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Taking inspiration from lattice QCD results, we argue thatam-perturbative mass term for
fermions can be generated as a consequence of the dynafmécaiipenon of spontaneous chiral
symmetry breaking, in turn triggered by the explicitly brey of chiral symmetry induced by
the critical Wilson term in the action. In a pure lattice Q@Ke theory this mass term cannot be
separated from the unavoidably associated linearly dargrgontribution. However, if QCD with
a Wilson term is enlarged to a theory where also a scalar gbdasent, coupled to a doublet of
SU(2) fermions via a Yukawa interaction, then in the phaseretihe scalar field takes a non-
vanishing (large) expectation value, a dynamically getegrand “naturally” light fermion mass
(numerically unrelated to the expectation value of theaad&tld) is seen to emerge, at a critical
value of the Yukawa coupling where the symmetry of the moslei@ximally enhanced.
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1. Introduction and outlook

In this contribution we argue that in non-Abelian gauge theowith chiral symmetries bro-
ken at the UV cutoff by Wilson-like terms the dynamics of sameous chiral symmetry breaking
(SxSB) - triggered in the critical limit by the residual exptichiral breaking - generates a dynami-
cal mass for fermions. If one can solve, as we are going to shavgimple model including QCD,
the “naturalness” problem [1] associated to the need of tfiméng” the parameter controlling the
recovery of chiral symmetry, this road may lead to a viabla-perturbative (NP) analog of the
Higgs mechanism for mass generation [2]. In such a framewtmgtroweak interactions can be
naturally introduced. If a superstrong interaction at tB¥ $cale is also introduced, one can set up
a model where mass hierarchy and the flavour properties @tdredard Model (recovered as the
low energy theory) are understood and arise in a natural way.

2. Inspiration and numerical evidence from lattice QCD

As is well known, in lattice QCD (LQCD) with Wilson fermionS] quark mass renormal-
ization requires the subtraction of a linearly divergenirtter-term,m.;qq (q being theN;-flavour
quark field), arising because the Wilson term in the lattiagriangian explicitly breaks chiral sym-
metry. In generaing, will have a formal smallk expansion of the kind

Co
Mo = =+ C1f\oco + craNGep +O(@) . (2.1)

Eqg. (2.1) suggests that, if we could set the mass parammgeim the lattice fermion action just
equal to the linearly divergent term in (2.1), then théqcp contribution (if non-zero) would play
the role of a quark mass in the renormalized chiral Ward—-faii Identities (WTIs). To make
use of this remark for NP mass generation one has to answiéivelysthe following questions.

1) Are there numerical indications for the existence of entbke the second one in the r.h.s.
of (2.1) in actual LQCD simulation data? 2) Do we understasddinamical origin? 3) Is it
possible to disentangle a (small) NP fermion mass from themtarger (perturbative) effect that
comes along with it when chiral symmetry is broken at a higilest
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Figure 1: The critical value ofamy in Wilson LQCD simulations as a function afro.
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To answer question 1), in Fig. 1 we present a compilation o€CDQdata showing the be-
haviour ofam,, which is the value of tham, Lagrangian parameter at whiempcac vanishes,
as a function of/rg (hererg denotes the Sommer scale). We show four sets of data taken fro
refs. [4], [5, 6], [7] and [8]. The three lower sets of pointsr@spond to measurementsaofy, car-
ried out at maximal twist using the Wilson twisted mass ragmétion of LQCD in the quenched
(Nt = 0) approximation (blue squares [4]), witly = 2 dynamical flavours (red diamonds [5, 6])
and with Ny = 4 dynamical flavours (black circles [7]). The green stargespond to Wilson
clover-improved [10] data wittN; = 2 dynamical flavours [8] obtained with Schrédinger func-
tional boundary conditions. For the sake of Fig. 1 we haveriak= 0.45 fm [5, 6].

In the present notations the intercept of the fitted line ugrothe data is they coefficient
of (2.1), while its slopegi1/Aqcp X o, is the quantity of interest. Indeed, the points of refs, [8]6],

[7] all exhibit a nice linear behaviour (with a mild; dependence) in a widg/ro window, which
allows identifying a non-vanishingi/A\qcp slope taking valuesin the range 700 to 1000 MeV.

The Schrddinger functional data of ref. [8] are, instea@ttgrflat implying that thec; coef-
ficient is very small. As we shall argue in the next sectionpa-rero slope is related to the &(
Wilson-like term in the Symanzik low energy effective Laggén (SLEL) [9]. The presence of the
non-perturbatively tuned clover-term [10] in the latticagrangian employed in ref. [8] effectively
kills (the interesting NP effects originating from) tde=5 SLEL operator [11].

3. The dynamical origin of the c;/Aqcp term

The ci/A\gcp term in (2.1) has its origin in a delicate interplay betweef@)@orrections to
quark and gluon propagators and vertices ensuing from thetapeous breaking of chiral sym-
metry, and the quadratic divergence of the loop integraitiodiagrams where one Wilson term
vertex is inserted. Typical (lowest orderdg) correlators where this occurs are depicted in Fig. 2,
where the grey blob is a NP @)(correction to the gluon or (the helicity-preserving comeuots of)
the quark propagator and the gluon-quark-quark vertex,a&fds the derivative vertex from the
Wilson term. Such peculiar @) corrections arise from NP contributions in the SLEL expams

Figure 2: Typical lowest order “diagrams” giving rise to dynamicalignerated quark mass terms (L and R
are quark-helicity labels). The grey blob represents the perturbative/\qgcpas effect in egs. (3.2).

of the relevant (gauge fixed) lattice correlatorsrgy— m, €.9.

L C C
OxX,. )| = (OxX,..)) —a(O(x,x’,...)/d4zL5(z)>‘ +0(a?), (3.1)
O(x.X,...) & ALX)AS(X), aurX)A/R(X) . duRXGLR)ALY)

LA word of caution is in order here. The quoted valuesl@trrhr)/d(argl) are only indicative, as strictly speaking
there isn’t a mathematically rigorous way to identifyafry range where one can consider numerically negligible both
the logarithmica-behaviour of the gauge coupling upon renormalizationgiaeining the behaviour aim,, asa — 0)
and the higher order lattice artifacts that become domiaglairge enough values af
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whereLs is thed = 5 SLEL operator, which breaks chirality. The latfels to remind that the r.h.s.
correlators are taken in continuum (renormalized) QCD. Rdyeremark about these expansions
is that the O4) correlators in (3.1) can be non-zero only due to the phemomef S¢SB. From
these (amputated) correlators by using symmetry and dyior&isarguments one reads off the NP
contributions to quark and gluon propagators and verticasiely (in continuum-like notations)

) Sy — kyky /K? Nocp
AGBCV(k)‘ = —al\qep As(Aqep) 8% —— 7 fAA( @ )

iku(Vu)LL/RRf B AZQCD

k2 qq( k2 )

AZQCD AZQCD /\(ZQCD )
k2 7 2 7 (k+0)2)’

L
(]

= —a/\QCD as(/\QCD) (3.2)

ALK, 0)

L
‘ = a\ocp As(Aqep) igsA Py fA(ﬁ(
where the factoors(Agcp) comes from the fact that the gluon emitted from tievertex has to be
absorbed somewhere in the diagranThe scalar form factor§aa, fqq and faqg are dimensionless
functions depending oAéCD/ (momenta? ratios. From Symanzik's analysis of lattice artifacts,
a-expansions like those in egs. (3.1) are expected to be falgmall values of squared momenta

compared t@ 2. Here we assume that the NP effects encoded in egs. (32)pE@sist up to large
(i.e. comparable ta~1) momenta, andonjecturethe asymptotic behaviour

aa

fAA(/\éCD) kﬁ)o AA f (@) kﬁ’; h - fA </\6CD /\éCD /\éCD ) k27z21(k+g)2*>00

wherehaa andhgg are O(1) constants and the last two limits are relaterd bggawariance.

The above relative @{\qcpas) corrections to propagators and vertices generatag@ﬁasgg)
corrections to the quark self-energy, hence NP mass terratially there are more relevant NP
corrections besides those in egs. (3.2) and fig. 2, i.e. ciiores to the Wilson-term induced vertices
and helicity-flip quark propagator components. Based on D@@nmetries, to leading order @3
(anda) all the NP terms can beffectively reproduceth PT usingad hoc modified Feynman rules
namely those obtained adding to the LQCD Lagrangian (iniconin-like notations) the terms

1 _ a.  _
AL [aghoc= a/\QCDas{hAAEtr(F F) + hog(QyuDpa) + bwi (—Ef)(qDZQ)} : (3.3)

To see how a dynamical mass gets generated, consider thenlmm@ntum counting of, say, the
“diagram” in the central panel of fig. 2 in tre— 0 limit. One has factoraAqcpas(Aaco)Ky /K
and J/k? from the NP contribution to the quark propagator and thedsteth gluon propagator,
respectively, and a factak, from the derivative coupling of the Wilson vertex. Inclugithe
extrag? power from the gluon loop, one gets schematically a fermiassrierm of the order

Ky 1

1/a
a\qcod3as(Aqe) / d*k 2 12k~ 930s(Aqep)Aqen - (3.4)

Other “diagrams” give similar NP mass contributions, yiedgin eq. (2.1)c; = O(g2as(Aqcp))-

2Since a soft quark line (wherexSB occurs) exits thés vertex,\qcp is chosen as the scale af. The scale at
which the gauge coupling is evaluated will be a key featunenterstand the fermion mass hierarchy problem [2].
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4. Light mass fermions with natural fine tuning: a toy model

Separation of “large” (infinite in LQCD) from “small” (finitep to logs) contributions in for-
mulae like (2.1) is only possible on the basis of some symynéthough absent in LQCD, this
long sought for symmetry can be seen to exist in some enldhgenty where besides gauge inter-
actions, an SU(2) fermion doublet is coupled to a scalar,fieldvia a Yukawa interaction and a
Wilson-like term. To be concrete let us consider the rentimable toy-model 1 = UV cutoff)

ﬁoy(Qa G> CD) = fkin(Q> Ga qJ) + 7/(q)) + gYuk(Qa CD) + gWH (Qa G> CD) ) (41)
1 — — 1
Zin(Q.G,®) = ZFLFL + QU Z7QL + Qa7 Qr+ 5 tr [0,010, 0]

_ _ 2
AuQ®) = n (QPQRR+QRP'Q), 7 (P) = “—Zotr (o] +§(tr [cpTcp])z,

b2 ~, G G . Gt )G
Lui(Q.6.9) = 5 (AT FO7FQr+QRr7 §OT75QL).
Besides obvious symmetrieg;oy is invariant under the (global x xr transformations

X : )?L & (CD — QLCD), with )~(|_ . Q|_ — QLQL7Q_L — (5|_QI, QL € SU(Z)L (42)
eXr: Xr®(®—®QL), with  Fr:Qr— QrQr,Qr— QrQL, QreSUR)R  (4.3)

but not under the “chiral” transformationg x Xr acting only on fermions. However, much like it
happens with the critical mass in LQCD when chiral symmetmgcovered [12], a critical value of
the Yukawa couplingijcr, exists where the transformatiofis x Xr become up to @) a symmetry

of Zoy. This is so because, ignoring possible NP effectsjcathe X-breaking terms%y; and
Lk compensate each other tol®), and® decouples. Hence among Green functions involving
guarks and gluons the same relations are impliedby Xr andx. x xg invariances.

Moving beyond PT, always aj.r, one has to consider the possibility of dynamical breaking
of the (approximate}, x Xr symmetry (YSB). We can have two very different scenarios. In both
cases we assume that the scalar mass is much largef(htre RGI scale of the theory.

If ug is such that” (@) has a single minimum witbd) = 0, LKyi and-Z . (both linear ind)
are expected to provide no seed frSB, so thex, x Xr Symmetry is thus realized a la Wigner [2].

Physics is drastically different mg is such that a double well potential develops. In this case
it is convenient to expand the scalar field around its vacuxpeetation value (vev) writing

D(X) = (V+ 0(X))Lowo +iTH(X)T, (4.4)

with Tra triplet of massless pseudoscalar Goldstone bosong arstalar of massi; = O(V) > As.

As (ignoring @ fluctuations) thal = 6 term_%Ay; looks much like thal = 5 Wilson term in LQCD,
we expect the(-breaking terms inAyi (and-Z ) to now trigger dynamical $SB [2]. In partic-
ular NP terms coming from $5SB effects are expected to give rise to modifications of (gland
fermion) propagators and fermion-antifermion-gluon ieed, as well as to peculiar gluon-gluon-
scalar, fermion-antifermion-scalar, fermion-antifeomigluon-scalar vertices, etc. Consider, for
instance, the smali? expansions (terms odd mare excluded byZoy Symmetries)

R F F
(O(X,X,.. )| =(0(xX,..))| —b*O(xX, ...)/d“z[Lé +L{(2)| +0(bh, (4.5)
O(x,X,...) & AL (AT (X) [@'D](y) , QRX)QLRX)[P'DI(Y), QurRXIQLRX)[PTP)(Y)AL(Y) ,
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where the labelR (|F) means that vev’s are taken in the UV-regulated (forns4l), model and_é
(LX) is thed = 6 ¥-breaking (conserving) SLEL operator. Focusing on the?ierms fromLX in
the r.h.s. and looking at the contributions with just angropagator, we read off the NP corrections
to the gluon-gluon-scalaQ, /r- QL/R-scaIar and r- QL/R gluon-scalar vertices, getting

R ohbe N2 N2 N2
BT 25 (k. 0)| =0 Asas(Ag) S k(k-+ )8 — ku(k-+ 0)u] + [ = V]} Faso (13 75 m)

N2 N2 A2
s ) (4.6)

K202 (k+0)2
R N2
= b?Asas(As) igsA Py FQQAQ,(m) , mome {k 4,0, .. 0 +0,k+ 1},

R i
AT oo k. 1)| = bPASs(As) 54 (2K+ 0 P

b,u /
AT (K £,0)

Fase, Foge @andFogae are dimensionless functions depending/grimon? ratios. From standard
Symanzik arguments, smdilexpansions like those in (4.5) are expected to be valid fanerdga
much smaller than the UV-cutoffi 1. Like in Wilson LQCD, we assume that the NP effects
encoded in (4.5)—(4.6) persist up to mom O(b~2), andconjecturethe asymptotic behaviour

/\§ >m0mzaoo /\2 )mOI’T’?%OO H
QQ>

F ( Haa, F (
A2 mon? AT o

whereHaa andHqg are O(1) constants and the last two limits are related by gaugriance.

Further NP corrections analogous to the ones of egs. (4t@alac occur for Ayj-induced
vertices. Based on the symmetries of the model (4.1), tarigaokder ing2 (andb?) these NP
terms can beffectively reproduceth PT by usingad hoc modified Feynman rulesamely those
that one infers after adding to th#,y Lagrangian the terms

/\2 mOI’T’?%OO
» R < )
Q7 TR\ pon?

b?
A ‘ad hoc= &

- Asas{tr[¢TU+h c] Ttr(FF)+HQQ(Q$<;>) +Hwi[QZU 2Qr +h. c]} 4.7)

withU = dJ[dJTdb]‘l/Z. The dimensionless field, which transforms likeb under x_ x xr, must
necessarily arise in NP corrections owing to the exact xgr symmetry of the theory.

Figure 3: Typical lowest order “diagrams” giving rise to dynamicalignerated quark mass terms (L and R
are fermion-helicity labels). The grey blob representstbie-perturbativé®Asas(As) effect in egs. (4.6).

Formally using PT with modified Feynman rules, one checksdlzgrams like those in fig. 3
(the dotted line represents the propagation af/ar particle) yield a fermion mass @{as(As)A\s).
Indeed, for the counting of loop momenta of, say, the cediegjram of fig. 3 in thd — O limit, one
finds a double integral with factory#* and / (¢>+n, ) from the standard gluon aral/ 17 prop-
agators, the factorg,k, /k? andy, (k+ ¢), /(k+ £)? for the quark propagators, a factot(k+ ¢),
from the_Ayi derivative coupling and a factt? (2k+ £), y,As from the NP verte>AI'Q5¢(k,€)|R.
Thus the overalb* power is compensated by the two-loop integral quartic dieecy.
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From the NP results we got on the fermion self-energy diagrant the exact_ x xr invari-
ance of the theory (see eq. (4.7)), we expect the generatmgidénal of 1Pl Green functions to
display a NP term of the forr

CiAQLUUQR+QrUTQ], C1=0(gi(b ) as(As)) . (4.8)

Besides a fermion mass, this term in the Nambu-Goldstoneepbfithe model a) = g, gives
rise to NP®-to-fermions and (via fermion loopsp-to-gluons couplings, which also stem from
the dynamical breaking of th@g_ x Xr invariance. Nevertheless, the fine tuning— ng, that is
crucial to get a fermion masg v, is “natural” because, besides yielding the restoratiothef
XL X Xr invariance in the Wigner phase, it leads in the Nambu-Goldsiphase to the maximal
enhancement of this symmetry that is compatible with itsagiyical SSB and related NP effects.

5. Conclusions

We have discussed the possibility thatfi(s(/As)/\s) fermion masses are dynamically gener-
ated from an interplay between vanishingly small chiratgaking effects left-over in the “critical”
theory and power divergencies of loop integrals with theiitisn of Wilson-like vertices. We have
also shown that it is possible to solve the “fine tuning” pesblassociated with the need of sepa-
rating “large” from “small” mass contributions, in a toy-ihel where an SU(2) doublet of strongly
interacting fermions is coupled to a scalar via Yukawa antsd¥ilike (x-breaking) terms.
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