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A 125 GeV Higgs boson was discovered at the LHThich is consistent with the Higgs
boson in the standard model, so the next stage of the particle physics will be to clarify the dynamical
origin of the Higgs boson. One of the theory beyond the standard model is the walking technicolor,
which, based on the approximately scale-invariant gauge dynamics, predicted a large anomalous
mass dimensiomn, ~ 1 and a pseudo Nambu-Goldstone (NG) boson of the approximate scale
invariance, “technidilaton”, as a light composite Higgs bo&jn The technidilaton was actually
shown to be consistent with the current LHC data for the High][

Being strongly coupled dynamics, the walking technicolor would need fully nonperturbative
calculations in order to make reliable estimate of the properties of the technidilaton and other com-
posite particles to be compared with the upcoming high statistics data at the LHC-Run Il. There
have been many works on the lattice simulations in search for the walking technigolanjong
others, remarkably, LatkKMI Collaboration observed indication of a light flavor-singlet scalar with
comparable mass to the pion masdNpn= 8 QCD [g] and the theory was showf][to be the
walking theory having both signals of spontaneous chiral symmetry breaking and remnant of con-
formality. This light flavor-singlet scalar should be a candidate for the technidilaton as a light
composite Higgs boson in the walking technicolor.

However, the walking technicolor makes sense only for vanishing explicit-fermion mass,

0, and hence the techinidilaton mass should be determined in the chiral limit. We would need an
extrapolation formula for the dilaton mass in the same sense as the usual chiral perturbation theory
(ChPT) [ for the lattice data measured at nonzerpto be extrapolated to the chiral limit.

In this talk, we propose a scale-invariant ChPT (sChPT) for the use of chiral extrapolation of
the lattice data on the dilatqp) and the pion(7) in the presence of explicit mass of the fermion
ms. Itis a scale-invariant generalization of the usual CHg based on the nonlinear realization of
chiral symmetry in a way to realize the symmetry structure of the underlying walking gauge theory.

We start with the chiral and scale Ward-Takahashi (WT) identities for the axialvégﬁ)ra(nd
dilatation O*) currents in the underlying walking gauge theory with Myefermion fields ():

Bne(Q) =
“ae i+ (L Nty

Oude" = P{Tome}ivey, 1)

whereT? (a=1,---,N2 — 1) are theSU(N¢) generators, the first term of r.h.s. written in terms of
the gauge field strengtB,,, is the nonperturbative trace anomaly (defined by subtracting the usual
perturbative trace anomaly@[ and Byp(a) is the nonperturbative beta function for the nonper-
turbative running[l{d of the gauge couplingr due to the fermion dynamical mass generation by
the spontaneous chiral symmetry breaking. We formulate the sChPT so as to reproduce these WT
identities.

The building blocks to construct the SChPT akk:x,.#,S whereU = e?/Fr js the usual
chiral field with the pion decay constaRy and x = e?/» with the dilaton fieldp and the de-
cay constant,. .# andS are spurion fields introduced so as to incorporate explicit breaking
effects of the chiral and scale symmetries, respectively. Under the 8titals ). x SU(N¢t)r Sym-
metry, these building blocks transform ds— g_ -U 'g‘,;, M — QL - ///.g;rz, X — xandS— S
with g r € SU(Nf )L r, While under the scale symmetry they are infinitesimally transformed as
OU (x) = xy0"U(x), &4 (X) = X0V A (X), dX(X) = (L +x,0")x(x) and S = (1+ x,0")S(X).
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The rule of the chiral-order countinf[is thus determined consistently with both the scale and
chiral symmetriesU ~ x ~ S~ 0(p°), .4 ~ mt ~ O(p?) anddy ~ My ~ My ~ O(p), Where
m; andM,, are pion and dilaton masses arising from the vacuum expectation values of the spurion
fields.# andS, () = m2 x Iy, xn, and(S) = 1.

We shall first consider the chiral limin; — 0. To the leading order of derivative& (p?)),
the scale-invariant chiral Lagrangian is then written as

i F& » FZ T
2B = 2 (0ux)*+ FxPrla,019MU] )

Note that, even in the chiral limit, the scale symmetry is explicitly broken by the dynamical gen-
eration of the fermion mass itself in the underlying walking gauge theory (“hard-scale anomaly”,
or scale violation by the marginal operator) characteristic to the conformal phase trarfEfjion [

Both the chiral and scale symmetries are broken spontaneously by the fermion-pair condensate, and
also explicitly by both the fermion mass and the nonperturbative trace anomaly (induced by the
same fermion-pair condensatf).[Hence we have the nonzero dilaton mass through the partially-
conserved dilatation current (PCDC) relatidfl ) = <0|6“|(p> 5 +(0[d,DH| @) = "’ #0,

where the canonical dimensiolg = 4 is understood annhq, denotes the chiral-limit dllaton mass.

We may incorporate the corresponding explicit breaking terms involving the spurioS{ERj:

F2 X 1
%g)hard: _Z(prn?pxdf <|OQS - 4> (3)

Taking (S) = 1, one can easily evaluate the trace of energy-momentum téﬁsera“D“ and its

vacuum expectation valu@); ) lm—o = —
reproduces the underlying nonperturbative scale anorﬁ%@@fw) in the scale WT identity,
Eq.[@, in the chiral limitm; — 0. Note again this anomaly only includes contributions from the
nonperturbative scale anomaljj,[defined by subtracting contributioméﬁ>perturbaﬁonresponsible
for the perturbative running of the gauge coupl'ng(@[f> — <6[f )perturbation @nd is saturated by the
gluon condensation induced by the fermion condensation.

As was discussed in Ref[J], the explicit breaking terms due to the fermion current nrags
may also be introduced so as to reproduce the chiral WT identity if)Eq.(

2 _ 2
L= 2 (X) " supatu vt - CIE (et ) @)

The factor(3 — ym) in the first term reflects the full dimension of the fermion bilinear operaitpr

in the underlying gauge theory. The scale-invariant part, the second term, having no contributions to

6[}, was introduced in the absence of the hard-scale anomaly,@mrd [@3 in order to stabilize

the dilaton potential so as to make the otherwise tachyonic dilaton mass term ngjtiya).

Inclusion of the fermion explicit masss ~ m2 ~ (.#) thus modifies the scale-anomaly form as

2
(0]} my20 = —F m — (1+ ym)Nt =5 P , which correctly reproduces the anomalous WT identity in
Eq.(@ in the underlylng gauge theory.
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Figure 1: The plot ofM3 /A% with respect tov2/A% (= 2°) obtained from Eqf), with N = 8 andF, = 123
GeV and the chiral-limit dilaton mass,= 125 GeV. The slope=~r = 2N¢FZ/FZ in Eq.[5) as been taken to
be 0.2 (solid black), 0.5 (dashed black) and 1.0 (dotted black). The solid red line correspMﬁ;islrm%.

The scale and chiral invariant Lagrangian at the leading ofti@?) is thus constructed from

terms in Eqs®), @) and B): Zo) = £ +- 23 narat L 3)son From this, the dilaton mass reads

(3= yim)(1+ym) 2NeFZ  2NiF7 5
4 ’ FZ — F2 =T, ( )
9 9

2 _
MG=ng+s-mg, s

where the prefactai8 — ym)(1+ym)/4=1—(5/2)? ~ 1 (8 = 1— ym; (8/2)? < 1) is very insensi-
tive to the exact value of,, as far agm, ~ 1 in the walking gauge theory. Equatids) {s our main
result. It is useful for determining simultaneously the chiral limit values of both the massd
the decay constarfi, of the flavor-singlet scalar meson as the technidilaton of the walking techni-
color on the lattice. Simultaneous fit of the intercept and the slope of the pmgw[s mé by the

2
lattice data would givemfo (intercept) and th&, through the slope parameter r = ZNF’ZF". Note
4

thatr is anN;-independent quantity, sincFe,E(D N ) is associated with the flavor-singlet operator
having sum oN; flavors contributions, Whilﬁg is not. For a givemN; all the quantitiesm, Fr, Fp
andmy; in the expression of slope paramet@an be measured separately in the lattice simulations
on the same set up, and hence measwinguld be a self-consistency check of the simulations.

In Fig.[ we present plotgx,y) = (me,M(%) of mock-up data for general case~ r = (0.2,
0.5, 1.0) in the one-family modeN; = 8 (4 weak-doublets) witlf,; = vew/v/4 ~ 123 GeV, by
normalizing the masses to a chiral breaking ségle= 4riF,/ \/W The first numberg=0.2) cor-
responds to a phenomenologically favorable vaBi], F, ~ \/NF,T/O.M: 1.1 TeV, consistent
with the current Higgs boson data at the LHC. The third ane {.0) is the holographic estimate in
the largeN; limit [4]. The second valués= 0.5) is just a sample number in between. The close-up
window on the top-left panel in the figure shows that the dilaton mass gets largemthahen
the ChPT expansion paramet@f = mg/A% = Nyme/(4mF,)? < 0.06(0.1) for s= 0.2(0.5). Note
also that fors < 1 there exists a crossing point whévié < m? changes tdl; > mZ near the chiral
limit, as noted in Ref[q.

As in the case of the usual ChP@|[ chiral logarithmic corrections at the loop level would
modify the chiral scaling of the dilaton mass formula in B).(Since the dilaton is massive still
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in the chiral limit due to the nonperturbative trace anomaly, only the pion loop corrections become
significant for the chiral scaling of the dilaton mass. However, such chiral logarithmic effects turn
out to be negligibly smal[4] for the current lattice status on the =8 QCD [{]. For more details

on this, see the paper of Rdl]).

In conclusion, we have established a sChPT for the pseudo-NG bosons, the pion and the dila-
ton, which will be useful in its own right in various situations. As its prominent consequence we
obtained a formula relating the mas3$4 vs mZ, Eq.[), which we believe plays a vital role for
making chiral extrapolation of the lattice data of the flavor-singlet scalar meson, thereby obtain-
ing the massrfy,) and decay constank4) of the technidilaton as a composite Higgs boson in the
walking technicolor.

We would like to express our sincere thanks to all the members of LatKMI for helpful discus-
sions and information. This work was supported in part by the JSPS Grant-in-Aid for Scientific
Research (S) #22224003 and (C) #23540300 (K.Y.).
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