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1. Introduction

A new Higgs-like boson around 126 GeV has just been discoetrthe LHC [1]. Although its
properties are not well measured yet, it complies with thgeeted behaviour and therefore it is a
very compelling candidate to be the Standard Model (SM) Bligg obvious question to address is
to which extent alternative scenarios of Electroweak Sytryrgreaking (EWSB) can be already
discarded or strongly constrained. In particular, whattheeimplications for strongly-coupled
models where the electroweak symmetry is broken dynamitall

The existing phenomenological tests have confirmedthg), ® SU(2)r — SU(2),+r pat-
tern of symmetry breaking, giving rise to three Goldstonsdms which, in the unitary gauge, be-
come the longitudinal polarizations of the gauge bosonseWtheU (1)y couplingd’ is neglected,
the electroweak Goldstone dynamics is described at longesseby the same Lagrangian as the
QCD pions, replacing the pion decay constant by the EWSRseal(v/2Gg )2 = 246 GeV [2].

In most strongly-coupled scenarios the symmetry is noatigerealized and one expects the ap-
pearance of massive resonances generated by the norbpévieiinteraction.

The dynamics of Goldstones and massive resonance staté® @ralyzed in a generic way
by using an effective Lagrangian, based on symmetry coratidas. The theoretical framework
is completely analogous to the Resonance Chiral Theoryigéso of QCD at GeV energies [3].
Using these techniques, we have investigated in Ref. [4] aaran update of Ref. [5], the obligGe
andT parameters [6], characterizing the electroweak bosoreselfgies, within strongly-coupled
models that incorporate a light Higgs-like boson. Adoptindispersive approach and imposing a
proper high-energy behaviour, it has been shown theretttsgpdssible to calculatBandT at the
next-to-leading ordei,e., at one-loop. We have found that in most strongly-coupleshagdos of
EWSB a high resonance mass scale is required, above 1 TeMistyshe stringent experimental
limits. Previous one-loop analyses can be found in Refs. [7]

2. Theoretical Framework

We have considered a low-energy effective theory contgitiie SM gauge bosons coupled
to the electroweak Goldstones, one light scalar sBatgith massmg = 126 GeV and the lightest
vector and axial-vector resonance multiplts andA,,,. We have only assumed the SM pattern
of EWSB,i.e. the theory is symmetric und&U(2),. ® SU(2)r and becomes spontaneously broken
to the diagonal subgroupU(2)_.r. S, is taken to be singlet und&U(2),,r, while Vy,, andA,y
are triplets. To build the Lagrangian we have only considlengerators with the lowest number of
derivatives, as higher-derivative terms are either pribpaal to the equations of motion or tend to
violate the expected short-distance behaviour [3]. We In@egled the interactions [4]
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(2.1)
plus the standard gauge boson and resonance kinetic tere$iaV followed the notation from
Ref. [5]. The first term in (2.1) gives the Goldstone Lagrangipresent in the SM, plus the scalar-

Goldstone interactions. Foo = 1 one recovers thg§, — T vertex of the SM.
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The oblique parameted receives tree-level contributions from vector and axedter ex-
changes [6], whildl is identically zero at lowest-order (LO):
F2 F2
So :4n<—V——A>, Tio =0. (2.2)
M7 MR
To compute the one-loop contributions we have used the disperepresentation @introduced
by Peskin and Takeuchi [6], whose convergence requires ishiag spectral function at short

distances:
16m « dt

g tana,v

with ps(t) the spectral function of tHA/3B correlator [4, 5, 6]. We have worked at lowest order in
g andg’ and only the lightest cuts have been consideiedtwo Goldstones or one Goldstone plus
one scalar resonancét andArt contributions were shown to be suppressed in Ref. [5].

The calculation ofT is simplified by noticing that, up to corrections 6f(mg,/M3), T =

+) /20 —1, beingz*) andz(® the wave-function renormalization constants of the crhaye

neutral Goldstone bosons computed in the Landau gauge [8luther simplification occurs by
setting to zerag, which does not break the custodial symmetry, so onlyBHsson exchange
produces an effect if. This approximation captures the lowest order contritbutio T in its
expansion in powers af andg’. Again only the lowest two-particle cuts have been considigre.
the B boson plus one Goldstone or one scalar resonance.

Requiring thewW3B correlator to vanish at high energies leads to a good coemegyof the
Goldstone self-energies, at least for the cuts we have deresi. Then, their difference obeys an
unsubtracted dispersion relation, which enables us to aterpthrough the dispersive integral [4],

[Ps( ) — ps(t)>M], (2.3)

T = — pr(t)SM], (2.4)

g? cosza,\,/o t2

with pr(t) the spectral function of the difference of the neutral andrged Goldstone self-
energies.

3. The calculation

The spectral functions of Eqgs. (2.3) and (2.4) read:

2 2
o) = L2 <1+KVM%S) 0(s), (3.1)
7
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ps(9)|sn = —glg"‘j;gw <1+KAMS S) (1—%) 6(s— ). (3.2)
7
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pu(s)am ~ TEX [gs) - (1— ) (s—md)]. (3.3)
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2
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beingky = R/Gy /V2, Ka = FaA$?/(wv), $=s/M§ andS = s/MZ. Terms of&(mg /Mg ,) have
been neglected in Eq. (3.5).

Fixing mg, = 126 GeV, one has 7 undetermined parameteks:Ma, v/, Gy, Fa, w and)\lsA.

The number of unknown couplings can be reduced using slsigrte information [4]:

1. Vector form factor. The two-Goldstone matrix element of the vector currentnésfithe
vector form factor (VFF). Imposing that it vanishessat- o, one finds thaF, Gy = V2 [3].

. Weinberg sum rules at leading order Assuming the two Weinberg sum rules (WSRs) [9]
at leading order one gets

RZ — F2 = V2, RZMZ — F2M3 = 0. (3.7)

This impliesMa > My and determinegy andF, in terms of the resonance masses. Note
that the second WSR is questionable in some scenarios.

. Weinberg sum rules at one loop At next-to-leading order the computed spectral functions
of Egs. (3.1) and (3.2) should behave also as dictated byptitern. Once the constraint
coming from the VFF has been used, the first and the second \M®Risle respectively [4]

FAASA = wv, w = M3 /M3. (3.8)

After imposing the short-distance conditions on the spédtmction, one has to apply the
same constraints to the real part of the correlator, regdiia next-to-leading extension of
the first and second Weinberg sum rules [5], respectively,

Ro2 - Fi2 = V(1 + 6

NLO

), RAMYZ — FRZMRZ = v M2 82 (3.9)

NLO ’

whered) and$(?) parameterizes the high-energy expansion of the one-looilsation.
It is then possible to fix the couplindgs; andF, up to NLO.

4. Phenomenology

We have taken the SM reference pointnat = mg, = 126 GeV, so the global fit gives the

resultsS= 0.03+0.10 andT = 0.0540.12, with a correlation coefficient of 891 [10].

1. LO. Considering the first and the second WSIRs becomes [6]

2 2
So= W <1+ MV) . 4.1)

Mg \T MR
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Figure 1: NLO determinations of Sand T, imposing the two WSRs and the VFF constraint (left)
The approximately vertical curves correspond to constalues ofMy, from 1.5 to 6.0 TeV at intervals of
0.5 TeV. The approximately horizontal curves have constahtegofw: 0.00, 0.25,0.50,0.75,1.00. The
ellipses give the experimentally allowed regions at 68%80%md 99% CL Scatter plot for the 68% CL
region, in the case when only the first WSR and the VFF constrait are assumed (right) The dark blue
and light gray regions correspond, respectively,. ®0My /Ma < 1 and 002 < My /Ma < 0.2.

Since the WSRs implyvla > My, the prediction turns out to be bounded bgvd/M3 <
So < 8mv?/MZ. If only the first WSR is considered, and assumMg > My, one obtains
for Sthe lower bound

V2 1 1 4mv?
=4y — PR o) h > 4.2
o=+ 7 (v w2) | 2
The resonance masses need to be heavy enough to comply evegkgarimental bound.

2. NLO with the 1st and the 2nd WSRs and the VFF constraint.With these constraints five
of the seven resonance parameters are fixedamdi T are given in terms d¥ly, andMa [4]:

11N\ 1 M2 11 M2 M2 Mé/ M 11
s—an? (-t )+ o |logw 2, W Ma My g Ma -
(M5+M,§>+12n[ R VA VARV At R

3 Mg Mg mg,
T = TencoZ 8y {1+IogM—3—W <1+Iog|v|—/i ], 4.3)

wheremy is the SM reference Higgs mass adopted to define the obliguemeters and
terms of /(mg /Mg ,) have been neglected.

In Fig. 1 (left) we show the compatibility between the “expeental” values and these deter-
minations [4]. The Higgs-like scalar should have/aV coupling very close to the SM one.
At 68% (95%) CL, one geta € [0.97,1] ([0.94,1]), in nice agreement with the present LHC
evidence [1], but much more restrictive. Moreover, the @eand axial-vector states should
be very heavy (and quite degenerate); one fiigds> 5 TeV (4 TeV) at 68% (95%) CL.
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3. NLO with the 1st WSR and the VFF constraint. If only the first WSR is considered, one
can still determind and obtain a lower bound &in terms ofMy, Ma andw [4]:

a1 [ M2 11 MZ 17 M2
S> —+—|log—Y — = —w?(log—2 - — + 4
=W +12n{ 9% 6 ( Y e Twm))
3 e m2
16nco§6w{ +09M3 @ ( +09M§>}’ (4-4)

whereMy < Ma has been assumed and again term& 6fg /M7 ») have been neglected.

Fig. 1 (right) gives the allowed 68% CL region in the spaceafmeterd/ly andw, varying
My /Ma between 0 and 1 [4]. Note, however, that valueswofery different from the SM
can only be obtained with a large splitting of the vector axidlavector masses. In general
there is no solution fow > 1.3. Requiring 06 < My /Ma < 1, leads to 1- w < 0.16 at 68%
CL, while the allowed vector mass stays above TeV.

In summary, strongly-coupled electroweak models with iwas®sonance states are still al-
lowed by the current experimental data. Nonetheless, tently discovered Higgs-like boson with
massms, = 126 GeV must have W W coupling close to the SM oney= 1). In those scenarios,
such as asymptotically-free theories, where the second WSRisfied, the&sand T constraints
force w to be in the rang@.94, 1] at 95% CL. Larger departures from the SM value can be accom-
modated when the second WSR does not apply, but one needsotiuice a correspondingly large
mass splitting between the vector and axial-vector states.

References
[1] S. Chatrchyaret al.[CMS Collaboration], Phys. Lett. B16(2012) 30; CMS-PAS-HIG-12-045;
G. Aadet al.[ATLAS Collaboration], Phys. Lett. B16(2012) 1; ATLAS-CONF-2012-170.
[2] T. Appelquist and C. Bernard, Phys. Rev2R(1980) 200.

[3] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. Phy32 §1989) 311;
G. Eckeret al, Phys. Lett. B223(1989) 425;
V. Cirigliano et al,, Nucl. Phys. B7r53(2006) 139.

[4] A.Pich, I. Rosell and J. J. Sanz-Cillero, arXiv:1212687hep-ph].
[5] A. Pich, I. Rosell and J. J. Sanz-Cillero, JHER08(2012) 106.
[6] M. E. Peskin and T. Takeuchi, Phys. Rev4b(1992) 381; Phys. Rev. Le5 (1990) 964.

[7]1 S. Matsuzaki, R. S. Chivukula, E. H. Simmons and M. Tasab&Phys. Rev. '5 (2007) 073002;
R. Barbieri, G. Isidori, V.S. Rychkov and E. Trincherini,\@hRev. D78 (2008) 036012;
O. Cata and J.F. Kamenik, Phys. RevdB®(2011) 053010;
R. Foadi and F. Sannino, arXiv:1207.1541 [hep-ph];
A. Orgogozo and S. Rychkov, JHER03(2012) 046; arXiv:1211.5543 [hep-ph].

[8] R. Barbieriet al,, Nucl. Phys. B409(1993) 105.
[9] S. Weinberg, Phys. Rev. Lett8(1967) 507.
[10] http://dfitter.desy.de/; LEP Electroweak Working @po http://lepewwg.web.cern.ch/LEPEWWG/.



