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Abstract We present a non-perturbative lattice study of
SU(4) gauge theory with two flavors of fermions in the fun-
damental representation and two in the two-index antisym-
metric representation: a theory closely related to a minimal
partial-compositeness model for physics beyond the Stan-
dard Model, that was proposed by Ferretti. We discuss the
phase structure of the lattice theory and report results for var-
ious observables of interest, including the masses of states
obtained from different combinations of valence fermions
and the spectrum of the Dirac operator. Finally, we com-
ment on the extension of this type of studies to other partial-
compositeness models (including, in particular, one that was
recently suggested by Gertov et al.), which could admit
lighter top-quark partners, highlighting some key features
of our lattice simulation algorithm, that make it suitable for
such generalizations.

1 Introduction

The experimental observation of a particle compatible with
the Standard-Model Higgs boson at the Large Hadron Col-
lider (LHC) [1,2] and the lack of evidence of any New
Physics are putting very tight constraints on theories beyond
the Standard Model. Nevertheless, for all its shortcomings,
it remains very hard to imagine that the Standard Model be
the correct description of Nature up to energies much higher
than the TeV scale.
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An unsatisfactory aspect of the Standard Model is the
fact that, among its parameters, it features a large number of
Yukawa couplings, which cannot be derived from first prin-
ciples, and which give rise to broadly separated masses for
the fermions. Also in the fermionic sector, it does not account
for the experimental evidence of neutrino oscillations [3,4],
implying that these particles are not massless (although it can
be easily extended to accommodate massive neutrinos just by
adding a handful further parameters, at least if they are Dirac
particles). Even more remarkably, the Standard Model fails
spectacularly at predicting 95% of the observed energy bud-
get of the Universe [5], because it does not provide any expla-
nation for Dark Matter or Dark Energy. Other unsatisfactory
aspects of the Standard Model include the absence of unifi-
cation of the gauge interactions, the “strong-CP problem” of
quantum chromodynamics (QCD), and the fact that it does
not include a proper quantum formulation of gravity. Finally,
as is well known, one of the major theoretical puzzles in the
Standard Model is the lightness of the Higgs boson: being
the only fundamental scalar in the theory, its mass receives
contributions (of opposite signs) from quantum fluctuations
at all energies up to the Planck scale, but their sum turns out
to be surprisingly (“unnaturally”) small in comparison to the
latter scale; for a recent review, see Ref. [6].

At least for the last of these issues, i.e. the “naturalness
problem”, supersymmetry provides a conceptually very ele-
gant solution: the (nearly) perfect cancellation of the contri-
butions to the Higgs boson mass from quantum fluctuations
of different fields is a consequence of the (only softly broken)
symmetry relating bosonic and fermionic species in the the-
ory. From a formal point of view, it is also worth remarking
that supersymmetry is the only type of symmetry combining
spacetime and internal degrees of freedom in a non-trivial
way [7], evading the Coleman—Mandula theorem [8], and
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its experimental observation in elementary particle physics
would be a major scientific discovery. In practice, however,
its simplest realization in a framework compatible with the
particle content of the Standard Model (the minimal super-
symmetric Standard Model, MSSM), in which supersymme-
try is necessarily broken, is far less aesthetically appealing:
in particular, the MSSM has more than a hundred funda-
mental parameters, which, like their analogues in the non-
supersymmetric Standard Model, cannot be derived from first
principles. Despite the lack of predictive power due to this
large number of free parameters, the MSSM (like most other
New Physics models) generically predicts the existence of
a host of new particles, including, in particular, four further
Higgs particles, in addition to the Standard-Model one. All
experimental searches in this direction so far, however, have
come away empty-handed, indicating that supersymmetry, if
exists, probably lies at an energy scale out of the reach of
current accelerators.

Another popular theoretical framework that could explain
the small mass of the Higgs boson is the one in which this par-
ticleis not considered as elementary, but rather as a composite
state of some new, strongly coupled, elementary degrees of
freedom, so that its lightness could be interpreted in terms
of a Nambu—Goldstone mechanics — much like the pion, the
lightest physical state in the QCD spectrum, is (nearly) mass-
less because it can be interpreted as the Nambu—Goldstone
boson associated with the breaking of chiral symmetry. This
idea, dating back to more than thirty years ago [9,10], has
been studied in a large number of works [11]: the simplest
models realizing this scenario can be constrained by severe
phenomenological tests [12] and have been falsified by now,
but more refined implementations of this idea remain the-
oretically attractive and could still be viable candidates for
New Physics beyond the Standard Model.

Partial-compositeness models, in which some additional
fermionic fields from this new strongly coupled sector are
linearly coupled to the top quark, are particularly appeal-
ing [13,14]. In this respect, a systematic, group-theoretical
classification of the four-dimensional fermionic gauge theo-
ries providing an ultraviolet (UV) completion of composite-
Higgs models was presented in Ref. [15], imposing the
requirements related to the existence of a custodial sym-
metry, and the presence of top-quark partners. The sim-
plest UV-complete model of this type was then discussed
in Ref. [16]: it is a theory based on local invariance under
an SU(4) “hypercolor” group, featuring five flavors of
massless Majorana fermions in the two-index antisymmet-
ric representation, and three flavors of Dirac fermions in
the fundamental representation of the gauge group. In the
infrared limit, the formation of a condensate for the Majo-
rana fermions in the two-index antisymmetric representation
induces dynamical chiral-symmetry breaking according to
the pattern SU(5) — SO(5), and a composite state, embody-
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ing the Standard-Model Higgs boson doublet, arises then
from the SU(5)/SO(5) coset [17]. The Dirac fermions in the
fundamental representation bind with the Majorana fermions
to form hypercolor-singlet states, that are interpreted as part-
ners of the top quark, whereas the other massive Standard-
Model fermions acquire their masses from quadratic cou-
pling to the Higgs. This theory does not violate current exper-
imental bounds e.g. on the decays of the Z boson, and is a
viable UV-complete model for New Physics.

Since the crucial phenomena of chiral-symmetry break-
ing and hypercolor confinement in the model proposed in
Ref. [16] are intrinsically non-perturbative in nature, a theo-
retical study of this theory from first principles requires lat-
tice calculations. For technical reasons (related to the com-
putational cost of the fermionic-matter content of the the-
ory), however, it is more convenient to study first a closely
related theory, with two flavors of Dirac fermions in the two-
index antisymmetric representation of SU(4), and two fla-
vors of Dirac fermions in the fundamental representation of
the gauge group. With such matter contents, the theory will
undergo a different symmetry-breaking pattern (in particu-
lar, one which can not accommodate a state with quantum
numbers compatible with those of the Standard-Model Higgs
boson); nevertheless, it remains an interesting theoretical lab-
oratory, in which the main features of the actual model dis-
cussed in Ref. [16] can be studied, at least at a qualitative or
semi-quantitative level.

With this motivation, in the present work we present a
detailed numerical investigation of the SU(4) lattice gauge
theory with two flavors of Dirac fermions in the two-
index antisymmetric representation and two flavors of Dirac
fermions in the fundamental representation of the gauge
group, which recently has also been studied in a series of
works [18-21]. The structure of this article is the follow-
ing: in Sect. 2, we review the main features of the Ferretti
model, in Sect. 3, we analyze in detail the symmetries of
the Dirac operator (both in the continuum and in various
lattice discretizations) in the two-index antisymmetric repre-
sentation, and their implications for the spectrum supported
by random matrix theory expectations. Next, in Sect. 4 we
discuss the features of a hybrid Monte Carlo algorithm work-
ing with fermions in different representations, and in Sect. 5
we present our results, both as algorithmic checks and as
first exploratory steps into the theory under consideration.
Section 6 deals with the generalization of this type of stud-
ies to non-minimal partial. The concluding Sect. 7 presents
a summary of this work, while the Appendices A, B,
and C respectively include our conventions for notations, the
detailed proofs of some identities discussed in Sect. 3. and
technical details about our hybrid Monte Carlo algorithm.



Eur. Phys. J. C (2019) 79:638

Page 3 of 26 638

Table 1 Gy is the hypercolor gauge group and G the global sym-
metry group before symmetry breaking

Guce GFf

SU@)  SU()  SU@®)  SUu@Y Uy Uy
v 6 5 1 0 -1
X 4 3 1 —1/3 5/3
b 4 1 3 1/3 5/3

2 Overview of the model

Let us briefly review the model described in Ref. [16] which
we refer to as “Ferretti model”. The UV completion is a
gauge theory with Guc = SU(4) “hypercolor” gauge group,
coupled to five Weyl fermions 1/ in the two-index anti-
symmetric representation of the hypercolor group (i.e. the
dimension 6 representation, that, in the following, we also
call “sextet” representation: for a summary of group and
group-representation properties, see, for instance, Ref. [22,
appendix]) and three Dirac fermions written in terms of pair
of Weyl fermions x2, )Z,f{ in the fundamental representa-
tion of the hypercolor group. Hence, in the field definition
the indices I, a, a’ run over the flavor and read respectively
I =1,...,5 whereasa,a’ = 1,...,3; on the other hand,
m,n =1, ..., 4denote hypercolor indices. The global inter-
nal symmetry of the theory is

Gr = SU(5) x SU3) x SUB) x U(1)x x U(1)". (1)

The charges of the various fields are listed in Table 1.
The symmetry-breaking pattern of the model can be
described as

_(SUG) SU@B) x SUBY
Cr/He = <SO<5>> X ( SUG). )
(U(l) X U(l)’)
“\ Ty )

and is realized by the bilinear fermionic condensates
(emmrayl g ) oc 817 and (34 x4) o 879, The symmetry-
breaking pattern Gr/ Hr is compatible with a custodial sym-
metry, described by the G5 group, such that Hp O Geys D
Gsm, with Goys = SU3) xSU(2) 1, x SU(2)g x U(1)x and
Gsm = SU3), x SUR)r x U(1)y is the Standard Model
gauge group. More in detail, the electroweak gauge group
SU®2)r x U(1)y is embedded in the unbroken SO(5), by
considering the subgroup SO(4) >~ SU(2);, x SU(2)r, iden-
tifying U(1)g as the subgroup of SU(2)r generated by the
third generator T3, and setting the hypercharge ¥ = T,% + X.
The 14 Nambu-Goldstone bosons in the SU(5) /SO(5) coset
can be classified according to their SM SU(2); x U(1)r
charges as:

@)

14— 1o+21120+30+ 311 =, H, ¢o, ¢+) , (3)

where the field H can be interpreted as the Higgs field. Indeed
this field is a doublet under SU(2); and can therefore be
written as a two-component complex field H = (Hy, Hp).
The spin-1/2 states appear as a triplet of the hypercolor the-
ory, and are natural candidates to play the rdle of top-quark
partners: in the effective field theory description of the low-
energy dynamics, the latter are introduced as a Dirac fermion
field W transforming in the (5, 3);/3 of Hg. Such a field can
be realized within the Standard Model, by decomposing the
(8, 3)2/3 multiplet as

(5,323~ 3,2)76 +(3,2) 16 + 3,123, 4)

where the numbers on the right-hand side label the irreducible
representations of Ggy. The Nambu—Goldstone bosons can
be combined into a IT field

M=H+H +¢+¢s+6., (5)

from which one can define
- (i IT ) ©)
=exp|—),
S

with IT a real symmetric matrix. The matrix ¥ defined in
Eq. (6), however, transforms non-linearly under a transfor-
mation g € SO(5), so it is convenient to consider the field
U = 22T = exp(2il1/f), which transforms linearly:
U — gUgT.

The couplings to vector bosons are obtained from the chi-
ral Lagrangian
L f_2 T pu

ST ((DMU) D U) %)
where the derivative is promoted to the covariant derivative,
ie.

DU = 8,U —igWi[T{, Ul —ig'B,[TR, Ul. ®)
The mass term for fermions is
LD MUY 4, fGLEVg + A fIRE* WL, )

where §; and fg are the spurionic embedding of the SM
quarks in the 5 and 5 representations of SU(5), respectively.

An important feature of such a model is the vacuum
misalignment, which is responsible for electro-weak sym-
metry breaking. In particular, the SM fermionic couplings
are responsible for negative contributions to the Coleman—
Weinberg potential, which are necessary to generate a non-
vanishing vacuum expectation value for the Hy component.
Following Ref. [16], we set Hy = h/ /2, while all other
fields are set to zero. Then, the coupling of the /4 field to the
SM gauge bosons and fermions reads

. I
Te [ UMW U)W, | = S01 +cos@h/FIWE W

(10)
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GLU Wik + U (W31, = %2 Sin(2h/ f)(Lir + Trir)
(11

The potential can thus be parametrized by the two low-energy
constants « and 8 as

V(g) o a cos (%> — Bsin® (%) (12)
¢ 7 7

and a suitable electro-weak-breaking minimum can be
obtained at cos(2(h)/f) = —a/(2p) for |a/B| < 2. These
two constants can be computed as described in Ref. [23]. In
particular, one has

28 = —y*Ciop (13)

which, in principle can be computed on the lattice, as well
as all the other low-energy constants relevant for the infrared
physics of the theory.

3 Symmetries of the Dirac operator for fermions in the
sextet representation

In order to construct the two-index antisymmetric represen-
tation for a generic SU(N) group, we introduce a set {e*?}
of N(N — 1)/2 real and antisymmetric matrices of size
N x N, which we label by strictly increasing pairs of indices
1 <a < b < N.Wesort the set of (a, b) pairs starting from
a = 1 and b = 2, and then increasing b and letting a run
from 1 to b — 1, so that the sorted list of (a, b) pairs reads
(1,2),(1,3),(2,3),(1,4), (2,4),(3,4),...,(N—1, N). The
elements of the ¢(“?) matrices are defined by

(c=) = L 5pabe b — Sppbaa): (14)
pg 2 PET I

Then, given a generic element u of the SU(N) group in the
fundamental representation, the corresponding group ele-
ment in the two-index antisymmetric representation is a
complex-valued matrix of size (N(N—1)/2) x (N(N—1)/2),
whose entries are defined as

Uabye.ay = Tr (e(a,b)T u e ©D uT) . (15)

It is then trivial to work out the explicit form of an arbi-
trary generator in the two-index antisymmetric representa-
tion, that we denote as T, g, for example, by defining an
infinitesimal real parameter €, taking u to be the group ele-
ment infinitesimally close to the N x N identity matrix
u = 1+ ier” + O(€?), and extracting the components
of T}, ¢ as the coefficients of the terms linear in i€ in the
resulting expression for U — 1 (where now 1 denotes the
(N(N —1)/2) x (N(N — 1)/2) identity matrix).

For the purposes of this work, let us focus on the SU(4)
group, whose generators in both the fundamental and in

@ Springer

the two-index antisymmetric representation are reported in
Appendix A. Consider now the totally antisymmetric four-
index tensor €,p.4, With €1234 = 1. Interpreting its indices
pairwise, it can be used to construct a 6 x 6 matrix W, acting
on the antisymmetric two-index representation of the SU(4)
generators, whose rows (and columns) are labelled by the
sorted (a, b) (and (c, d)) pairs introduced above. The ele-
ments of W are defined as

Wa.b) (c,d) = €abed- (16)

Remembering that, in our conventions, the indices from 1 to
6 of the antisymmetric two-index representation of SU(4) are
associated with the sorted pairs (1, 2), (1, 3), (2, 3), (1, 4),
(2,4), (3,4), in that order, W takes the form

00 00 0 1
00 00 —1 0
00 01 0 0
V=10 010 0 o0 a7
0 -1 00 0 O
1 000 0 0

Note that W is real, symmetric, and unitary, hence it squares
to the identity matrix. It is easy to check that all generators in
the antisymmetric two-index representation of SU(4) satisfy

WITLGW = —K TSy, (18)

where K denotes the complex-conjugation operator, defined
by Ka = o™ for every o € C.

Having set our notations for the generators of the SU(4)
algebra in their antisymmetric two-index representation and
the y matrices (for their explicit forms, see Appendix A), let
us now introduce the Euclidean Dirac operator for a fermionic
Dirac field of (real) bare mass m, transforming under the anti-
symmetric two-index color representation in a theory with
SU(4) gauge symmetry. In the continuum, the Euclidean
Dirac operator reads:

Deont = Yu Dy +m =y (9 + ig Al Tshg) +m. (19)

Note that the kinetic (y,, D,,) part of D¢op is anti-Hermitian,
whereas the mass term m is Hermitian, so that, in general,
Dcont 18 neither Hermitian, nor anti-Hermitian. However,
the anti-commutation relations {ys, ¥} = 0 imply that the
¥5 Dcont Operator is Hermitian:

(VSDcont)T = DZOmV; = (_VMDM + m) V5

= (V;LD;L + m) = ¥5Dcont- (20)
Let us introduce the notion of “anti-unitary operator”: given
a complex Hilbert space H with inner product (..., ...), an
invertible mapping
U:H—-MH, ¢ — U(P) 21
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(where ¢ denotes an arbitrary element of H) is said to be
“anti-unitary” if it is antilinear

U (ap + Bp) = " U(P) + B U(p) (22)

and satisfies

U@, Up)) = (¢, )" (23)

forevery ¢ and p in H and for every a and b in C. It is possible
to prove that, given a unitary operator ), the VK operator is
anti-unitary, and that, conversely, every anti-unitary operator
U can be written as

U= VK, (24)

where )V is a unitary operator.
Let us introduce the charge conjugation C and define the
operator A as

A= WCysK. 25)

The combination WCys appearing in Eq. (25) is a unitary
operator, so it follows from Eq. (24) that A is anti-unitary.
Moreover, it is trivial to show that A squares to minus the
identity, because

A% = WCysKWCysK = WCysW*C*y2
= W2y = 1, (26)

having used the facts that W (acting only on the color indices)
commutes with C and ys (which act only on the spinor
indices), that W, C and ys are real, that C commutes with
ys, and that W, y5 and K square to the identity, whereas C
squares to minus the identity.

From the aforementioned properties of W, C, ys, and A it
also follows that

[A, ¥5Dcont] = 0. 27

A detailed proof of the above relation is provided in
Appendix B.

Now, let us introduce the Dirac operator for the lattice dis-
cretization of the theory with fermions in the antisymmetric
two-index representation, on a hypercubic spacetime lattice
of spacing a. Its matrix elements in the Wilson formulation'
are of the form

4
1
(D)x,y = - ax,y — kK [(]l - yu)Up.(x)Sx+a;l,y
a =
L+ ) U 0Dy | (28)

! The following arguments continue to hold also in the presence of
improvement terms with the same symmetries.

Thus, one also has:

1 4
(VSD)x,y = ; y58x,y_/( Z [(VS - VSVM)UM(X)6x+aﬁ.,y
n=1
s + VsVUL 0D ay | ¢ - 29)

Defining the four, unitary, “positive-shift” operators P, that
act trivially on all internal degrees of freedom and have real
matrix elements between sites x and y given by

(Pu)x,y = 8x+a;1,ys (30)

(while their inverses have elements (PM);’ly = 8y_ap,y)s and
the local “positively-oriented, parallel-transporter’” operators
U,, (having matrix elements U, (x)d,,, between sites x and
y), the Wilson Dirac operator can be written as

1 4
D=-{1-xY [(1—y)U.Py)
a o
+(1+ 70U PO] 1 (1)

We now prove that the y5 D lattice operator commutes with A,
exactly as its continuum counterpart y5 Done does. In order to
prove this statement, we first study the transformation prop-
erties of the U, (x) link variables under complex conjugation.
When D is the Wilson Dirac operator for fermions in the anti-
symmetric two-index representation, a generic link variable
U, (x) can be written as the exponential of i times a linear
combination with real coefficients (that is convenient to write
as agAZ (x)) of the T3, g generators defined by Eq. (15) and
explicitly reported in Appendix A:

Uy (x) = exp (iag A% (x) Tshg)
- Z % (AL () T5ys)" - (32)
n=0 :

As a consequence:
KU,(x) = U; (x) = exp (—iagAZ (x)TZ“AS)
[e¢) .
(—iag)" x
= Z — (A% () T5%s)" - (33)
n=0 ’
Using Eq. (18), the latter equation can be rewritten as
o .
(iag)"
KUy(x) =) pr

n=0

=w! :Z (lcllj') (Ai(x)TzaAs)n} 4
n=0 :
=W lU,(x)w. (34)

n
(—AZ(x)W_lTZ“ASW>

@ Springer
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From the transpose of the latter identity, using the fact that W
is symmetric and equal to its inverse, it follows that U /L (x) =
W= (U (x)" W, sothat KU} (x) = WU} (x)W. This is
actually a trivial implication of Eq. (34), since U, (x) is an
element of a unitary group, so U J x)=U " L(x) is still a
group element, in the same representation. As a consequence,
the Wilson Dirac operator D is such that

[A, ysD] = 0. (35)

with A> = —1: this is a property that the Wilson Dirac
operator shares with the continuum Dirac operator. A detailed
proof of Eq. (35) is provided in Appendix B.

Equation (35) implies that 5D can always be rewritten
as a matrix whose elements are real quaternions of the form

where go and the components of g are real. As a consequence,
the eigenvalues of y5 D are pairwise-degenerate.

A second, more interesting, consequence is that certain
universal features of the spectrum of eigenvalues of y5D
can be described by the chiral GauBian symplectic ensem-
ble (chSE) in random matrix theory — see Ref. [24] for an
excellent review. In particular, the unfolded density of spac-
ings s between subsequent eigenvalues of y5D is expected
to follow the Wigner surmise

P(s) = ngs’3 exp(—cﬂsz),
rA+! (g + 1)

BH1Y

rs+2 (T)
r2 (g + 1)
cp=—7—,
B+l
(%)

for the Dyson index corresponding to the symplectic ensem-
ble, 8 = 4. This is expected to hold for the unfolded density
of spacings, in which the spacing between subsequent eigen-
values of y5 D in one gauge-field configuration is rescaled by
the local spectral density (obtained from an average over all
configurations).

Note that, for the continuum and Wilson Dirac operators
for fundamental SU(4) fermions, no global anti-unitary sym-
metry like the one encoded in Eq. (35) exists. As a conse-
quence, the unfolded density of spacings between eigenval-
ues of the Wilson Dirac operator for fermions in the funda-
mental representation of the SU(4) gauge group is expected
to be described by the Wigner surmise for the chUE, i.e. by
Eq. (37) with Dyson index 8 = 2.

In passing, we also note that in the staggered formulation
of the lattice Dirac operator Dy defined as

with Nﬁ =2

(37)

4
|
Dy=ml+ - ) 1: - [(Uu P — (UMPM)T] , (38)
=

@ Springer

where n,, has elements between sites x and y defined as

M)xsy = 8xy (=) Zven™, (39)

and where ys is replaced by €, having elements
4
€x,y = Sxy (=1 Znm1 (40)

the analogue of 5 D¢op 1S
&
€Dy = me + > 21 en |(UuP) = WP @D
M:

Now, consider the antiunitary operator

B=WK, (42)
which squares to the identity:

B*=(WK)*=Ww?=1. (43)

Analogously to the continuum and Wilson formulation, also
in this case it is possible to show that

[B,eDg] = 0. (44)

As a consequence of the above relation (whose demonstra-
tion is provided in Appendix B), the staggered Dirac oper-
ator Dy is such that € Dy commutes with the antiunitary
operator B, which squares to 1. This property implies that
€ Dy can always be rewritten as a matrix whose elements are
real, and that its universal spectral properties are described
in terms of the chiral GauBian orthogonal ensemble (chOE)
of random matrix theory. In particular, the unfolded eigen-
value spacing distribution is expected to be approximated by
the Wigner surmise defined in Eq. (37), but with 8 = 1,
instead of 4 (as for the continuum and Wilson Dirac oper-
ators). This difference between the anti-unitary symmetries
of the staggered and the continuum Dirac operators is, in
fact, unsurprising, given that a similar situation also occurs
for the SU(2) gauge group [25,26], and the convergence of
the staggered-spectrum results to the correct continuum limit
occurs in a subtle way [27]. The investigation of the restora-
tion of the continuum symmetry in the staggered discretiza-
tion of fermions in the sextet representation of the SU(4)
group for a — 0, however, would require a dedicated inves-
tigation and lies clearly beyond the scope of the present study.

4 Lattice-calculation setup

The simulations for this project were performed using a
hybrid Monte Carlo (HMC) algorithm implemented with the
GRID lattice QCD library [28]. As discussed above, given the
exploratory nature of this work, we considered an approxima-
tion of the Ferretti model, reducing its matter content down
to two fundamental and two sextet fermions. This prescrip-
tion greatly simplifies the computational cost of the theory
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allowing to use a two-flavor pseudofermion action in the two
representations. While this matter content does not yield the
same symmetry breaking pattern as in the original model,
this theory still represents an interesting theoretical frame-
work with rich non-perturbative dynamics, analogous to the
one proposed in Ref. [16]. Moreover, the simulation code
we developed admits a rational hybrid Monte Carlo imple-
mentation that allows to simulate any number of dynamical
flavors in a generic representation.

As in a standard HMC algorithm, the main steps are the
following:

1. generation of pseudofermion fields from a heat-bath dis-
tribution;

2. dynamical evolution of the gauge field configuration
according to a fictitious Hamiltonian with randomly cho-
sen initial momenta for each link;

3. “accept-reject” step, to correct for possible errors in the
integration of the equation of motion of the previous step.

While several sophisticated techniques can considerably
improve the algorithmic performance (in particular for the
inversion of the Dirac operator), for the purposes of this work
we limited ourself to a conjugate gradient solver, without
preconditioning. Simulations of the theory on a much larger
scale would, of course, require a careful optimization of the
setup, which is not discussed in this work.

4.1 HMC with fermions in multiple representations

Earlier works addressing the simulation of gauge theories
with dynamical fermions in a generic representation include
Ref. [29] and subsequent publications by the same authors.
The exploration of models with fermions in multiple repre-
sentations, however, is still ongoing, mainly due to the vari-
ety of different models and to the computational effort their
study requires. Among recent works, we would like to men-
tion Ref. [18], which presents a substantial set of numer-
ical results (including continuum and chiral extrapolations
for various physical quantities), which are obtained from an
algorithm similar to the one presented in detail in this section.

Let us write the gauge link variable defined in a generic
representation R as

Up(x) = exp {ia®(x), T§} . (45)

In order to define the molecular-dynamics (MD) force for
both gauge and fermions, let us define the variation of the
link variable as

8(Uu(x)) = 8(au(x)Uy(x)  with
Sau(x)) = id(ay () Tg (46)

and the conjugate momentum associated with each funda-
mental link

w(x, pw) =in(x, WTg. 47)

Note that the full dependence on the representation is

encoded into the generators Tk, meaning that the algebra

weights (i.e. the gauge field components) are the same in any

representation of the gauge group. Generalizing the same

idea as in Ref. [29], we consider the following Hamiltonian:
Nrep

H=Hy +Hg+» HF, (48)
R

where

e H, is the kinetic contribution from the conjugate
momenta associated with links in the fundamental repre-
sentation,

e H, is the pure gauge contribution, also based on gauge
fields in the fundamental representation, while

o H ]15 is the fermionic contribution, which can be in an
arbitrary representation.

In the present case, the latter is chosen to be H;: + HJ%AS.
These terms are formally defined in the same way, except
that in H ]f the links and the pseudofermion fields are in the
fundamental representation, while in HJ%AS the same links
are “promoted” to the two-index antisymmetric representa-
tion by Eq. (15), and the pseudofermions are generated by a
different heat-bath distribution.?
More in detail, the terms appearing in Eq. (48) are:

1 1
Hy = > ;(nu, 1), 7(x, 1) = ETFXZII)H 7 (x, 12,
(49)
Hy =S, = Nﬁ > > ReTr (1 = Puy(v)) (50)
¢ x p<v
Hf =8 =3 ¢ @D DA9R (). (51)

X

We emphasize that the superscript R means that Eq. (51)
holds for an arbitrary representation R (Sanity checks of the
algorithm are showed in Fig. 1, while in Table 2 the plaquette
observable is showed to approach correctly the quenched
results from Ref. [31] in the infinite mass limit).

For this project we consider the discretized Dirac operator
D (dropping the superscript R) as the Wilson operator with
the O(a) clover improvement and bare fermion mass m (in
unit of lattice spacing):

2 Restricting to the SU(4) gauge group, for the fundamental representa-
tion links appear as 4 x 4 matrices and pseudofermions as 4-component
vectors, while for the two-index antisymmetric representation links are
6 x 6 matrices and pseudofermions are 6-component vectors.
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Fig. 1 Plaquette (right) and A H (left) as a function of the MD trajectories for § = 10.0 and amy4 = ame = —0.55

Table 2 Benchmark comparison of the value of the average plaquette
in the infinitely-heavy-fermion limit to the quenched results for SU(4)
from Ref. [31]

Ensemble B amg ameg (P)

A27 11.028 —0.10 —0.10 0.5989(1)
A28 11.028 1.00 1.00 0.5867(1)
A29 11.028 100.00 100.00 0.5789(2)
Ref. [31] 11.028 - - 0.578794(2)

D = DWilson + Dclover, (52)

where the matrix element of the Wilson operator has been
already introduced in Eq. (28) and the improvement term
reads

ia ~
[Defoverles = 5 csw(@e ™ Y Fit, ()oudey (53)
nw,v

Let us express the fermion masses in terms of the hopping
parameter

=amg — am?®

1
R
and am crit

K= ——
2(amg + 4) 9

_1 1 1
2\« Kcliit

and o, = (i/2)[yu, yv]. We stress that the critical value
of the bare mass (or, equivalently, of the hopping parameter)
which corresponds to a vanishing renormalized mass depends
on the representation.

The gauge part entering the fermionic O(a) improvement
is given by

(54)

N 1
Fuv(@) = 2 [Qu(0)=Quu(0)] - with Qu(x) = Q] (x)
(55)

@ Springer

where Q,,, is the clover combination of plaquettes around
the point x, while the improvement coefficient cg, can be
expanded perturbatively as

csw(gd) = 1+ VR 4+ O(gh (56)

In this work, cgy (g(z)) is fixed to its tree-level value.3 Denot-
ing the molecular-dynamics integration time by t, the equa-
tions of motion can be written as

d

77 Un) =7, ))U,(x) (57
d

T ) = Flx, ), (58)
T

where the dynamics of the gauge link is governed by the force
F (x, ) which reads
N, rep

F,p) = Fylep) + ) FRa ).
R

(59)

The force terms entering the HMC Hamilton equations are
implicitly defined through

38, =
LAY

— (8, Fp)
—(8a, Fy).

(60)
(61)

The variation of the gauge action (which is defined in
terms of fundamental link variables) reads

5S, = % 33 sal(x)Re Tr [i TEUL ()] (x)] (62)
X,V

with V), (x) the sum of the forward and backward staples

around the link U, (x). The fermionic force is more intricate

to derive. Dropping the R superscript and the site index to

avoid cumbersome notation, the fermionic action variation

is

3 For a calculation of the O(gé) improvement terms, see Ref. [30].
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Fig. 2 Left panel: example of Monte Carlo history of the gauge force.
Right panel: example of Monte Carlo history of fermionic forces in
the fundamental and two-index antisymmetric representations are dis-

88y = quaT(DTD)*‘a(DTD)(DTD)qs; (63)
X
defining the modified pseudofermion fields

X =(D'D) ¢ (64)
Y = DX, (65)

Eq. (63) simplifies to

85y =k Y (X'GD)Y + Y 6D)X). (66)

In the case of the Wilson action (i.e. D = Dwjison), from
Eq. (66) we have

BSYION = ik 3 Te Y b, (T [Un @)Y (& + o)
x "
X' 0)@+y) = YO X G+ U () (1)
— XY (x+ DU A+ )
+Up X x+Y 0@ =y

— ik 33 Treolor [&xz OTE[Up ()W, (x)—h.c.]}

' (67)
with
W) = Trgan [ Y (x + DX @) (A + 730
FX (4 DY@ — yﬂ)] . (68)

On the other hand, the variation of the clover term defined in
Eq. (53) reads

played on the right. Note that we are employing a multi-level integration
scheme with a relative factor among fermionic and gauge forces of 8

i .
88 = —1—6csw(g(2))/< > Treolor [l5aZ(X)T1‘e1 Up(x)
X,

Cp(x) + iC;(x)U,j(x)aaﬁ(x)T,g] ) (69)

The derivation of the above formula is reported in
Appendix C. All equations above hold for a generic represen-
tation R; the dependence on the representation only enters
dar, (x) (the forces for a specific set of bare parameters are
displayed in Fig. 2 and the CG solver iterations in Fig. 3).
In this way the MD equations can be easily generalized to
arbitrary matter content, including for fields in multiple rep-
resentations.

5 Observables

Having discussed our results for elementary algorithmic
quantities that can be monitored in the lattice simulation
(such as plaquette expectation values, Monte Carlo histo-
ries of forces involved in the HMC algorithm, etc.), in this
section we present our results from the computation of Dirac
spectra, as discussed in Sect. 3, and of basic phenomenolog-
ical observables which can be extracted from two-point cor-
relation functions of “meson-like” and “baryon-like” states.
With this terminology inspired by hadron physics, we respec-
tively indicate hypercolor-singlet states built from a fermion
and an anti-fermion, and from fermions only. We discuss in
detail how these correlation functions can be built on the lat-
tice and we provide numerical results for the “meson-like”
states, while we restrict ourselves to a theoretical treatment
of the “baryon-like” correlators, whose study is postponed to
future works.
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Fig. 3 Comparison between conjugate-gradient-solver iterations for
the fundamental and the two-index antisymmetric representation at
degenerate bare fermion masses am4 = ame = —0.55. As expected,
the Dirac operator in the fundamental representation at a fixed value of
the bare mass has smaller eigenvalues than the one in the sextet rep-
resentation. The Dirac operator for the fundamental representation is
then more ill-conditioned than its sextet counterpart and requires more
solver iteration to reach the same residual

In particular, we focus on quantities providing information
on the critical line of the theory. For this purpose, the best-
suited quantities are the fermion masses defined in terms
of the partially conserved axial current (PCAC), the masses
of the “pion-like” states, that are interpreted as the pseudo-
Nambu—-Goldstone bosons associated with the breaking of
chiral symmetry, and the distribution of the smallest eigen-
value of the Dirac operator, which is expected to get smaller
when one approaches the critical line. Monitoring these quan-
tities allows one to map out the phase structure of this lattice
theory with clover-Wilson fermions in different representa-
tions, which is a necessary step before embarking in exhaus-
tive investigation of its phenomenology — a task that we leave
for future work.

Detailed results of the present study are shown in the figures
and in the tables included here.

5.1 Unfolded distributions of Dirac-spectrum spacings

The analytical motivation for the study of unfolded distribu-
tions of the spacings between subsequent eigenvalues of the
Dirac operator is discussed in detail in Sect. 3.

In our computation we define the unfolded density of
eigenvalue spacings as follows. First, we compute the spec-
trum of y5D on a set of ngoyr configurations, then we sort
all non-degenerate eigenvalues in increasing order, labeling
each of them by a positive integer that represents the eigen-
value position in the list. Then, the spacing s between sub-
sequent eigenvalues in each configuration c is defined to be
proportional to the difference of their positions in the list:

@ Springer

(c) (@)
n;l—n;
§ = —, 70

where the normalization factor 1/A is fixed by requiring the
average value of s to be equal to one, and the unfolded density
of spacings, also normalized to one, is obtained by dividing
the real non-negative half-axis into intervals of width §s, and
counting how many values of s are found in a generic interval
[kés, (k + 1)8s], with k € N.

Figure 4 shows our results for the unfolded density of
eigenvalue spacings that we extracted from an ensemble of
spectra of the Wilson Dirac operator with clover improve-
ment term, that we use in this work, which shares the same
global anti-unitary symmetries as the continuum Dirac oper-
ator. The results were obtained from quenched simulations
on a lattice of hypervolume L* = (4a)* at B = 10.0, with
the choice amyq = amg = — 0.2.

The results for the fundamental representation (in the left
panel of the figure) and for the two-index antisymmetric
representation (right panel) are in complete agreement with
the predictions from the Wigner surmise, Eq. (37), for the
expected Dyson indices (8 = 2 for the fundamental rep-
resentation and B = 4 for the sextet representation). For
completeness, we also show the analytical predictions for
the chOE, as well as the exponential distribution that would
correspond to the unfolded spacing obtained from uniformly
distributed random real numbers.

Similarly, Fig. 5 shows the results that we obtained from
the same type of analysis, but using the staggered Dirac oper-
ator. As discussed in Sect. 3, the global anti-unitary symme-
tries of this operator for fermions in the two-index antisym-
metric representation are different from those of the contin-
uum Dirac operator, and this is confirmed by our numerical
results shown in the right-hand side of this plot, which follow
the chOE.

5.2 Meson-like observables

For a generic SU(N) gauge group and Lorentz structure I'4,
the fermion bilinear with flavor indices fi, f> in has the form

0a4(x) =, ()Ta¥p(x)  with
Ta € {1, y5. V> Yu¥s. 0w}, and fi # fo. (71)

where the fermion field ¥ can be in any representation of the
gauge group. The two-point function can be written as

(04)0B(Y) = (Y 1, (T AV, OV 1, MTBY ().
(72)

Using Wick’s contractions, the above equation can be rewrit-

ten as

(04(0)05() = —T{TE WL P, )W Tk ()

_Tr[FAS(x’ }’)ferS(y,x)flL (73)
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Fig. 4 Unfolded density of eigenvalue spacings obtained from spectra
of the Wilson Dirac operator with a clover improvement term, for the
fundamental (left-hand-side panel) and sextet (right-hand-side panel)
representations of the SU(4) gauge group. The results were obtained
from quenched simulations on a lattice of size (L/a)* = 4 for 8 = 10.0
and amg4 = amg = — 0.2. The numerical results are consistent with
the Wigner surmise according to the symmetries of the operator, i.e. the
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Fig. 5 Same as in Fig. 4, but for the unfolded density of eigenvalue
spacings obtained from spectra of the staggered Dirac operator in the
fundamental (left-hand-side panel) and sextet (right-hand-side panel)
representations of the SU(4) gauge group. The results were obtained
from quenched simulations on a lattice of hypervolume (L/a)* = 4.

where S denotes the fermion propagator in coordinate space.
Its ys-Hermiticity S T (v, x) = y5S(x, y)ys implies

(0A(x)Op(y) = —TrlysTaS(x, y) s TpysST(x, v) 1, 1.
(74)

chUE curve for the fundamental representation, and the chSE for the
two-index antisymmetric representation. For completeness, the plots
also show the curves corresponding to the chOE, and the Poissonian
distribution that would be expected, if, instead of the eigenvalues of
an operator, one were considering the spacings between uniformly dis-
tributed random real numbers
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Also in this case, the numerical data follow the analytical curves pre-
dicted by the Wigner surmise, according to the anti-unitary symmetries
of the operator: the results for the fundamental representation are in
very good agreement with the prediction for the chUE, and those for
the sextet representation match the prediction for the chOE

This structure holds for fermions in any representation. In fact
for a generic representation R wehave RQR = 1. . ., i.e.
it is always possible to identify a hypercolor-singlet made of
a fermion—antifermion pair.

@ Springer



638 Page 12 of 26 Eur. Phys. J. C (2019) 79:638
5.3 Baryon-like observables Tr[Spa' (T Kpep e TH) 71+
—Tr[(Ca P+T 4)Saar (T8 Kbetr e T )" Sparl). (77)

Let us refer to fermionic fields in the fundamental repre-
sentation as g{'(x), where @ = 1,..., N is a hypercolor
index while i is a Dirac index, and to fields in the two-
index antisymmetric representation as Q‘j’.b(x) with spin j
and a,b = 1,..., N. In order to avoid cumbersome nota-
tion we map the two-index into a single one (a,b) - o =
1,..., N(N—1)/2 as discussed in Sect. 3, i.e. by sorting the
two-index pairs as (1, 2), (1, 3), (2, 3), (1,4), (2,4), (3, 4),
..o, (N =1, N).

It is a trivial consequence of group-representation theory
that the minimum number of fermions in the fundamen-
tal representation of the SU(N) gauge group to construct a
hypercolor-singlet state is V. In the current context, this cor-
responds to “baryon-like” states formed by four (fundamen-
tal) fermions, with a ggqq structure.* Similarly, hypercolor-
singlet states can also be built from three fermions in the
two-index antisymmetric representation fermions QQQ. A
further, “hybrid” type of color-singlet states can be built by
combining fermions in both representations, as in gg Q. In
the present work we restrict ourselves to the study of this
three-fermion baryon, which, playing the rdle of the top-
quark partner in the model under investigation, is particularly
interesting. Such a state is often referred to as a “chimera
baryon”. The simplest interpolating operator for this state’
can be written as

On, (x) = €apea PrT aqa(x) (q] ()T 5 Qea (x)) (75)
On, (1) = €aved @o ()T 5 O (1))G g (1) T 4 P (76)

where P+ = (1 &£ yp)/2 projects onto the desired isospin
channel, and ("4, " g) define the spin content of the baryon.
For the channel with angular momentum and parity quan-
tum numbers J ¥ = 1/2%, common choices are (I'y, ['p) €

{(1,Cys), (5. C), (1, iyoCys)}, where C = yyy» denotes
the charge-conjugation matrix. The two-point contraction for
these three-fermion objects can be written as

(ONL () ONL (V)
—i ij=J —
= —€abed €ab/cd [q;’ DY Qe (y)}qﬁf‘ ()& pim
W' qq () (g (T QL (x)
= €aved €avrea Ty CaPLT O T,
[StarStar = Saa Spar)

= €aped €a'b'e'd {TI(T AP 4) Saar]

4 Note that the analogy with the baryons of quantum chromodynam-

ics is not complete: most notably, these gggg are bosons, rather than
fermions.

5 Here we only consider a nucleon-like state, but the same analysis can
be extended to states with different quantum numbers.

@ Springer

where Si“jb is the fermionic propagator in the fundamental

representation and lCl‘.Ijb “d is the one in the two-index anti-
symmetric representation, for the hypercolor indices (a, b)
and (c, d).

By exchanging color indices, Eq. (77) can be recast into the
form

(On. (1) O, (1)
= €abed €a'b'c'd’ i Tr[(TAP£T4)Saa']
TrlSpwr (5 Keaerar Tp) "]
+ TH(Ca Pe ) Saar (CaKopere T Saal] . (78)

Equation (78) is formally identical to the one relevant for the
nucleon in quantum chromodynamics, where all quark fields
are in the fundamental representation of the SU(3) gauge
group. It is well known that two-point functions interpolating
baryonic states are typically very noisy, compared to the ones
for mesons: this is mostly due to the presence of an additional
propagator with respect to the mesonic case. To extract a clear
signal from these correlation functions, several techniques
have been developed (see Ref. [32] and references therein). In
the theory investigated in this work, the problem is expected
to be even more severe, due to the presence of the propagators
in the sextet representation, hence we postpone a systematic
study of baryon spectroscopy to a future publication.

5.4 Extraction of effective masses

Once the correlators are computed we project to zero-
momentum by summing on the space directions x as

C(t) =) (0(x.1)0(x.0)). (79)

X

The masses of pseudoscalar (“pion-like”) and vector (“p-
like”) states are respectively extracted from the asymptotic
behavior of the Cpp(t) and Cy,y, (t) correlators. For large
Euclidean-time separation, the former behave like

Cpp(t) ccexp{—Mppt}+contribution from excited states.
(30)

In addition, in a system of finite Euclidean-time extent
L;, where fermionic fields obey anti-periodic boundary
conditions in the Euclidean-time direction, the correla-
tor above also receives contributions from the periodic
copies of the operators, resulting in additional terms like
exp{—Mpp(L; —t)}, etc. on the right-hand side of
Eq. (80).
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Fig. 6 On the top panels we show an example of the pseudoscalar cor-
relators obtained with degenerate bare fermion masses am4 = amg =
—0.55, on the bottom left panels the effective masses of “pion-like”

The mass of the “meson-like” states is thus obtained by fit-
ting the decay of the correlators at sufficiently large ¢, includ-
ing the effect of the first periodic copy of the operators. That
is, we define

81)

Cpp(t Cpp(t —
aMeffzarcC0sh|: prt+a)+Cpp a)]

2Cpp(t)

The same analysis is applied to the correlator involving the
i-th component of the vector current Cy,y,(f). In order to
study the distance from the critical line of the theory we also
consider the PCAC fermion mass defined through the non-
anomalous axial Ward identity

50CAP(z)

82
2Cpp(1) (82)

ampcac =

with 50 = (do + 86*) /2 the symmetric derivative in the time-
direction. Note that the PCAC fermion mass approaches to
the continuum limit linearly in the lattice spacing. O(a) effect
would be removed by considering the improved axial corre-
lator CY (1) = Cap(t) + ca(go) 3Cpp(1), with the (cur-
rently) unknown coefficient c4(go) which depend on both

-~ O

states, for both representations for the pseudoscalar correlator in unit of
lattice spacing while on the bottom right we display the PCAC fermion
mass

number of colors and the representation of fermions. The
top panels of Fig. 6 illustrates the typical hyperbolic-cosine
shape of the pseudoscalar correlator in both representations,
while bottom panels in Fig. 6 show fits to plateau region
for the extraction of the two correspondent effective masses.
Similar plot are provided for the PCAC fermion mass on the
bottom right of Fig. 6.

5.5 Spectral observables and scale setting

Asdiscussed in Sect. 3, a very interesting observable to probe
the chiral regime of the theory is provided by the study of the
low lying spectra of the Dirac operator in both representa-
tions under investigation. In this section rather than the Dirac
operator itself, we prefer to consider the hermitian operator
y5 D, since the latter is Hermitian and hence has a real spec-
trum. On finite lattice the smallest eigenvalues of the Dirac
operator defines a spectral gap

[Amin| = min{|X| : A is an eigenvalue of y5 D}. (83)
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Fig. 7 Distribution of the minimum eigenvalue of y5D in the funda-
mental (blue) and two-index antisymmetric (red). The critical line is
approached from the top to the bottom corresponding to bare fermion
masses amg = amg = [—0.50, —0.55, —0.58]. We observe that
for degenerate bare fermion masses the fundamental representation is

lighter than the two-index antisymmetric one, i.e. (\)»E};gd ) < (|)»r2n’?ns ).
This result is consistent with the hierarchies found in PCAC quark
masses and in “pion-like” effective masses displayed in Fig. 6. This

observation is also compatible with the results reported in Ref. [18]

As a further control on the critical line of the theory we
observe the scaling of |Annin| with the bare mass. An example
of showing the drift of the smallest eigenvalues is showed in
Fig. 7. Our results for the plaquette and the smallest eigen-
values in two different volumes and for several bare param-
eters are summarized in Tables 3 and 4. We note here that
at degenerate bare fermion masses the spectral gap is much
larger in the two-index representation respect to the funda-
mental one. This picture is consistent with both the PCAC
fermion masses and pion masses. The scale is set using the
Wilson flow introduced in Ref. [33]. The reference scale ¢,
is implicitly defined via the relation (generalized to SU(N)
as in Ref. [34])

2 _
E®))| = 0.1125(NN—1), (84)

4]

where the action density E(r) = %GZU(I)GZV(Z) is con-

structed from the plaquette, formed by gauge links at flow

@ Springer

time ¢. The r.h.s. of Eq. 84 is chosen to be a dimension-
less number according to perturbative expansion at small ¢,
reducing to 0.3 for N = 3.° Note that the (GauBian) smear-
ing radius of the Wilson flow scales with the flow time as
+/8t. Hence, in order to avoid over-smearing we imposed
t<L? /32, with L as the shortest direction in our lattice. An
example of fit used to extract the value of #o/a? is displayed
in Fig. 8. We observe that for values of B < 10.0, where we
expect a bulk phase transition the scale cannot be set since
the reference scale is reached too fast and within the initial
transient regime. This is a further confirmation pointing to an
unphysical phase fully dominated by cutoff effects. However
assessing the nature of such a phase would requires further
investigations on larger volumes and more values of the bare
gauge coupling.

5.6 Discussion

The results presented here deserve some comments.

First of all, our data confirm that the simulation code that
we used, featuring a Wilson Dirac operator with a clover
improvement term, is a robust tool to explore the phase struc-
ture of this theory. Beside reproducing well-known results in
the quenched limit, it also passes all other required algo-
rithmic and physics consistency checks, and turns out to be
efficient and easy to generalize to arbitrary matter content.

Our investigation of the spectrum of the Dirac operator in
the SU(4) theory with matter in 2 4 2 different representa-
tions confirms the non-trivial implications of the global anti-
unitary symmetries of sextet fermions, and proves that the
spectral properties of the continuum operator are correctly
reproduced in our lattice simulation. Moreover, the distribu-
tion of the lowest eigenvalue of the Hermitian y5 D operator,
which is a useful probe to study the chiral limit of the theory,
follows what is expected from general arguments (e.g. the
absolute value of the lowest eigenvalue of y5D for funda-
mental fermions is always smaller than for sextet fermions,
etc.).

Similarly, the investigation of “meson-like” hypercolor-
singlet states that is summarized in Tables 5, 6, and 7 pro-
vides useful information about the non-perturbative dynam-
ics of this theory, and, again, confirms that states built
from fermions in the two-index antisymmetric representation
are generally heavier than those from fundamental valence
fermions. Also, the mass hierarchies between pseudoscalar
and vector states follow a pattern similar to the one familiar
from quantum chromodynamics, and are consistent with how
our results for PCAC masses for the fermions scale.

The plaquette expectation values reported in Tables 3
and 4 appear to reveal the presence of a rather large strong-

6 Note that for N = 4 the r.h.s. reads 0.421875, which differs from the
one employed in Ref. [35].
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Table 3 Table run, volume (8% x 16)a*, plaquette gauge action and
fermionic Wilson-clover Ny = 2 + 2 action. Runs A17 — A26 use
the same bare parameters as in Ref. [35], however a direct comparison
cannot be done, since in this work we use a different gauge action with

respect to Ref. [35]. Nevertheless, the tension between our results and
the ones in Ref. [35] seems to indicate a surprisingly relevant shift of
the line of constant physics due to the smearing procedure

Ensemble B amy amg (P) AN N cnfg AMD
Al 10.00 ~0.20 —0.20 0.4597(8) 0.6081(11) 0.7561(11) 415 30
A2 10.00 —0.40 —0.40 0.5312(10) 0.2633(12) 0.4167(9) 320 30
A3 10.00 —0.48 —0.48 0.5422(2) 0.1601(16) 0.3140(10) 316 50
A4 10.00 —0.45 —0.48 0.5403(2) 0.1916(7) 0.3210(5) 331 50
A5 10.00 —0.48 ~0.50 0.5437(2) - - 306 50
A6 10.00 —0.50 ~0.50 0.5446(2) 0.1457(45) 0.2899(8) 293 50
A7 10.00 —0.50 —-0.52 0.5453(4) - - 90 50
A8 10.00 ~0.53 ~0.53 0.5482(2) 0.1316(68) 0.2576(38) 274 50
A9 10.00 ~0.55 ~0.55 0.5503(2) 0.1278(62) 0.2364(15) 244 50
A10 10.00 ~0.55 —0.58 0.5521(2) - - 228 50
Al12 9.00 —0.40 ~0.40 0.35084(8) 0.6260(4) 0.7680(3) 637 50
Al3 9.00 —0.45 —0.45 0.35182(8) 0.5815(3) 0.7230(3) 632 50
Al4 9.00 —0.48 —0.48 0.35211(11) 0.5566(4) 0.6968(4) 260 50
Al5 9.00 ~0.50 ~0.50 0.35259(8) 0.5382(7) 0.6781(4) 609 50
Al6 9.00 ~0.55 —0.55 0.35364(7) 0.4944(6) 0.6338(4) 584 50
Al7 7.30 —0.1977 —0.2490 0.26021(7) 0.9160(1) 0.9984(1) 416 20
Al8 7.33 —0.1948 —0.2490 0.26163(8) 0.9172(1) 0.99725(8) 416 20
Al19 7.50 —0.1538 —0.2264 0.26912(8) 0.9461(2) 1.0109(1) 416 20
A20 7.75 —0.1240 —0.1977 0.28051(8) 0.9607(2) 1.0267(2) 416 20
A21 7.10 —0.2043 —0.2750 0.25123(7) 0.9193(2) 0.98270(9) 416 30
A22 7.50 —0.2043 —0.2750 0.26914(7) 0.8992(1) 0.96701(9) 416 30
A23 7.20 —0.2100 —0.2800 0.25585(6) 0.9098(2) 0.9743(1) 416 30
A24 7.75 —0.2043 —0.2750 0.28099(8) 0.88752(6) 0.95639(6) 416 30
A25 7.30 —0.2043 —0.2750 0.26028(6) 0.9102(2) 0.9749(1) 416 30
A26 7.33 —0.2043 —0.2750 0.26163(8) 0.9085(2) 0.9736(1) 416 30
A30 10.00 —0.45 —0.45 0.5379(4) 0.1968(12) 0.3507(10) 352 50
A32 9.50 —0.40 ~0.40 0.3898(2) 0.5684(3) 0.7132(4) 260 50
A33 9.50 ~0.50 ~0.50 0.3934(3) 0.4772(6) 0.6201(7) 236 50
A34 9.50 —0.55 ~0.55 0.3954(2) 0.4317(3) 0.5738(3) 221 50
A35 9.70 —0.45 —0.45 0.3954(2) 0.4822(6) 0.6277(7) 237 50
A36 9.70 —0.55 —0.55 0.4215(7) 0.3846(16) 0.5272(15) 167 50

coupling phase, likely dominated by quite severe, unphysical
discretization effects: an important piece of information for
future studies of this model with this lattice discretization. We
also note a significant shift of the lines (or “surfaces”) of con-
stant physics with respect to the analysis reported in Ref. [35]
and in subsequent works by that group; however, it should
be emphasized that any possible discrepancy between the
parameters in our work and theirs does not imply that these
studies are inconsistent with each other, simply because they
are based on different lattice discretizations, and, by virtue
of universality, only continuum-extrapolated physical results
should agree. For our scale setting in terms of the #y param-
eter, see also Table 7.

6 Generalization to other partial-compositeness models

While the numerical study reported in this work is restricted
to (a slightly simplified version of) the theory proposed in
Ref. [16], it should be remarked that this is only one in a broad
class of partial-compositeness models potentially relevant to
describe the electroweak-symmetry breaking mechanism and
physics at the TeV scale. Hence, it would be interesting to
study also other strong-dynamics models, with low-energy
symmetries compatible with those of the Standard Model, but
based on other gauge groups and/or with a different matter
content.

@ Springer
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Table 4 Table run, volume (16> x 32)a*, plaquette gauge action and fermionic Wilson-clover N f =2+ 2 action

Ensemble 8 ama ame (P) | N cnfg AMD
B1 11.00 —0.45 —0.45 0.60909(5) 0.03763(56) 0.17799(21) 210 80
Cl 10.70 —0.45 —045 0.59263(4) 0.06646(12) 0.21411(13) 265 50
D1 10.50 —0.50 —0.50 0.58341(5) 0.04051(23) 0.19050(18) 124 80
El 10.30 —0.50 —0.50 0.56996(5) 0.06896(38) 0.22217(30) 172 80
w1 10.20 —0.52 —0.52 0.56406(4) 0.06453(23) 0.21773(22) 229 80
X1 10.10 —0.55 —0.55 0.55868(5) 0.04876(57) 0.20371(33) 153 80
F1 10.00 —0.50 —-0.50 0.54392(7) 0.12849(37) 0.28444(25) 270 50
F2 10.00 —0.55 —0.55 0.54977(9) 0.06990(36) 0.22517(53) 220 50
F3 10.00 —0.58 —0.58 0.55226(99) 0.0443(61) 0.1928(27) 256 80
Gl 9.70 —0.55 —0.55 0.42166(7) 0.37414(30) 0.51579(42) 350 50
G2 9.70 —0.58 —0.58 0.4355(86) 0.299(27) 0.441(27) 473 80
G3 9.70 —0.60 —0.60 0.461(14) 0.229(36) 0.372(35) 281 80
G4 9.70 —0.62 —0.62 0.459(13) 0.176(36) 0.319(35) 289 80
G5 9.70 —0.66 —0.66 0.40744(11) 0.2501(15) 0.3869(14) 252 100
H1 9.50 —0.50 —-0.50 0.39315(5) 0.46836(21) 0.60984(18) 369 50
H2 9.50 —0.55 —-0.55 0.39518(5) 0.42320(30) 0.56550(34) 362 50
H3 9.50 —0.58 —0.58 0.4006(42) 0.3871(92) 0.5287(93) 239 40
H4 9.50 —0.60 —0.60 0.4048(72) 0.358(21) 0.499(20) 245 40
H5 9.50 —0.62 —0.62 0.4080(66) 0.325(19) 0.464(20) 206 80
H6 9.50 —0.66 —0.66 0.40145(7) 0.32337(80) 0.46156(57) 84 80
H7 9.50 —0.70 —-0.70 0.39712(10) 0.28820(66) 0.42525(82) 81 80
11 9.00 —0.50 —-0.50 0.35265(4) 0.53103(34) 0.67267(24) 253 50
12 9.00 —0.55 —0.55 0.35364(5) 0.48762(26) 0.62735(26) 375 50
13 9.00 —0.58 —0.58 0.35430(10) 0.46203(31) 0.60068(39) 365 50
14 9.00 —0.60 —0.60 0.29260(3) 0.54014(19) 0.68787(18) 379 50
I5 9.00 —0.62 —0.62 0.35534(3) 0.42734(25) 0.56563(30) 398 40
16 9.00 —0.66 —0.66 0.34476(4) 0.39496(47) 0.53155(40) 392 40
17 9.00 —0.70 —-0.70 0.35529(5) 0.36097(31) 0.49591(40) 86 80
J1 8.70 —0.50 —0.50 0.33356(5) 0.55701(25) 0.69583(20) 277 40
J2 8.70 —0.55 —0.55 0.33427(5) 0.51298(41) 0.65164(28) 270 40
J3 8.70 —0.58 —0.58 0.33483(3) 0.48786(25) 0.62515(21) 402 40
J4 8.70 —0.60 —0.60 0.33526(4) 0.47040(51) 0.60809(23) 399 40
J5 8.70 —0.62 —0.62 0.33559(7) 0.45422(30) 0.59004(38) 268 40
J6 8.70 —0.66 —0.66 0.32763(3) 0.42178(22) 0.55645(29) 398 40
J7 8.70 —-0.70 -0.70 0.33593(4) 0.38681(33) 0.52120(33) 88 80
J8 8.70 —0.75 —-0.75 0.33319(3) 0.34661(32) 0.47763(40) 75 80
K1 8.50 —0.50 —0.50 0.32189(2) 0.57159(25) 0.70954(21) 273 40
K2 8.50 —0.55 —0.55 0.32258(3) 0.52880(33) 0.66528(23) 275 40
K3 8.50 —0.58 —0.58 0.32302(3) 0.50294(29) 0.63816(27) 271 40
K4 8.50 —0.60 —0.60 0.32327(4) 0.48584(30) 0.62112(22) 271 40
K5 8.50 —0.62 —0.62 0.32368(3) 0.46872(28) 0.60359(20) 406 40
K6 8.50 —0.66 —0.66 0.31696(2) 0.43595(46) 0.57044(20) 267 40
K7 8.50 —0.70 —0.70 0.29659(3) 0.40651(37) 0.53884(31) 89 80
K8 8.50 —0.75 —-0.75 0.32632(5) 0.36125(32) 0.49169(46) 79 80
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Fig. 8 The purple band shows

12(E (1)) with its uncertainty, 0.8
while the vertical green band is

the value of #( implicitly defined 0.7
by requiring 13(E (o)) =

0.421875. As expected after a 0.6
first transient induced by the
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In fact, the simulation code that we used in this work is
very versatile and the exploration of the phase structure and
physical observables that was carried out here could be easily
repeated for other models.

As we mentioned, the model originally proposed in Ref.
[16] features five Weyl fermions in the sextet representa-
tion, but in the present study we considered a closely related
theory, which instead has two Dirac fermions in the sextet
representation. Beside being simpler to simulate, the moti-
vation underlying this choice is that the model with two
sextet Dirac fermions (and two fundamental ones), which
is an excellent proxy for the original model, has also been
studied in other recent works [18-21], and, as usual, testing
the universality of physical results obtained with a differ-
ent lattice regularization is an important requirement of a
lattice calculation. However, as our code includes numer-
ical rational hybrid Monte Carlo routines, it can be used
to repeat the calculation for any number of fermion fla-
vors, in arbitrary combinations of multiple representations.
The generalization to larger values of the number of hyper-
color charges, too, is already implemented in our code,
and the computational-cost scaling with this parameter does
not involve particular subtleties (see, e.g., Ref. [36, sec-
tion 3]).

Furthermore, our code can be readily adapted to dif-
ferent types of gauge groups. In this respect, a novel and
interesting proposal for a different strongly coupled New
Physics model has been recently put forward in Ref. [37].
Like in the model that we considered here [16], the idea
underlying the construction of this model is that the con-
tributions to the Higgs boson mass from its Yukawa cou-
pling to the top quark can be partially compensated for
by the presence of sufficiently light top partners. How-
ever, in contrast to the proposal of Ref. [16], the model
discussed in Ref. [37] is characterized by local invari-

t/a?

ance under a symplectic, rather than a special unitary,
group.

More specifically, the model described in Ref. [37]
is based on the SU(4)/Sp(4) symmetry-breaking scheme
[10,38] and its ultraviolet completion is a vector gauge the-
ory with local internal invariance under the Sp(6) group. In
addition to the gauge bosons, the field content of the the-
ory includes ten fermions in the fundamental representation,
and one in the adjoint representation of the gauge group. The
choice of this internal symmetry and matter fields comes from
the requirements of a global symmetry sufficiently large to
include the gauge group of the Standard Model, the exis-
tence of a non-linearly realized symmetry that could protect
the mass of the Higgs boson from arbitrarily large quantum
corrections, and the presence of massless fermions compat-
ible with the ’t Hooft anomaly-matching conditions. As dis-
cussed in Ref. [37], this model is expected to present a rich
low-energy phenomenology, which could include top-quark
partners, scalar particles, and color-charged fermions. These
features make it an interesting target for non-perturbative lat-
tice calculations — a research program that could be a natural
generalization of the present work.

It is worth remarking that the lattice investigation of
Sp(2N) gauge theories with dynamical fermions has already
begun [39], and extending this type of calculations to the
model described in Ref. [37] should be feasible with a minor
effort with the technology already developed for the current
project.

7 Concluding remarks and future perspectives
In the present article, we reported our results of a non-

perturbative lattice investigation of a non-Abelian SU(4)
gauge theory with two dynamical flavors of fundamen-
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Table 5 This table reports the value of the masses for the pseudoscalar
(M p) and the vector (My ) states, together with the PCAC fermion mass.
We note, as a consistency check, that the vector particle masses evalu-

ated from correlators of their three different components are compatible

with each other

Ensemble aM}f) aMg,‘:) aMl(;gAC Ensemble aMg) aM‘(,‘r) aM}(;gAC
aM,) am)
aMy’ amf)

Al 1.9528(32) 2.0212(32) 1.1057(35) Al6 1.8835(8) 1.9731(16) 0.9661(12)
2.0222(35) 1.9718(19)
2.0219(35) 1.9747(8)

A2 1.1826(24) 1.2659(27) 0.3668(12) Al7 2.3258(10) 2.3712(10) 1.8175(21)
1.2668(27) 2.3706(10)
1.2679(27) 2.3696(12)

A3 0.8971(52) 0.9625(77) 0.2043(52) Al8 2.3230(11) 2.3653(14) 1.8129(21)
0.9867(61) 2.3655(14)
0.9788(71) 2.3659(14)

A4 0.9264(37) 0.9859(48) 0.2447(9) Al19 2.3506(6) 2.3929(8) 1.8809(19)
0.9753(47) 2.3923(7)
0.9838(46) 2.3928(8)

AS 0.8756(90) 0.9564(102) 0.1975(10) A20 2.3608(9) 2.4012(9) 1.9042(17)
0.9465(116) 2.4007(9)
0.9427(127) 2.4015(8)

A6 0.8342(78) 0.9161(86) 0.1719(9) A21 2.3289(7) 2.3724(8) 1.8263(17)
0.9153(123) 2.3730(9)
0.9184(111) 2.3732(9)

AT 0.8366(87) 0.9344(114) 0.1713(16) A22 2.3093(8) 2.3531(10) 1.7788(15)
0.9140(87) 2.3538(9)
0.9267(90) 2.3539(11)

A8 0.8129(119) 0.9395(161) 0.1274(11) A23 2.3181(7) 2.3617(9) 1.8019(16)
0.8928(153) 2.3613(8)
0.9066(126) 2.3632(9)

A9 0.7335(67) 0.8050(91) 0.0959(6) A24 2.3026(8) 2.3489(10) 1.7594(18)
0.8231(58) 2.3484(11)
0.9222(112) 2.3487(12)

A10 0.6927(120) 0.8200(123) 0.0891(12) A25 2.3207(10) 2.3657(10) 1.8051(16)
0.7892(150) 2.3646(10)
0.7869(163) 2.3657(10)

Al2 2.0405(13) 2.1094(15) 1.2193(16) A26 2.3197(7) 2.3631(10) 1.8033(15)
2.1096(17) 2.3630(10)
2.1104(17) 2.3637(11)

Al3 1.9906(4) 2.0647(8) 1.1353(16) A30 0.9737(38) 1.0575(51) 0.2586(10)
2.0645(15) 1.0536(51)
2.0636(6) 1.0518(51)

Al4 1.9607(10) 2.0398(12) 1.0847(26) A32 1.9644(12) 2.0401(14) 1.0944(14)
2.0392(17) 2.0416(14)
2.0399(15) 2.0420(15)

Al5 1.9412(14) 2.0231(18) 1.0524(20) A33 1.8410(19) 1.9298(24) 0.9100(23)
2.0232(16) 1.9297(23)
2.0217(16) 1.9294(21)
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Table 6 Table 5, continued

Ensemble aM ;,4) aM i/zt) aM, 1(>A(1:)AC

A34 1.7797(14) 1.8782(20)
1.8776(19)
1.8789(20)
1.9284(29)
1.9273(22)
1.9267(23)
1.8045(17)
1.8058(26)

1.8042(22)

0.8254(13)
A35 1.8388(19)

0.9097(21)

A36 1.6974(21) 0.7285(23)

Table 7 Same as in Table 5, but including also meson-like states con-
structed from fermions in the sextet representation. We observe that at
fix bare fermion mass these states are heavier than the ones built from
fundamental fermions. This observation is consistently supported by

tal Dirac fermions, and two dynamical flavors of Dirac
fermions in the two-index antisymmetric representation.
As discussed in the introduction, the main motivation
to study this model is its close proximity to the sim-
plest UV-complete partial-compositeness model, that was
introduced in Ref. [16], and that may provide a solu-
tion to some of the tantalizing conundrums of the present
state of affairs in theoretical elementary particle physics:
in particular, it features a composite Higgs boson and
a partially composite top quark. While the model stud-
ied in the present work has slightly different matter con-
tent with respect to the one advocated in Ref. [16], it
is expected to capture its main features at least semi-

the value of the pseudoscalar-state masses, PCAC fermion masses, as

well as the average smallest eigenvalue of the Dirac-Wilson operator. In

the last column, we also report the value of the scale-setting parameter
2

to/a

Ensemble aM;,4) aM‘(,A:) aMf;gAC aMg)) aM{,Gl) aM[(,éc)AC 10/a?
am? an®
aM‘(,i) aM‘(Z)

B1 0.3412(35) 0.4411(47) 0.0448(3) 0.7726(24) 0.7946(25) 0.2258(2) 11.48(3)
0.4553(46) 0.7909(29)
0.4279(33) 0.7957(37)

Cl 0.4062(23) 0.4702(39) 0.0810(2) 0.9115(14) 0.9376(19) 0.2799(3) 8.74(5)
0.4626(31) 0.9425(16)
0.4801(41) 0.9405(16)

D1 0.3144(31) 0.4201(36) 0.0517(2) 0.8709(12) 0.9091(16) 0.2530(2) 5.96(9)
0.4205(52) 0.9087(18)
0.4172(51) 0.9073(14)

E1l 0.4463(31) 0.5136(36) 0.0846(3) 0.9805(23) 1.0175(27) 0.3014(5) 6.58(12)
0.5041(49) 1.0147(24)
0.5051(43) 1.0162(27)

w1 0.4401(42) 0.5165(53) 0.0794(3) 0.9938(22) 1.0359(32) 0.3010(6) 7.00(17)
0.5231(48) 1.0374(45)
0.5270(50) 1.0367(40)

X1 0.3951(29) 0.4822(83) 0.0629(4) 0.9775(13) 1.0241(24) 0.2861(5) 5.36(4)
0.4959(54) 1.0261(23)
0.4756(106) 1.0255(30)

F1 0.7228(20) 0.7908(28) 0.1672(5) 1.2333(21) 1.2862(27) 0.4217(8) 2.83(3)
0.7871(28) 1.2845(29)
0.7918(21) 1.2846(27)

F2 0.4867(30) 0.5665(49) 0.0895(3) 1.0544(17) 1.1067(26) 0.3228(5) 4.61(8)
0.5715(56) 1.1065(29)
0.5751(54) 1.1056(28)

F3 0.3541(91) 0.4686(122) 0.0466(7) 0.9417(18) 0.9896(32) 0.2689(10) 5.92(8)
0.4737(105) 0.9908(31)
0.4753(180) 0.9893(31)
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quantitatively, and to provide useful guidance for future stud-
ies.

We carried out our Monte Carlo calculations by adapt-
ing existing code to a setup with fermionic matter in mul-
tiple, arbitrary representations; moreover, this code already
supports rational hybrid Monte Carlo routines, so that an
extension to an arbitrary number of fermion flavors would
be straightforward. At the technical level, our lattice dis-
cretization of the continuum theory is based on a Wil-
son Dirac operator with clover improvement term. Our
setup is, thus, slightly different’” with respect to the one
used in Ref. [35] and in later works by that group [18—
20,40].

As discussed in detail in Sect. 5.6, the results that we
presented here provide a clear picture of the phase struc-
ture of this lattice theory, and confirm important proper-
ties related to its global symmetries, as well as its non-
perturbative dynamics. While this could already provide a
useful roadmap for further lattice investigation of this model,
it should be pointed out that the results of the very recent
paper [40] appear to rule out the viability of this model for a
partial-compositeness scenario: they indicate that the renor-
malized overlap factors relevant for the mixing of “chimera”
states with the top quark are too small, and disfavor its
phenomenological relevance for New Physics. The possi-
bility that this problem could be evaded through a four-
fermion coupling enhanced at low energies by a large, nega-
tive anomalous dimension was also ruled out, in particular in
view of the QCD-like, rather than conformal, behavior of the
spectroscopy of this theory, which our present results also
confirm.

As we pointed out in Sect. 6, however, an interesting
alternative partial-compositeness model has been recently
proposed in Ref. [37], and the simulation algorithm that
we used in the present study is sufficiently versatile to
use it for the study of this model, too. The lattice inves-
tigation of strongly coupled models for New Physics, (see
Ref. [41] for a very recent review) remains an active research
field.
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A Group-theory conventions
A.1 SU(N) group

In our conventions, the generators of the algebra of the
generic SU(N) group, in a generic irreducible representa-
tion labeled by R, are represented as Hermitian and traceless
matrices Tlg, withl <a < N2—1. They satisfy the relations

(T4, Th) = ifebeTs, (A.1)

where the fY¢ are the structure constants that define the Lie
algebra; the relations in Eq. (A.1) are satisfied by the gen-
erators in every representation. The f9% structure constants
are totally antisymmetric under the exchange of any pair of
indices, so that

fa’b/c’ _ Sign(P;l;b/C/)fubc,

C

(A.2)

where P;‘I;IL’,,C/ denotes the permutation mapping the ordered
set of indices abc to a’b’c’. For the algebra of generators of
the SU(4) group, the non-vanishing structure constants are

123 2,
147 165 1912 11110 246 257
R e A A At S

2911
=f

31211 _ (4914 _ 41310 _ £5913
f == =f

21012 345 376 3910
=f =P =l

= 51014 _ f61114 _ 61312 _ (71113
= 11214 _ o,
FA58 _ 678 _ /3)p
£8910 81112 ) /70
F31413 /3,
FOI0IS _ pI11215 _ 131415 _ /373

and those related to them by permutations of the indices.
For the algebra of generators of the SU(3) group, the non-
vanishing f®*¢ components are given by the subset of
Eq. (A.3), in which a, b and c are less than or equal to 8
(and permutations thereof). In turn, for the generators of the
SU(2) group, the non-vanishing structure constants are those
with indices not larger than 3, i.e. f!* = 1, and their per-

(A3)
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mutations (that is, f*¢ = €9, the totally antisymmetric
Levi-Civita symbol of three elements).

In the following, we will focus on the two irreducible rep-
resentations considered in this work, namely the fundamental
and the antisymmetric two-index representation.

We denote the SU(N) generators in the fundamental rep-
resentation as 7: they are N x N complex matrices normal-
ized according to

1
T (1477 = b0

In this representation, the (N — 1) Cartan generators are cho-
sen to be the matrices Tf(k“), with 1 < k < N, and their
explicit form is

(A4)

k(k+2) _

1
=——————diag | 1,1,...,1,—k, O,..., 0
F V2k(k + 1) e N
k terms N—k—1 terms

(A.5)

The non-diagonal generators are defined as follows: for every
value of 1 < k < N, every natural number n such that
k* —1 < n < k(k + 2) can always be written either as
n=*k>—2+2jorasn = k> — 1+ 2j, where the integer j
satisfies | < j < k. Then:

K2-2+2j 1
(Tr Yy = E(ap,jaq,k-i-l + 8p.k+18¢,7)s
k2142 i
(Tr " pg = =5 @p g k01 = paridy ). (A6)

Note that, with these conventions, the generators of the SU(2)
group in the fundamental representation are proportional to
the Pauli matrices, 7% = 0% /2:

1/01 1 /0—i
1L 2_ 1
TF‘2(10>’ & 2(i0>’

1/10
3—_

TF_2(0—1>’

while those for the SU(3) group are proportional to the Gell-
Mann matrices, t* = A% /2:

(A7)

L (0 10 L (0 —i 0
T}=§100,T§=§ioo,
000 0 0 0
1 0 0
;1
0 0 0
0 0 1 0 0 —i
41 5l
Tp= 10 0 0f, Tp=5(0 0 o],
1 00 0 0
00 0
61
Tp= 510 0 1],
01 0

L(0 0 0 L (10 0
Th= -0 0 —i T8=——10 1 0
F= . =
2\o i o 2V3\p 0 -2
(A.8)

Finally, for the SU(4) generators in the fundamental repre-
sentation, we have:

01 0 0 0 —i 0 0
p_lftooo|l L _1]i 0o 00
F=510 0 0 o " 720 0 o ol
00 0 0 0 0 0 0
1 0 0 0
;i 1o -1 00
F= 510 o o of"
0 0 0 0
001 0 00 —i 0
g Lfoooof s _1]oo o o
F= 201 0 0 o F=51i 0o o o
00 0 0 00 0 0
00 0 0
o Lloo 1o
F= 210 1 0 of
00 0 0
00 0 0 1 0 0 0
g oo —iol s 1 o1 0 o0
F= 210 i o of "5340 0 =2 o
00 0 0 00 0 0
00 0 1
o 1[oo 0o
F= 310 0 0 of"
1 0 0 0
00 0 —i 00 0 0
po_ Lfooo of y_1foo o1
F 210 00 o "F =20 0 0 of"
i 00 0 01 0 0
000 O
o Lfoo o =i
F 210 0 0 o
0 i 0 0
00 0 0 000 O
s Moo o o) y_1fo 00 0
F 210 o o 1| =20 0 0o —i
001 0 00 i O
1 00 O
1 o1 0 o
15 __
TF_2¢50010 (A-9)
000 -3

Note that, with the conventions defined in Egs. (A.5) and
(A.6), the generators of SU(1 < Q < N) are given by the
sub-matrices obtained by taking the elements in the first Q
rows and in the first Q columns of the first 0> — 1 generators
of SU(N).

@ Springer
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Explicitly, for the generators of the SU(4) group in the
two-index antisymmetric representation, one obtains:

000000
00100 0
g _ o1 0000
ws= 210000 1 0f
000100
000000
00 0 0 0 0
00 — 0 0 0
2o _ Lo i 0 0 0 0
ws=32l0o 0 0 0 —i of
00 0 i 0 0
00 0 0 0 0
00 0 0 0 0
01 0 0 0 0
s oo -1 0 0 0
ws= 2100 0o 1 0 of
00 0 0 —1 0
00 0 0 0 0
0 0 -1 00 0
00 0 00 0
o _ -1 0 0 000
ws= 210 0 0o 00 1)
00 0 00 0
00 0 1 00
0 0 i 00 0
0 0000 0
s _ L= 0000 0
wWs=3o0 0000 —if
0 0000 0
000 i 0 0
010000
100000
6 _ 1000000
%= 210 00 0 0 0f
00000 1
000010
0 — 000 0
i 000 0 0
o 1o 0o 000 0
MW= 210 0 0 0 0 0|
00 00 0 —i
00 00 i 0
2 0 0 00 0
0O -1 0 00 0
o L Joo -1 00 0
MW= mlo o 0o 10 o |
0 0 0 01 0
00 0 00 -2
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0 0 00 —1 0
0 0 00 0 -1
o _ o 0o 00 0 o
248~ 310 0 o0 0o o |
-1 0 00 0 O
0 -1 00 0 0
0 0 00 i 0
0 0 0 0 0 i
o _ Lo 0o 0000
243~ 310 0 00 0 0]
i 0 0 0 0 O
0 —i 0 0 0 0
00 0 1 0 0
00 0 00 O
su _ 100 0 00 -1
245=511 0 0o 0 o0 o)
00 0 00 O
00 —1 00 0
00 0 —i 0 0
00 0 0 00
oo oo 0 0 0
248= 31i 0 0 0 0 o]
00 0 0 00
00 —i 0 0 0
00000 0
000 1 00
o 10000 10
243~ 5210 1 0 0 0 0]
001 00 0
00000 0
000 0 0 0
000 — 0 0
;e _ 1000 0 —i0
=510 i 0 0o o of"
00 i 0 0 O
000 0 0 0
100 0 0 0
010 0 0 0
1
= Zlo oo o o o (A.10)
000 0 -1 0
000 0 0 -1

A.2 Clifford-algebra matrices

Let us now introduce the Euclidean gamma matrices yy, y2,
y3, and y4, that generate a matrix representation of the Clif-
ford algebra

[V m} = 28,01 (A.11)

In our conventions, the Euclidean gamma matrices are Her-
mitian, traceless, and are defined as yx = 02 ® oy, fork = 1,
2 and 3, where ® denotes the tensor product, and oy is a Pauli
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matrix, while y4 = o1 ® 1:

00 0 —i 0 0 0 —I
lo o —i o o o1 0
"=lo i o o]l "”"|lo 10 ol
i 0 0 0 100 0
0 0 —i 0 00 1 0
0 0 0 i 00 0 1
B=1i 0o o ol T|1 00 0
0 =i 0 0 01 0 0
(A.12)

Note that ;| and y3 have purely imaginary entries, whereas
y> and y4 are real.

In addition to the four y, matrices, we also introduce the
ys matrix, defined as ys = y1y2y3v4, which is Hermitian,
traceless, squares to the identity, and anti-commutes with the
¥y matrices: {ys, yM} = 0. In our conventions, it is real and
diagonal, and its explicit form is y5 = 03 ® 1, namely:

10 0 0
01 0 0

=10 0o -1 o (A13)
00 0 —1I

Moreover, we also introduce the C matrix (related to charge
conjugation), defined as C = y»y4. As both y, and y4 are
Hermitian, square to the identity, and anti-commute with each
other, C is anti-Hermitian, and C?> = —1, so that C~! = C.
Moreover, C commutes with y5. In our conventions, C takes
the form C = io| ® o7

0 0 0 1
0 0 -1 0

C= 0O 1 0 0 (A.14)
-1 0 0 O

C relates each of the four y,, matrices to its complex conjugate
via

ClyuC = -y, (A.15)

B Proof of commutation relations

In this section, we present the proofs of some commutation
relations introduced in Sect. 3.

B.1 Proof of the commutation relation [A, y5D.] = 0

We show here that A commutes with ys5 D¢ont:

[A, y5Dcont] = WCy5K y5 Deont — Y5 Decont WCy5 K

= WCVSVSDgomK — ¥5Dcont WCysK

= WCDgontK — ¥5Deont WCys K

= WC (v;0u —igy Al Tsas +m) K — ys Do WCysK

= WC(—C'yuCoy — igC 'y CALW T T GW + m) K +
—VsVuduWCysK—igysy Ay TansWCys K —mysWCys K

= —WyuCouK —igWy,CAY W' T WK + mWCK +
+Wyu0uCK +igyuA), TiasWCK —mysWCysK

= —igWy CALW T T{H WK +igy, A% T sWCK

= —igyuCA TyasWK +igyuAj TyasWCK

= —igyuCA} TyasWK +igyuCA, TixsWK = 0. (B.1)

B.2 Proof of the commutation relation [A, y5D] = 0

We show here that as in the continuum case, A commutes
with hermitian Wilson Dirac operator y5D: The [A, ysD]
commutator can be written as

[A,ysD] = WCysKysD — ys DWCysK

- (WCySZD*—y5DWCy5> K = (WCD*—ys DWCys) K

4

1 * *

= fwe—« ) 1 [(WC — WCy)(WUZ P
M:

+(WC + WCy) Wy P ]

4
—ysWCys +k Y [ (5 = vsv) U PO WCYs
n=1

s + 57 WU PO WEys | § K. (B.2)

Using the fact that C commutes with ys, and that both of them
(which act on spinor indices only) commmute with W (which
acts on color indices only), the latter expression reduces to

4
K *
[A,ysD] = — Z [ [— WCU} P, + y5UMPMWCy5]
a o
+ [WCV;:U;:PM — ¥5YuUu PuWCys]

.
I

+ [—WCPM(UI'L')* + ysPliUZWCys]
+ [—ch;P;(U;)* + VSJ/MPZU;WC)/S]] K. (B3)

The pairs of terms in each square bracket sum up to zero: the
second term in the first square bracket can be rewritten as

VSU/,LP;,LWCVS = UMPMW)/sc)/s
=Wwlu,P,WCy?
=ww-'u,pP,wC
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= WU} P,C

= WCU;, Py, (B.4)

while the second term in the second square bracket is

= ysyuUuPuWCys = =U, P Wysy,Cys
= UuPuWyuysCys
= UMPMWVMCVSZ
=U, P Wy,C
=U,P,wWCCy,C
= U, P WCy;}

-ww-lu, WPy,
= —WU}P.Cy}

= —WCy U, Py (B.5)

In turn, the second term in the third bracket can be recast in
the form

ysPIUIWCys = PfUIWysCys
=PWWlUIWCys
=P WU*C
= WCPi (U, (B.6)
and the second term in the fourth bracket is equal to
YsYu P USWCys = ysy PEWW U WCys
= ysyu PLW(U)*Cys
= ysvuCys PiW (U
= y5CC Y Cys PYW (U)*
= —ysCyys PiW (U
= ysCysy PLW (U
= y3Cyp PIW (U
=Cy,WPI(U/)*
= WCy P (U (B.7)

Using Egs. (B.4), (B.5), (B.6), and (B.7) in Eq. (B.3), one
finds that

[A,ysD] =0. (B.8)

B.3 Proof of the commutation relation [B, € D] = 0

We show here that the operator B defined in the main text
commutes with € Dg:

@ Springer

[B,eDy] = WKeDy — eDyWK = (WeDY, — e DyW)K
1 4
= | Wme + ;; enu W [(UMPM)* _ (UMPM)“]

1 & :
—meW — Z/;enu [(U,LPM) — (U, P ]W K

4
1
_ X ryte
=5 e (wupp, - wriuf
IJ/:

~Uu P W + PIUIW) K. (B.9)
At this point, note that
* *y7—1
WU P, = WU,W WP,
=U, WP,
=U,P,W (B.10)
and that
e — wptwelyt
WP U =WP,WUW
—ww-'piyt
=Ww— P,U,W
_ ptrrt
=P, U,W. (B.11)

Plugging equations (B.10) and (B.11) into Eq. (B.9) one
finds:
[B,eDgy] = 0. (B.12)

C Derivative of the clover term

Inserting the explicit form of the clover term into Eq. (66)
we have

BS;lover _ Z %Csw(g(%)’( Z {XT(x)(Sﬁw(x))GWY(x)

X v

+vT (x)(sﬁw(x»oWX(x)}

= — (g ) YT [(a Qv (x)

X W,V

—89],)0, Y () X" (x)

+ (6 Qu(x) — SQLU)UWX(x)YT(x)}

= —%Csw(g(z))’( Z ZTI' [SQMUG/LVA(X)—h.C,] ,
X U,V

(C.1)

where

AX) =YX () - Xx)Y (x). (C.2)
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In order to write explicitly the variation of the clover plaque-
tte, let us define the following upper (C™) and lower (C ™)
“staple insertions” as

C,}L;Jr(x) — ZTrspin[GMUA(x + W)U, (x

v

+ U (x + DU (x) (C3)
Crt(x) =) Uy(x + 1) Trgpinlopn Ax

+ A+ DU (x + DU (x) (C.4)
Cit) =) Usx+ U (x + )
Iz v v
Trspin[oy0 A (x + D)IU] (x) (C.5)
Cit) =Y Usx+ U (x + DU (x)

Trspin [U/LVA(X)] (C.6)
Cllj_(x) = ZTrspin[U;wA(x + /l)]UUT(X + l’)«

— DU (x = DUy (x — D) (eh))
CEZ(x) =Y UJ(x + /= D) Tropin[opwAx

+ A= MU (x = DHUy(x — D) (C.8)
Cim () =) Ulx+a—DU(x—1D)

Trspin[opw Alx — D)]U, (x — D) (C9)
CRm@ =) Ul + A= DUL(x = DUy (x

— D) Trspin[opw A(x)] (C.10)

and then

4

Cue) =Y [t - i) €11

s=1
Finally we have
i
5S;10V = —1—6Csw(g(2))K Z ZTrcolor
EETRY
180 (I TRUL () Cu) + €U (08 (0T |
(C.12)

Note that the above equation holds for a generic representa-
tion R.
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