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The nonobservation of new particles at the LHC suggests the existence of a mass gap above the
electroweak scale. This situation is adequately described through a general electroweak effective theory
with the established fields and Standard Model symmetries. Its couplings contain all information about the
unknown short-distance dynamics which is accessible at low energies. We consider a generic strongly
coupled scenario of electroweak symmetry breaking, with heavy states above the gap, and analyze the
imprints that its lightest bosonic excitations leave on the effective Lagrangian couplings. Different quantum
numbers of the heavy states imply different patterns of low-energy couplings, with characteristic
correlations which could be identified in future data samples. The predictions can be sharpened with
mild assumptions about the ultraviolet behaviour of the underlying fundamental theory.
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I. INTRODUCTION

The LHC data have confirmed the validity of the
Standard Model (SM) framework at the electroweak scale,
including the existence of a light Higgs boson [1].
Moreover, the absence of signals of new phenomena pushes
at higher energies the scale of hypothetical new dynamics,
beyond the TeV in most scenarios. While there are many
profound reasons to think that the SM is not the ultimate
fundamental theory and new physics should indeed exist, a
mass gap between the electroweak and new-physics scales
appears to be present. Below the gap, the only possible
signals of the high-energy dynamics are hidden in the
couplings of the low-energy electroweak effective theory
(EWET), which can be tested through scattering amplitudes
involving only SM particles.

The EWET contains the most general Lagrangian, built
with the established fields, compatible with the SM gauge
symmetries and the known pattern of electroweak
symmetry breaking (EWSB): G = SU(2), ® SU(2)x —
H = SU(2),, g, giving rise to three Goldstone bosons which
account for the longitudinal polarizations of the W* and Z
gauge bosons. Although most recent works concentrate on
the particular case of a linear realization of EWSB, assuming
the Higgs boson to be part of a SU(2), doublet, as in the SM,
we will consider the more general nonlinear framework with
a singlet Higgs field i(x), unrelated to the Goldstone triplet
¢(x). The Goldstone fields are parametrized through
the canonical G/H coset representative [2-5] u(g) =
exp (569 /v), with v =246 GeV the electroweak
scale. Under chiral transformations ¢g= (g;,9z) € G,
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u(p) = 91u(9)g4 (9. 9) = 9u(9. 9)u(p) gk, ith g, (. 9)=
g, € H [6-8].

The effective Lagrangian is organized as a low-energy
expansion in powers of momenta (and symmetry break-
ings): £L = L4, with L, of O(p?). Atlowest order (LO),
O(p?), it contains the renormalizable massless (unbroken)
SM Lagrangian plus the Goldstone term

where U=u?>- g Ugy, u,=iu(D,U)"u=uj—
ghuﬂgz and (O) denotes the two-dimensional trace of O.
Equation (1) is the universal Goldstone Lagrangian asso-
ciated with the symmetry breaking G — H. The same
structure with v — f, and ¢ — 7 governs the low-energy
pion dynamics in two-flavor quantum chromodynamics
(QCD) [9]. The covariant derivative D,U = 9,U —
iWMU + iUEﬂ couples the Goldstones to external
SU(2), x gauge sources, making the Lagrangian formally

invariant under local G transformations. The identification
with the SM gauge fields, Wﬂ = —%817V,, and Bﬂ =
—%@BM, breaks explicitly the SU(2), symmetry while
preserving the SU(2), ® U(1), SM symmetry.

The nonlinear Lagrangian (1) contains arbitrary powers
of Goldstone fields, compensated by corresponding powers
of the scale ». Since h and ¢ are assumed to have similar
origins, powers of /v do not increase the chiral dimension
either. Therefore, in the EWET the term (1) must be
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TABLE I.  O(p*) P-even bosonic operators of the EWET.

=3l = 2 f) O = 3z (0,h) (0" h) (u, )

=3 (M o + ) 2 (0,h)(0,h) (uu)
=5 (¥l ) = 2—4 (0,h)(9"h) (D, h)(9"h)

= (uu,) () Oy =3 (0, ) (fu,)

= (wu")?

multiplied by an arbitrary function of the Higgs field
F.(h/v) [10]. £, includes in addition the kinetic Higgs
Lagrangian, with mass m;,, and a scalar potential V(h/v)
containing arbitrary powers of /v.

At the next-to-leading order (NLO), one must consider
one-loop contributions [11] from the LO Lagrangian plus
O(p*) local structures. Restricting the analysis to bosonic
fields and assuming that parity (P:L<>R) is a good
symmetry of the EWSB sector,

Lgosome = Zfi(h/v)oi» (2)

with F;(h/v) arbitrary polynomials of h/v. A basis of
NLO operators O; was written down by Longhitano in the
Higgsless theory [12—14], which must now be expanded
with structures involving explicitly the Higgs field [15-17].
Table I collects the P-even operators which preserve
custodial symmetry (H). For convenience, the left and
right field-strength tensors have been rewritten in terms of
Y = utWHu + uB*u’, which transform as triplets under
G: [ = gt 9

All information on the underlying short-distance dynam-
ics is encoded in the low-energy couplings (LECs)
multiplying these operators. They can be accessed exper-
imentally through precision measurements of anomalous
triple and quartic gauge couplings, scattering amplitudes of
longitudinal gauge bosons, Higgs couplings, etc. Once a
clear pattern of LECs emerges from the data, one would
like to identify the physics originating these effects at high
scales. In this paper, we analyze the low-energy signals of
generic massive bosonic states, following the successful
methodology developed in QCD to determine the LECs of
chiral perturbation theory [4,5,18,19].

II. RESONANCE EFFECTIVE THEORY

Above the energy gap, the underlying dynamical theory
(either effective or fundamental) contains the SM fields
plus heavier degrees of freedom. We will concentrate here
on new massive bosonic states (resonances R), postponing
to future work the more involved study of additional
fermions [20]. Technicolor [21-23] and walking techni-
color [24-26], the most studied strongly coupled models,
predict the existence of bound states in the TeV range. The
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analysis of the oblique S and 7 parameters in near-
conformal theories requires masses of at least a few TeV
for the lightest spin-1 resonances [6,7,27-29]. Likewise,
composite fermions (technibaryons) are expected to appear
above the TeV scale [30].

The exchange of heavy fields (propagators) contributes
to Green functions with only light fields in the external
lines. At low energies, these contributions are suppressed
by powers of momenta over the heavy masses and, there-
fore, those states closer to the gap (the lightest heavy states)
will dominate.

Let us consider an effective Lagrangian containing the
SM fields coupled to the lightest scalar, pseudoscalar,
vector and axial-vector color-singlet resonance multiplets
S, P, V#* and A", transforming as SU(2); , » triplets, i.e.,
R — ghRgZ, and the corresponding singlet states S, Py,
V¥ and Af" (R| — R)). Since we are interested in the low-
energy implications, we only need to keep those structures
with the lowest number of resonances and derivatives. At
LO, the most general P-even bosonic interaction with at
most one resonance field, invariant under the symmetry
group G, has the form

LI:UZZWMM")( +2K—Wh+\jfd2 1) + Ans, VI* S
v iGy u? i v
+2f< ;wf > 2\/—< [ ) }>+2\/§<Auvﬂi>
+ V22048, h (AP ) +7”(aﬂh)<Pu”>. (3)

In the first term we have included the linear Higgs coupling
to the Goldstones which for xy = 1 reproduces the gauge
coupling of the SM Higgs. We have only made other Higgs
couplings explicit when they give rise to new operators (all
couplings must be actually understood as functions of //v).
The number of chiral structures has been reduced through
field redefinitions, partial integration, equations of motion
and algebraic identities [20]. Notice that the singlet vector,
axial-vector and pseudoscalar fields, and the scalar triplet
cannot couple to the Goldstones and gauge bosons at this
chiral order. The spin-1 fields are described with antisym-
metric tensors because this leads to a simpler formalism,
avoiding mixings with the Goldstones, and better ultra-
violet properties [4,5].

The low-energy EWET of the Lagrangian (3) is formally
obtained, integrating out the heavy fields from the gen-
erating functional and expanding the resulting nonlocal
action in powers of momenta over the heavy scales. At LO
(tree-level exchanges) this is easily achieved, using the
(power-expanded) equations of motion to express the heavy
fields in terms of the SM ones, and substituting back those
expressions in the resonance Lagrangian [4]. Writing the
linear resonance couplings in the form
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ER = <V;w)(l‘lly> + <A/w)(lj4y> + <P)(P> =+ Sl)(SIv (4)

the result can be expressed in terms of the chiral structures
X% > xr» which only involve SM fields and can be directly
read from Eq. (3) [20]:

o(p* 1 1 v v
A7) = 5 b (30 ) iz
R=V A R
13,
3

+ o (e =3 0?) + (5

Decomposing this expression in terms of the operator basis
O;, one obtains the predictions for the EWET LECs given
in Table II. The §;-exchange term generates in addition an
O(p*) correction to the lowest-order EWET Lagrangian:

B j’hSl v
- 2
203,

A[I(SZI) R {dns, vR? + V2c (uu')}.  (6)

The predicted spin-1 contributions are independent of
the (antisymmetric) formalism adopted to describe the
fields. The same results are obtained using Proca fields
or a hidden-gauge formalism [31,32], once a proper ultra-
violet (UV) behavior is required (physical Green functions
should not grow at large momenta) [5,20].

The LECs F;(h/v) are related to the Higgsless
Longhitano’s Lagrangian couplings [12,13,33], frequently
used in previous literature, through a; = F(0),
a, —az = F5(0), ay = F4(0) and as = F5(0), all other
combinations being zero within our approximations.
Possible low-energy contributions from exotic JF¢ =
17~ heavy states have been analyzed in Ref. [34].

TABLE II. Predicted LECs from resonance exchange. The rhs
expressions include short-distance constraints.

F2 F? 2
— A v _ _U 1 1
Fir =0 ~ar =~ 76z Tae)
F = P F3o v (MY, +MY)
27 T8METO8ME T SMLMA(MA-M7)
FyG 2
]_' — _Ifvbv _ _ w
3 2M7, M7,
2 2 2,2
PR U ST
a3, AM3 M,
2 2 2 ;
Fs = g — sy = o — i
am3TaMy T aMy AMIM,
g _Um  MeGm)e
6T W
F, = df,z (A;*A)ffﬂ _ df,z i M%/(MA—GM%,)fZ
2M, M M3, M
Fg=0
R M3, 0?
}-9 - = M2 - M
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III. SHORT-DISTANCE CONSTRAINTS

The integration of the heavy fields has generated a
definite pattern of LECs in terms of the resonance masses
and couplings. Even if these parameters are unknown, the
particular quantum numbers of a given intermediate reso-
nance give rise to clear correlations among several LECs,
which could be phenomenologically identified in future
data samples. These predictions can be sharpened, assum-
ing a given UV behavior of the underlying fundamental
theory. Imposing the expected falloff at large momenta of
specific Green functions, one obtains constraints on the
resonance parameters which are valid in broad classes of
dynamical theories.

Taking functional derivatives of the action with respect
to the external sources W", B", one defines the correspond-
ing left/right (vector/axial) currents. The two-Goldstone
matrix element of the vector current is characterized by the
vector form factor

FVGV N
v M3 —s’

thﬂ(s) =1+ (7)

Requiring Fy,,(s) to vanish at infinite momentum transfer
gives the relation [4,5]

FVGV - 7)2. (8)

Applying a similar reasoning to the Higgs-Goldstone
matrix element of the axial current, one obtains [6,7]

FAl]ilA = Kw?. (9)

The two-point correlator of left and right currents,
I g (s) = Myy(s) —yu(s), is an order parameter of
EWSB. In asymptotically free gauge theories [35] it
vanishes as 1/s3, at large momenta. This implies UV
superconvergence properties, the so-called Weinberg sum
rules (WSRs) [36]:

F-F =0  FBM,-FM =0, (10)
which have been widely used in QCD [4,5]. In the
electroweak case, they constrain the gauge boson self-
energies [37]. These two conditions determine Fy and F
in terms of the resonance masses and imply My, < M 4. At
the one-loop level, and together with (8) and (9), the WSRs
imply also a relation between the Higgs gauge coupling and
the resonance masses [6,7]:

Kw = M3,/ M3 (11)

Using the identities (8), (9), (10) and (11), all O(p*)
LECs can be written in terms of My, M, and v, plus the
scalar/pseudoscalar parameters entering F 5 and 5. These
improved predictions, shown in the rhs expressions in
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Table II, are valid in dynamical scenarios where the two
WSRs are fulfilled, as happens in asymptotically free
theories. Softer conditions can be obtained imposing only
the first WSR [6,7,20], which is also valid in gauge theories
with nontrivial UV fixed points [37].

Notice that the expressions derived in the previous
section for the LECs are generic relations which include
the functional dependence on /v hidden in the couplings.
This is however no longer true for our improved predictions
incorporating short-distance constraints, where only con-
stant couplings have been considered. Thus, the rhs
expressions in Table II give the O(h°) term in the
expansion of the corresponding LECs in powers of //v.

In Fig. 1 the numerical values of the different LECs F, =
F1(0) are shown as functions of My, after imposing the short-
distance constraints. The light-shaded regions indicate all
a priori possible values for M, > M. F, cannot be bounded
with the current information and is not shown. The dashed
blue, red and green lines correspond to kyy = M3, /M3 = 0.8,
0.9 and 0.95, respectively. A single dashed purple curve is
shown for F3, which is independent of M .

The experimental bounds on the oblique parameters S
and T imply that kyy > 0.94 and My, > 4 TeV (95% C.L.),
when the two WSRs apply [6,7]. The analysis of one-loop
resonance contributions to S and 7T [6,7] restricts the
allowed values of the LECs to the dark areas shown in
the figures, which results in quite strong limits (95% C.L.):
2x103 < F, <0, 2x102 <F3<0, 0<F,<
25x1075, —=9x 1070 < Fg <0, —-4x1073 < Fy <0.
These constraints would be softened in scenarios where
only the first WSR applies [6,7].

2 4 6 8 10
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The exchanges of scalar and pseudoscalar resonances
only manifest in F5 and F5. These contributions can
be isolated through the combinations F, + Fs and
Fe + F7 which depend only on the ratios Mg /c; and
Mp/dp, respectively. The predicted values are shown
in Fig. 2.

IV. SUMMARY

We have analyzed in a model-independent way the
low-energy implications of generic heavy resonances, from
an underlying strongly coupled dynamics, through their
imprints on the LECs of the EWET. This is the only
experimentally accessible information below the energy
gap which separates the known particles from heavier
new-physics states.

Integrating out the heavy fields, one gets the predictions
given in Table II in terms of resonance parameters. Adding
mild assumptions about the UV dynamical behavior, valid
in a broad variety of new-physics scenarios, our results lead
to very strong constraints [20], some of which are shown in
the rhs of Table II and in Figs. 1 and 2. The resulting pattern
of LECs, with clear correlations characterizing the different
quantum numbers of the massive states, will help to infer
the type of short-distance physics underlying any deviation
from the SM seen in future data.

The LECs F;_s induce anomalous gauge-boson cou-
plings. F, 5 are relevant for the oblique S parameter [6—8]
and the yy — WW amplitude [38,39], and F4_g enter in
WW — WW, hh scattering [40-42]. At present, the exper-
imentally most strongly constrained LEC is | which gives
a direct tree-level contribution to the oblique S parameter,

2 4 6 8 10

My (TeV) My (TeV)
0.4 0
-2
0.3 -05 ; —4
- © > -6
5.“0.2 f‘ -1.0 f\ 3
= 2 J g 2
-10
-15 i
0.1 i T
ia —14f
-2.0 L
2 4 6 8 10 2 4 6 8 10

My (TeV)

FIG. 1.

My (TeV)

My (TeV)

Predicted O(p*) LECs for asymptotically free theories, as function of M. The lightly shaded regions cover all possible values

for M, > My, while the blue, red and green lines correspond to xy = M3,/ Mi = 0.8, 0.9 and 0.95, respectively. F5 does not depend on
M 4. The oblique S and T constraints restrict the allowed ranges (95% C.L.) to the dark areas.
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Mp/dp

FIG. 2. Scalar and pseudoscalar contributions to F5 and F75, respectively.

AS = —16xF, (reflected in Fig. 1 at NLO). Future e*e™
colliders (LC/GigaZ) could bring a factor of 5 improvement
in precision, reaching 8S ~ £0.02 [43] or §F; ~4 x 107,

The combined analysis of LEP and collider data bounds
the anomalous triple gauge-boson couplings in the range
|Agf|. |Akz|, |Ak,| S O(107") [44,45], which translates
into a poor bound | F3| < O(107!). While sizable improve-
ments are to be expected at the LHC, the LC could achieve
[43,46] | F3| ~ |Ak,|/¢* ~ 5 x 107*, becoming sensitive to
the values predicted in Fig. 1.

Regarding anomalous quartic gauge-boson couplings,
LHC has provided the first evidences on WW scattering
[42], giving bounds of the order of |F,s| < O(1071).
Future LHC runs are expected to reduce the uncertainties
on these two LECs down to O(1073) [47]. This is
not enough to become sensitive to vector-exchange

contributions, but could allow us to pin down a scalar-
singlet effect on F5 in the range indicated in Fig. 2.

The LECs F4_g involve the Higgs field in the external
legs and are still unknown. Some experimental information
on these couplings will be obtained through single-Higgs
and multi-Higgs production processes at the LHC and/or
other future colliders.
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