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In the past the construction of Higgs-Yukawa models on tkieéawas blocked by the lack of

a consistent definition of a chiral invariant Yukawa couglterm. Here, we consider a chiral
invariant Higgs-Yukawa model based on the overlap oper@téY realized by the Neuberger-
Dirac operator. As a first step towards a numerical exananadf this model we study its phase
diagram by means of an analyti¢N;-expansion, which is possible for small and for large values
of the Yukawa coupling constant. In the case of strong Yukesplings the model effectively
becomes a®(4)-symmetric non-lineas-model.
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1. Introduction

Non-perturbative investigations of Higgs-Yukawa modedsg the lattice regularization be-
came subject of many investigations in the early 1990°5|[B, @.[5.[b]. These lattice studies were
initially motivated by the interest in a better understawgdof the fermion mass generation via the
Higgs mechanism on a non-perturbative level and, in pdatiicin the determination of bounds on
the Yukawa couplings translating into bounds on the Higg®hanass and the - at that time not yet
discovered - top quark mass. Furthermore, the fixed poiatttre of the theory received special
attention due to the question whether besides the Gaudsima aon-trivial fixed point might ex-
ist. However, these investigations were blocked, sincenth@ence of unwanted fermion doublers
could not successfully be suppressed. Moreover, the modétese studies suffered the lack of
chiral symmetry. The latter, however, would be indispefesédr a consistent lattice regularization
of chiral gauge theories like, for example, the standardehofielectroweak interactions.

Here, we follow the proposition of Lischdl [7] for a chiralamiant lattice Higgs-Yukawa
model based on the Neuberger overlap opergfor [8]. As a feptvge begin with an analytical in-
vestigation of its phase structure by means tf&expansions following[]9, 10] and the references
therein. We derive an expression for the effective poteatiiee-level and present our preliminary
results for the corresponding phase diagram.

In chapte[P we briefly describe the considered model, beferpresent the larg; results
at tree-level for small Yukawa couplings O 1/,/N¢ in chaptef B. In the following chaptgf 4 we
discuss a different largd;-limit which becomes valid for non-vanishing Yukawa coagk. We
then end with a short outlook.

2. The model

The chiral invariant Higgs-Yukawa model, which we consildere, contains one four-component,
real Higgs field® andN¢ fermion doublets represented by eight-component spigi€tsl) with
i =1,...,N;. Furthermore, there are aldh auxiliary fermionic doublets¢("), x' only introduced
to construct a chiral invariant Yukawa interaction termeTartition function can then be written
as

zZ= /an ﬁ [Dw(i)DL[_J(i)DX(i)D)?(i)} exp(—sq,—séi”—s{) (2.1)

where the total action is decomposed into the Higgs a&igrthe kinetic fermion actio§™", and
the Yukawa coupling terrf,. It should be stressed that no gauge fields are considered her

The kinetic fermion action describes the propagation ofpthsical fermion fieldsp(), g
in the usual way according to

$=3Y & i) — 20X 1nmxin
i=1nm

where the coordinates m as well as all field variables and coupling constants arengivéattice
units throughout this paper. The (doublet) Dirac opera&®) = 2(°Y) @ 2% is given by the
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Neuberger overlap operatér(®”), which is related to the Wilson operatarV) = yEOp —r0u0y,
by

A } A=9W _p, p>1 (2.2)
VATAS’ o

wherell, denotes the symmetric difference quotient. It is well kndhat the eigenvalues®(p)
of (Y with Im[v*(p)] = 0 form a circle in the complex plane, the radius of which isgiby the

g?(OV) — p {1+

parametep. In momentum space with € & = [, 1®4 these eigenvalues are explicitly given
by
+iV/P+rpP-p . , ~ . Pu
vi(p) = p+p- , =sin(py), =2sin( = ). 2.3
(P)=p+p FiE pZ M (Pu)s Py (2) (2.3)

The auxiliary fieldsx) on the other hand do not propagate. They do not have a dirgsi-ph
cal interpretation at all and their contribution to the awtis only introduced to establish chiral

symmetry.
The Higgs field couples to the fermions according to the Yukaaupling term
Nt
S=w s 5 @45 et o e gl 0 X)) @4
n,mi: L !,

Bnm

whereyy denotes the Yukawa coupling constant &g, will be referred to as Yukawa coupling
matrix. Here the Higgs fieldd, is rewritten as a quaternionic,22 matrix ¢, = ®91 — idJ,J}q-
(7;: Pauli matrices) acting on the flavor index. Due to the clehalracter of this model, left- and
right-handed fermions couple differently to the Higgs field can be seen from the appearance of
the projectorg1+ y5)/2 in the Yukawa term.

Finally, we use a slightly unusual notation for the Higgsat&s given by

So=—Kn S O [Pnit+ O] + T OIPn+ Ay S (OfPn—Ni)* (2.5)
n n n

whereky denotes the hopping parameter angis the quartic coupling. The usual notation is
reobtained by a trivial rescaling of the coupling constaartd the Higgs field. The model then
obeys an exact, buiattice modifiedchiral symmetry recovering the actual chiral symmetry i@ th
continuum limit [7].

For the further analytical treatment of this model the femic degrees of freedom are in-
tegrated out leading to the effective actifgy¢[®], which can be written in terms of fermionic
determinants yielding

St 1[®] = Sp[®] — N -log [det(yN B2 — 2p 2™ — 2pyy B)} : (2.6)
3. Large N;-limit for small yy

We now consider the limit of infinite fermion numbdk — o with the coupling constants
scaling according to

YN = N ,Yn=const Ay = ﬁl—’j, 5\,\, =const Ky = Ky, Ky = const (3.1)

N
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which justifies a semi-classical approach to the investijahodel. We will therefore directly
evaluate the effective actiof (P.6), which is at least fmesior the constant and the staggered
mode of the Higgs field. Since the Higgs field scales propmlimo\/Wf in the largeNs-limit, we
apply the ansatz

o= - (ms (-1 (3.2)

where® ¢ R* with |®| = 1 denotes a constant 4-dimensional unit vector. We willrregfen, s as
magnetization and staggered magnetization, respectivelythe actual evaluation of the effective
action we rewrite[(2]6), neglecting all constant terms pedelent ofb in the following, as

-1
S]] = So[®] — N -log [det(]l - ;’—N : (90”) - 2p> : [@(OV)] : B>] : (3.3)
fo]
For the effective potentidle¢(m,s) at tree-level one then finally finds

iVeff(m,s) — —RN(mZ—sz) +mz+sz+5\N(m4+s4+6stz—2(m2+sz))

Nf
[ dp W\ 2 o vp)—20] [v(O)—20] )
| s (”(m) e A T R T8)] )

pe?

2 V(P —2p| _ Jv(d)~2p[\* _
* (m)( o ) (34

with the abbreviation&/, = py + 1.

The phase diagram can then be explored numerically by saegrfdr the absolute minima of
the effective potentialet¢(m,s) with respect tan ands. In general, four types of solutions can
be obtained. These are a symmetric (SMil= 0, s= 0), a ferromagnetic (FMm # 0, s= 0),
an antiferromagnetic (AFMm = 0, s # 0), and a ferrimagnetic phase (Fh# 0, s# 0). The
corresponding phase diagram for the choige= 0.1 is shown in Figur¢|1. Here, we only present
a qualitative plot of the phase structure, since the obthiesults are preliminary. However, the
diagram reveals a rich phase structure. Especially, tiseagférrimagnetic phase, which was also
observed in Monte Carlo studies of earlier, not chiral irasair Higgs-Yukawa models, for example

in [T7].

4. Large Ns-limit for finite yy

We now consider a different limit of large fermion numbersandithe coupling constants scale
according to

1

YN = VN, Yn =const Ay = N—’j, 5\N =const Ky = N—N, Kn = const (4.1)
f

Again, the Higgs field scales proportional\;éN_f allowing to expand the effective action in powers
of 1/(yn|®|). In this largeN¢-limit the power series expansion

Ser[®] = =Nt - (Tr log[B] — i 2_kk (yﬁN>kTr [9(0\,) <9(ov) _ZP)_lBl] k)

k=1

+ So[®] (4.2)
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Figure 1: Qualitative phase diagram with respect to the Yukawa coggli and the hopping paramet&y
for a constant quartic couplingy = 0.1.

of the logarithm in equatior] (3.3) can therefore be cut afémfhe first non-vanishing term. The
first summandk = 1) is identical to zero and the second tefkn= 2) is the first non-vanishing
contribution. Cutting off the power series lat= 2, the model then becomes an effecti@4)-
symmetric spin model

Serfl®] = s¢[¢]—4Nf-<zlog @) K (BX) mT—mmv> .3)

whereAx = n—mand the non-local coupling matri,, (Ax) =y - IF(AX)|* with |.| denoting
the 4-vector norm is explicitly given by the momentum insdgr

_ d'p jpax. V(P By
Rar“(Ax)_pe/gz e S (4.4)

which can be computed numerically. One then finds that tharsguorm of the coupling matrix,
IK(AX)| = | (AX)|?, decays exponentially with increasing distaftg| as shown in Figurf]2. In a
field-theoretical sense the effective spin model therefeneains a locally interacting model.

For the evaluation of the corresponding phase diagram sfetfiective spin model we make
the ansatz

@y =+/Nt-¢o-0n, 0n€R* |0,/ =1, R ¢o=const (4.5)

for the Higgs field. Considering only the leading power jfN1 of the tree-level effective action
St 1[P], the amplitudepo can be fixed according to

0=— +1+2An- (98 —1). (4.6)
¢o

Including the next to leading order terms ifN;, the model effectively becomes @4)-symmetric
non-linearag-model

Soif[®] = _zxeﬁnf On- Om, With (4.7)
16p2 . +4

Kr?}nf = ﬁ'|r(AX)|2+KN'¢g' Z Onm+fis (4.8)
NB u=t1
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the phase structure of which is again accessable tgldrekpansion. Here\l denotes the number
of components of the Higgs field, i.e. eventuallyN = 4. As usual, the constraino,| = 1 is
removed by the introduction of an auxiliary fiedd according to

7 = / DA o'] expl-Sa,A]], (4.9)

So,A] = { 21_ Km0 U,in+Z)\n- [i(aﬁ)z— ]} (4.10)

Integrating out thé\ — 1 componentsr?,....oN one obtains the reduced actiéivl,/\] depending
only on the fields\,, and 0,} given by

:_zKr?Inft_ o} 0+2An [ —1]
1 eff
+ é(N — 1) Tramlog [—K5 i + Andhm] - (4.11)
The newly introduced parametty is necessary to perform the laryelimit, which will be done
for iy =ty - N = const. Here, we are actually interested in the ¢ase 1 andN = 4. We therefore
choosely = 4. Again, we consider the magnetization and a possible staggnagnetization for
the g} field and assume the auxiliady, field to be constant leading to the ansatz

ol=m+s (—)F " andAn= A. (4.12)
Minimizing é{ol,)\] with respect tan, s, andA will then yield the three gap equations
2
0=m: [)\ - <8KN¢0+ ~6p2 -q(0 )>] (4.13)
N%o
1 2
0=s- [)\ - ( BRNDE + 5 ¢2 -q(m,m, I, n))] (4.14)
N

-1

PR 1 d*k | . 8p2 A
m+s = 1_2(1_N) / 2m? [—KNng%cos(ku)—mq(k)an (4.15)

ke 7
whereq(k) denotes the eigenvalues |d5f(Ax)|2 corresponding to plane waves and is given by

4
qk) = / (OIIO o V+(D) o0 U=k—p. (4.16)

2m4vt(p)—2p vi({d)—2p VR /O?

For the ferromagnetic phasee. m## 0 ands= 0, one obtains a self-consistent determination
equation fom? > 0 according to

pe

-1

~ 4 2
0<n12:1—t%(1—%) / %[Rthgg(l—cos(ku))—l— (q(0) —q(k))| (4.17)

5P
ke 2 Yﬁ ¢g
An analogous relation holds for the antiferromagnetic pi{a$-M). These relations can be treated
numerically. The resulting phase diagram is shown in Fiuré\gain, we present a qualitative
diagram only, since our results are preliminary. The appear of three different phases, namely a
symmetric, a ferromagnetic and an antiferromagnetic plasebe observed. The presented phase
diagram is in qualitative agreement with earlier resulssng non-chiral fermions, see e.f} [9].
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Figure 2: Left: Square-norm of the coupling matrik(Ax) versus the square-norm of the distadoein
lattice units. Right: Qualitative phase diagram with respe the Yukawa couplingn™> 1 and the hopping
parameteKy for a constant quartic couplindgy = 0.1.

5. Summary and outlook

In this paper we have studied the phase structure of a chivatiant lattice Higgs-Yukawa
model, originally proposed by Lischer, by means of analy/tid;-expansions at tree-level. This
was possible for small and for large values of the Yukawa bogp Symmetric, ferromagnetic,
and antiferromagnetic phases have been observed in bathegg@f the Yukawa coupling con-
stant. Additionally, a ferrimagnetic phase was found inftret regime. A next step would be the
comparison of our analytical results with correspondingnkddaCarlo data.
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