(y]‘%)¢11| 0.44
Zo MEZO| 0.11
=0
= I;EI 0.04
l 0.33 0.09 0.18
e 0.09 — —
0.18 — —

Table 2. Bounds on the colorless new scalars from flavor-preserving observables. The results for
the Yukawa matrices are obtained from a fit to each one of the entries of the coupling matrices
at a time. The limit on kg is determined exclusively by the Higgs data, while the ones on the
kg, couplings are dominated by the EWPD limits on the T parameter. Leptonic couplings are
constrained by the LEP2 (eTe™ — £7¢7) and low energy measurements (e.g. Mgller and v-electron
scattering), while the hadronic ones are bounded by the LHC dijet angular distributions.

region of the allowed parameters may involve strong couplings that threaten perturbativity
and thus the validity of the tree-level approximation. This can happen when the limits on
coupling/mass ratios are weak. One example is the scalar singlet S, which is only observable
through its contributions to the Higgs boson wave function via the operator Oyn, with mild
limits [26, 27]. For |ks| ~ Mg, the bound in table 2 implies Mg 2 700 GeV, which is close
to the scale probed at the LHC, and the validity of this bound might be questioned. In
some cases, entries involving electrons coupling with the second and third family of quarks
are also relatively weak ~ O(1-2) TeV~!. For weakly coupled scenarios (y, < 1) this
implies the new scalar masses can be around 500-1000 GeV. However, these entries are
only constrained by the LEP 2 data, which involves lower energies /s < 209 GeV. Those
entries that can modify dilepton production at the LHC can be as large as ~ 0.5 TeV ™!
for the case of II;. This translates into a mass scale of ~ 2TeV, which is in principle
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Scalar Parameter 95% C.L. Bounds
Scalar Parameter  95% C.L. Bound [TeV—]
[TeV~!] | 0.27 1.04 —
yu
| 0.19 0.53 — II; e 033 — —
wy b 040 — — -
- _ » 0.29 0.93 1.06
v
|(v59),, | 0.24 e 032 — -
wi
| 0.27 0.49 — ‘( d) ‘ - T
Yo, L Y4
b 0.48 ol s 0.78
- 0, ¥y ), 0.68
du MQ
|(v2) | 04T T
M“"l : Q ‘(y94>11‘ 0 47
4 Mg, .
0.28 0.98 0.98 &
v s ., 0.21 0.30 —
W4 M., . ’yg
L ¢ M 0.66 — -—
047 — —
‘ » ) 0.27 1.80 1.80 \(y?b") |
) INT® /111
15 MLHZ 048 — — o My 0.88
q
_ _ _ ‘(?’4{211‘ 1.12
yq
T M—’; 0.32

Table 3. Bounds on the colored new scalars from flavor-preserving observables. The results for the
Yukawa matrices are obtained from a fit to each one of the entries of the coupling matrices at a time.
All these interactions are constrained by two to two fermion processes. Leptoquark interactions
are bounded by LEP 2 ete™ — had data, low energy measurements (e.g. Atomic parity violation,
v-nucleon scattering), CKM unitarity, and dilepton searches at the LHC. Purely hadronic bounds
are again obtained only from the LHC pp — jj angular distributions. See text for more details.

accessible by the LHC at /s = 8 TeV. However, dilepton processes at the LHC can only
be mediated by leptoquarks in t-channel. Thus, even for such values of masses and weak
couplings, the effective theory remains valid in a large region of the phase space and can
give a good approximation to the integrated observables (see the quantitative discussion of
an analogous process in [14]). Finally, the results for the pure hadronic interactions should
be taken with care. Again, for order one couplings the corresponding mass scales can be
relatively small, while the dijet angular distributions used in [29] to set bounds correspond
to dijet masses M;; > 3TeV. Unlike the dilepton case, these scalars can be produced in
s-channel. For instance, for the case with the weakest bound, the color-octet iso-doublet ®,
demanding Mg > 3.9 TeV ( the highest M;; value observed in the CMS analysis [47] used
in [29]), the hadronic couplings needed to saturate the bounds must be (yfll)q)ll 2 4, and
one may start worrying about the precision of the perturbative (asymptotic) series. Note,
nevertheless, that for s-channel processes the limits obtained with the effective Lagrangian
give a conservative estimate of the actual limit. In summary, with the current constraints
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the effective Lagrangian approach provides in general a good approximation for heavy
scalars and a large range of values of their couplings.

6 Scalar extensions with other new particles

In the previous section we have considered in detail SM extensions with only one scalar
multiplet. In this case, there are strong correlations between different observables. In this
section we discuss the interplay between the effects of different scalars, and also between
particles with different spin. The effective Lagrangian formalism used in this article allows
an easy comparison of the effects of different sources of new physics. In particular, it helps
to identify at the Lagrangian level those places where a (partial) cancellation between the
virtual effects of different new particles in physical observables can take place [48, 49]. This
is useful for model builders to construct scenarios with not too heavy (or not too weakly
coupled) particles that are consistent with the existing phenomenological constraints. Such
cancellations require a large correlation between the effects of different new particles. Al-
though they correspond to small regions in the parameter space of generic models, in some
cases they can be made natural by imposing extra symmetries.

Let us first point out that, at the tree level, the dimension-six effective Lagrangian in
extensions of the SM with arbitrary new particles of spin 0, 1/2 and 1 is simply the sum
of the effective Lagrangian obtained here and the ones in refs. [5-7].10 Indeed, a simple
extension of the argument in section 3 shows that mixed contributions from particles of
different spin only appear at higher dimension. Therefore, the effective Lagrangians in
those references and in this paper completely characterize the largest effects of arbitrary
extensions of the SM with new heavy particles. Note in this regard that particles of
spin higher than 1 only interact via non-renormalizable couplings, which are naturally
suppressed.

In what follows we study, for each type of interaction induced by the extra scalars
to dimension six, the different sources of new physics (new scalars, fermions or vectors)
that can cancel at the tree-level the effects from the virtual exchange of scalar bosons. We
discuss the cancellations at the operator level, which is a sufficient (and often necessary)
condition to guarantee the cancellation in physical observables.

e Dimension-five operators: the Weinberg operator only arises when we integrate
the hypercharge-one iso-triplet =;. Having no definite sign, contributions from differ-
ent triplets could cancel each other, or the ones coming from the other two possible
seesaw messengers, i.e. new lepton singlets and triplets with hypercharge zero.

e Oblique operators: cancellation between custodial isospin breaking contributions
can occur between the two triplets, as both have definite, opposite sign. This is also

10A direct comparison of the effective Lagrangian results presented here with those in refs. [5-7] requires
to perform certain field redefinitions and Fierz reorderings, since the basis employed in those works has some
redundant interactions, and use different definitions for some operators. All the transformations needed
to relate both bases are provided in appendix A, where we also introduce the full basis of dimension six
operators we use, which can be compared to the one in table 7 in ref. [7].
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possible with new vector singlets with hypercharge zero (hypercharge one), which
yield negative (positive) definite contributions to agp. New vector triplets with
hypercharge one also yield negative contributions to this operator [7].

Scalar operators: these include Oy and Og. A look at the second row of table 28
in appendix B shows all the possible contributions to the operator Oy, including
collective contributions that appear when two different species of new scalars are
present at the same time. Contributions to Ogg, on the other hand, are much simpler,
and are negative (positive) definite for S (Z¢,1). This allows for cancellations between
colorless iso-singlets and iso-triplets.

Scalar-Fermion operators: in extensions with new scalars only, these operators
only appear in the case of colorless iso-doublets, ¢ or iso-triplets, =g 1. However, for
the latter they always arise through a field redefinition, necessary to bring all the con-
tributions in the dimension-six Lagrangian into the chosen basis. As a consequence,
the flavor structure of the coefficients of the operators O,y and Og4, and O, coming
from triplets is always SM-like (proportional to the SM Yukawa couplings), while the
one from doublets ¢ can be completely generic. Moreover, while all the contributions
of arbitrary triplets have the same sign, the sign of the genuine contributions from ¢
is indefinite. Therefore, cancellations between scalars are always possible.

Contributions from new vectors [7], also appear when the SM equations of mo-
tion are used. They only come from colorless hypercharge zero or one iso-singlets, or
iso-triplets (B, B1, W and W; in the notation of [7]), and are also SM-like.

Finally, heavy fermions can generate these contributions either after applying
the SM equation of motion, if only one fermion species is present, or as a result of
the combined effect of extra fermionic iso-doublets and new fermion iso-singlets or
iso-triplets [5, 6]. Even in the case of only one fermion, the contributions to Oy al-
ways involve the flavor structure of the new fermionic interactions, and therefore are
general a priori. Hence, some interplay with the contributions from scalar doublets
is possible, although an eventual cancellation of all the scalar effects may require
several different new fermion multiplets.

Four-fermion operators: upon inspection of the new scalar contributions to four-
fermion operators, it can be seen that, for a fixed set of flavor indices with i = j, k =,
the operator coefficients of all four-fermion interactions involving at most two different
types of SM fermion multiplets have a definite sign. Although the contributions
to four-fermion interactions with three or four different multiplets have no definite
sign, they are always correlated with operators involving only one or two kinds of
multiplets. Moreover, for a particular operator, contributions from scalars of different
types have either the same sign, or are proportional to the contribution to another
operator with the same field content where both scalars contribute additively. For
instance, ¢ and ® contributions to afﬁ} have opposite sign and can balance each
other. However, each individual contribution is proportional to the corresponding

(1)

one to ag,, where both have the same sign. Therefore, a complete cancellation
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of the effects from such couplings to two-to-two fermion processes is not possible
in extensions with extra scalars only. This is quite similar to the situation for extra
vectors [7]. However, as illustrated in ref. [49] for the case of pure leptonic interactions,
a cancellation between the four fermion effects coming from new scalars and the ones
from new vector particles is possible in many cases, although it comes at the price
of a significant fine tuning. New vectors of hypercharge Y # 0 contribute with a
definite sign to four-fermion operators involving at most two types of SM multiplets
if ¢« = j, k = [, exactly as in the scalar case. For vectors of zero hypercharge,
only the operators where all fermions belong to the same SM representation can
have a definite sign. This is always the case for ¢ = 7 = k = [ and, in certain
cases, for i = [, j = k.!' Instead of going over each operator/scalar/vector and
listing all the possible cancellations, we show in table 4 those interactions that are
common for each scalar-vector pair, indicating the relative sign between the different
contributions for both cases, i =1, j = k (i # j), and i = j = k = | (where some
restrictions appear in the case of hypercharge-zero vector fields). In general, for a
given operator with four multiplets of the same kind, one can always choose a scalar
and a hypercharge-zero vector field such that, tuning the corresponding scalar /vector
couplings, contributions with opposite sign are obtained. Table 5 contains the same
information for the case of four-fermion operators built from at most two types of
multiplets, with ¢ = j, k =1 (i # k).

Note that a relative minus sign between the contributions from two particles to
a given operator does not always guarantee that a complete cancellation of the new
physics effects is possible. The reason is that the contributions to some operators with
the same field content are in many cases correlated, and a cancellation in all those
operator coefficients does not usually take place at the same time. However, for each
configuration of four fermionic fields, there are at most two independent operators in
the dimension six basis. And, as can be seen from the tables, for each scalar (vector)
field and pair of such operators, one can always find a pair of vectors (scalars) that
contribute to both operators with the adequate signs to cancel the total contribution.
Therefore, we conclude that for any given four-fermion process receiving contributions
from one new particle through an arbitrary set of four-fermion operators, it is always
possible to find a combination of new fields that, after the adequate tuning in their
couplings, cancels out all the new effects. Correlations with other types of operators
can be easily avoided.

Summarizing, we see that the existing experimental limits are compatible with many
combinations of new particles with sizable couplings and masses at the LHC reach. Essen-
tially, by including many new multiplets we are breaking the correlations in the coefficients
of the effective operators. However, in most cases the corresponding models are too con-
trived and fine tuned. In the simplest cases, symmetries may exist which make these models
more natural and appealing. The discussion in this section may be useful in the search of
such symmetries.

HNote that in this case, the corresponding scalar contributions always have a definite sign.
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Table 4. Contributions to four-fermion interactions with ¢ = I, j = k (i # j), common to

new scalar and (hypercharge-zero) vector fields. Only operators involving one type of multiplet,
and the particles that contribute to them, are shown. The symbols “+” (“—”) indicate that the
contributions from scalars and vectors have the same (opposite) sign, while “+” indicates the
absence of a definite sign in any of the sources. The same information for the case i = j =k =11is
provided in parenthesis. In this case, a dash (“—”) indicates the absence of contribution from the
corresponding scalar particle.

7 Conclusions

The discovery at the LHC of a new particle of spin 0 has come hand in hand with the direct
observation of new interactions mediated by scalar fields.!> Among these, the Yukawa
interactions are quite unique in that they are not ruled by gauge invariance under the SM
gauge group, although of course they are compatible with it. The exploration of this scalar
sector is an important part of the LHC physics program. The results at the LHC Run 1 have
already constrained significantly its structure. So far, all the measurements are consistent
with the minimal scalar sector of the SM: a Higgs iso-doublet with a non-vanishing vev for
its neutral component. But the present uncertainties still allow for significant deviations
in the couplings of this doublet and for the presence of additional scalar fields, related or
not to electroweak symmetry breaking. To comply with all the available data, such extra
scalars must either have small couplings or be significantly heavier than the Higgs boson.
The latter is the scenario we have considered in the second part of this paper.

We have followed a largely model-independent and unbiased approach, with the min-
imal theoretical input of gauge-invariance. First, we have classified into 19 irreducible
representations all the possible scalar fields that can interact linearly with the SM fields
with gauge-invariant renormalizable couplings. Their components with a definite electric
charge are the only scalar particles that can be produced at colliders with unsuppressed

2Tndirect evidence of gauge-Higgs interactions was available before, in EWPD.
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couplings. We have written the most general renormalizable interactions of the scalar mul-
tiplets (except for parts of the scalar potential that cannot be tested in the near future).
Up to this point, all our results apply to either light or heavy extra scalars. In a second
step, we have assumed a hierarchy of scales and have derived the dimension-six effective
Lagrangian that describes all the tree-level effects of the heavy scalars in experiments where
the probed energies are smaller than their masses. We have shown that only the 19 scalar
multiplets with allowed linear interactions contribute to operators of dimension five and six.
Non-linear interactions of these fields also appear in the effective Lagrangian to this order.
The results are collected in appendix B. Finally, we have used this effective Lagrangian to
discuss the observable effects of the new scalars and to derive bounds on their couplings
and masses. The strongest bounds come from flavor observables. In order to avoid flavor
constraints, here we have simply assumed that, in the flavor basis defined by eq. (2.2),
there is only one non-vanishing entry in the Yukawa couplings with the new scalar. We
have then studied the limits from a range of flavor-conserving observables: EWPD, LHC
dilepton and dijet searches and Higgs-mediated cross sections.

Together with refs. [5-7], this paper provides a complete classification of all the particles
with up to dimension-four linear couplings (in the electroweak symmetric phase) to the
SM fields. Even if our emphasis in this paper has been on indirect effects, let us stress
that this classification and the general interactions that are explicitly written in these
references provide a useful basis for model-independent direct searches at large colliders
(see e.g. [12, 50-56] for applications of this gauge-invariant formalism to direct searches).

On top of this, our results here complete the tree-level dictionary between particles
with general couplings of dimension < 4 and the effective operators that describe their low-
energy effects. The dictionary entries for quarks, leptons and vector bosons can be found
in refs. [5-7], respectively. We believe this correspondence can prove useful in combining
the information from LHC searches of new particles with the existing precision constraints
on their masses and couplings.
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A Basis of dimension-six operators

In this appendix, we introduce a complete set of gauge-invariant operators O;, which enter
the general SM effective Lagrangian to dimension six:

1 1
LEY = Loni+ L5+

A Az L, with L4 = Z «; O;.
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Operator Notation Operator Notation
. (¢70)" Ou ILéer O,
g QTQEUR Oy,
qrddr Oy,
2 el Os
A

Table 6. Operators of dimension four and five.

We employ the basis in tables 6, 7 and 8. Table 6 defines our notation for the effec-
tive operators renormalizing the SM interactions, and presents the unique dimension-five
interaction: the Weinberg operator, which gives Majorana masses to the SM neutrinos.
Tables 7 and 8 gather the dimension-six operators. In these tables, Ty = %)\ A and fapco,
A,B,C =1,...,8, are the SU(3). generators and structure constants, with A4 the Gell-
Mann matrices; eapc (ape) , 4,B,C = 1,2,3 (a,b,c = 1,2,3) is the totally antisym-
metric tensor in color (weak isospin) indices; o4, a = 1,2,3 are the Pauli matrices; and
gw = %qugAp" is the Hodge-dual of the field strength A,,. Finally, the superscript
symbol “T” denotes transposition of the SU(2), indices exclusively.

We use essentially the same basis as the one introduced in ref. [57]. (See [58-62] for a
related discussion of dimension-six physics in different operator bases.) The only differences

(apart from changes in the names) are the use of different normalization factors in several

(3)

operators, and the trade of their operators Qg?,}) = (@@ Vuoaqr) (@y*oaqr) and Q) =

(EoWeR) 109 (qfa“”uR)T by (’)6(12) and Ojyge, respectively, in our tables. Also, for consis-
tency with previous works we write here the operators (’)5)112 = ((bTiDMqﬁ) (@'y“w) and (’)gz =

S <~ —
((bTiaaDMgﬁ) (vaﬂaa@bL), instead of the hermitian interactions belzz = (gf)TiDM(;S) (w'y“w)

< -
and Q((;Z: (gbUDﬁgb) (¢L7“%¢L) of ref. [57]. Note that these last interactions are not gen-

erated in the integration of the new scalars, and are introduced here only for completeness.

Finally, for the purpose of comparing the results of the integration of new scalars with
those obtained for new fermions and vector bosons in refs. [5-7], we provide below the
necessary relations to translate the results in those references, which use the original basis
of [58, 59] and therefore contains redundant interactions, into our basis. Again, we use
the notation Q; to refer to the operator basis in other references, while we keep O; for the
operators presented in tables 7 and 8.

In the sector of four-fermion interactions the following identities follow from the cor-
responding Fierz reorderings:

3 1 T i/ 7k l 1
(le )>ijkl = §(ZL’YM%ZJL)(Z]Z’YM%ZL) =2 (Oz(z )>.

(04, . = slmoud) (@Erroudt) == (0F) -+ (0, +1(0f), .
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Operator Notation Operator Notation
= % (E'Yul!l) (E’YMIL) Ol(ll)
3 } @var) (@ ar) Ok L (@ Taqr) @3 Taar)  Of
(levule) (@ ar) C’)l(ql) (ILyuoalr) (@ oaqr) 01(3)
5 (ERVuer) (ERY"€R) Oce
g  (Wrvuur) (WY urR) I 2 (drvudr) (dpy*dr) Oc(l}i)
A (wrvuur) (dry"dR) Oild) (wrvuTaur) (dry*TadR) Q(Z)
(erVuer) (WrRY uR) Ocu (eryuer) (dry"dr) Ocd
A (ILvulL) (erY"er) Ole (@cvuar) (€rY"er) Oge
23 (Ieyvule) (WrY ur) Ol (levule) (dry*dr) Ol
2 (@ae) (@Y "ur) Ol (@ Taqr) (Ty* Taur) Ol
= (@nar) (drydr) ok (@ Taar) (dy"Tadr) Oy
(ILer) (drar) Oledq
E (?u}z) ioy (qrdr)" Ogi)d (TLTjUR) ioy (@LTadR)" Oéi)d
= (ILer) ios (@ur)” Olequ (ILug) ios (@zer)” Oluge
eapc(lLioaqs 4 )(dﬁu‘ﬁc) Olgdu GABC(EiUQQE )@RuGY)  Oggen
5 eapc(lpioags 4)(qPioaqs ©) Ol(qlgq eapo(updsP)@Ru5C)  Ouden
eanc(ILoaioag; ) (qPouioaqs ©) O

Table 7. Basis of dimension-six operators used in our analysis: four-fermion contact interactions.
Flavor indices are omitted.

( ) qﬂMAqL)(qu“AAqL) 4 (Ofﬁi))”kl :
( )) qu)\AffaqL)(qu“)\AanL) (O‘(I;))uk;’_ (O(gg))zjkl_i (O(gg))ilkj ’
( ) va”)\AfR)(fR’yu)\AfR) =2 (O}If)>ukj B g (nglf)>ijkl7 (f = d)

(QFf),]kl (FifR)(fjlszﬂ D) (OFf)ilkj ) (Ff =le,lu,ld,qe)
©) TN FEAY - L (D) ("8

(qu>ijkl = (0 fr)(fraL) = 6 (O‘Yf >ilkj (O‘Jf )z‘lkj’

(f =u,d)
@\ iy RN A S (D) 2 (®)

(qu>ijkl = (@ afp)(Frraar) = 9 (O‘Zf >ilkj + 3 (O‘If )ilkj'

Finally, the operator Q4. is labeled as Q.44 in table 7.
There are also some differences in the case of the bosonic operators. Firstly, the
operators Qg6 and QE;’) correspond exactly to Ogp and Oy, respectively. Secondly, using
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Operator Notation Operator Notation
o (dl9)0(le) 0 5 (o19)° Oy
(6'iDu0) () O (610uiDud) (74 ouls)  OF
_ (0liDu) ERrter) Oy
& (¢iDu) @r'ar)  Of) (¢'04iDuo) (@ 0aa) O
(d)T/‘:Dud)) (urY"ur) O(()lu) (d’”Dugb) (TR“/MCZ@ O(()ld)
(¢Ti02iD,¢) (ury"dr)  Opud
(ILo*er) ¢ By Ocn (lo™er) oo W, Oew
= (@ ur) ¢ By Oun (@o"uR) o Wi, Ouw
7 (@o"™dr)¢Bw  Oup (@zo™dr) c®oWe,  Oaw
(qot" Taur) 6 G, Ouc (@ Tadr) 9 G, Oac
By (6'¢) (IL ¢ er) Oeo
(6'0) (woun)  Ou (610) @ odr)  Ous
(6'Duo) (D"¢)T ) Ogp
s 616 BB Osp 010 Bu B 0,5
'C;; ol Wi, Wwer Osw L Wé‘i wer O,
Ploap i BM Owns Ploadp Wi, B Owp
ol Git,GA Opc ¢lp G, GAY 0,
%a Eave WEVWLPWEH Ow cabe WEVWIPWEH O
O fapcGAYGPPGHM Og fapc GAYGUPGSH O

Table 8. Basis of dimension-six operators used in our analysis: operators other than four-fermion
contact interactions. Flavor indices are omitted. Operators in grey color do not arise in the
integration of heavy scalars at the tree level.

a perturbative field redefinition:

1
Q) = ¢1¢ (Do) D¢ = 5060 — 13001 + 3N 0+
1

+ B (yfz' (Oeg)yi + ygi (Odg),;; + Vi}y;‘j (Ou¢)ij + h,c.) ]

B Operator coefficients in the effective Lagrangian

In tables 9-27 we present, for each new type of scalar, the contributions to the coefficients
of the different dimension-six operators that result upon integration of one scalar multiplet
at the tree level. Those contributions that arise only in the case where the theory contains
several scalars at the same time (in the same or different representations) are given in
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table 28. All these results are given in the basis in appendix A. In some cases, this requires
performing algebraic manipulations and field redefinitions on the operators that result
directly from the integration.

Tables 9-28 also contain the interactions in the high-energy Lagrangian, using the
notation of eq. (2.5). We only write here those interactions that are relevant for the
computation of El(aﬁf)f. When gauge indices are explicitly shown, we use the following labeling
for SU(2)y indices in the different representations: «a, = %,—% for SU(2)r doublets;
a,b,c = 1,2, 3 for the components of SU(2), triplets in Cartesian coordinates; and I, J, K =
%, %, —%, —% for the components of the SU(2), quadruplets. The matrices used to construct
the different invariants are the following:

e In constructing the triplets from two doublets we use the Pauli matrices

_(o1), N EEAY (10
V10 27\ o) 7 lo-1 )

e The isospin-1 product of two triplets is obtained through:

7

abc = —=Cabc-
Jfab J3ca
e Quadruplets are obtained from the product of an isospin-1 field and a doublet by
means of
] 10 1 0 1
A= — | —io|; c?=— | o0-i|;
af ’ af ’
V2 00 Ve -2 0
10 01
_ 1 . —3/2 1 )
c Mo~ |iol; c32— o
aB ’ afB
Ve 02 V2 00

e The singlet product of two quadruplets is obtained through the SU(2) product

0001
1| oo0-10
=91 0100
10 0 0

Finally, for SU(3). indices, we use the following notation for the symmetric product of
colored fields:

1
ol = s (et ef P )

|
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5~ (1,1),
Vs = ks S¢Top+ As S2¢T¢ + kg3 S

Dimension-Four Operators
2
K

— S

Y4 = 92

Scalar Operators

% — H?S . )\S + I{Sglis O‘dﬂ:’ - _ K]%
A2 M2 M2 Mg A2 2M3

Table 9. Operator coefficients arising from the integration of a & scalar field. See table 28 for
collective contributions of several multiplets.

Sy~ (1’ 1)1

Jsy = (Y, )ij lioals”  ((y5,)i = — (Y5, )ii)

Four-Fermion Operators: LLLL

(al(ll))ijkl

A2

!
(v, )ir (s
2
M 5

=2

Table 10. Operator coeflicients arising from the integration of a Sy scalar field.

Sy ~ (1a 1)2
Js, = (y%,)i eneyl  ((W&,)is = (¥,)51)
Four-Fermion Operators: RRRR

(aee)ijkl o (y§2)ki(y§;)jl
A2 - M2
S2

Table 11. Operator coefficients arising from the integration of a Sy scalar field.
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o~ (1,2):
2
Jo = (Y9)ij €Rly, + (uS)ij digay, + (yh)ij io2q], ui
Vo = A, (¢10)(¢7¢) + hec.
Four-Fermion Operators:
e LLRR
(ale)i]’kl _ _(?JZ)kj(y;T)il
A2 - 2M2
(1) (8) (eY]
(aqd>ijkl _ _(yi)kj(yif)u (aqd>ijkl _ 6(aqd)ijkl
AT T 602 AT T A2
(1) (8) (1)
(aqu)ijkl _ _(yg)il(yg T)kj (aqu)ijkl _ 6(aqu)ijkl
AT T 602 AT T A2
e LRRL e LRLR
(O‘led‘l)ijkl _ (yi)kl(y::T)ij (aleq“)ijkl _ (yg)kl(sz)ij
AT — M2 AT — M2
(04(1) ) wy, (T
qud )ik _(ygp)lﬂ(yw )kl
X M2
Scalar-Fermion Operators
(aed’)ij AN,
Az M2
(a“¢)ij _ Mgl (O‘d¢)ij (e N
AT T T M2 AT T T M2
Scalar Operators
A 2
=30

Table 12. Operator coefficients arising from the integration of a ¢ scalar field. See table 28 for
collective contributions of several multiplets.

Eo ~ (19 3)0
Ve, = Kz, 0128040 + Az, (ELE0) (¢70)
Dimension-Four Operators

2 2

KZ I3

— =0 _ ¢
Qpa = 202 (1 4M20>

Scalar-Fermion Operators

(ae¢)ij _ H%Oyfi(s (au¢)ij _ ’6250‘/1';1’/% (ad¢)ij _ H%Oygid
AT T TmE % AT T T M2 AT T TmE %
=0 =0 =0
Oblique Operators Scalar Operators
o N% o ”2:
9D _ _9 =0 ¢ __ _"Eg
A2 M2 A2 2M2
=0 =0,
jadv KQEO
Az — _3M£ ()‘EO - 2)‘¢)

Table 13. Operator coefficients arising from the integration of a = scalar field. See table 28 for
collective contributions of several multiplets.
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=~ (1, 3)1
Tz, = (yk,)ij U oaioaly”  ((vk,)ij = (0E,)ji)
=, = (k= 21 (d10u0) +he) + 25, (21121) (610) + Az, fune (21122) (61000)
Dimension Four and Five Operators

> (a5)i_j 0= (ylEJ{)zg
M.

A= 2

2 2

2|k= 1%

Qgpy = |:[21| (1 — 2= ,;3
=1

=1

Four-Fermion Operators: LLLL

(o4")

(ylgl Vki (ylgj )it

=2

A2 MZ,
Scalar-Fermion Operators
(a:’;) i — 9 |”:1 | Yii 5” (ajé)” 92 ‘RH1]\|/1_ Y33 (a‘j\d;) ij — 9 |”=1 | vl 51]
Oblique Operators B Scalar Operators
T:4|ﬂ_| 02525:2Mi1|2
o — gl | (2)\51 V2, — 4/\¢)

Table 14. Operator coefficients arising from the integration of a =; scalar field. See table 28 for
collective contributions of several multiplets.

@1 ~ (1 4)1
Vo, = e, (gZ)Taagb) ﬁgbﬁeu@l + h.c.

Scalar Operators

1 |)‘@1|2
2 M(E)l

Qo
AZ

Table 15. Operator coefficients arising from the integration of a ©; scalar field. See table 28 for
collective contributions of several multiplets.

~ (1, 4)%
Vo, = Ao, (qﬁaa(;) Clydpers©f + hc.

Scalar Operators

Q3 |)‘93|2

AT T 2 M3,

Table 16. Operator coefficients arising from the integration of a O3 scalar field. See table 28 for
collective contributions of several multiplets.
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1 i j i BB+ cjC
le = (ygl)ij qzlw-QZJL + (ygg)u €ABC qZLBZO'QqL]

wi ~ (3’ 1)_1

— —F ¢jC
+ (Y&h)ij eGiug + (Y2 eapo digPuy

Four-Fermion Operators:

e LLLL e RRRR
) M u du
(alq )ijkl _ 1 ywl)l] (ywl )ik (au(i>ijkl _ 1 (ygl)ki(ywl T)jl
AT 1 MZ, A2 3 M2,
(3) (1) (8) (1)
(alq >ijkl _ (alq )i]‘m (a“d)ijkl 3( ”d)i]kl
A2 - A2 A2 - A2
(1)
<aqq )ijkl _ 4 ywl)lm (y (aeu)ijkl _ 1 (yf}{)ﬂ(yfﬁ T)Im’
AT T 3 Mgl AT T 2 MZ,
(8) (1)
(aqq )ijkl - _3 ( a9 )ijkl
A2 - A2
e LRLR B&Y
(1)
( qud)mm _ g(yi‘{)ki(yﬁ?T)jz (alqd“)ijkl _ (ywl)kz(ym )i
A2 - 3 M2 &1 A2 - M2
(8) (1)
( qud)”kl _ _3( qud)”kz (orgqen)ijm (yffi)ji(yffff)zk
A2 - A2 A2 - M2
&)
(o‘luqe)z]kl _ WDy ywl Dk (aquq)i]‘kl _ (ywl )ij (Y& ki
AT MZ, AT M2,
(azaqu)”kl - (Oéluqe)ilkj (O‘udeu)ijkl _ (yfzzflr)lk(yng)ji
AT A2 AT MZ

Table 17. Operator coefficients arising from the integration of a wy scalar field.

Jos

0 cjC _
= (y2,)ij capc d; Bd ) ((we,)ij = —(¥2,) i)

Four-Fermion Operators: RRRR

(e6) o _

A2

(ywz )kz (ng )]l
M2

Table 18. Operator coefficients arising from the integration of a wo scalar field.

C
Ju, = (ym)w €R dj + (Yisy )ij €aBC URBU%] ((yljlf)w = _(?Jff;jf)jo
Four-Fermion Operators:
¢ RRRR
(1)
(@ed)ijm  _ (e) (WS N (auu>ijkl _ (yW4)k2(yw4 )it
A2 2MZ, AZ MZ,
e B&Y
(Cudew)ijni 2(y3§§>u<yzﬁi* )jik
AT T Mz,

Table 19. Operator coefficients arising from the integration of a w4 scalar field.
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II; ~ (3a 2)%

. 7.T N
Jin, = (it )ij ool dy

Four-Fermion Operators: LLRR

ld

(O‘ld)ijkl o _(y{'([il )il(yan)kj
Az T 2M3
1

Table 20. Operator coefficients arising from the integration of a II; scalar field.

H7 ~ (3, 2)1
6
Ji, = (y{ﬁ),-j ioaly wp + (Y )i €Rar,

Four-Fermion Operators:

e LLRR e LRLR
1
(Ww)ijiy _(yﬁ@)iz(yﬁ;)kj (azqu)ijkl _ _(yﬁ?)“(yﬁy)“
A2 2MZ A2 M2
(O‘qe)ijkl (yﬁ%)kj(yf-[q;)il
) V2
7

Table 21. Operator coefficients arising from the integration of a II7 scalar field.

¢~ (37 3)_%
l 7.. ; ra—— . > C
Je = (yD)ij 45 "ioaoal], + (yi")ij eanc aPoaioaqy’ ((ygq)ij = f(qu)jQ

Four-Fermion Operators:

e LLLL

™) o 3) 1
(O‘lq )m’u _ 3wy Dt (alq >z’jkl _ 1 <alq )z‘jkl

A? ! M2 A2 = 37 Az

(1) (8) (1)
(O‘qq )ijkl _ 4 (ygq)ki(ygq T)jl (aqq >ijkl - _3 (aqq )ijkl

AZ T 3 Y Az AZ
B&Y

(3)
(O‘quq>ijkl - (ygq)kl(ygl f)ij

A? - MZ

Table 22. Operator coefficients arising from the integration of a ( scalar field.
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Q ~ (67 1)%

_ (oud ci(A| 4 |B) qq ci(Al, _ jI|B) qqy . _ a9\
Jo, = (ya))ij ur - dp + (g, )i 4 io2qy, (Y0, )i = —(Yg, )i
Four-Fermion Operators:
e LLLL e RRRR
(1) 1) u ud
(aqq >ijkl o, (yg‘i)jz(y?ﬁ*)m (%d)ijkl 1 (yg‘f)jz(ygl M ks
A2 - 3 M3, A2 - 3 M3
(8) (1) (8) (1)
(a‘” )ijkl _ 3 <aqq )ijkl (aud)zjkl _ 3 <aud)ijkl
A2 -2 A2 A2 -2 A2
e LRLR
) B ®) )
(aq”d)ijkl _ é(yﬂf)jl(ysqqut)ik (aq“d)ijkl _ 3 (aq“d)ijkl
AT 3T g AT T 27 AC

Table 23. Operator coefficients arising from the integration of a 2y scalar field.

Qy ~ (67 1)_§

ci(A| ;5 |B
Jo, = ()i did i ()i = W)
Four-Fermion Operators: RRRR

(1) d
(add >Ukl _ (ng )jl (yQQT)I“
A? - M3
2

Table 24. Operator coefficients arising from the integration of a (25 scalar field.

4~ (6,1)4
- 3
i (A]_j|B
Joy = )i v el ” (Wl = W)
Four-Fermion Operators: RRRR
(o), ) e
A T T g,

Table 25. Operator coefficients arising from the integration of a €24 scalar field.
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Y ~ (6,3);

ci(A|. i |B
Jr = W)y &' Yicsoad)® (W% = (4% 50)

Four-Fermion Operators: LLLL

(ag};) ) ikl (aé}z) ) ijkl
A2 A2

(8)
W) W ik (aqq )ijkl
MZ A2

— 4 —3
3 T2

Table 26. Operator coefficients arising from the integration of a T scalar field.

=T N
Jo = (yg )ij i02q), Taup + (Yg')ij drTaqy

Four-Fermion Operators:

e LLRR e LRLR
(1) (8)
() 2 89 Dy (o) s G
A? 9 M2 A2 M
), )
9 ) ik 3Nk
A2 - 4 A2
(1)
(aqd)nkz _ _g(yiq)kj(yiq )il
(;}2 ’ (1) M(%
(aqd )ijkl _ 3 (a‘ld )ijkl
A2 4 A2

Table 27. Operator coefficients arising from the integration of a ® scalar field.
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Mixed contributions from {S, ¢, Zo, Z1, 01, O3}

AlLin = (% Jo+ 20002 +he. ) — KsSidt D — KIESS;S), — K Eidtoad
(H Tqﬁad)—}—n ¢5+hc>—/<;”k8"a”a — kit 5z T=za
=171 a S Z‘P] SEo 1050k S5, 9115 =1k
_ f —a =b =c ijk fapeZ2 =bi=c _ (L =a + =af +h.
"Ls abc~oz~0]~0k K=oz, Jabe=0i=1; =1k Rggp=0i %Ua¢ Ko ku %Ua?b C.
- ("”f:] 0,Z01Cipbse1,0]; + 12, 0,511 Cladper O + vl o, =1 Clsdper 04 + 1. C)
24885 (610) = (X (¢l0) (676) + he.) = N :az:a] (616) — N Z8,25, fane (67000
M EUTE (00) — N faneZl 2L (dT0e0) — Nz, SiE; (61040)
- (AL = (1000) + M 2, FaneEE1ES, (cﬁfm) +he)
— (X, (61040) Clsbpers®F; + N, (61046 Clyboer s + hc.)
Scalar Operators
ij i i i * z j ji j * . 2
QX 3 )\j _ K«S]LPRS _ KE]oso S0 _ 2( ~1so) + 1 i H]Eoﬁjioel _ (KJE1) K]EI(')I
A MZ |7 M3, MZ MZ 2M3, |76 Méoj Mglj
(k)" FZ et [ NIkl | Adggrk Re( A5z, (kg )" A, R RS
+2A[32 03~ 2 YIOB _];g<5;€5+ ?430‘%4 {iwlg_l } 392z
=13 =07 =0i =0j
(5L )7wL, M =, (55", rdz wy (WL ) RE,
3M2 M2 <2)‘U \@Agl) 6v2 { Alﬂo M21 } - 3v27 NI 2
B By E1i7 B0y ~01 E157 Bk
ijk j _k Hmk Kj k L (n ) Kk
ok (S + S )
7 j =0j =0k =15 E1k

Scalar-Fermion Operators

) o . ij i *
(ae¢)ij _ 1 A R5RS, _ MEgREge 2H51 (H:HP) ef
AT Mg, MZ MZ Yo i

S Zoi 14

) Qg g i ij \*
Ccandy 1 (g mfe _ harthe ot (£) (21)
M“’J’ Ms, Z04 Mz, ij
i ij )" i\ i
(au¢)ij _ 1 (N)* r5(kd,) "-o(”iow) 2(”51) "1 ( )
Az T T i M2 z M2 Yo
i S Z0i =1

Table 28. Collective contributions from several scalars to the dimension six effective Lagrangian.

Only those operators that receive contributions from interactions involving more than one scalar at
a time are shown. The full contribution to the operator coefficient is presented in that case. For the
other operators the contributions can be read by adding the corresponding pieces from the tables
obtained integrating one scalar at a time. Note that, due to the antisymmetric properties of the

interaction, the couplings Iil:]f and 5\2]0 do not contribute to Lg.
=3 =
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