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Abstract. Considering the one-loop calculation of the oblique S and T parameters, we have presented a study
of the viability of strongly-coupled scenarios of electroweak symmetry breaking with a light Higgs-like boson.
The calculation has been done by using an effective Lagrangian, being short-distance constraints and dispersive
relations the main ingredients of the estimation. Contrary to a widely spread believe, we have demonstrated that
strongly coupled electroweak models with massive resonances are not in conflict with experimental constraints
on these parameters and the recently observed Higgs-like resonance. So there is room for these models, but
they are stringently constrained. The vector and axial-vector states should be heavy enough (with masses above
the TeV scale), the mass splitting between them is highly preferred to be small and the Higgs-like scalar should
have a WW coupling close to the Standard Model one. It is important to stress that these conclusions do not
depend critically on the inclusion of the second Weinberg sum rule.

1 Introduction

A new Higgs-like boson around 126 GeV has just been
discovered at the LHC [1]. Although its properties are
not well measured yet, it complies with the expected be-
haviour and therefore it is a very compelling candidate to
be the Standard Model (SM) Higgs. An obvious question
to address is to which extent alternative scenarios of Elec-
troweak Symmetry Breaking (EWSB) can be already dis-
carded or strongly constrained. In particular, what are the
implications for strongly-coupled models where the elec-
troweak symmetry is broken dynamically?

The existing phenomenological tests have confirmed
the SU2), ® SUR2)g — SU(2).+x pattern of symmetry
breaking, giving rise to three Goldstone bosons which, in
the unitary gauge, become the longitudinal polarizations
of the gauge bosons. When the U(1)y coupling ¢’ is ne-
glected, the electroweak Goldstone dynamics is described
at low energies by the same Lagrangian as the QCD pi-
ons, replacing the pion decay constant by the EWSB scale
v = (V2GF)™1% = 246 GeV [2]. In most strongly-coupled
scenarios the symmetry is nonlinearly realized and one ex-
pects the appearance of massive resonances generated by
the non-perturbative interaction.
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The dynamics of Goldstones and massive resonance
states can be analyzed in a generic way by using an effec-
tive Lagrangian, based on symmetry considerations. The
theoretical framework is completely analogous to the Res-
onance Chiral Theory description of QCD at GeV ener-
gies [3]. Using these techniques, we have investigated in
Ref. [4, 5], and as an update of Ref. [6], the oblique S
and T parameters [7], characterizing the new physics con-
tributions in the electroweak boson self-energies, within
strongly-coupled models that incorporate a light Higgs-
like boson. Adopting a dispersive approach and impos-
ing a proper high-energy behaviour, it has been shown
there that it is possible to calculate S and T at the next-
to-leading order, i.e., at one-loop. Note that these re-
sults do not depend on unnecessary ultraviolet cut-offs.
Although these scenarios are compatible with the exper-
iment, we have found that in most strongly-coupled sce-
narios of EWSB a high resonance mass scale is required,
above 1TeV, to satisfy the stringent experimental limits.
Previous one-loop analyses can be found in Refs. [8].

2 Framework and Assumptions

We have considered a low-energy effective theory con-
taining the SM gauge bosons coupled to the electroweak
Goldstones, one light scalar state S; with mass mg, =
126 GeV and the lightest vector and axial-vector reso-
nance multiplets V,,, and A,,. We have only assumed the
SM pattern of EWSB, i.e. the theory is symmetric under
SU2), ® SU(2)g and becomes spontaneously broken to
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the diagonal subgroup SU(2);z. S is taken to be sin-
glet under S U(2)..g, while V,, and A, are triplets. To
build the Lagrangian we have only considered operators
with the lowest number of derivatives, as higher-derivative
terms are either proportional to the equations of motion or
tend to violate the expected short-distance behaviour [5].
We have needed the interactions [4]
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plus the standard gauge boson and resonance kinetic
terms. We have followed the notation of Ref. [6]. The first
term in (1) gives the Goldstone Lagrangian, present in the
SM, plus the scalar-Goldstone interactions. For w = 1 one
recovers the S| — nr vertex of the SM. Note that w is
called kw, k7 or a in other references.

The oblique parameter S receives tree-level contribu-
tions from vector and axial-vector exchanges [7], while T
is identically zero at lowest-order (LO):
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To compute the one-loop contributions we have used the
dispersive representation of S introduced by Peskin and
Takeuchi [7], whose convergence requires a vanishing
spectral function at short distances:
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with pg(¢) the spectral function of the W3 B correlator [4,
6, 7].

The calculation of T is simplified by noticing that, up
to corrections of O(m3, /M3), T = Z™/Z©® — 1, being Z™
and Z© the wave-function renormalization constants of
the charged and neutral Goldstone bosons computed in the
Landau gauge [9]. A further simplification occurs by set-
ting g to zero , which does not break the custodial symme-
try, so only the B-boson exchange produces an effect in 7'.
This approximation captures the lowest order contribution
to T in its expansion in powers of g and ¢'.

Requiring the W3 B spectral function pg (f) to vanish at
high energies channel by channel leads to a good conver-
gence of the Goldstone self-energies, at least for the cuts
we have considered. Then, their difference obeys an un-
subtracted dispersion relation, which enables us to com-
pute T through the dispersive integral [4],
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with pr(¢) the spectral function of the difference of the
neutral and charged Goldstone self-energies.

It is quite interesting to remark the main assumptions
we have done in our approach:
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Figure 1. NLO contributions to S (two first lines) and T (two
last lines). A dashed (double) line stands for a Goldstone
(resonance) boson and a curved line represents a gauge
boson.

1. Only operators with at most two derivatives have
been kept in the action. Considering the equations
of motion, field redefinitions and the high-energy
behavior of form factors is possible to find the ab-
sence of higher derivative operators [5]. Moreover,
it is known that this procedure works in the QCD
case [3].

2. Only the lightest vector and axial-vector reso-
nance multiplets have been considered. This is
known to be a good approximation since contri-
butions from higher states are suppressed by their
masses. QCD phenomenology supports this approx-
imation: the single resonance approximation [3].

3. Only contributions to the dispersive relations of
Egs. (3) and (4) coming from the lightest two-
particle channels without heavy resonances are
going to be considered, i.e. two Goldstones or one
Goldstone plus one scalar resonance for S and the
B boson plus one Goldstone or one scalar resonance
for T. Note that from a dimensional analyses higher
cuts tend to be suppressed. Moreover, the 1/t or 1/12
weight in the sum rules of (3) and (4) enhances the
contribution from the lightest thresholds and sup-
presses channels with heavy states [10]. V& and A
contributions were shown to be suppressed in a pre-
vious Higgsless analysis [6]. Again, it is known that
this procedure works in the QCD case [10].

4. Unlike what happens in QCD, the underlying theory
is not known. Therefore, although we have worked
at lowest order in g and ¢’, the counting is not well
defined. We only know that loops are suppressed (%
counting in the loop expansion) and that it works in
QCD in the framework of the 1/N¢ expansion, with
Nc the number of colours.

3 Short-distance constraints

Figure 1 shows the computed one-loop contributions to S
and T'. The spectral functions of Egs. (3) and (4) are [4, 5]:
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being oy = FyvGy/v?, o4 = FA/lfA/(wv), § = s/M%, and
5 = s/M3. Terms of O(myg /My ,) have been neglected in
Eq. (9).

Fixing mg, = 126 GeV, one has 7 undetermined pa-
rameters: My, My, Fy, Fa, oy, 04 and w. The number of
unknown couplings can be reduced using short-distance
information [4, 5]:

1. Vector form factor. The two-Goldstone matrix el-
ement of the vector current defines the Vector Form
Factor (VFF). Imposing that it vanishes at s — oo,
one finds [3]:

F
VZGV =1. (11)
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Not surprisingly, this constraint can be obtained by
imposing the high-energy cancellation of (5) or (8).

2. Axial form factor. The scalar-Goldstone matrix
element of the axial-vector current defines the Ax-
ial Form Factor (AFF). Imposing that it vanishes at
s — oo, one finds [5, 10]:
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Again, this relation follows also from the cancella-
tion of (6) or (9) at short distances.

3. Weinberg Sum Rules (WSRs) at next-to-leading
order (NLO). Assuming the first Weinberg sum
rule [11], the spectral function pg(¢) should vanish
at high energies. If one considers Eqgs. (11) and (12),
this is automatically realized [4, 5]. In other words,
using the constraints coming from the VFF and the
AFF is equivalent to considering the first WSR in
the spectral function channel by channel.

The second WSR implies

w = My/M. (13)

Note that a small splitting between the vector and
axial-vector resonances would imply w ~ 1, that is,
close to the SM value.

After imposing the short-distance conditions on the
spectral function, one has to apply the same con-
straints to the real part of the correlator, reaching
the next-to-leading extension of the first and second
Weinberg sum rules, respectively, [6, 10]
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where 6() and 62 parameterizes the high-energy
expansion of the one-loop contribution. It is then
possible to fix the couplings F7, and F, up to NLO.
Taking into account that the second WSR is ques-
tionable in some scenarios, we have studied the con-
sequence of discarding the second WSR.

4. nr — 7w scattering. The requirement that the tree-
level nm — nn partial-wave scattering amplitudes
behave like O(s°) at high energies leads to [12]
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This might be a too strong constraint as quantum
loops play a crucial role in QCD and the perturba-
tive relation (16) is not needed phenomenologically
[13]. By means of the two WSRs at LO and the
VFF relation it is possible to fix the vector coupling
Gy in terms of the resonance masses. Thus, our 77—
scattering relation would become
2
3(1—M—‘2/)=1—w2. (17)

A

The positivity of w? and the constraint coming from
the second WSR, 0 < M%/M2 < 1,leads to v2/3 =~
0.8 < My/M, < 1, a very stringent constraint on
the mass splitting of vector and axial-vector reso-
nances [5]. Note that Eq. (13) would imply in (17)
that w = M‘z, /Mi = 1. Even though we will not con-
sider these relations in our phenomenological anal-
ysis, we will see in later sections that the experi-
mental data will force us to have a very small mass
splitting and a coupling w extremely close to 1.

4 Phenomenology

We have taken the SM reference point at my = mg, =
126 GeV, so the global fit gives the results S = 0.03 +
0.10 and T = 0.05 + 0.12, with a correlation coefficient of
0.891 [14].

1. LO. Considering the first and the second WSRs S ¢
becomes [7]
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Figure 2. NLO determinations of S and 7, imposing the two WSRs (left). The approximately vertical curves correspond to
constant values of My, from 1.5 to 6.0 TeV at intervals of 0.5 TeV. The approximately horizontal curves have constant values of w:
0.00, 0.25,0.50,0.75, 1.00. The ellipses give the experimentally allowed regions at 68%, 95% and 99% CL. Scatter plot for the 68 %
CL region, in the case when only the first WSR is assumed (right). The dark blue and light gray regions correspond, respectively,
t00.2 < My/My < 1and 0.02 < My /M, < 0.2.

Since the WSRs imply M4 > My, the prediction
turns out to be bounded by 4mv*/M} < Sio <
8mv* /M, [6]. If only the first WSR is considered,
and assuming M4 > My, one obtains for S the lower
bound [6]
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The resonance masses need to be heavy enough to
comply with the experimental bound, this is, much
higher than the Higgs mass. From this point of
view it is interesting to note that the Higss mass
mg, = 126 GeV is light in comparison with those
resonances and the EW scale Agy = 4mv ~ 3 TeV.
One finds a big gap between the lightest two particle
cuts and the next ones (including vector and axial-
vector resonances) [5]. As it has been explained pre-
viously, one expects therefore the NLO corrections
to S to be widely dominated by the 7 and S cuts.

. NLO with the 1st and the 2nd WSRs. With
Eqgs.(11)-(15) five of the seven resonance parame-
ters are fixed and S and T are given in terms of My
and My [4]:
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where my is the SM reference Higgs mass adopted
to define the oblique parameters and terms of
O(mg1 /M3, ,) have been neglected.

In Figure 2 (left) we show the compatibility be-
tween the “experimental” values and these determi-
nations [4]. The Higgs-like scalar should have a
WW coupling very close to the SM one. At 68%
(95%) CL, one gets w € [0.97, 1] ([0.94, 1]), in nice
agreement with the present LHC evidence [1], but
much more restrictive. Moreover, the vector and
axial-vector states should be very heavy (and quite
degenerate); one finds My > 5 TeV (4 TeV) at 68%
(95%) CL.

. NLO with the 1st WSR. With Egs. (11), (12) and

(14) one can still determine 7 and obtain a lower
bound of S in terms of My, M4 and w [4]:
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where My < M, has been assumed and again terms
of O(mgl /M3, ,) have been neglected.

Figure 2 (right) gives the allowed 68% CL region in
the space of parameters My and w, varying My /M4
between 0.02 and 1 [4]. Note, however, that values
of w very different from the SM can only be ob-
tained with a large splitting of the vector and axial-
vector masses. In general, there is no solution for



LHCP 2013

w > 1.3. Requiring 0.5 < My/M, < 1, leads to
1 —w < 0.16 at 68% CL, while the allowed vector
mass stays above 1.5 TeV.

5 Conclusions

The main aim of this work has been to analyze the feasi-
bility of electroweak resonance models by considering the
next-to-leading order calculation of the oblique S and T
parameters. Firstly, we want to stress the major advances
comparing to previous calculations:

1. It has been the first one-loop calculation of the S and
T parameters performed within a general effective
field theory framework and including spin—1 reso-
nances and the new Higgs-like boson.

2. The results have not depended on cut-offs (widely
used in previous literature).

3. One of the main ingredient has been the assumed
short-distance behavior of the underlying strongly-
coupled dynamics. We have distinguished two dif-
ferent scenarios for the asymptotic fall-off at large
momenta: the one obeyed by asymptotically-free
theories (technicolor-like) and a much weaker re-
quirement (only the first Weinberg sum rule remains
valid) that it is expected to be satisfied in more gen-
eral frameworks.

To sum up, the principal conclusions of this work have
been the following ones [4]:

1. Strongly-coupled electroweak models with massive
resonance states are still allowed by the current ex-
perimental data. In any case, these models are strin-
gently constrained.

2. The recently discovered Higgs-like boson with mass
mg, = 126 GeV must have a WW coupling close
to the SM one (w = 1). In those scenarios, such
as asymptotically-free theories, where the second
WSR is satisfied, the S and T constraints force w
to be in the range [0.94, 1] at 95% CL, as shown in
Figure 1. From Figure 2 it follows that larger de-
partures from the SM value can be accommodated
when the second WSR does not apply, but one needs
to introduce a correspondingly large mass splitting
between the vector and axial-vector states.

3. The vector and axial-vector states should be heavy
enough (above the TeV scale), see Figures 1 and 2.

4. The mass splitting between the vector and axial-
vector resonance fields is very small if one considers
the second WSR (consider Eq. (13) and the restric-
tions on w). In any case, if one does not use the

second WSR, this splitting is preferred to be small.
Keep in mind also the results coming from the scat-
tering constraints of (16) and (17).

References

[1] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett.
B 716 (2012) 30; CMS-PAS-HIG-12-045;
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716
(2012) 1; ATLAS-CONF-2012-170.

[2] T. Appelquist and C. Bernard, Phys. Rev. D 22 (1980)
200;
A. C. Longhitano, Phys. Rev. D 22 (1980) 1166; Nucl.
Phys. B 188 (1981) 118;
A. Dobado, D. Espriu and M. J. Herrero, Phys. Lett. B
255 (1991) 405.

[3] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl.
Phys. B 321 (1989) 311;
G. Ecker et al., Phys. Lett. B 223 (1989) 425;
V. Cirigliano et al., Nucl. Phys. B 753 (2006) 139.

[4] A. Pich, I. Rosell and J. J. Sanz-Cillero, Phys. Rev.
Lett. 110 (2013) 181801,
I. Rosell, arXiv:1305.3761 [hep-ph] .

[5] A. Pich, 1. Rosell and J. J. Sanz-Cillero, work in
progress.

[6] A. Pich, I. Rosell and J. J. Sanz-Cillero, JHEP 1208
(2012) 106.

[71 M. E. Peskin and T. Takeuchi, Phys. Rev. D 46 (1992)
381; Phys. Rev. Lett. 65 (1990) 964.

[8] S. Matsuzaki, R. S. Chivukula, E. H. Simmons and
M. Tanabashi, Phys. Rev. D 75 (2007) 073002;
R. Barbieri, G. Isidori, V.S. Rychkov and E.
Trincherini, Phys. Rev. D 78 (2008) 036012;
O. Cata and J.F. Kamenik, Phys. Rev. D 83 (2011)
053010;
R. Foadi and F. Sannino, Phys. Rev. D 87 (2013)
015008;
A. Orgogozo and S. Rychkov, JHEP 1203 (2012) 046;
JHEP 1306 (2013) 014.

[9] R. Barbieri et al., Nucl. Phys. B 409 (1993) 105.

[10] A. Pich, I. Rosell and J. J. Sanz-Cillero, JHEP 0807
(2008) 014.

[11] S. Weinberg, Phys. Rev. Lett. 18 (1967) 507.

[12] Z. H. Guo and J. J. Sanz-Cillero, Phys. Rev. D 79
(2009) 096006;
A. Pich, I. Rosell and J. J. Sanz-Cillero, JHEP 1102
(2011) 109.

[13] J. Nieves, A. Pich and E. Ruiz Arriola, Phys. Rev. D
84 (2011) 096002.

[14] GFITTER, A Generic Fitter Project for HEP Model
Testing, http://gfitter.desy.de/;
LEP Electroweak Working
http://lepewwg.web.cern.ch/LEPEWWG/.

Group,

19009-p.5



