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Abstract

Effective Field Theories (EFTs) capture effects from heavy dynamics at low en-
ergy and represent an essential ingredient in the context of Standard Model (SM)
precision tests. This document gathers a number of relevant scenarios for heavy
physics beyond the SM and presents explicit expressions for the Wilson coeffi-
cients in their low-energy EFT. It includes i) weakly coupled scenarios in which
one or a few particles of different spins and quantum numbers interact linearly
with the SM and generate EFT effects at tree-level, ii) scenarios where heavy
particles interact quadratically whereupon the resulting EFT arises only at loop-
level and 4ii) strongly coupled scenarios where the size of Wilson coefficients is
controlled by symmetry arguments. This review aims at motivating experimental
EFT studies in which only a subset of all possible EFT interactions is used, as
well as facilitating the theoretical interpretation of EFT fits.
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1 Introduction

Standard Model (SM) precision tests are gradually gaining importance as a search tool
for physics beyond the SM (BSM). Indeed, heavy resonances beyond direct collider reach
still impact SM processes, in a way that can be searched for via precision tests. Effective
field theories (EFTs) provide a way to parametrise these effects and translate between the
language of BSM dynamics and the language of deviations from the SM [1].

One of the often emphasized features of EFTs is their model-independence. One can stop
bothering about the plethora of microscopic BSM models and focus on a number of the most
relevant EFT operators: any BSM model can be matched to these, so that an analysis in
terms of these can be matched to any BSM model. This has led to the development of global
fits to test simultaneously all possible (leading) operators against all possible observables,
with the noble goal of providing, once and for all, a unique and versatile map from experiment
to theory.

While absolute model-independence remains an ideal goal, in practice it can often hinder
the ability to exploit the full power of the EFT approach, thereby limiting what we can
learn about BSM models. First of all, the number of operators at the leading (dimension-6)
order is already overwhelming [2], so that restrictive assumptions appear in most analyses.
These include Minimal Flavour Violation [3], or a focus on universal theories (where BSM
couples only to bosons) [4,5], etc. Moreover, the inclusion of many operators is inefficient,
as different ones can contribute in equal (or similar) ways to a given observable. This leads
to (nearly) flat directions, i.e. combination of Wilson coefficients that do not contribute to
an observable at tree-level. When presented in the context of a global fit as marginalised



results, these directions give the false impression that the experimental reach is poorer than
it actually is. Such flat directions also raise the issue of how to present results of global fits,
since the Gaussian approximation is often not appropriate in these cases. Moreover, it is
often the case that some of the operators relevant for such flat directions are more suppressed
than others in a wide class of BSM scenarios. Model-independence is also a burden when
discussing the question of EFT validity, for which specific assumptions about the underlying
dynamics are necessary to properly phrase the question. Finally, one gets valuable insight
into the SM by testing it against specific hypothesis; insight which may not be apparent in
a generic context.

In this document we therefore provide a different point of view on the usage of the SM
EFT: we gather a number of BSM benchmark scenarios that match to EFTs with a finite
(and controllable) number of operators. This should not to be thought of as picking random
points in the full EFT parameter space, but rather as identifying the (large) regions that are
best motivated from some plausible underlying dynamics. This exercise—which produces a
rich map between certain BSM models and the coefficients of EFT operators—is certainly
useful for theorists to directly interpret experimental results in terms of model parameters.
Moreover, it has utility for experimentalists, who can use it to focus their analysis on a small
number of operators as well as to motivate more sharply specific searches.

Given the countless directions in which BSM physics has developed, it is impossible (as
well as pointless) to provide a complete catalog. Here we identify two regimes in which BSM
dynamics can be classified: at weak and strong coupling.

In the first category we study simple scenarios in which the SM is supplemented with a
minimal number of additional, weakly coupled degrees of freedom. These can be thought of as
the lightest states of more complex scenarios (also known as simplified models). For example,
new resonances ¢ can couple linearly to some operator in the SM Ognp, £ D gPOsyp, where
g is a new coupling. Their tree-level exchange can then generate sizeable effective operators
of the form ¢?0%,/MZ, with Mg the mass of the new resonance. Sections 2.1 and 2.2
classify possible resonances ®, with different quantum numbers, which give rise at tree-level
to dimension-6 operators.

It is also plausible that the new physics does not couple linearly to the SM, but rather
quadratically as £ ~ ®20Ogy;, due for instance to accidental symmetries and conserved quan-
tum numbers in the BSM sector, such as R-parity in supersymmetric models or T-parity in
Little-Higgs models. Then, the leading BSM imprints on SM processes necessarily appear
at loop-level. We discuss some scenarios of this class in section 2.3 and identify interesting
patterns that can be explicitly tested. For instance, it is found that the ratio between some
dimension-6 effects that appear in Drell-Yan processes and those that appear in anomalous
triple gauge couplings (TGC) is uniquely determined by the scalar/fermion/vector nature of
the particle that is being integrated out.

In the strongly coupled regime, instead, this perturbative classification loses its meaning;:
loops of new physics can become sizeable and there might be a multitude of resonances with
different quantum numbers appearing at the same mass scale. There are still situations,
though, where we can reliably build a well-structured EFT. This happens when the strong
sector is endowed with (non-linearly realised) symmetries that imply selection and power-
counting rules at low-energy. The most notable example is Composite Higgs (CH) models,
discussed in section 3.1, where the Higgs is in fact a pseudo-Nambu-Goldstone boson of a



BSM global symmetry [6-9]. Another example concerns instead multipolar interactions [10],
a sort of vector-compositeness, discussed in section 3.2.

The main results of this document are summarized in tables 3 (weakly coupled tree-level
BSM), 10 (weakly coupled scalars), 11-12 (loop-level), and tables 13 and 14 for strongly
coupled models (Higgs and vector compositeness). These results can be used in many ways.
An experimental physicist could consult these tables to see whether a particular choice of
operators, motivated by the experimental sensitivity of her /his experiment, can be generated
in any of these models, and these could be used to motivate a given analysis or justify a
limited choice of operators. For instance, di-boson processes are typically analysed in terms
of operators like Ogyy (see table 1), which, from tables 11 and 14, we learn can be generated at
loop level by light stops, or in strongly coupled models of vector-compositeness. Furthermore
table 1 provides a partial list of how different operators enter into different process, that could
be used as a first tool of orientation.

A theoretical physicist might instead be interested in how exactly a constraint on a given
operator translates in terms of the physical parameters in a given model, something that can
be directly read from the above tables. For instance from table 3 we learn that a per-mille
level constraint on the T-parameter (operator Oyp/m3, in the notation of table 3) puts a
bound on the mass of a neutral vector singlet of order 3.5 TeV (for O(1) couplings, using
the explicit expression in table 5).

1.1 The SM Effective Field Theory

Effective field theories are useful in UV theories where it is possible to make a distinction
between light and heavy degrees of freedom. The heavy states have masses much larger
than the typical momentum scale characterizing the processes under investigation, and can
thus be “integrated out” leaving a Lagrangian for the light degrees of freedom that can be
expressed in terms of local operators. In the SM EFT the light degrees of freedom are the
SM fields — this includes the Higgs boson as part of an electroweak doublet.!

In this situation, any observable involving the light degrees of freedom (here the SM), as
computed in the full UV theory, can be expanded as a Taylor series in powers of 1/A™, where
A is the mass scale of the heavy states, or the cutoff of the EFT. The SM EFT includes all
such possible expansions that can originate from any possible UV model and it parameterizes
all possible local interactions among SM fields in a bottom-up approach:

Ci
Lerr = Lsm + Z Wou (1)

where the O; are gauge-invariant operators of mass dimension d; built from SM fields and
their derivatives and we have collected the dimension < 4 operators belonging to the SM
inside Lgy. To each operator O; we associate a dimensionless coupling constant ¢;, called
the Wilson coefficient.

IThis assumption, though not globally accepted in the literature, is motivated by the apparent lack of
other sources of electroweak symmetry breaking, as expressed by the remarkable agreement between the SM
and precision electroweak data, as well as Higgs coupling measurements. A more general parametrisation
is provided by the Higgs Effective Field Theory (HEFT) [1]; a comparison between HEFT and SMEFT
provides the basis to test the Higgs as a doublet hypothesis.



In specific models, heavy states leave an imprint in the low-energy dynamics that can be
captured by the effective Lagrangian Eq. (1) where the heavy states have been integrated out
and “matched” onto the SM EFT to obtain the resulting Wilson coefficients ¢; as functions
of the specific model parameters. The different coefficients are then correlated under the
assumption of particular high-energy models.

For a physical process occuring at some characteristic energy FE, the associated action
cost of an operator roughly scales as [d*z O; ~ E%~*. For E < A, the effective Lagrangian
becomes useful because we can truncate the expansion and keep only a finite number of
operators. This document will be concerned with the leading effects in Eq. (1) which, under
the assumption of approximate B and L symmetries, correspond to operators of dimension 6.

Field redefinitions in the EFT do not modify observable predictions, but can change the
form of the Lagrangian Eq. (1). This leads to different possibilities for chosing a minimal
set of operators O;. The most popular choices include the so-called Warsaw basis [11] (ideal
if new physics couples directly to fermions), of which we summarize the most important
operators for Higgs physics in table 3; and the SILH basis [9] (ideal for universal theories,
where the new physics couples mainly to bosons).? The SILH basis also turns out to be
convenient because it naturally distinguishes operators that can be generated at tree- and
at loop-level in simple theories (see table 13 in section 3.1). The Rosetta tool presented in
Ref. [14] provides an automatic translation between Wilson coefficients in different bases.

Each SM process will be modified by a number of operators. While it is difficult to
provide a complete map between operators and processes, table 1 summarises some of the
main processes that can be associated with each operator. These include on-shell processes
in which a Higgs appears on-shell, and processes with longitudinally polarized vector bosons
which, according to the equivalence theorem, are affected by the same operators that enter
in Higgs physics, see e.g. [15] and references therein.

2 Weakly Coupled BSM

2.1 Minimal extensions of the Standard Model?

In this note we use a bottom-up EFT approach to discuss new physics effects in Higgs
physics in simple SM extensions with a few particles. We describe the part of the Standard
Model Effective Field Theory (SMEFT) most important for Higgs physics and analyze the
correlations found in each model between the effects in Higgs physics and those in other
types of observables. The extra vector and fermion fields relevant for this study are listed in
Table 2, together with their SM quantum numbers. The effects of new scalars are discussed
in section 2.2.

The operators in the Warsaw basis [11] that contain the Higgs field and can be generated
at the tree level are listed in the first column of table 3. For simplicity we disregard four-
fermion interactions, even if they might influence Higgs physics indirectly.

The operators Oy, Oy and (Oyp)s3 are the ones that are currently less constrained by

2An extension of the SILH set of operators to a complete basis was done in [12], see also [13].
3Based on a contribution by J. Criado, J. de Blas, M. Perez-Victoria, J. Santiago, following
Ref. [16].
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Osi | —L(D"G)"(D,G7)' None =i
O _%(D”W#V)i(Dpr")i None qq = Y, VV
Osp —%(8"BW)(8PB’”) None qq@ — VY, VV
Osa Js fabCGZ”GZ;”G;“ None pp — jj
Osw geijleﬁ”W,prf“ None qqg —VV

Table 1: Dimension-6 operators generated in universal theories [12,13], in the SILH basis of Ref. [9].
Here yy = ﬂm¢, /v are the SM Yukawa couplings (1, is the fermion mass, and v = 246 GeV the
Higgs vev), A, = m3 /(2v?) the Higgs quartic (with my, its mass), g, g and ¢’ the SU(3), SU(2)
and U(1) gauge couplings. CP-odd versions of HW, HB,~, g,3W, 3G can be obtained by replacing
one field strength with the corresponding dual, F* — %e“”O‘BFag. The third column shows the
dominant on-shell Higgs processes that the operator contributes to. The last column presents the
cleanest processes enhanced at high energies. Here

experimental data. The operator Oyp and linear combinations of the operators of those of
the type Oy have been constrained to be very small by electroweak precision tests (EWPT),
while Og,yq is also limited by low-energy data. Experimental data from Higgs physics tell us
that the Wilson coefficients of the interactions (O.4)s3 and (Ogyp)ss should be well below 1
TeV 2.

Using the dictionary in Ref. [16], we can readily identify which heavy fields can generate
each operator at the tree level. They are listed in the second column of table 3, next to
each corresponding operator. In the following, we consider a few simplified models that
contain one or two of these fields. Our selection includes fields that appear frequently in
more elaborate setups and illustrates typical features of the latter. Furthermore, all the
operators in table 3 are generated by this set of models. We first discuss popular extensions
of the SM with only one particle, which are severely constrained by EWPT. Then, we study
minimal extensions with several particles that preserve custodial symmetry. In this case,
the strongest constraints are evaded and strong effects in Higgs physics are allowed. In
the explicit results below, it can be observed that many of the contributions to the Wilson
coefficients have a definite sign.
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Table 2: Representations of the fields with tree-level contributions to operators with the

Higgs.
Name Operator Fields that generate it
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Table 3: Fields that generate each operator containing the Higgs at the tree level. Stars x
(bullets o) indicate operators that are less (more) constrained by experimental data, in
comparison with other operators in the list (bullets mark constraints that do not come from

EWPT).



1 3
(C) (CSNi; (Cug)iy
ﬂ _)\’f>\j wk A Ak

7

AN o YK T

Table 4: Tree-level contributions to operators with the Higgs from the heavy top-like quark
singlet. In the last coefficient y* denotes the SM Yukawa coupling for the up-type quarks.

2.1.1 Models with one extra particle

Quark singlet: U ~ (3,1)y/3
In this model, we have heavy vector-like quark with the same quantum numbers as the
right-handed top:

Losu = Lsu + iU DU + MUU — ()\Z'UR]:IT(]LZ‘ + h.c.> , 2)

where qr; are the SM left-handed quark doublets in the flavour eigenstate basis with diagonal
SM up-quark Yukawa couplings. To avoid flavour-changing neutral currents, we consider the
case in which only one of the three ); is non-vanishing. The integration of the extra field
out at the tree level, generates three operators in the Warsaw basis, as presented in table 4.
The first two operators contribute to gauge couplings (also in association with one or two
Higgs bosons) of the SM quarks whereas the third one contributes to the up-type Yukawa
couplings (again plus one or two extra Higgs bosons). A general analysis at the EFT level
shows already that associated W H or Z H production from the first two operators in the case
of first and second generation quarks is constrained by EWPT. Other correlations appear
once we consider this specific model. Indeed, all three Wilson coefficients are controlled
by a single parameter |\;|*/M?. Top gauge couplings are not so severely constrained, thus
allowing a priori for a significant deviation of the top Yukawa coupling. However, in this
case EWPT still constrain the parameters of the model through one-loop contributions.

Current direct searches for pair production of this vector-like top put a lower bound of
about a TeV for its mass [17]. Single production is also sensitive to the Yukawa coupling of
the new quarks [18].

Neutral vector singlet: B ~ (1,1),
In this model, a vector field B couples to the SM fermions and the Higgs doublet:

1
Lpsm = Ly + 5 ((D#By)(DVBH) — (D“By)(D”BV) + M28HB“>

— > (g")iiB ity — [¢"B*HYD,H +h.c.] . (3)
P

The only component of this field is associated to a heavy neutral particle of spin 1, i.e. a
Z" boson. We work in the field basis with diagonal and canonical kinetic terms and assume
that the coupling constant g’ to the Higgs is real. We describe massive spin-1 fields as
Proca vector fields; the origin of the mass term is not relevant for our purposes here as long



as any other possible particle in a complete model (such as a symmetry-breaking scalar) is
sufficiently heavier. Tree-level matching to the SMEFT gives four-fermion operators plus
the contributions that appear in table 5. From the EWPT constraints on Ogp, it follows
that g7 should be small. This affects every operator with the Higgs generated by B, which
will be suppressed by g or (¢g#)2.

Cop  Con (CR))y

2g)2 (™2 (g%)ii(g™)
M2 2M?2 M2

Table 5: Tree-level contributions to operators with the Higgs from the neutral vector singlet.

Searches for single production of neutral vectors decaying to dileptons, dibosons or dijets
exclude additional regions in the parameter space of this model [19-21].

2.1.2 Custodial models

Quark bidoublet: @, ~ (3,2),/6s and Q7 ~ (3,2)7/6
We introduce two quark doublets,

w-(3) an (%)

with the same mass and coupling to the top quark:

Lesm = Lsm + 1Q7 Q7 +iQ1PQ1
+ M (Q7Q7 + Q1Q1)
— |:/\ <Q7LHtR + QlLﬁtR> + hC] . (5)

This Lagrangian respects custodial symmetry, with the pair of quarks transforming under
a (2,2)q/3 representation of SU(2), x SU(2) g x U(1)x, where the hypercharge is Y = 7'+ X.
The contributions to the Oy, operators from both doublets cancel each other. Only the
operator (O,e)s3 is generated by a tree-level integration, with a positive Wilson coefficient.
The explicit value of (Cy4)33 in this SM extension is given in table 6.

(Cug)33

A2
M2

Table 6: Tree-level contributions to operators with the Higgs from the quark doublets Q)7
and (1, with the interactions in Eq. (5).

Therefore, this is a model which can give large negative contributions to the top Yukawa
coupling without producing any other effects at the tree level. Note that one-loop constraints



are under control for this particular model: contributions to the T" parameter are protected
by custodial symmetry, bounds from the S parameter are mild, and the contributions of the
new quarks to Oy and O, compensate the reduction in the top Yukawa coupling [18].

The mass of the extra quarks is bounded from below by direct pair production limits,
similarly to the case of the singlet (section 2.1.1) [17].

Neutral vector triplet: W ~ (1,3),
The neutral vector triplet contains a Z’ and a W’. It couples to the SM doublets:

Lo = Lsni + = (D) (DPWH) — (D, W) (D)

2
1 PAY I Ay YT} 1 l nay a
+ §M W#W - 5(9 )ng lLZO' ’)/#ZLJ-
1 1 .
- E(gq)ijW“achm“%qu — E(gH)W““HTJ%D“H +h.e.|. (6)

We assume that g7 is real. Table 7 summarizes the tree-level contributions of W to
operators with the Higgs. Unlike the case of the vector singlet B, the coupling g% is allowed
to be large in this case, because the contribution to the 7" parameter is zero. Therefore,
in this model there can be large contributions controlled by ¢ to double Higgs production
(from Oy), the Higgs kinetic term (from Oyn) and the SM Yukawa couplings (from O).

3
Cy Cyo (Cyg)ig (Cq(sw) )ij
Cam(e™? 3?2 v @™ (9"
M?2 8M?2 4M? 4M?2

Table 7: Tree-level contributions to operators with the Higgs from the neutral vector triplet.
In the first and third coefficients, Ay and ¥ denote the SM Higgs doublet quartic interaction
and fermion Yukawa couplings, respectively.

As for the singlet (section 2.1.1), direct searches for single production of Z' and W’ apply
here [22].

Pair of vector singlets: B ~ (1,1)y and By ~ (1,1);

In this model we have two singlet vector fields with different hypercharges. The B field
contains a 7', as already indicated, and the B;, a W’ with right-handed couplings. We
assign to them the same mass and related couplings to the Higgs, in such a way that they
combine to form a (1, 3) representation of SU(2),xSU(2)gxU(1)x and custodial symmetry
is preserved:

Lpsm = Lsm + L5, + L2
1
+ M? (515’“8“ + B{ﬁﬁ)

- [gH <B“HTiDuH + ﬂBi‘TiDuHTiazH) + h.c.] . (7)
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For simplicity, we have not included in the previous equation the fermionic couplings to the
heavy vectors. Their indirect effects are independent from the ones discussed in this section.

The results of integrating the extra fields out at the tree level appear in table 8. The
contribution to Oyp from B; cancels the one from B. This means that the limits on g'! are
milder than in the case with B alone (section 2.1.1). In fact, this coupling is not constrained
by EWPT when the fermion couplings vanish. Therefore, large effects in Oy, Oy and Oy
are allowed in this model.

Direct searches at the LHC are sensitive to the Higgs couplings of the new vectors via
vector boson production of the new fields and decays into dibosons [23]. Other channels are
typically more restrictive when the couplings to fermions are not small.

Cy Cen (Cyg)ij
Du(g)? 32yl e™)?
T M2 T oMz T M2

Table 8: Tree-level contributions to operators with the Higgs from the pair of vector singlets.
In the first and third coefficients, Az and y¥ denote the SM Higgs doublet quartic interaction
and fermion Yukawa couplings, respectively.

2.2 Extended Scalar Sectors and the SMEFT*

In this section we focus on extensions of the SM involving heavy scalars and address the
impact of these models for Higgs phenomenology, keeping into account stringent constraints
from electroweak precision tests via the p-parameter (7-parameter).

The dimension-6 operators of interest for this work are

6 _ Cn ér & (H'H) S
ESL[) — F(DH + EOT — EOG + ~ 6,0y + 6Oy + ¢,0, + h.c], (8)
where the operators in the SILH basis have been defined in table 1 (O, O; and O, correspond
to Oy, with ¢ = b, t, T respectively), and we have normalized them as ¢; = ¢;v*/A? compared
to Eq. (1).

These dimension-6 operators modify the Higgs boson self-interactions

1 1 m; .3
£h = 5 (auh)Q — §mih2 — 2—5 (]_ + Ce — §CH) h3 (9)
2 2
my, . 25 4 my, ~ ~ 5
— 2 (1 + 6¢¢ — ch) h* — 1501 (3¢6 — 4¢y) h” (6v + h),
and contribute to the p parameter [25]
p=1+cr. (10)

‘Based on a contribution by S. Dawson and C. Murphy, following Ref. [24].
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They also modify the Yukawa couplings of the Higgs boson

_ C 2¢,\ h ¢ ¢e [ h? h3
ﬁytz—mtttll—l—(l—M)——m(——F )} (11)

2 v 2 v2 | 303

and similarly for the other SM fermions.

We consider a number of extensions of the SM where a single new color singlet, spin-
zero multiplet, ¢, is added to the SM and require that there is a renormalizable interaction
with the SM H doublet that is linear in ¢. There is a sizable literature on integrating out
heavy scalars and studying their SM Effective Field Theory (SMEFT) contributions, see for
instance Ref.s [16,26-37].

The potential can schematically be written as

where ¢ is the new scalar, and Vg, is the SM potential. For a real valued ¢, the Z; preserving
potential has the following form

1
Vz, (H,0) = 5 MP¢°6° + NaHTHo 6" + Ag (6°0%)°, (13)
where a are the SU(2), indices, and for a complex valued ¢ there may be multiple @ and/or
[b-type interactions. Additionally, when ¢ is complex, there is no factor of one-half in front
of the mass term, and ¢%¢® should be replaced with ¢*'¢®. Depending on the SU(2)r,
representation of ¢, the Z, violating potential contains one of the following interactions

Vg, ~miH?¢ or Vi ~ A\ H§. (14)

If ¢ is a singlet there can also be a tadpole term and a cubic self-interaction, both of which
violate the Z; symmetry. From Ref. [24] we see that taking A\ or m;y — 0 (Eq. 14)
while holding the other parameters fixed, or sending M — oo (Eq. 13) also while keeping
the other parameters fixed, causes the new scalar multiplet to decouple. These are the
analogs of the alignment without decoupling limit, and the decoupling limit of the 2HDM,
respectively [38,39].

We define the angle o to characterize the mixing between the neutral, C'P-even compo-

nents of H and ¢
h cosa —sina (A
<7—[> N (sina oS o ) (gp) ’ (15)

where Re(H) = ”h—\/ghl , Re(¢") = vg+ ¢, vy, and v, are the vevs of H and ¢, respectively, and
h and H are the physical Higgs fields. In the 2HDM there is an ambiguity as both scalar
fields have the same quantum numbers. Our results straightforwardly apply to the so-called
Higgs basis of the 2HDM, where our H and ¢ fields respectively correspond to the H; and
H, fields of e.g. Ref. [40]. The relevant angle in the 2HDM is 8 — «, where a has the same
interpretation as in Eq. (15), and 8 will be defined below. In all of the models we consider, a
non-zero value of « leads to a universal modification of the Higgs couplings to SM particles

(excluding the Higgs self-couplings).
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Model p 30 upper limit on
Singlet 1 none
2HDM 1 none
Real Triplet sec? 0.030
Complex Triplet | 2 (3 —cos28) " 0.014
Quartet: Y =2 | 7(4+ 3cos 26)7" 0.033
Quartet: Y =32 | (2 —cos 26)7" 0.010

Table 9: The tree level contribution to p in a given model, and the corresponding 30 upper
limit on the mixing angle 8. Reproduced from Ref. [24].

With the above definitions of the vevs of H and ¢, the electroweak (EW) vev is given by

v = + 2 [te) (o) + 1) — t3(0)*] v, (16)

where ¢(i), t3(7), and v; are the representations under SU(2), of the ¢th multiplet, the neutral
component of the ith multiplet, and the vev of the ith multiplet, respectively. When ¢ is a
singlet v, = v, and we define tan 5 = v, /vs. For higher SU(2), representations, we define
the mixing angle between the two vevs as

vp =wvcos B, vy = vsinB/\/2[t(d) (t(d) + 1) — t3(¢)?]. (17)

In models that generate ¢r the mixing angle [ is constrained by measurements of the p
parameter, see Table 9.

Given these interactions, standard methods exist to determine which operators in the
SMEFT are generated at tree level in a given model [26,27]. These results are compiled in
Table 10. The singlet model coefficients are expressed in terms of the mixing angle between
h and H. In the singlet and triplet models the constant of the proportionality that relates cg
to the other Wilson coefficients is a free parameter that may be sizable when the UV theory
is strongly interacting. The 2HDM coefficients depend on both mixing angles a and 3. The
cutoff scale appearing in the expressions for ¢g in the 2HDM and quartet models is a common
mass for the heavy Higgses. The triplets and quartets contribute to the p parameter at tree
level, and we express all the coefficients in terms of a given model’s contribution to ¢r.

2.3 One-loop BSM°®

We continue our discussion of perturbative UV models, except here we focus on effects
which arise at one-loop level. More precisely, we consider cases in which tree-level effects
are absent. Tree-level effects come from operators which are linear in a heavy field @,
Lyyv D ®Olpsm|. The absence of such terms is usually a consequence of symmetry, be it
because of the SM gauge symmetry or some global symmetry such as a discrete Z; acting
on ®.5 A full classification of tree- and loop-level effects can be found in [41].

°Based on a contribution by Brian Henning, following Ref. [27].
6An example of the first type are scalar tops in SUSY; examples of the latter type include R-parity in
SUSY, KK-parity in extra-dimensional models, T-parity in little Higgs models, and the inert 2HDM.
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Model F- oS - & N
Real Singlet: exp. %o | tan®a | tan® (Aa—% tan 04) 0 0 0
Real Singlet: spont. %o | tan’ a 0 0 0 0
9HDM: Type I 0 —2_ A 0 | —cg_acot(8) | —cs_qcot(B)
2HDM: Type II 0 —c%_ai‘—j 0 | —cg—qcot(B) | cp_qtan(pB)
Real Triplet —2¢p CT A v er ér
Complex Triplet ér _ép (Aal — %) v _ép _ép
Quartet: Y = % 0 —ZéTﬁ—; v 0 0
Quartet: ¥ = 3 0 Zerdy v 0 0

Table 10: The dimension-6 operators from Eq. (8) that are generated at tree level in the
models under consideration in the decoupling limit. Here ¢s_, = cos (8 — «). Adapted from
Ref. [24].

One-loop effects originate out of operators which are quadratic in the heavy fields,
D, ®;0[psm].” Our assumption that the UV models under consideration are weakly coupled
at the scale of the heavy particles means that we can focus on operators of mass dimension
< 4 in the UV Lagrangian. By dimensional analysis, this further implies that we need only
consider BSM states which are scalars (S, with canonical mass dimension [S] = 1), fermions
(F, with [F] = 2), or vectors (V, with [V] =1).

Our interest lies in how the BSM states modify the Higgs sector, i.e. couplings between
the Higgs doublet H and the ®; = S, F;, or V;. It is very important to recognize that this
generically modifies the EW gauge sector as well since, in order to write down gauge-invariant
interactions, the ®; will typically carry EW quantum numbers. With these considerations,
it is easy to schematically write down all possible UV interactions that (1) modify the Higgs
and/or EW sector, (2) arise at one-loop (quadratic in heavy fields), and (3) are relevant or
marginal interactions (mass dimension < 4):

HS? FIF H?V?
H2S2 HEZ (DV)? . (18)
(DS)?

Here D denotes the covariant derivative of the SM, so that operators involving D indicate the
potential coupling of BSM states to SM gauge bosons. We have crossed out the Yukawa-like
terms H F? since the SM gauge symmetry does not allow these interactions if we require the
fermions to have a large mass not originating from EW symmetry breaking (i.e. when we
require the fermions to be vector like, with a mass Mg > v).

Below we will give specific examples of motivated BSM models containing interactions
of the type in eq. (18), detailing how these manifest in the SM EFT. First, however, we give
some general comments on matching the UV models to the SM EF T, emphasizing estimates
of the size the EFT Wilson coefficients and general patterns of deviation one can look for to
get insights into the new physics.

"An exception can arise if there are also linear terms (i.e. tree-level effects). In such a case, higher order
self-interactions of the ®; can contribute at one-loop; diagramatically, these are not one-particle irreducible
Feynman diagrams. See, e.g., [27,42].
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2.3.1 Integrating out, power counting, and general patterns

The imprints that BSM states from a given UV model leave on EW physics can be quantified
by integrating out the BSM states and matching onto the SM EFT. That is, in the SM EFT
Eq. (1), we want to find the resultant Wilson coefficients ¢; when we integrate out the
heavy BSM states. This process of “matching” onto the EFT is done by requiring that the
UV model and the EFT give the same physics at the scale p = A where the heavy states
are integrated out (in technical terms, this is achieved by equating the one-light-particle-
irreducible effective actions I'f, yyv(A) = ' grr(A), e.9. [43]). The assumption that the BSM
physics is weakly coupled means that the ¢; in Eq. (1) have a well-defined expansion in
powers of A,

¢ = P (19)

. : 1-1
where c{™® arises at tree-level and have been discussed so far, ¢;"°°" at one-loop, etc.

In the SM EFT, the most relevant operators giving deviations to the Higgs and EW gauge
sector begin at dimension six. For weakly coupled BSM physics, a rough estimate of the
size of the Wilson coefficients is straightforward: the power-counting is essentially just the
loop counting of eq. (19). So, if a heavy BSM state of mass A generates some dimension-six
operator we expect

t g[#IEV
Ciree ~ A2 ’ (20&)
- 1 g#
tioop o, L0ty 200
“ 1672 A2 (200)

where gyy generically denotes products of coupling constants in the UV Lagrangian (in
certain models, UV couplings coincide with SM couplings, guv = gsum)-®

For the present discussion we consider BSM theories whose leading order effect begins at
one-loop, i.e. for which all ¢f**® = 0 (see [33,42,48,49] for the more general case). We recall
that the one-loop effects arise out of interactions in the BSM model which are quadratic in
the heavy particles, eq. (18). Functional methods provide an efficient way to match onto
the low-energy EFT, see e.g. [27] for an introduction. Here, one integrates out the heavy
fields from the UV action Syy. Integrating out the heavy field(s) ® at one-loop leads to the
effective action [27]

62 Suv
IP?

ASeff,l—loop = icsTr log <_ ) = iCsTr 1Og [D2 + M(% + Us[¢SM]] . (21)

In this equation D is the covariant derivative, Mg is the mass (matrix) of the heavy field(s),
Us[psm| comes from the quadratic interactions of ® with the SM fields ¢gy, and ¢ is a

8To compute their effects on a weak-scale observable, the Wilson coefficients need to be RG evolved

down to the scale 4 = v. The RG running introduces another loop factor times a log, (4# log (%), and

involves powers of the SM coupling constants. The references [2,44-47] compute the anomalous dimension
matrix necessary to perform this RG running. Notice also that, if ¢ # 0, then it is possible for ¢;”* to
also have contributions proportional to powers of UV and SM coupling constants. Such contributions arise
from diagrams involving both heavy and light particles propagating in the loop, see [33,42,48-51] for further

discussion and examples.
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for real scalars, complex

N

constant depending on the spin of ®; (respectively, ¢s = %, 1,—=, %
scalars, Dirac fermions, and gauge bosons).

The functional trace is subsequently evaluated in a way that allows for an inverse mass
expansion—that is, in powers of 1/A—thereby producing a series of higher-dimension opera-
tors from which one reads off the corresponding Wilson coefficients. One of the nice features
about functional methods is that they can be evaluated in a gauge-covariant manner [52,53]
(i.e. one can keep the covariant derivative D, = d,,+1A, intact throughout the calculation);

see [27,50,54] or the summary in [55].

2.3.2 Examples
Stops: HS? H?S?% (DS)?

Here we consider the resulting Wilson coefficients from integrating out heavy stops from

the MSSM [56]. Arranging the stops into the multiplet ® = (?3>, the relevant quadratic
R

piece of the MSSM Lagrangian is
Lyssm O @ (=D* = M? - U) @, (22)

where the mass and U matrices entering eq. (21) are

2
o [ ™5, 0
M —< 0 m? , (23)

and

U — ((yfsg +3g*A)HH + Jg?s3HH' — (g*Yocas + 39%) |H? yess X, H ) |
Yesp X M (y2s% — 19, c5) |H|
24)
In the above, H = iowH*; g, ¢, and y, are SM couplings (see definitions in the caption of
Table 1, with ¢ = t); and tan 8 = (H,)/(Hy) is the usual ratio of vevs in the MSSM.
Assuming degenerate stop masses for simplicity mg, = my, = my, then the resulting
Wilson coefficients are summarized in table 11.° In this table, as well as the rest of this
subsection, the normalization for Og and Osqowep differs slightly from table 1: here we
do not include the multiplicative SM couplings in the definition of the operator (e.g. here
Og = |H|% as opposed to A\,|H|®). We have also included two operators which are typically
eliminated from the Warsaw and SILH bases, namely Op = |H|?|D,H|?> and Op = |D*H|?
and their associated Wilson coefficients cg and cp. Using integration by parts and equa-
tions of motion (equivalently, field redefinitions), these operators can be written in terms of
operators in a minimal basis set, e.g. [9,12,45].

2HDM: H?S?, (DS)?
Here we consider an additional EW scalar doublet ® of hypercharge Yo = —1/2 coupled
to the Standard Model, i.e. a two Higgs doublet model (2HDM). We impose a Z symmetry

9The results for non-degenerate stop masses can be found in [57].
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2 2 2 2 2
e 1g97cop ) _ 1Xp _ Y 1 1g7cap ) _ 4 X,
Cae = anz 12 [(1 T ) 2 m%i| ‘WB = T (amZ? 24 [(1 +3 ) 5 m?
e = vi 1 [(]_19%cs) _ 2XP oy = iy L XE
ww (4m)? 16 6 y? 5 f% w (4m)2 40 mf%
oo — vioam [( | 319%s) 38X} oo — i1 X}
BB (4m)2 144 102 y? 85 m? B (4m)2 40 m?
Ca = ggQL vp 3| 1925 | 19738 7 X? L (924+29"%)cap 7 Xi
(4 20 g t = = —_ L 1 g TEed Jmab A 2t
( 7;) CH = @an?1 _(1 +3 I + 13 yl ) 6 mt% (1 +1 vZ ) + 30 m%i|
— g 1 4 [ 2 2 2 4
C = bTe c X X,
3W A7)2 20 — Yy 1 19 ¢c2p o 1Xy 19 ¢c2p 1
( ”2) ‘T = amZa 1+ 3 2 2 m? L+3 Y2 0 m?
1 =
— S —_— 2
€26 = Tam? 20 e — v 1|(q i 19%28\" _3X¢ (4 41 (3g° +g )Cw g&
5 R ™ (4m)22 2 ytz 2 m?2 12 10 m
— 9" 1 L ¢
Cow = Tn)Z 20 2 g X2
2 Cp = (47)2 20 m?
o — 21 &
2B = [4n)2 20
( 3 3 3 )
3g°—g'%)cap 1 (39°+9")cap 19%cap
14 1B —g")eas _ 1297y )c28 14 19 6
[ T Y7 Tl y? Tty
Cr = — yf 1 _Xf 2 1_|_ 1 (3¢° —9 )02/3 1(9 +9 )02[3 1_|_ 19 CZB 2
6 (4m)? 2 mt% 12 Y2 Y2
X 1 (6°+9"*)c2s Xp 1
o {1 T8 T | Tt )

Table 11: Wilson coefficients ¢; generated from integrating out MSSM stops with degenerate
soft mass m;, and tan 8 =

(H,)/{Hg) in the MSSM. Table from [56].
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CH = Un ) %(4)\2 + 4N + A3 + 4)\2) BB = (47r)2 BYe M+ ) law =

cr = (4;)2 112 ()\ — 4/\%) cww = 4ﬂ_)2 %(2)\1 + /\2) Cowy = (471r)2 %g
Co = — (a7 | 2A1 + 3AT A2 + 3MAT + A3+ 12(A\ + M) A3

Table 12: Wilson coefficients generated from integrating out a massive electroweak scalar
doublet ® of hypercharge Yo = —1/2 from the Lagrangian in eq. (25). g and ¢’ denote the
gauge couplings of SU(2), and U(1)y, respectively. The couplings A; 53 are defined by the
Lagrangian in Eq. (25). Table adopted from ref. [27].

on ¢ (the “inert” 2HDM, e.g. [58]), whereupon the most general Lagrangian between ¢ and
the SM is'?

A
Loy = Lsm + |D@[° — M? @] — f 2"
— M [H|? [0 = M| HID? — N [(HT®) + (0TH)?. (25)

The first line contains interactions of the doublet with EW gauge bosons (|D®|?), while the
second line contains interactions with the Higgs (schematically, ®*H?). These interactions
are quadratic in ® and therefore lead to one-loop effects.!!

Integrating out the field ® to one-loop order produces the effective action

1
Leg = Lsm + 2 (CGOG +caOp + crOr + cgROr + cgOpp + cww Oww

+ cwpOws + cswOsw + caw Oaw + CQBO2B) ) (26)

where the Wilson coefficients are given in Table 12. As in the previous example, the same
comments about operator normalization and redundancy apply.

Neutral vector triplet: H*V? (DV)?

As a last example, we consider a specific realization of the neutral vector triplet discussed
in Sec. 2.1.2. As previously discussed, this model generates tree-level Wilson coefficients. We
will show both the tree and one-loop contributions here. Although the focus of this section
is on models without tree-level effects, we have included this model as it also shows up as
an exeptional case to the discussion in the following subsection 2.3.3.

"9Here, D, ® = (0, — igWit" — ig'YeB,)®, 7* = 0°/2 are the SU(2)L, generators in the fundamental
representation, and H= 109 H* whence e“ﬁCI)QHB = H'®.

"n the absence of the Z, symmetry taking ® — —®, then the Lagrangian generically contains interac-
tions linear in ® which lead to tree-level effects. Schematically, these take the form ®H?3 and Yukawa-like
interactions ®1), which respectively generate |H|® and four-fermion operators 1)* at tree-level. These were
discussed in Sec. 2.2; see also [27] for further details.
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The model we consider contains a heavy vector in the triplet representation of SU(2), and
neutral under U(1)y, coupling universally to the SM weak current as discussed in section
2.5.7 of [27]. Ome way to understand the UV origin of this model is as a deconstructed
version [59] of an extra-dimensional model [60] where the EW gauge bosons propagate in
the bulk while the SM fermions and Higgs are localized to a boundary. Letting (), denote
the heavy vector of mass M, the UV Lagrangian to quadratic order in () is given by,

Loy =Lsm + §Q Jiy

+ 5 (DUQLD Q™ — DLQLDHQ™ — ge™ Q™)
+ % <M2 + %§2|H|2) QM. (27)
In the above, the first line contains the tree-level coupling of Q7 to the EW current Ji. The
second line contains the kinetic term for the vector as well as the magnetic dipole coupling
to the EW force (which is universally determined by unitarity [61,62] [27]). The last line
contains the mass term and a further coupling to the Higgs field.

Integrating out the heavy vector produces a set of dimension-six operators. At tree-level,
we generate (Jh')? which, via the equations of motion DWWy, = Jiy,, is equivalent to Oa .
At one-loop level, there are further contributions to Oy as well as contributions to Oz,
Oy, and Og. Specifically,

~2

A*Ctree = %02W7 (28)
1 1 g2 §4 §2
A‘Cl—loop = WW %(3031/1/ - 37(92w> + Z (OH - EOﬁ) . (29)

Note that there is a consistent limit of this model where g — 0 while the mass M and the
EW coupling ¢ are kept fixed.'? In this limit, the tree-level effects vanish, while at one-loop
only modifications to the EW propagators (from Oyy,) and EW triple gauge couplings (from
Osw ) survive. In fact, the ratio of these one-loop effects serves as a powerful discriminant
on the spin of the massive particle (in this case, ey /o™ = —37/3), as we discuss in the

next subsection.

2.3.3 Patterns

If a new particle is discovered, the two most basic (and most important) questions are (1)
what is the particle’s mass and (2) what is its spin? These are more-or-less straightforward
to answer if the new particle is discovered via direct production. But what if the new particle
is “discovered” indirectly, by determining that some set of Wilson coefficients in the SM EFT
differs from zero? The size of a given Wilson coefficient will clue us in to the mass of the
particle, at least up to assumptions on sizes of coupling constants, loop factors, etc. But
what information might clue us in to the spin of the particle? Well, here comes good news
from EW precision tests.

12In the UV realization given in [27], it corresponds to g — oo, v — 0 and adjusting g; to hold M and
g fixed.
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It was recently pointed out in [63] that the ratio cow /csw is very sensitive to the spin of
the underlying particle, while remaining largely independent of other details in the micro-
physics. In more conventional terms, this is the ratio of the EW oblique parameter W to
the anomalous triple gauge coupling (aTGC) \,;** to leading order in the EFT

W_ _cw (30)
)"y Caw
As we have emphasized, new, heavy particles generically carry EW quantum numbers, and
therefore source Qg and Osyy.
For simplicity let us assume that the BSM physics is weakly coupled and consists of
a single particle of mass M and charged under SU(2),. The generalization to multiple
particles is straightforward. Then the precise statement is: barring a single exception, the
ratio cow /caw is completely determined by whether the particle is a scalar, fermion, or
vector:

Cow / Csw
scalar 1 (31)
Dirac fermion —4
vector —37/3

As is evident this ratio is a pure number—it does not depend, in particuar, on the particle’s
mass nor on its representation under SU(2),, (i.e. its EW charge)—and this number varies
from 41 for a scalar all the way to —37/3 ~ —12 for a massive vector. Thus, a simple plot
of cow vs. c3y gives valuable information on the spin of BSM physics.

Let us explain the origin of the table in eq. (31), which will make clear the validity of the
table and its simple generalizations. The first point to understand is that any BSM state
with EW quantum numbers generates Oapsw at 1-loop, and that its contribution to cévl[?g%,
depends only on the particle’s mass, spin, and EW quantum numbers. Our assumption of
weakly coupled BSM physics—which concretely means we restrict our attention to renormal-
izable interactions in the UV theory—further implies that Osy, is only generated at 1-loop
or beyond [41]. The same holds true for Oqy, barring the singular case of the universally
coupled neutral vector triplet discussed in sec. 2.3.2.

The contribution to Qg sy from a particle of mass M and in the Rth representation of
SU(2), were computed in [27] where it was found

a2 s as s
1 1 ¢ 2 2 scalar
Eeﬁ,Lloop o W W @ M(R) <a2302w+a3503w> 16 4 Dirac fermion (32)
37 3 vector

where p(R) is the Dynkin index.' For a real scalar, as, = azs = 1. For the massive vector
the above is calculated by summing the contributions from the gauge, Goldstone, and ghost

13Recall that the EW oblique parameters S, T, U [64] and V, W, X, Y [4] parameterize deviations from the
SM of the 2-point function of EW gauge bosons and the aT'GCs [65,66] parameterize deviations from the
SM of the coupling among gauge bosons.

Yty (TT) = p(R)5%. Morally, the index p(R) is a measure of the SU(2), charge; it is the non-abelian
analogue of Q2 for U(1) groups.
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fields, as usual. We see that in the ratio cap /csy the mass and EW quantum number
information drops out.

If there are multiple particles of different mass or spin or SU(2);, charge, then the ratio
cow /csw no longer solely depends on the spin. However, as the contributions from the ith
particle scale as 1/M?, even a mild hierarchy in mass between BSM states can make coy /caw
fairly sensitive to the spin of the lightest state.

As mentioned earlier, there is a singe case where Qs can be generated at tree-level:
when the UV theory contains a universally coupled neutral vector triplet as discussed in
sec. 2.3.2. However, since copy no longer is loop-suppressed, for generic couplings one expects
Cow /Caw ~ (4m)% to be large and therefore a strong indicator about the nature of the BSM
physics.

3 Strongly Coupled BSM

In this section we discuss strongly coupled dynamics. In this regime, the standard per-
turbative methods are less efficient and the relations between predictions and fundamental
parameters of a given BSM model are fuzzy. Yet, in certain regimes, symmetries and selec-
tion rules imply sharp predictions that can be tested: identifying these will be the focus of
this section.

3.1 SMEFT for Composite Higgs Theories'®

We here derive the SM-EFT under the hypothesis that the Higgs is a resonance of some
strong dynamics not far above the TeV scale. These Composite Higgs (CH) scenarios are
motivated by the hierarchy problem. We review the main predictions of Composite Higgs
scenarios. This picture singles out two operators as the most important for on-shell Higgs
physics, and a small subset of interactions that are relevant for off-shell processes.

We assume that the heavy fields are part of a strongly-coupled sector characterized by a
single mass scale A, and that their self-couplings are all of order g. — that can be weak or
strong (1 < g. < 4m). The Higgs H is part of the strong dynamics, and therefore couples
with full strength g, to the heavy fields. On the other hand, the SM fermions ¢ are allowed
to couple with a reduced strength €, g,, with €, < 1; the interactions of the SM gauge bosons
follow from gauge invariance. These assumptions are approximately satisfied by all concrete
realizations of the CH, and are therefore very reasonable [9)].

Under these assumptions the corrections to the SM Lagrangian can be parameterized
as [68] [69] [9]:

At g-H gx¥ Du
5£NDA = ?AC( A ,EwA3/2,T>, (33)

*

where £ is a function of its arguments and additional model-dependent coefficients of order
unity, and D,, is a covariant derivative. The small parameters that define the power-counting

15Based on an original contribution by L. Vecchi (in review of strongly interacting light
Higgs scenarios, see [9,67]).
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Coefficient || Generic CH || Light j =0 | Light 7 =1 | Only Higgs || SU(2) custodial NGB-Higgs
2 2 2 2 2 2
CH s gx 9x 9y 9x , 9x
2 2 2 2 2 g 2
CT g* g* g* g* g* X 1672 g*
2 2
e LH g % g LH %y (% o
6 2 or -5
An An An Ah Ah An g% 167
2 2
g g
w.p 1 Top 1 Top? 1 1
7 2 7
1 9% 9 % _ 1 1
CHW,HB 1672 1672 1672 '
2 2 2 g2
c 1 92 92 g2 1 g
9.7 1672 1672 1672 1672
gg‘l\l 9sm g2 Ism gé‘]\l g2 gé‘M gé‘z\]
C2G 2W,2B 2 7 X Ton2 g2 2 X 162 2 2
ggju géj»f g2 -‘J%M ) g2 gg‘j\l g2 ggjw -‘J%ju
CaG 3w g2 g % T6w? g % Tor? g % 162 g2 g3

Table 13: Estimate of the EFT coefficients for universal theories characterized by a typical mass
scale A and coupling g, — where g, ~ ggum for weak and g, ~ 47 for maximally strong UV
completions, for various assumptions (see text). Here gsm = yt, 9,4, gs denotes a SM coupling.
Different combinations of such UV assumptions might simultaneously be satisfied in a given concrete
UV model. SM loops and RG evolution from A — p < A lead to small corrections to these estimates
(or at most comparable) if g, = gsm.

in this picture are, beyond the SM gauge couplings and E/A, also g.v/A and €. '°

In order to evade strong constraints from flavor-violation and other rare processes, the UV
dynamics must be approximately universal in the couplings to the light generations. This
may be ensured when the heavy fields couple dominantly to H and the gauge bosons (via
gauging), and possibly the third generation, but only weakly to the light SM fermions. In
realistic CH models this means that the €, of the first two generations, see (33), are usually
negligibly small to be relevant at the LHC. For simplicity, in the following I will assume
approximate universality for all generations. In this regime all flavor-violating operators
have coefficients controlled by the SM Yukawas. In other words, fermionic operators with
powers of e, and derived from (33) approximately satisfy “minimal flavor violation” (MFV).
However, the reader should be warned that this is a mere simplification, as non-universal
effects in top and bottom processes are possible in realistic CH models (€, ¢p, », b, can even be
of order unity). This possibility will not be discussed in the following because the associated
signatures are more model-dependent than those considered here (see Refs. [70-73]).

From (33) we obtain Eq. (1), with a certain power-counting for the Wilson coefficients.
In universal theories the most important operators O; appearing in Eq. (1) are those that
involve the Higgs and gauge fields, see table 1. The remaining dimension-6 interactions
describe non-universal H couplings to fermions, dipole operators, flavor-violating 4-fermion
operators. With present data, those involving the light generations are severely constrained
by rare processes and Z-pole precision data, and are therefore expected to impact the LHC
physics sub-dominantly, see however [74-76]. Non-standard interactions of top and bottom
quarks may however be possible, but are not considered here due to our assumption of
universality.

From (33) we obtain an estimate for the coefficients ¢;. The result is shown in the second

16Tn the Chiral Lagrangian for pions, g.v/A ~ 1 and is not used as an expansion parameter, whereas €y
has no counterpart.
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column in table 13. One can make further model-dependent assumptions on the spectrum or
the symmetries of the UV dynamics, obtaining coefficients that are suppressed compared to
the generic CH case. This is illustrated in the remaining columns. For example, if the strong
dynamics predicts resonances of spin j and mass A, some ¢; can be generated at tree-level
and thus be enhanced compared to loop-induced ones (of order g2/167% times smaller). '7
The pattern shown in the fifth column is found when the exotic resonances only couple to
the Higgs (as in Twin Higgs models). Also, all tree-level contributions can be avoided if
the exotic resonances respect a Z symmetry that prevents linear couplings to SM currents.
Furthermore, a custodial SU(2) can suppress ¢y at most by a hyper-charge loop factor. On
the other hand, the parameters ¢4, depend on the nature of the Higgs boson and can be
suppressed in scenarios in which the lightness of the Higgs boson is explained promoting it
to a Nambu-Goldstone Boson (NGB) of the symmetry breaking pattern G — H. The small
parameter gg and the size of the suppression depend on how the Goldstone symmetry is
broken.

3.1.1 Observable consequences

The operators in the upper portion of table 1 contribute to on-shell Higgs processes [47,77,78].
The dominant effects are collected in the third column. The severe constraints from precision
electroweak data, especially Z-pole physics, force ¢ and cy + cg to be very small and
thus impact marginally Higgs physics at the LHC (see however [75,79]). The operator Og
only modifies the Higgs self-couplings and will not be relevant either. The operators Op
are singled out as the most important ones for at least two reasons. First, all versions
of CH models are expected to generate them (see first row of table 13). Second, their
coefficients are usually sizable in strongly-coupled CH scenarios, where g, can be as large
as 4. They can thus modify all SM Higgs couplings (b — VV* 1)) at order g?v?/A? =~
10%(g./47)?*(10 TeV/A)?, that is significant even if the UV physics is very heavy. Via loops,
the operators Oy, also affect the SM predictions for h — gg,v7y,vZ at the same order.
Ouw,uB,g~ dominantly modify radiative Higgs decays and may also be important; however,
their relevance is more model-dependent.

The operators in table 1 can also be constrained by taking advantage of the growth in
energy appearing in processes at high momentum transfer ¢* > m3,:

2 4
A = Asy + Apsu % C% +O G%) , (34)
where ¢ and ¢ are dimensionless (combinations of) Wilson coefficients. Familiar examples
are vector boson scattering V;V; — ViV, hh and ViV, — tt. Other processes are listed in
the last column in the table.

As emphasized in sec. 3.1, the assumptions on the UV dynamics are essential in extracting
reliable constraints on the new physics parameters [80]. Without hypothesis on the UV

"Here we follow [9] and assume that tree-level effects be generated by a UV theory with resonances of
spin j < 1 and mass A that couple via interactions of dimension < 4 and minimally to the gauge bosons.
Scalar resonances mixing with the Higgs also generate %(yw%ibR)Q at tree-level, as well as innocuous
renormalizations of the SM parameters. Similarly, at one or higher loops, minimally-coupled universal
theories induce operators with fermions that are not included in table 1. However, their coefficients are
dictated by MFV and are expected to impact negligibly our analysis.
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physics we do not know the size of ¢ in (34) and cannot translate the experimental bound on
A into a constraint on the parameters A, g,. Similarly, we cannot estimate the error incurred
in neglecting ¢’q*/A* if we do not know ¢/c. This is precisely the information provided by
the power-counting discussed in sec. 3.1. In CH scenarios this crucial input is summarized
in table 13. Once a power-counting is assumed, only a very small number of operators turns
out to be relevant for a given observable. This is what makes the SM-EFT a useful tool.
For example, inspecting table 13 one easily sees that Drell-Yan processes are controlled by
Oawap [81], whereas pp — jj are dominated by Os [82]. Similar considerations apply to
di-boson events. In this case 4 operators are expected to dominate, Ow g pw.np, but in
reality only two linear combinations turn out to be relevant [75].

3.2 Composite Vectors and Multipolar Interactions'®

In this section we discuss the possibility that the transverse polarisations of vector bosons be
strongly interacting. This seems in apparent contrast with the weakly coupled nature of the
SM gauge bosons. Ref. [10] however proposes a structure for which the SM and its deviations
are not necessarily associated with the same coupling strength. This is interesting in the
context of searches for anomalous triple gauge couplings (TGCs): the models discussed here
might induce large deviations there, or in processes involving Higgs bosons and vectors, such
as in the decay h — Z~. In what follows we assume that the new physics preserves custodial
symmetry such that ¢y = 0.

It is useful to first recall the power-counting rules associated with the CH models dis-
cussed in the previous section. There are two basic assumptions: one is that the Higgs
and the longitudinal components of the SM gauge bosons are pseudo-Nambu-Goldstone-
bosons associated with the global symmetry breaking of a strong sector; the other is that
SM fermions acquire masses from their linear mixing with the strong sector. This leads to
the following power-counting rules in the Lagrangian:

e Higgs fields will be associated with a strong coupling g, in the operators which preserve
the symmetry of the strong sector including the non-linearized symmetry.

e Explicitly breaking of the strong sector symmetry will be associated with SM gauge
couplings and Yukawa couplings g, ¢, y;.

Following these rules, we have summarized the size of the Wilson coefficients of the opera-
tors for the SILH scenario in Table 14. We see that only Oy, O, are enhanced by strong
coupling, which make them the most relevant operators in the SILH scenario, as discussed
in section 3.1.

Ref. [10] considers the possibility that the SM transverse gauge bosons are part of the
strong dynamics. These scenario was dubbed Remedios and is based on the observation
that the normal SM gauge interactions (mono-pole) and multi-pole interactions (involving
the field strength and its derivatives) have different symmetry structure. Therefore, they
can have different coupling strength in principle. The small coupling g controls the renor-
malizable interactions between the gauge boson and the fermions, while the large coupling

®Based on a contribution by D. Liu and I. Low, contains material inspired by Ref. [10].
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Model O | Oaw | Osp | Osw | Opw | Ous OW,B Oss Ow

SILH (see sec. 3.1) || g2 % % lg; 127%2 lgi 1 % z—g
Remedios 1 1 g;*

Remedios+MCHM g2 1 1 %* 1 1 1 1 g?

Remedios+150(4) An 1 1 g;* %* 1 1 1 An

Table 14: Size of the Wilson coefficients in different scenarios, where g, denotes a strong
coupling in the new physics sector.

g+ determines the multi-pole interaction with the resonances of the strong sector. This will
lead to new power-counting rules for the gauge bosons:

e The field strengths of the gauge boson and their derivatives will be associated with a
strong coupling ¢,, while the normal gauge interactions are realized by changing the
partial derivative to covariant derivative: 9, = D, = 0, — igA,.

This leads to the case that the O3y is enhanced by the strong coupling and the Oy 25 have
O(1) Wilson coefficient, which has been summarized in the third row of Table 14. We can
also consider the scenario that both transverse gauge bosons and Higgs bosons are part of
the strong dynamics. This is possible if the nonlinearly realized symmetries of the Higgs
sector follow specific patterns:

e Remedios + minimal CH models (MCHM):: the symmetry breaking of the strong sec-

—_—— —_—

tor will be SO(5) x SU(2) x U(1)x — SO(4) x SU(2) x U(1)x, where another global

—_—

symmetry SU(2) is needed to stablize the Higgs potential.

e Remedios +/50(4): the symmetry breaking of the strong sector will be I150(4) x
U(l)x — SO(4) x U(1) x, where the ISO(4) is the non-compact group SO(4) x T*.

The corresponding power-counting rules for the size of the Wilson coefficients are presented
in the fourth and fifth rows of Table 14. We see that Ogy can be enhanced by the strong
coupling g, in the second case.

4 Conclusions

In this document we collected several benchmark scenarios for both weakly and strongly cou-
pled new physics. For each of them, a mapping to the relevant dimension-6 operators in the
SM EFT, as well as the expected size of the coefficients, is shown in tables 3,10,11,12,13,14.
Furthermore, for several Higgs and electroweak processes we show table 1 what are the most
relevant operators (in universal theories).

On the one hand, this table together with the maps from models to EFT coefficients, can
help experimentalists designing an analysis for a given process to individuate the relevant
small set of operators, motivated by some concrete BSM scenario. This can be used to justify
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a choice of a specific set of operators. On the other hand, the same tables can also be used
to easily translate the constraints on EFT coefficients to limits in the parameter space of
one of the BSM models studied here.

As a long-term goal, a global SM EFT analysis of all available experimental low and high-
energy data, without assumptions on the EFT coefficients, is certainly worthy the present
effort which is being put into it. Nevertheless, if one wants to learn about some more specific
class of BSM models, it is reasonable to consider only the limited set of operators generated in
that scenario with largest coefficients. Such restrictions in parameter space often makes the
limits much stronger, thus improving our knowledge on those new physics models. The BSM
benchmarks presented here cover a wide range of possible new physics, from weakly-coupled
simplified models, to strongly coupled theories.
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