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Abstract

Strongly interacting massive particles are viable dark matter candidates. We consider
a dark Sp(4) gauge theory with N¢ = 2 fermions in the pseudo-real fundamental repre-
sentation and construct the chiral low-energy effective theory. We determine the flavour
multiplet structure and the chiral Lagrangian, including the Wess-Zumino-Witten term
for mass-degenerate and non-degenerate flavours. We then study the possible charge
assignments under a U(1)’ gauge symmetry, emphasizing on dark state stability, and
provide the full Lagrangian description for Goldstone bosons and vector resonances,
including the Wess-Zumino-Witten term. Finally, we use dedicated lattice simulations
to determine the chiral low-energy effective theory’s validity and low-energy constants.
This work represents a self-consistent study of this non-Abelian theory. It thereby pro-
vides a framework for future phenomenological exploration in connection to the dark
matter problem.
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1 Introduction

The absence of concrete, non-gravitational experimental signals for dark matter (DM) neces-
sitates the unbroken exploration of a wide variety of scenarios. Among these are extensions of
the Standard Model (SM) featuring a dark non-Abelian sector in the ultra-violet (UV) regime
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with confinement below some scale A in the infra-red (IR) regime. Within these scenarios,
confinement leads to bound states, containing potentially stable particles and opens up a new
class of DM candidates. The stability of bound states in such theories is either ensured by
means of introducing additional symmetries or, more naturally, the result of accidental global
symmetries of the theory. The composite states can then be considered DM candidates and the
viability of the theory can be explored further; for an overview on composite dynamics see [1]
and references therein.

The construction and exploration of associated phenomenology of such theories is however
far from obvious. While the UV Lagrangian is governed by a microscopic theory, the resulting
low-energy Lagrangian in the IR is an effective theory. As such, it has a limited range of
validity, and is parameterized by a number of low-energy constants (LECs) [2,3]. The range
of validity and the LECs are determined by the underlying theory, and can, e.g., be obtained
from lattice simulations [4,5]. In general, the formulation in the IR depends on the UV details
such as the gauge group, the particle content and the representations of participating fields.
For example, the chiral effective theory in isolation for the mass-degenerate Sp(4) theory,
including a determination of its range of validity and LECs, has been analysed on the lattice
in [6-8].

It is certainly possible that such theories live in isolation from the SM. Indeed, DM can
adjust its abundance in the early Universe free from SM interactions, e.g., by “cannibalizing”
through number-changing 3-to-2 or 4-to-2 processes in the dark sector [9-18]. However, cou-
plings to the SM additionally allow to regulate the dark sector temperature in relation to the
SM one, and, of course, open the door to experimental exploration. In either case, strongly
interacting dark sectors, see, e.g. [11,12,19-47] among many other works, are of high inter-
est in such scenarios as their low energy states are often endowed with sizeable interactions.
Particular interest have received strongly-interacting massive particles (SIMPs) that are the
Goldstone bosons of a dark confining gauge group and where 3-to-2 interactions are enabled
by the Wess-Zumino-Witten(WZW) term [11, 12,29]. The presence of these 3 — 2 interac-
tions in association with 2 — 2 self-interactions has generated sizeable further activity. For
example, [32] explores Abelian gauged SIMPs within SU(N) theories, [48] demonstrates the
importance of higher order corrections to the chiral Lagrangian for self-scattering in Sp(2N)
theories, [33,35] include dark vector resonances into the SIMP paradigm, while [36,37] have
analysed effects of isospin symmetry breaking (dark quark mass non-degeneracy) for dark
matter phenomenology. In most of these works, however, either a specific subset of the low-
energy effective theory was studied or a SM-like, i. e. SU(N) gauge group and fundamental
fermions, dark sector was considered. In addition, the masses and other parameters of the
theory were varied independently, instead of deriving them from the underlying UV-complete
theory. Only in a few cases contact to the UV theory was made by means of lattice simulations,
see [22,30,31,34,49,50].

It is the purpose of this paper to study one particular example of a confining gauge group
self-consistently, from the UV-complete Lagrangian to the low-energy description in terms of
the chiral Lagrangian. Concretely, we consider a Sp(2N) gauge theory with Ny = 2 fermions
in the pseudo-real fundamental representation. We allow for mass non-degeneracy of the two
flavours, study possible gauge assignments under a new dark U(1) symmetry and obtain the
multiplet structure of resulting low energy spectrum of mesons and vector resonances. Im-
portantly, our findings are supported and complemented by lattice simulations. Such unifying
effort is a first of its kind in the study of a non-Abelian dark sector. It provides the grounds
for a comprehensive and systematically controlled and extensible framework for future phe-
nomenological studies of this theory. Sp(2N) theories as we consider in this work have also
been a longstanding topic of interest in the composite Higgs community [1,51-58]. While in
isolation these theories are identical to our case, the main difference is the portal phenomenol-
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ogy to the Standard Model. While in the case of composite Higgs theories, some of the Sp(2N)
quarks transform under the Standard Model gauge group, in our theory, the Sp(4) quarks are
singlets under the Standard Model. This leads to different decay patterns and requirements
on the theory construction compared to those considered in composite Higgs literature. We
also note that in our theory, there is no tree level mixing between Sp(4) spectrum particles
and the SM e.g. composite sigma — SM Higgs mixing.

The paper is organized as follows: in Sec. 2 we introduce the global flavour symmetries and
clarify the quantum numbers and multiplet structure of states in the low-energy description.
In Sec. 3 we systematically develop the chiral Lagrangian and WZW term for the Goldstone
bosons, the pseudoscalar singlet and vector resonances for mass-degenerate quarks. In Sec. 4
we couple this theory to an Abelian gauge field, discuss possible charge assignments, study the
stability of states against decay into gauge bosons, provide the gauged WZW term and com-
ment on the radiatively induced mass splitting from such interactions. In Sec. 5 we allow for
mass non-degeneracy, and determine how the spectrum and interactions change. In Sec. 6 we
extend previous lattice simulations to cover the mass non-degenerate case, providing concrete
results for bound state mass spectra and decay constants; preliminary results on this effort
have been reported in [59]. We infer the range of validity of the chiral effective theory as a
function of the mass splitting, delineating where the theory changes its character to a hierar-
chical “heavy-light” system. In addition, we determine the relevant LEC for the coupling to
the U(1)’ gauge boson from lattice results as a function of the mediator sector. We conclude
in Sec. 7 and compile in four appendices a host of technical details, including pertinent Feyn-
man rules, useful expressions for operators and generators and states, and details of the lattice
simulations including studies of the systematics.

2 Symmetry breaking patterns

2.1 Lagrangian and global symmetries

The construction of the low energy effective theory starts by recognizing the symmetries of
the underlying microscopic theory in the ultraviolet (UV). In this chapter we first discuss the
symmetries of the UV Lagrangian for massless fermions. We then consider spontaneous chiral
symmetry breaking by the fermion condensate and show that this results in the same global
symmetry as an explicit breaking induced by degenerate fermion masses. Finally, we show
the resulting breaking patterns that correspond to non-degenerate fermion masses in the UV
Lagrangian or fermions under different charge assignments when coupled to a U(1) gauge
group.

The UV Lagrangian of a Sp(4). gauge theory — where the subscript ¢ for “colour” on the
group is used to highlight its gauge nature — with Ny = 2 fundamental Dirac fermions u and
d is given by,

1 B}
LW = _ﬁTr[Gqu“v] +@(y,Dy+my)u+d(y,Dy,+my)d, L)

where spinor, and colour indices are suppressed. We will call u and d (dark) “quarks” in
analogy to QCD, even if they are singlets under the SM gauge group; D, = J, +igA, is the
non-Abelian covariant derivative with gauge coupling g and associated (dark) “gluon” fields
A, = Aﬁf“. We denote the generators of Sp(4). by 7% and the generators of a global Sp(4)
group by T¢. The generators of Sp(4) are explicitly given in App. A. The Yang-Mills field
strength tensor is given by G, = 9,A, — 9,A, +ig [AM,AV] as usual.

The fermions in (1) are in a pseudo-real representation. Compared to a theory where
fermions are in the complex representation such as in QCD, the global symmetry of the La-

4
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grangian (1) is enlarged to a so-called Pauli-Giirsey symmetry [60,61]. Following [60], this
can be made explicit, by first introducing the left-handed (L) and right-handed (R) chiral Weyl
components of the Dirac spinors u and d,

_ (UL _(d
(1), a=(®). >

One may subsequently group the left- and right-handed components,

W= (2) . k= (Zﬁ) : 3)

Using the chiral representation of the Dirac gamma matrices, we may now rewrite the fermionic
kinetic term of the Lagrangian as

T
(e (et 0 (s
'Cfermlomc =1 (d);) ( 0 O'MD“ wR . 4

For this we have introduced the four-component notation o, = (1,5) and & = (1,—J) where
o are the usual Pauli matrices. We may now use the pseudo-reality condition of the colour
group, i.e., the existence of a colour matrix S for which the relation (7%)? = §7%S holds for all

generators 1%, as well as the relation 0,0 ,0, = 65 and rewrite the fermionic kinetic term as

n

T
[6)% S ’(/ﬁi 6-,uD'u 0 1/JL N u
Ekin _l(OZSwR) ( 0 5'HD“ oS =iv'c,DHY. (5)

In the last equality we introduced the notation where W is a vector consisting of the four Weyl
fermions in this theory, which is known as the Nambu-Gorkov formalism,

ug
_ wL) dg
U= s = % N 6
(sz o9Suy (6)
O'zSd;s

from where one may appreciate a global U(4) symmetry of the kinetic term. We observe that
Yr = 0,8} transforms under the same representation of this global symmetry as v;. In
case of massless fermions this is the symmetry of the entire fermionic Lagrangian. The U(4)
symmetry is then broken to SU(4) by the axial anomaly analogously as to in QCD. For a theory
with Ny fermions the global flavour symmetry becomes SU(2Ny).

In the massless fermion limit the remaining SU(4) symmetry is subsequently broken spon-
taneously by the chiral condensate (iiu + dd) # 0. This can be seen by rewriting the chiral
condensate in terms of the generalized vector of spinors ¥ as we did for the kinetic term of
the Lagrangian [60],

- 1
du+dd =—=¥T0,SEV +h.c., 7
2

(0 1y
E_(_ﬂNf Of)' ©

Here, E is a matrix in flavour space. Under a global SU(4) transformation ¥ — UW this
expression transforms as

1 1
—~9To,8SE¥ —» —=vTUTo,SEUY, )
2 2
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COMPLEX PSEUDOREAL
[ U(2) x U(2) } L U(4) }
axial anomaly [ m, = mg =0 m,, = mq = 0 | axial anomaly
SU(2) x SU(2) x U(1) SU(4)
chiral sym;netry breaking | m, =mg =20 o m,, = mq = 0| chiral symmet;y breaking
and/or explicit breaking [ m, =mgq#0 my = mg # 0] and/or explicit breaking
SU(2) x U(1) Sp(4)
strong isospin breaking | m, # mgy m, 7 mgq | strong isospin breaking
{ U(1) x U(1) } { SU(2) x SU(2) }

Figure 1: Comparison of breaking patterns in a theory with Ny = 2 fermions in
pseudo-real (right) and complex (left) representation. In any step, the symmetry for
pseudo-real representations is larger than for complex ones.

The condensate is thus invariant under all SU(4) transformations U which fulfil UTEU = E.
This is exactly the Sp(4) subgroup of the global SU(4). The matrix E is an invariant tensor of
Sp(4) and the flavour space-equivalent of the colour matrix S. By counting the generators of
SU(4) and Sp(4) we thereby obtain 15— 10 = 5 Goldstone bosons in this theory. In turn, for
general Ny, the remaining symmetry group after chiral symmetry breaking is Sp(2Ny).

Degenerate UV masses can be introduced by the term m(iiu+dd). They yield an additional,
explicit breaking of the flavour symmetry from SU(4) to Sp(4). For a general non-degenerate
mass term we may write

0 0 m, O

- s 1 T _ 1 T 0 0 0 my
muuu+mddd——§\11 0,MEV +h.c.= 2\1/ o) —m, 0 0o o0 ¥ +h.c.. (10)

0 -mgy O O

This leaves only the Ny = 1, Sp(2) = SU(2) symmetry for each flavour separately,’ and thus a
global Sp(2) x Sp(2) flavour symmetry. The breaking patterns are summarized in Fig. 1. The
mass matrix M = diag(m,, my, m,, my) containing the non-degenerate dark quark masses can
then be read from (10),

O 0 m O
[ o o 0 my
ME=1_n, 0o o o |

0 —-my O O

where E is given in Eq. (8).
Another source of explicit symmetry breaking are gauge couplings to an external U(1)
vector field V*. Depending on the charge assignments of the fermions, this yields distinct

IThe actual group is U(2) x U(2), but one U(1) is broken by the axial anomaly, and the other U(1) is just fermion
number conservation. The global symmetry of a theory of N; fermions of mass my, and N, fermions of mass my,
is Sp(2N;) x Sp(2N,). See e.g. [62] for a dark matter model with a Sp(4) x Sp(2) symmetry of the fermionic mass
terms.
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explicit symmetry breaking patterns parameterized by a matrix Q in the Weyl flavour space,

Lieak ~ V*U' 03, W (11)

For example, a breaking pattern Sp(4) — SU(2) x U(1) can be realized, assuming that Q is
diagonal. The choices of Q which preserve this nontrivial flavour subgroup are those for which
Q? o< 1. This is incidentally the same condition usually proposed for anomaly cancellation
[35]. We show in what follows that this is no accident, and that the nontrivial remaining
flavour group ensures the anomalous vertex responsible for pion decay to vanish to all orders
(in contrast to SM QCD.) We can also realize a further breakdown to a Sp(4) — U(1) x U(1),
which has some significant implications for the stability of composite states of the theory,
allowing some of them to decay. An in-depth discussion of this is deferred to Sec. 4.

2.2 Symmetries of the low energy mesonic spectrum

We now turn to the symmetries of the low energy mesonic spectrum for degenerate and non-
degenerate dark quarks. As can be seen in Fig. 1 the flavour symmetry of the Sp(4). gauge
theory is enlarged compared to a theory with a complex fermion representation such as QCD
due to the pseudo-reality of the fundamental representation of Sp(4). This entails that also the
meson multiplets are enlarged in both the degenerate and non-degenerate case. There are now
five instead of three Goldstone bosons of two flavour QCD. We denote the Goldstone bosons

The extra states are quark-quark and antiquark-antiquark states. The extra operators cor-
responding to the Goldstone bosons are given by [20, 22]

nP =dysscal, (12)
nf =d"SCysu. (13)

For convenience, we will call these states “diquark” states. In this case, only diquarks of dif-
fering flavour are possible; other operators of this form vanish identically for spin-0 composite
states. They can occur, however, for other spin states such as J =1 [8].

The multiplet structure of mesons for mass-degenerate fermions without coupling to any
other symmetry is discussed in [6-8] as well as in studies of SU(2)., which has the same
flavour symmetry as Sp(4)., with two fundamental fermions [63]. Besides the 5 Goldstone
bosons there is another pseudoscalar singlet under Sp(4) which is the analogue of the n” meson
of QCD. In turn, the multiplet of the vector mesons is enlarged to a 10-plet (whose states we
call p®++9) which includes the state that sources the analogue of the «w meson of QCD [8].
Due to the structure of Sp(4), mesons are either in a 10-plet, 5-plet or a singlet representation
of the global Sp(4) flavour symmetry [63]. In appendix B.1 we give explicitly the operators
that source the 7w and p mesons.

In case of non-degenerate fermions, the Sp(4) flavour symmetry is broken to
SU(2), x SU(2),4. It can be shown that the 5-plet splits into a degenerate 4-plet? and a sin-
glet under SU(2),, x SU(2)4. The 10-plet containing the p-mesons decomposes into a 4-plet
of similar structure as the 4-plet of Goldstones and two degenerate triplets under each of the
SU(2),/q groups, i.e., the remaining 6 states will have identical properties. The 4-plets contain
in both cases the “open-flavour” mesons, i.e., two meson operators of the form ul'd — where I'
is either y5 for the Goldstones or y,, for the p-mesons — and two corresponding diquark states.
In appendix B.2 we state the explicit transformations of the operators under SU(2), x SU(2),.

2Note that SU(2), x SU(2); ~ O(4), and thus the 4-plet can be considered to be in the 4-dimensional funda-
mental vector representation of O(4). This 4-plet can be decomposed into its two SU(2) representations explicitly
in a suitable two-dimensional tensor representation [64].
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Figure 2: The flavour structure of the meson multiplets for an Sp(4), gauge theory
with Ny = 2, compared to QCD with the same number of quarks. The multiplets of
Sp(4). are enlarged due to additional diquark states. When the flavour symmetry
is explicitly broken by non-degenerate fermion masses, m, # mg, the pseudoscalar
and vector multiplets split further into smaller flavour-multiplets under the flavour
group. The unflavoured ¢ becomes a singlet.

The six other spin-1 states are given by linear combinations of @'y, dT'd and corresponding
diquark operators. They can be written in the eigenbases of the two SU(2),/4-

Figure 2 groups mesons into degenerate and non-degenerate sets and compares them to
QCD with two degenerate fundamental fermions. In the case of different UV fermion masses
m, # my, n¢ becomes a singlet under the global flavour symmetry, whereas before it was
part of a multiplet. This has consequences for its viability as a dark matter candidate: it is
no longer protected by a flavour symmetry and, equipped with further interactions, may in
principle decay. Finally, as already alluded to above, coupling the strongly interacting dark
sector to a U(1) gauge symmetry can further break the remaining flavour symmetry and affect
the multiplet structure of the mesons. This will be addressed in Sec. 4.

2.3 Parity and diquarks

Conventionally, the transformation of a Dirac fermion under parity is defined as [65]

P:(x,t) > v (—x,t). (14)

This implies that parity mixes left-handed and right-handed components. This can be made
explicit by going to the chiral representation of the y-matrices,

tpL(X) t) - TPR(—X, t))
,lpR(XJ t) - wL(_xa t) .

This discrete transformation, which we shall refer to as “ordinary parity” leaves the Lagrangian
invariant and is thus a symmetry. However, it is important to note that the global flavour
symmetry mixes left-handed and right-handed components, and such transformation does not
in general commute with the parity transformation law given above. In other words, the
flavour eigenstates are not eigenstates of P. This has the consequence that a diquark Goldstone
state is rather a scalar than a pseudoscalar under P:

P (15)

7P (x, £) = dT (%, £)SCysu(x, t) — d"(—x, YT SCysy°u(—x, 1)
=dT(—x, t)SCysu(—x,t) = +nf(—x,t). (16)
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Table 1: Parity assignments of the quark-antiquark bound-states and the additional
diquark states. Under ordinary P-parity different parity-eigenstates occur in the
same meson multiplet. Only under D-parity all Goldstones can be classified as pseu-
doscalars and all particles in the p-multiplets as vectors. An extension of this table
is given in App. B.1.

| > JP

A, 7B, ¢ 0~ 0

P, nf 0t o~

e oM N, p% |17 17
F G 1 . L

The reason for it is the occurrence of the charge conjugation matrix C in the diquark states
for which yg Cyo = —C holds. Concretely, we find that the multiplet of the Goldstones bosons
consists of 3 pseudoscalar mesons and 2 scalar diquarks and the multiplet containing the p is
made up of 4 vectors and 6 axialvectors under P; these states may then change their ordinary
parity under flavour transformations.

We are, however, free to obtain a better definition of parity by combining it with any other
internal symmetry present in our Lagrangian, see e.g. [66]. Introducing an additional phase
in the transformation properties of the spinors (14), we may choose a new parity D that now
commutes with all flavour transformations [63]. It is given by

D :p(x,t) = £iPY(x, t)P~L = Hiygy(—x, t). (17

The extra phase cancels in all operators of the form uI'd but produces an extra minus sign in
the diquark operators. The new parity D is again a symmetry of the Lagrangian introduced
below and all members of a meson multiplet share the same parity assignment under D. In this
way, all Goldstones become pseudoscalars and all members of the p-multiplet become vectors
under D; see Tab. 1 for an overview of P- and D-parity of the mesons considered in this work.
For instance, the diquark ¥ transforms under the parity assignment D as follows,

(%, £) = d (x, 0)SCysu(x, £) —> i2d" (—x, )y 5 SCysy°u(—x, 1)
=—dT(—x, t)SCysu(—x, t) = —nf(—x, t). (18)

3 Chiral Lagrangian for degenerate fermion masses

In this section, we assume that the two fermion states u,d carry degenerate masses
m, = my = m in the UV First, we analyse the mass spectrum of Goldstone bosons in iso-
lation from additional, external interactions. Second, we construct the chiral Lagrangian for
vector and axial-vector excitations of the theory.

3.1 Low energy effective theory for the Goldstone bosons

In this section, we recap the construction of the chiral Lagrangian for the (pseudo-Nambu-)
Goldstone bosons (PNGB), the “pions” of the theory. The final results agree with the litera-
ture [11]. Following [60], the effective theory of Goldstone fields can be written as fluctuations
of the orientation of the chiral condensate X,

= eiﬁ/fnzoeiﬂT/fn’ (19)
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which, under the action of U € SU(4), transforms as

T UxUT. (20)

Here, f, is the Goldstone decay constant and ¥}, is the orientation of the chiral condensate.
The latter depends on the remaining symmetry group after spontaneous or explicit symmetry
breaking. The Goldstone bosons are determined by the broken generators of the coset space
SU(2Ns)/Sp(2Ny). For our case of interest, with Ny = 2 flavours in the pseudo-real represen-
tation of the gauge group Sp(4),, there are five Goldstone bosons 7'~ corresponding to the
broken generators T" (n = 1,...,5) of the coset space SU(4)/Sp(4) given by (A.6); the change
of basis to £ used above is given towards the end of this subsection.
The Goldstone boson matrix takes the form,

; T3 T — 17, 0 s — 174
1 T+ 17 -7 —T5 + 17 0
nEZnnT" = — ! 2 3 > 4 . . (21)
— 242 0 —T5 — 1704 T3 T, + 17T,
s+ 17y 0 T — 17, —13

The effective Lagrangian needs to preserve the reality condition, Lorentz invariance, chiral
symmetry invariance (with vanishing UV masses), as well as parity and charge conjugation
symmetry. This yields®

2 3
L= %Tr[a“zauzf] - “? (Tr[ME]+Te[=TMT]) +.... (22)

Here, u has mass dimension one and is related to the chiral condensate as {iiu + dd) = u>%;
the prefactor fn2 /4 in front of the first term ensures a canonically normalized kinetic term.*

The ellipses stand for contributions, such as, e.g., Tr [8M28 “ZT]Z with prefactors of accordingly
higher mass-dimension.

In order to find the vacuum alignment %, we have to minimize the potential of the chiral
Lagrangian, which in our case amounts to min,_ (Tr[ MZ + Z'MT]). The minimum is then
given by Xy = E € Sp(4). Expanding the chiral field (19) in the “kinetic” and “mass” terms
of the chiral Lagrangian in terms of Goldstone fields 7 yields the ordinary kinetic, mass, and
interaction terms of even numbers of the Goldstone bosons,

6
Liin = Tr[auna“n] — ?j—zTr[nza“naun — na“nnaun] +0 (TE—)

4
T T
1< 1 > 76
= Ezaﬂna”ﬂn——lzfz Z (nknka“nnaunn—nkaunknnaunn)+O(F) , (23)
n=1 T k,n=1 I
rn2 7_[6 mz 5 m2 5 2 7'[6
L =—m? Tr[n? |+ —= Tr[ n* +(’)(—):__“ 4+ i3 2 +(’)(—).
mass T [ :| 3f1.% [ ] fr? 2 ; k 48f7% kZl: k fg

(24)

The universal Goldstone mass is given by mi =2u3m/ fﬂz. By construction, only interactions
of an even number of Goldstone bosons are present; Tr[ "] = O for n odd. We note in passing

3The mass term may be derived by treating M as a spurion field, as the global flavour symmetry should also
be manifest in the effective theory. M has to transform as M — U*MU" with U € SU(4) and ¥ — UV in order to
ensure full chiral/flavour symmetry in (10), see [60] for more details. This leads to the chiral-invariant mass term
at lowest order in M in (22) respecting the transformation of % in (20).

“The prefactor depends on the normalization of the generators as they enter exponential of (19). For instance,
fRet M = 2f where fRef 1] s the decay constant used in [11] and differs from ours by a factor 2.
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that the four-point interactions of same-flavour Goldstone bosons only emerge from the “mass
term” (24).

A five-point interaction is induced by the Wess-Zumino-Witten (WZW) action [67-69]. The
latter is written as an integral over the five-dimensional disc Qs,

—iN —iN L0V
Sww=—— | Tr[(=fdx)’|= ¢ T (Z'—d)
WA = 54072 Ls Oy )= o LS r[ ax "

_ —iN,
24072

(25)

f dxtdx’dxPdx’dx*Tr[£78,5%79,5578, 5575, 508,21 ]
Q

where N, is the number of colours. Expanding in terms of Goldstone fields and using Stokes’
theorem as well as dx*dx"dxPdx® = dx*e**P° makes the five-point interaction evident in
the Lagrangian density;,

2N,

Lwzw = 15n2f56“””‘7 Tr[naunavné‘pné‘on’] +(’)(7r6/fn6) (26)
T
= 2N wpo om0, m 8, m By my T [ TITITRTITN] 4 O (26/£9)
= 15n2fﬁ56 70,70, T 0, 01 05 T, Tt ™/ f .
N,
= W;Zfse“"po (nlaunzavnaap T0405 s — T30, M1 0,730, 405 T5 T30, 710,20, 405 s

+ 140,71 0,M50, 50,3 + nsaunlavnzapngaaﬂq) +0 (71'6/f7$) . (27)

As can be seen in the final form, the WZW term yields purely flavour off-diagonal interactions.
Moreover, the WZW conserves both P-parity and D-parity, since spatial derivatives change sign
under these parity transformations.

The full chiral Lagrangian is then given by the sum of kinetic, mass, and WZW terms,

L= Ekin + £mass + ﬁWZW . (28)

We point out that four-point and five-point interactions between Goldstone bosons remain
present in the massless limit M — 0. The Feynman rules are given in the Appendix C. We
note that the expressions here are connected to the basis in section 2 labelled by capital Latin
letters A, B, ..., as

A 1 i 0 0 0 m
nB ;| T -t 0o 0o Ty
n¢ |=—| 0 0 V2 0 0 Ty (29)
nP V2l 0 0 0 i 1 T4
nt 0 0 0 —i 1 s

This defines 7 = 78" and n” = nf", and is useful once U(1) charges are assigned in section
4. The generators of the new basis are given in (A.18).°> Also, in Sec. 5 we describe the con-
sequences of introducing a mass splitting between the fermions in the UV, It leads to different
couplings among the Goldstone bosons and to a splitting of the low-energy mass spectrum.

5A similar relation is used in QCD with two flavours u, d where it relates the Goldstone bosons defined through
the Pauli matrices of the flavour symmetry o; by m; = ¥ys0,% (i = 1,2,3) with ¥ = (1,d)" to the commonly used
pions ¥ = Uy;0*¥ and ©° = Uy 0¥ as

ot 1 1 i 0 It
m l=—[(1 = o || = (QCD). (30)
m° V2| o o V2 ni
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There, we shall see that one Goldstone occupies the lightest mass state, which can be identi-
fied with the state ;3 = ¢, making its special role evident. Explicitly, the expanded chiral
Lagrangian in the new basis reads

1 1
L =3H7TA3“7TB + Eaunca“nc + 8H75D8“TEE —m? (ﬂ:AnB + ETCCTCC + TEDTCE)

™
my
12f2
1
12f2

+

1 2
(7TA7TB + ERCTCC + 7'CD7'CE)

|:4(7TA7'CB + 17'5% + nDrcE) (auﬂ'Aﬁ“nB + lﬁunca“nc + 3M7TD8“7TE)
2 2

(31)
- (7TA3“7'CB + 1Bt + nC ot nC + nPotnt + nEﬁ“nD)Z ] .

16N,

+ _—
5v2m2f5

e‘“’p"[Z (nAaunB —nB aMTL'A) a,m¢ 9 nPa, nf
+2 (nDﬁunE — nEaunD) avncap o, nP + nca“nAavnBap nDEUnE] +0 (7‘56) ,

where we used the relations

5

1 1
EZTC% =1TA7TB + 57‘[% + 7'CD7'CE,
n=1

5
1 1
5 E g, mndtm, :aunAa“nB + Eaunca“nc + 8M7TD3“TL'E,

n=1
5
Z 7,8, =404 n® + nBakn? + n€oPnC + nPoknE 4 nfornP, (32)
n=1

442

e Tr [naunavnapnaan] =2 (nAa“nB — nB?J’“TrA) 3VTEC8P7TD807IE
+2 (nDaurcE — ﬂ:EBunD) 8V7IC8P nAaach
+ ncaunAavnBaan(’}anE.

3.2 The Pseudoscalar Singlet

Our theory, like in QCD, contains an iso-singlet state n’. The state is associated with the
U(1), subgroup of an extended flavour symmetry U(4) = SU(4) x U(1),. This symmetry
is broken anomalously at the quantum level, just as in the SM. However, unlike for the SM
7', by construction this state receives no contribution from a heavier flavour like the strange
quark, and so it can be close in mass to the Goldstone bosons outside the chiral limit. We
can compare this state to the n’ of QCD, with the distinction that there is just one 7 state
in this theory, rather than a doublet which mixes and yields the  and n’. This meson is
especially interesting as it can mix with the remaining singlet Goldstone boson 75 once the
flavour symmetry is broken down to SU(2), x SU(2)4. Also, depending on the mass hierarchy
of the theory, it can be unstable, but potentially long-lived, which would have interesting
implications for phenomenology.

We account for n’ in the chiral Lagrangian by including the generator T° = ﬁ14x4. We
remark that while this state may be close in mass to the Goldstones, it is not identifiable as a
Goldstone and thus can differ in mass from the Goldstones even for degenerate quark masses.
We encode this into our low-energy theory by assigning n’ a different decay constant from that
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of the Goldstones and by explicitly breaking the U(1), symmetry through an additional mass

2 Am?,
term I [f - ln(éj;t; ] =——"Ly/ 2. The n/ is then included in our chiral Lagrangian by
performing an extra rotation on the vacuum®
2in'T° 2in
Z]:exp( 0 )exp(l—)E. (33)
f n’ f T

The various interactions involving the 1’ can then be calculated from the relevant terms in the
chiral Lagrangian. We find,

m? 4+ Am?, , m?

1 n n 2 4 m? 2
£= Liin+ Linass + Ll + 30 00" = ——5——0""+ zg55m +8f2n’an+O(n (34)

T b b
where ‘Ckm + ‘cmass +‘CWZW

is the Lagrangian for the Goldstone bosons 7 given in Egs. (23), (24)
and (26). Here, we used the redefinition n’ — ); 71’ in order to ensure that the kinetic term for
n’ is canonically normalized. We hence find, that the decay constants of " and the Goldstone
fields are equal in the leading order of the chiral Lagrangian.” In the limit Am, — 0, the
pseudoscalar singlet n’ and the Goldstones 7, have the same mass m, = 2,u3m/ f 2 at the
lowest order in the chiral Lagrangian, since Tr[ "] = Tr[n'n"] = Tr[n’ n”] =Tr[n’ ”] =
for n odd and n < 3. For Am,, # 0, 1’ remains massive even in the chiral limit. Interactlons
with @m’ are absent and four-point interactions with 0’ are only generated by the mass term
of the chiral Lagrangian.

In the mass degenerate case, the WZW term involving only pions and n’ vanishes due to
anti-symmetry of epsilon tensor and flavour structure of the coset space where the pions live.
The phenomenology of such 1’ has been explored in the context of Sp(4) composite Higgs
theories [53,57]. We once again stress that the phenomenology in our case will be different,
for example the n’ in our theory can not decay to SM particles at tree level. Any decay to SM
final state will be mediated by the portal between SM and Sp(4) gauge group.

3.3 Chiral Lagrangian including spin-1 states

In order to include the lightest vector and axial-vector states of the theory, we can use the
concept of hidden local symmetry from QCD [71], as has already been done in [7]. Here, the
spin-1 mesons are introduced as dynamical objects by describing them as the gauge bosons
of a spontaneously broken local symmetry. We stress that this is an effective treatment and
that the spin-1 states are not fundamental gauge fields and that the local symmetry is purely
auxiliary.

To this end, we take a second copy of the SU(4) flavour symmetry and “gauge it.” This
introduces 15 vector bosons, corresponding to the gauged SU(4). The symmetry is broken
in the low-energy regime, and in addition to the five PNGBs n“T¢, we have fifteen (exact)
PNGB o’ T?. The latter are “eaten” by the vector bosons, providing them with the longitudinal
degrees of freedom required for the massive vector fields,

15
W=D .PATC. (35)
a=1

%Under the axial group U(1), we have v, /L= et &1, and the chiral field transforms as & — e~ Upon con-
finement, the flavour symmetry U(4) breaks spontaneously to Sp(4)xU(1),. The Goldstone bosons including the n’

live in the coset space U(4)/(Sp(4) x U(1),). The determinant of the chiral field is then det> = exp(z‘r”’ ) #1.

’This is not overly surprising, as in the large N.-limit the U(1), anomaly vanishes, fy = fz(1+0(1/N,)) [70],
and 1’ can be considered as an additional Goldstone boson in line with the construction of the chiral field in
Eq. (33).
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The pﬁ decompose into a lighter ten-plet and a heavier quintuplet, corresponding to the un-
broken/broken generators of SU(4), respectively. These can be identified with the ordinary
vector and axial-vector multiplets in QCD, see Fig. 2. Explicitly p,, is given by

p3 pl_ipZ 0 pS_ip4
p _ 1 p1+lp2 _p3 _P5‘21P4 1 0 ,
“oavz| 0 —p°—ip* P piEip
p>+ip 0 p —ip —P
. (36)
oMy pls 3 —ip8 V210 —i(p8 + p%) ol —ip?
1 p13+ip8 p15_p14 pll_ip7 ﬁPIZ_i(p6_p9)
22| V2" +i(p®+p?) p'+ip? —(p™+p") —(p+ip®) ’
p' +ip? V2o +i(p®—p?)  —(pP—ip?) —(p"—p') u

with the first line defining the matrix describing the lightest axial-vector states under D-parity,
and the second line being the vector states under D. We may then complement our chiral
Lagrangian by adding the kinetic and mass terms for the spin-1 states,

1 1
L, z—ETr(pr‘”)+§mi Tr(pup“), (37)

with p,,, = 9,0,—0,0,—18, [p s pv] being the non-Abelian field strength tensor. The p mass
can be expressed in terms of low-energy constants (LECs) of the full SU(4) x SU(4) theory [8].
We retain here m,, as a free parameter, but it will be ultimately fixed by the ultraviolet theory,
see section 6. By inspection of the p matrix in the generator basis (36), we can identify the
QCD-like spin-1 states. Transformations between these two bases are given in Appendix A, see
in particular equation (A.17)

The interactions between the Goldstone bosons and spin-1 states may be obtained by in-
troduction of a “covariant derivative”,

DE=3,5+ig,(p,S+p!), (38)

where g, is the phenomenological coupling between spin-1 meson states and the Goldstones.
In practice, coupling the axial-vectors in this way results in non-diagonal kinetic terms when
we promote our derivatives to covariant ones in the leading order chiral Lagrangian. Coupling
both vectors and axial-vectors in this way ensures that axial vector states are always higher
in mass than the vector states. To make this explicit, we follow [72] and expand our kinetic
term to quadratic order in the fields. The kinetic terms for Goldstone and axial-vector fields
are non-diagonal:
1 1 2
L"kin = ETr(aun_Efngpau) > (39)

where a, = Zi:l psz is the matrix describing the five axial-vector states, defined in (36).
The action is diagonalized by the field re-definitions

. 8o x4 . 1 17
—d,+ ——fr0,"%, n—Z A, fr—=Z  fr,
ﬁm% (40)

72 = (1-g2f2/2m2) ~ (14 g2f2/2m2)

ay

where the tilde superscript is reserved for the physical basis, and can be dropped once the
action contains only physical states. This splits the vector and axial-vector states in terms of
their masses, with the axial-vector mass now related by

mz—mf)/Zz. (41)

a =
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The exact value of Z, and therefore the relative mass of the axial-vectors, now depends on the

low-energy constants g,,, f, and m,,. The value of g, is often estimated by the Kawarabayashi-

m2

Suzuki-Riazuddin-Fayyazuddin (KSRF) relation [73, 74] ng)m A —%, which implies that

7’ ~ % This value of Z ensures that axial-vector states are heavier than vector states by
a factor of ~ +/2. The KSRF relation has been tested on the lattice for Sp(4), gauge theory
with quenched fundamental fermions, with the discrepancy between lattice and theoretical
values being ~ 10% [8]. We can conclude that the axial-vector states should always be signifi-
cantly heavier than the vectors. In what follows, we will usually neglect these states, assuming
them to be decoupled.

We stress, however, that the applicability of KSRF in symplectic theories is not yet a settled
issue. Studies on SU(2) gauge theories have found that the relation overestimates the value
of the ptmt coupling by > 20% [75]. We reference it here only to provide a rough estimate on
mass splitting between vector and axial-vector states.

3.4 The WZW action including spin-1 states

In this section we show how to include the spin-1 composite states in the “anomalous” dark
sector interactions induced by the WZW action. In the spirit of the construction above, it is
clear that the action (25) alone is not “gauge-invariant” and additional terms must be added
to restore invariance; they may be obtained iteratively by the Noether method.
To proceed, we use the Hidden Local Symmetry framework, and following [72, 76], we
first define the fields®
L=dzs’, R=3'dx, (42)

with d¥ = dx*J, %, in terms of which the WZW action may be rewritten in the compact form,

Twzw = cf Tr(L)® = CJ Tr(R)’, (43)
Qs Qs

with C the prefactor of the integral in (25). We recall that the chiral field transforms as
Y — UZUT with U € Sp(4). Restricting our focus to the lighter spin-1 ten-plet, infinitesi-
mally, U is given by 1 +iG +... with G = GT%, a =6,...,15 an element of the Lie algebra;
the generators are given in App. A. The infinitesimal transformation is then

T 2+i(GE+TGT)+..., (44)

i.e., the infinitesimal variation in ¥ under Sp(4) is given by 6 X =i (GZ} + ZGT) . The ensuing
variation of WZW action is then given by

Tr(dGL4+dGTR4)=—5Cif Tr(dGL*—dG"R?). (45)
Qs M4

In the second equality we have used the property of the exact forms dL. —L? =dL®—L* =0,
dR+R? = dR®*+R* = 0, and applied Stokes’ theorem. Now we introduce the 1-form p=p pdxt,
and use the leading order expression for the variation in p, p & dG, to find the first correction
the WZW action,

) IFWZW+5Cing Tr(pL? —p"R?). (46)
M4

8Unlike in QCD [72] field L(R) does not transform as a nonet under the left(right)-handed part of the chiral
symmetry. Our considered theory possesses an enlarged flavour symmetry, and we consider only the two-flavour
case. We use this notation only to save space, and for some consistency with the literature.
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This process can be repeated to iteratively build the full expression for the gauged WZW ac-
tion. We simply find the variation in this first correction under local Sp(4) and determine the
appropriate counterterm whose variation in p will cancel it. We now present the particular
form of the gauged action for Sp(4), gauge theory:

Twzw(Z, p) = F\E\(r)z)w +5Cig, J Tr(pL®—p"R3)

M4

5

+—Cg§J Tr(prL—pTRpTR)

2 s

+5Cg§f Tr(dpdzp =" —dpTdxpx) 47)
M4

—SCigf;J Tt (pL—(pT) R+ pZp = pL—p = p5p R)
M4

—SCg,‘if Tr(p°mp 2~ (p") 2'px),
M4

with L and R given by (42). It should be noted that the previous expression is not just valid
for working out interactions involving composite vector states. It is valid for any symmetry
with the transformation law (44). This means that gauging the full SU(4) flavour symmetry,
rather that just the Sp(4) subgroup, allows us to characterize the interactions involving also
the axial-vector quintuplet. We stress that the gauged expression for the WZW action allows
studying number changing interactions that include vector states. If the kinematic conditions
are favourable, i.e., if vectors and scalars are close in mass, this will affect the SIMP mechanism
for DM freeze-out [33]. We also note that the explicit construction of WZW including the rho
mesons has allowed us to realize that two of the remaining p mesons are unstable due to
the AVV anomaly. Thus, not all (off-diagonal) p mesons of the theory are stable as claimed
in [29]. The generic expressions for the WZW term for SU(2N;)/Sp(2Ny ) breaking have been
previously presented in [77] and for general coset space they are presented in [78]. It should
be noted that the use of Hidden Local Symmetry (HLS) has allowed us to use gauge invariance,
thus fixing all free parameters of the Lagrangian shown in Eq. 47. The HLS formalism in
general holds for a complex representation of SU(N) gauge group. We expect it to be valid
also in our theory, however no explicit lattice tests exist.

4 SIMPs under Abelian gauge symmetries

Eventually, we want to couple the non-Abelian dark sector to the SM. A simple, but by no means
the only option is to gauge (part of) the theory under a new Abelian dark gauge group U(1)’.°
The new (massive) vector V* may then kinetically mix with SM hypercharge. Denoting the

respective field strengths by V,,, and B,,,, the interaction is given by,

Line = ————B,,V*?, 48
nt 2cos By MY (48)
where 6y is the SM weak angle. The consequences and phenomenology of this “vector portal”
have been studied in great detail; see [80-82] and references therein. For example, after elec-
troweak symmetry breaking and when the V#-mass is well below the electroweak scale, (48)

°See e.g. [79], where a Sp(2N) gauge theory with 2N » Weyl fermions is coupled to the SM through an axion-like
mediator. We also note in passing that the vector portal induces at loop-level also a Higgs-portal coupling. Since
we only consider leading-order effects, this loop-suppressed contribution is left for future work. Note that any
explicit Higgs portal coupling will be at least a dimension-five operator, due to the fermionic nature of our dark
quarks, and thus will be suppressed as well, and is hence likewise postponed.
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Table 2: Possible charge assignments, their associated symmetry breaking patterns,
and ensuing multiplet structure. When ¢ is a singlet, it is not protected by the
flavour symmetry and can in principle decay.

Charge Assignment Q Breaking Pattern Multiplet Structure
o\ ([
diag(+a,—a,—a,+a) Sp(4) - SU(2) x U(1) P ,( B)
nf T
n¢ D
diag(+a, +a,—a,—a) Sp(4) - SU(2) x U(1) , (TCE)
B
U
diag(+a,+b,—a,~b) ,a#b  Sp(4) > UM xU) ()| )|
0 0 a O c
0 0 0 =a s | (7P
i 0 0 0 Sp(4) = SU(2) x U(1) Z;D ,(nB,A)
0 £a 0 O

B
other off-diagonal assignments Sp(4) —» U(1) x U(1)  (n©), (:2), (ZD) or similar

induces “photon-like” interactions with SM fermions f, eq; f vuf V¥ where gy is the electric
charge of f. The new vector is then commonly referred to as “dark photon.” For the purpose
of this work, our principal interest lies in exploring the various options of coupling V* to the
non-Abelian dark sector. The study of its phenomenological consequences is left for future
work.

4.1 Charge assignment in the UV

In what follows, we explore the possible charge assignments of the Dirac flavours under U(1)’.
We summarize the findings in Tab. 2. Since the Weyl basis is used to make the global sym-
metries of the theory manifest, we may also look at the transformation properties of the Weyl
spinors under U(1)’. The “vector” ¥ which collects the Weyl spinors of our theory is related
to the Dirac fields through (6). Fixing the charges of our Dirac fields is therefore sufficient in
fixing the charge assignment in the basis of Weyl spinors.
Under a local U(1)’ transformation with gauge parameter a(x), the components of ¥ trans-
form as
Wi exp [ia(x)Qij]\IJj“ z\I/ia+ia(x)Qij\IJja, (49)

with i, j flavour indices and a denoting the colour index of each component of ¥. The in-
troduction of the covariant derivative then renders the theory invariant under U(1)’ gauge
transformations, 4 _ 4 .
8,V — D, W' = 3,0 +ie,V, Q; ;0. (50)
Q; is a symmetric matrix in flavour space containing the U(1)’ charges of our Weyl flavours;
ep is the U(1)’ gauge coupling and the gauge field transforms as V¥ — V¥ + %a(x)V“.
To begin with, let us restrict ourselves to the particular case of diagonal charge prescrip-
tions. To obtain vector-like couplings, the definition of ¥ in (6) implies that the first (second)

and third (fourth) components must have opposite charge. Now for any vector-like charge
assignment in Dirac flavour space (a, b), the charge matrix for the Weyl spinors is then given
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by

Q =diag(+a,+b,—a,—b) (vector-like assignment). (51)

Gauging the theory under U(1)’ may provide a source of explicit global symmetry breaking.
To understand this, we study how the gauge interaction term in the Lagrangian,

£5—epV, ((¥) 5" 0,w), (52)
transforms under the remaining flavour symmetry Sp(4) as
Wi V00 = (14008 TY +... ) 9, (53)

with i, j flavour indices. Here, N = F,..., 0, correspond to the Sp(4) subgroup of the SU(4)
flavour symmetry, as given by (A.18). Only the variation under this subgroup is relevant since
the global SU(4) is already broken.

The variation in the Lagrangian density is found to be

sL=iepV, (W)'T,0VN[QTV]V), (54)

This expression is general and not specific to a particular choice of U(1)’ charges. We see that
the remaining flavour symmetry is spanned by those generators TV of Sp(4) that commute
with Q.

Making use of this expression allows us to identify the unbroken symmetries for any par-
ticular charge assignments. The distinct choices are outlined in table 2. We find that two diag-
onal assignments preserve an SU(2) x U(1) subgroup of the flavour symmetry, while all others
maximally break it to U(1) x U(1). In what follows, we show that these flavour-conserving
interactions lead to anomaly-free couplings between Goldstone bosons and the dark photon.

We now turn our attention to the possibility of off-diagonal couplings, i.e., allowing charge
assignments Q;;, i # j in (50). Thereby, the various Weyl flavours may couple differently to
the U(1)’ field, allowing, for example, flavour changing processes. Since (54) is valid for
any symmetric Q, we can also see how these flavour changing assignments affect the global
symmetries of the theory. We see similarities with the diagonal prescriptions; again exactly two
assignments preserve a SU(2) x U(1) symmetry, while all others maximally break the flavour
symmetry to U(1) x U(1). We note that from the definition of ¥ (6), it can be seen that the
flavour-conserving assignments are those which couple the left- and right-handed components
of the same Dirac spinors u and d. While two of the charge assignments shown in Tab. 2 are
the same as those identified in [11], we also identify the existence of the flavour changing
currents.

4.2 Stability of the flavour diagonal Goldstone

In the DM context, the question of the stability of the Goldstone bosons is of course of crucial
importance phenomenologically. In particular, the stability of the flavour diagonal Goldstone,
n¢, is important to understand. As is the case for the SM QCD neutral pion, a coupling to an ex-
ternal mediator (dark photon) can destabilize the particle. In order to establish the stability of
particles under a particular charge assignment, it is sufficient to determine the representations
in which the particles transform under the remaining flavour symmetry. In particular, when
all Goldstones transform in a non-trivial representation of the preserved symmetry, they are
protected from decay. The multiplet structure of Goldstones under various charge assignments
are given in Tab. 2.

For all assignments discussed in the previous section which maximally break Sp(4) flavour
to U(1) x U(1), all off-diagonal Goldstones acquire a net U(1)’ charge. Since the diagonal
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Goldstone state remains uncharged, it splits from the others and is made a flavour singlet. As
a result, it can decay. The symmetry-preserving assignments are a different story, however.
When the symmetry is instead broken as Sp(4) — SU(2) x U(1), then only a pair of Gold-
stones from 8PF acquire equal and opposite U(1)’ charges. The remaining PNGBs form an
uncharged triplet which transforms in the adjoint of the remaining SU(2) flavour symmetry.

We remind the reader that our discussion of global symmetries thus far has assumed that
the theory contains two degenerate Dirac flavours. In the presence of mass-splitting between
the dark quarks, flavour symmetry is already broken to SU(2) x SU(2) and the =€ is always a
singlet, although accidentally stable in the isolated Sp(4). sector. Once we couple it to the dark
photon, it is expected to become unstable, as it is not protected by any symmetry. Care then
must be taken in ensuring that such theories, when entertained as DM scenarios, can be made
consistent with constraints from the astrophysics and cosmology; we leave such exploration
for future work.

Finally, we comment on the stability of the iso-singlet pseudoscalar, the n’. This particle is
always a flavour singlet. This ensures no charge assignment protects its decay. As soon as the
hidden sector is coupled to U(1) the n’ will be destabilized, and decays through tree level
processes mediated by pairs of dark photons, like the corresponding 1’ does in QCD.

4.3 U(1) interactions with mesons

We now turn our attention to the interactions in the dark sector with the U(1)’ field. To
see how the light mesonic states interact with the associated gauge field, we must examine
the transformation properties of the vacuum under the U(1)" symmetry. Under U € U(1),
Y. transforms as

Y- USUT ~Z+id (x) (0T +207), (55)

with o’ parameterizing the local U(1)’ transformation. From this we can determine that the
covariant derivative acting on X,

D, =0,%+iepV, (9T +32Q7), (56)

In the following Q is taken to be diagonal and U = UT. As discussed in the previous section,
the presence of this coupling breaks the global flavour symmetry to some subgroup of Sp(4).
A subset of the PNGBs become charged under U(1)" and couple directly to the dark photon.

The specifics of the interactions of the dark photon with the pion fields depend on the
charge prescription Q. An interesting aspect of this theory is that through different choices
of charge assignment, we can selectively couple the vector to different pairs of off-diagonal
pions. For example, for the previously mentioned (+1,—1,—1,+1) prescription, we couple
only to the 8 states with interactions of the form

Ly_n =—2iepV¥(n,nP —nB8,n") + 2V, VFinin®. (57)

Fora (+1,+1,—1,—1) charge prescription, we couple only to the other pair of Goldstones 7?F

with the same type of interaction seen above. This property distinguishes the theory from two-
flavour QCD. Here, even nontrivial charge assignments can preserve stability of all Goldstones.
A pair of states carry U(1)’ charge, while the remaining states form a flavour triplet. The above
interaction Lagrangian sources two distinct interactions, a three point interaction from the first
term, and four point interaction from the second. Both of these interactions must be taken into
account to obtain gauge invariant results. The explicit Feynman rules are provided in Appendix
C.1.
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In addition to the Goldstone mesons, the spin-1 mesonic states interact with V#. Gauge
invariance of our action is preserved through the inclusion of the term

e
Ly_, = —g—DVWTr(Qp‘“’) . (58)
P

Performing a global flavour transformation of the vector multiplet (transforming in the ad-
joint representation of the flavour symmetry), we verify that Ly,_, respects all symmetries not
already explicitly broken by gauging the theory.

Again, the question of charge prescription is of central importance. The trace in (58) picks
out only the flavour diagonal vector mesons, but, in addition, specific charge prescriptions will
induce mixing among different flavour-diagonal vector mesons. For Sp(4), at hand, there are
two flavour diagonal vector mesons, pN 0. The first (second) charge assignment in Table (2)
couples only to pV (p©). This implies that one of these states is stable against decays into
the SM, while the other is unstable for both of these assignments. This fact also highlights an
interesting difference between Sp(4) gauge theory and standard QCD: since the Goldstones
of the former theory do not transform in the same representation as the vectors under flavour,
they are not protected by the same symmetry. The flavour-diagonal p can decay while the
flavour-diagonal Goldstone boson remains stable.

Decays of Goldstone bosons occur through processes mediated by pairs of dark photons.
The relevant m —V — V vertex is sourced by the gauged WZW action. Following the same
process described in subsection 3.4, the anomalous interactions involving the dark photon can
be computed by gauging the WZW term under the U(1)’ symmetry. The complete expression
is

Y = 5Cif epVTrQ(L3 —R?)

e (59)

—1OCJ e2VdVTrQ*(L +R),
M4

with dV = g, Vdx*. For example, the term in the second line leads to the following interaction

)
40iCe;,

‘Cint D f—zeuvaﬂV“(?”VO‘Tr(Qzaﬁrc) . (60)

Since all the generators of SU(4)/Sp(4) are traceless, it is clear that the condition Q2 o< 1 is
sufficient for this vertex to vanish for all Goldstone bosons. The two flavour-conserving charge
assignments given in table 2 satisfy precisely this condition. Since these charge assignments
ensure that all Goldstones transform nontrivially under flavour, this cancellation holds to all
orders, and this anomalous vertex is not generated by higher order chiral terms. This is not
generically the case for other gauge theories. For fermions in complex representations, the
anomaly cancellation condition Q2 o< 1, cancels this vertex only at leading order. Higher order
terms facilitate this interaction [35] and so allow Goldstones to decay, highlighting another
key difference between pseudo-real and complex representations.

4.4 Goldstone mass splitting through radiative corrections

In the presence of explicit symmetry breaking due to U(1)’ charges, the masses of our charged
Goldstones are renormalized. This can be incorporated into the theory through the inclusion
of an explicit term of the form

Ev-split = KTI’(QZ QZT) s (61)
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Figure 3: Diagrams contributing to the Goldstone mass-splitting due to U(1)’ gauge
interactions. Curly lines denote U(1)’ gauge propagators, solid lines p meson propa-
gators. Empty dots signify vertices which sum over bare couplings of the Goldstones
to V¥, as well as contributions from mixing with the p mesons. The crossed dot in-
dicates oscillation between V* and p.

where k is the associated LEC, describing the induced mass splitting due to the gauge inter-
actions. For all charge prescriptions which preserve n¢ stability (with Q2 o< 1), Goldstones
charged under U(1)" acquire a correction to their masses which takes the form

2Ke?

Am?2 = D
bis 2
fz

Any overall rescaling of the charge matrix can be absorbed into the definition of ep. For
other charge prescriptions, corrections for a given Goldstone can be acquired by multiplying
the above by a factor of Qi/ (2ep)?, with Q,, the U(1)’ charge associated with the particle in
question. With the full chiral theory, this mass splitting can be estimated through resonance
contributions to the self-energy of the Goldstones, under the assumption of vector meson dom-
inance [83].

Assuming that axial vectors are heavy enough as to be decoupled, the three diagrams of
figure 3 need to be computed. Using the interactions discussed in previous sections, we may
evaluate the mass corrections at leading order in mi. We compute the diagrams in figure 3
with the external Goldstone lines on-shell and assume vector meson dominance [83], wherein
the form factors of the Goldstone bosons are dominated by the spin-1 multiplet at low energies.
The leading order expression is obtained by neglecting the terms proportional to the on-shell
momentum squared. Expressed as a loop integral, the correction takes the form

(62)

Am2:6e123m4f d*q L s (63)
) O e )

with the left-hand side of the equation denoting the self-energy of the Goldstone evaluated
on-shell. Such a treatment done entirely in terms of the low energy degrees of freedom of
the theory hence allows us to estimate the Goldstone mass splitting. Equation (63) can be
evaluated to determine the leading correction to the charged Goldstone masses, which takes
the compact form

6e? m? m2
Am? = —2 ﬁlog(%) : (64)
(2m)* my, — ms ms

This result is exact in the chiral limit, and is independent of the hierarchy between V and p.
The expression is continuous even at the crossover point my = m,,. Comparison with (62) lets
us finally give an estimate of k, expressed as a dimensionless ratio, at leading order

K 3 fnz/mf) m%,
TN T mz =198 2 | (65)
myg, T mv/mp—l m2
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U(1)" breaking parameter k against dark photon mass my
1071 [ 7 T ]

0= Sp(4), - my/ fr = 7.37(15)

10-s L= Sp(d)e - my/ fr = 8.08(32)

== QCD : m,/fr = 8.34(2)

VA (S (0 10" 102 10° 10*
my/m,

Figure 4: The low energy constant k parameterizing the explicit symmetry breaking
due to the U(1) interaction in units of m;‘) as a function of my/m, according to
(65). The ratio of the dark vector meson mass to the dark Goldstone decay constant
m,/f~ has been constrained through the lattice results of [6]. We quote the results
for two limiting cases: First, for the lattice simulation with the heaviest fermions
for which leading-order chiral perturbation theory is expected to hold. This corre-
sponds to m,/f, = 7.37(15). Secondly, for the extrapolation to the chiral limit,
where m,/f, = 8.08(32) was found. We conclude that this relation shows only a
very weak dependence on the dark quark masses. In addition, we plot (65) for the
experimental value of Standard Model QCD.

Here, two different hadronic quantities of the strongly interacting theory enter: the mass of
the vector mesons m,, and the decay constant of the (pseudo-)Goldstone bosons f. They are,
however, not independent LECs and their ratio is constrained from lattice data [6]. Hence,
once the underlying theory is fixed, x only depends on my; and one ratio of dark hadronic
observables; see also section 6.1 for a discussion of the free parameters of the UV complete
theory.

Close to the chiral limit, i.e., in a regime where m,,/m, > 1.4, m, /f;, > 7 always holds [6].
The heaviest fermions for which the theory was sufficiently close to chirality resulted in
m,/fr =7.37(13). An extrapolation to the chiral limit yielded m,/f, = 8.08(32).

In Fig. 4 we plot (K / mg) as a function of my /m,, for the two aforementioned ratios of
m, / f as well as the experimental value from SM QCD. We see that the underlying gauge the-
ory strongly constrains (65). Even for different gauge groups the results are very similar [84].
Therefore, the quantities f, and m, and even their ratio can, in general, not be considered as
free, independent parameters. Fig. 4 also illustrates the potential for fine radiative mass split-
tings, independent of the splitting between Dirac flavours. my and ep remain independently
variable parameters, allowing a wide range of mass corrections to be obtained depending on
what phenomenology is of interest. We also note that the expected behaviour of k as a split-
ting between V and p occurs is reflected in Fig. 4, with radiative corrections diminishing as
my becomes large.
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5 Chiral Lagrangian in presence of small mass splittings in fermion
masses

In this section, we study the consequences for non-degenerate fermion masses in the UV,
m, 7 mgy. Whereas this is the case for any two flavours in QCD, for the SU(4), case of in-
terest here, the low-energy effective theory in the presence of a fundamental mass-splitting
has not yet been studied. As mentioned in Sec. 2.1, the global flavour symmetry group SU(4)
breaks explicitly to Sp(2), x Sp(2), for m, # my in the two flavours u = (u, iiz),d = (d;, dg).
We may restrict ourselves to positive mass splittings Amg, = my —m, = 0; the opposite case
is simply achieved by a relabelling of the fields u — d and d — u as nothing else distinguishes
them. The remaining symmetry Sp(2), x Sp(2), invites us to switch to another basis where
the generators are (anti-)block-diagonal given by (A.12). We denote the generators in this
basis as T%. The mass matrix can then be expressed as a sum of block-diagonal forms,

_ _ io-z 0 0 0 o o 9
M—Mu+Md—mu( 0 0)+md(0 wz)—Zz(muTu+ded), (66)
where M,, M, are mass matrices of the respective flavours and Tuz, sz are generators of
Sp(2)y x Sp(2)4-

5.1 Mass and kinetic terms in the non-degenerate case

When mass splittings are taken into account, the low energy decay constants as well as vacuum
condensates will generally be modified, or, better, carry a flavour-dependence. Our choice of
decay constants and vacuum condensates that enter the construction of the chiral Lagrangian
is motivated by the lattice results of Sec. 6. Concretely, we make the following replacement
when considering split u and d quark masses,

f m,#my fTC for 7'[1’2’4’5 M?’ m,#my ‘Uzi = %(uTo-stle) (67)
T fr, forms ’ “?1 = %(dTOZSEZd) ’
where E, =io, is a matrix in flavour space. The chiral condensate changes to
w0 0
3 E 0
gy | M O 0 0 572 _ 3 (sodeg. _ 3
(qlq]> - 0 0 O Mz - Au’u 0 Z_§E2 - 'u'u (ZO + AZO)U — ,uu (ZO)U ) (68)

0 0 —u3 0

where deg' = E is the vacuum alignment for m, = my; for concreteness we have chosen to
pull out a factor of ‘“2 which shall serve as overall normalization. Switching to the (anti-)
block-diagonal basis given in (A.12) and denoting the change of % in presence of different
chiral condensates as AY, we arrive at,

0 0
AYy = 3.3 . 6
0= 1, Hd;ﬁuu E, (69)

For the chiral Lagrangian for non-degenerate fermion masses in a generalization of (22) we
may take the ansatz,

2
L= Liin + Lonass = Z“Tr[auza“z"“] — %ui (Tr[MZ]+h.c). (70)
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The chiral field is now parameterized as follows,

Y=exp|— Z nkT +—7‘C3T3 X €xXp —n3T3+— Z k(Tk)T . (71)
f“k 1,2,4,5 fry fry f”k 1,2,4,5

In order to obtain canonical kinetic terms, a rescaling of the fields is necessary,

2u3 f vau?
Mu e (k#3), my— o Yt

e —— Y
3 3
B3+ fr \Ju +u§

In terms of the rescaled fields according to (72) and the chiral field (71) expanding (70)

(72)

T —

d d o
we may write the Lagrangian in terms of its mass-degenerate form £, °& +£Hi§55 plus additional
terms that will vanish once the mass-degenerate limit m, = my is taken

2 2
m: —m
deg. deg. T T3 2
L= Ekm + Lmass + 2 T3

1 () +2udul—3u5)
2( d urd d) Z (rckrtkaurcna“rcn—nkaurtkrtnaunn)
12f2 (ug+ed® 52
1 ud(ud —u3)?
82 (u3 + B2)2(u§ + ) &

Z(a T3 — T30, ) (BF gmy — Mg @t my)
k;és

1 pdud—udy
6F2 (U3 + p2)2(u§ + uS) &

ana 7 (1 Y g — ma AP my)

k;és
2

(g + 203013 — 3ug) m (iﬂ) (Pl + 2+ ) G ) (an)
48f2(u} + p3)? 24f2(u3 + 13)? (u§ + ug) '

+MS(M3—MH) (m2—m2)

n=1

4 6
T+ (’)(7‘5 )
24f2ug + ) (g + Md) i
(73)
Here, Lﬁff ,Eﬂffss are found in (23) and (24) with f, as on the R.H.S. of (67) and m,, defined
through
6 6 3 3
mlemd = 2p,(my +my) 2 2u, (my s, + mguy) ' 74

m2as o fAud+pd) T FAE+uf)

As can be seen, whereas 7, 5 4 5 remain degenerate, 75 is now split from the other states.
In other words, 71 5 4 5 form a multiplet and 73 transforms as a singlet under the symmetry
SU(2), x SU(2)4. It should be noted, that such mass-difference only appears for uy; # u,
and the introduction of different chiral condensates was necessary to induce such splitting.
Similarly to QCD, in leading order in the chiral expansion, the Goldstone masses do not depend
on the difference in decay constants f, # f,. Of course, once m, = my, the Goldstone
spectrum becomes degenerate and the global flavour symmetry Sp(4) is restored.

5.2 WZW Lagrangian in the non-degenerate case

Next, we consider the WZW term for the PNGBs for non-degenerate fermion masses. Due to
the correction factor in X in (68) also the five point interaction is modified. In its compact
form, the WZW term may now be written as,

£WZW: m “”"UTr[Aza Aza .Aga ./423 -/42,]: (75)
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where Ay, := 2o A = (EA+ A% A), A := (72, + EOﬁT) and

2““ m Tk + Y24 — L _n,T3
(“3+“d k=1,2,4,5 (M6+Md)

Here, m has already been used in its rescaled form according to (72). Expanding the La-
grangian as usual, we find that the effects due to non-degeneracy yield a modiﬁed pre-factor

multiplied onto the Lagrangian that is equivalent to the degenerate case o
the R.H.S. of (67),

sz with f, as on

6 / 6
¥ ‘ug—i_‘ud [’deg. (76)

Lwazw = Tz Cwow

The prefactor is larger (smaller) than unity for u, < ugy (u, > ug.) The total Lagrangian
including the WZW interaction is then given by the sum of (73) and (75).

5.3 Goldstone mass spectrum through partially conserved currents

We may also obtain the mass difference of the pseudo-Goldstones from the chiral Lagrangian
(70) by means of current algebra instead of direct computation. We switch again to basis of
generators given in Eq. (A.12), but all following quantities are also valid in the basis (A.6),
replacing T¢ by T9. Recall that under a SU(4) transformation, the chiral field infinitesimally
transforms as

2 UsUT ~2+i6, [T+ 2(T9)']. 77)

Before we derive the Goldstone masses, for completeness, we begin in the massless theory and
establish some basic facts. The Noether currents associated with the SU(4) flavour symmetry
read

£2 '2 [“ {z,0"27}] a=1,3,5

i i a =a\T —

J#{MZO:zETr[auzw(T z+x(79)")]= Enlf [2 ovsi]] a=2,4 (78)
a=6,...,15.

Hence, the currents are non-vanishing for generators associated with the Goldstone bosons.
Under ordinary parity P (see Eq. (14)), the currents associated with a = 1,3,5 and a = 2,4
are axial-vector and vector-currents, respectively: PJ{L’ 3’5| m=o(X,t) = —Jf’ 3’5| m=o(—X,t) and
PJZ alv=o(X,t) = JZ 4lm=0(—X,t). However, under the generalized parity D, all Goldstone
bosons are pseudoscalars and the currents associated with a = 1,...,5 are indeed axial-vector
currents, DJ | 3—o(X, t) = —J¥|31—0(—%, t). To leading order we have,

J5|M=Ozfﬂta'una) a= 1;"':5- (79)

As is evident, in the massless theory, these currents are conserved, J, JY v—o = 0, implying
the masslessness of the Goldstone bosons. We now turn to the massive theory, M # 0, and
establish the mass spectrum. To this end, we first note that the change of the Lagrangian upon
the SU(4) transformation in (77) reads,

;3
iy

Ar[Te(zM-M=N]+ [ (T9) (Mz—="M")]} . (80)
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From the general definition of the Noether current J~, one may use the above expression to
identify the non-conserved currents for the generators associated with the Goldstone bosons,

.3
au.](‘l":ll;u {Tr[Ta(ZM_MTZT)]+Tr[( a)" (MZ—Z:"'MT)]}
we [ T ] for (1) =10 a=135 @Y

=S54 w[1e (- (M= )] for (70) =790 =2,4
0 fora=6,...,15.

We may now use the method of partially conserved axial currents which posits,
9, 10) > m? fr |ma(p)) (82)

and compare the masses on the right-hand-side with the ones obtained by the direct evaluation
of the traces in (81). Accounting for the rescaling in (72), we obtain

2M5(mu + md)

3,J 10)  ————Z|m(p)), k=1,2,4,5,
ok fr(ud+u3)
208 (myud + mg ) (83)
9Ty 10) > ————— |m3(p)) .
fr(us +ug)

9,J*10)=0, n=6,...,15,

The comparison with (82) shows that we recover the masses previously found in (74).

5.4 The pseudoscalar singlet in the non-degenerate case

Finally, we work out the role of 0’ in the non-degenerate fermion mass case. For this, we again
perform an extra rotation on the chiral field in Eq. (71),

r - exp[?l ]Z. (84)

n/
Then, the kinetic term in the chiral Lagrangian up to fourth order in the fields is given by
L 8, " (a Nk (%) + ot
kin = ZZ LT O e+ = (Gums Gum oty +0(n") | (85)
k#3

where we have used the redefinition of the fields following (72) and, additionally rescaled n’

as,
/ fn’ ‘/5“3
n —

—F—
Jr \Jug + i

As can be seen, in the non-degenerate case, a kinetic mixing between 75 and 7’ is induced by
the off-diagonal elements of K,

/

(86)

1 (('u’u_'ud)

2(ub+u§
(o) ] (©7)
2(uS+ug)

K =

We put the kinetic term into canonical form in terms of the diagonal fields,

ft3\ _ c1/247 [ 73
(ﬁ)-s/ckn(w), (88)
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where O, is the orthogonal matrix, that diagonalizes K (mixing angle 1t/4) and S is composed
of the eigenvalues of K in the diagonal, fulfilling S = O% _KO,;,. The matrix S is given by

kin

1 3ub + ub 0
5=6—(“d+““ 6 6). (89)
2(uf + u8) 0 g +3u,

In the new basis Eq. (88), the kinetic terms are then diagonal and canonically normalized.
We now turn to the mass term in the chiral Lagrangian after rescaling of the fields (72)
and (86),

6
py(my, +my) 1 Tis
/-:mass=2(mu‘u3+mdu3)_u—zni__(n3 n/)MZ /( 7> (90)
‘ FRAui+ud)im 2 AN
where the squared mass matrix of 15 and 1’ takes the form
. _ b 2(myu3 + mgu3) 2(m, 3 — mdl:;) o1
w1 f2(ub 4 ub) \ 20myu; —mapd)  2(myps + mapd) + ZM—gAmf),fnz,

We see that in addition to kinetic mixing there is also a mass mixing. We recall that Am?, was
introduced as an explicit breaking of the U(1), symmetry. Switching to the new basis (88),
the mass term is then diagonalized by the transformation,

7:53 T 7%3 _ Cos Qmass sin Omass
( ﬁ/ ) B Omass( ﬁ/ )’ Omass B ( —sin Qmass Cos Qmass ), (92)

with the mixing angle .. given by

£ ami o/ (ug +3u8) (3u§ + ug)
fnz,Am%, (u§ —us)—2x_

tan 20,,,. = (93)

6
where x, := Z—g ((md,uz (,ug +3u2) + mu,ufl (B,us +,u2)). For Am,, = 0, the squared mass

matrix is automatically diagonal (6,,,,, = 0) after diagonalization of the kinetic term. Likewise,
in the mass-degenerate case, no kinetic- and mass-mixing is induced even for Am,, # 0. The
total Lagrangian in the new basis is given by,

1 1. . N 1. . o
£=Lin+ Lmass =5 > 8, mdtm + S Qufts @V Tty + 20,17 87

i3
3 3 m%: 2 mf{g -2 mf), 12 4 O
+2(muuu+mdud)——z71k——ﬂg——'fl +0(7"),
2 2 2
i23
with masses
6
m2 = m?2 _ 2.U'u(mu + md)
T T2es o f2(p3 43y
2
a4 [£2am (ug+pl) tx,  yffhamd, (ug+ o) +x2 - F2Am2, (u§ — ug) x
ms =—— — ,
o f2 O\ (Bug +ug) (ug +3u8) (3§ + pg) (u§ +3ug) ©5)

m2 4u§ [ foamy (ug +u)+x, \/f;‘,Amfl, (1§ +u8)” +x2 — £2.Am?, (u§ — ) x_
n fT% (3“2 + MS) (ug + 3[42) (3“2 + “2) (‘ug + 3“2)
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As expected, the pseudoscalar i has a larger mass than 75 and remains massive even in the
chiral limit for Am,, # 0. The Goldstone and 1’ spectrum become degenerate for Am,, =0,
once m, = mg, h, = Uq. For Am,, = 0 the masses reduce to

2 8,uzmu 2 8:“’2»““3 my

m> =—*3*—— — m?=—2C (96)
ﬂ 6 ’ n 6
o fR(ug+3ug) f2(3uG +ug)

In Sec. 3.2 we showed that at leading order n’ does not appear in the WZW term in the
case of degenerate fermion masses. In case of non-degenerate fermion masses, the iso-singlet
1’ enters the WZW interaction through the mixing effects between " and 75. In the basis in
which kinetic and mass terms are diagonal, we obtain,

6 6 6 . .
L _ ‘U’d (‘uu + ‘U’d) ( COs Qmass . sin Gmass ) deg.,t ( COS anass _ Sin Gmass ) Edeg.,ﬁ/ (97)
WZIW — 9 WZW WZw |
V20 VauS+us  \/uS+3us VS +3u8  /3u8 +us

deg.,® . . . . o deg.,7i’
szre, L7 is given in (76) where 73 is replaced by 73 and Ly, takes the same form as
r eg.,m

wow i (76) with 73 being replaced by 7j’.

6 Lattice results on Sp(4), with Ny =1+1

6.1 Free parameters of the microscopic Lagrangian

The chiral Lagrangian has several low-energy constants that cannot be obtained from the ef-
fective theory itself. These can be determined from the underlying UV-complete theory. As
the UV theory is strongly interacting, this requires a non-perturbative method, for which we
choose lattice here. This allows us to follow standard procedure for the task at hand [4]. Any
potential influence of gauging under U(1)’ as discussed above is expected to be small, and can
thus be accounted for by using perturbation theory a posteriori. A similar situation arises in
the SM weak interactions of mesons, where the same approximation also holds very well [85].

In the following, we thus consider the strongly interacting Sp(4), gauge theory with two
fundamental Dirac fermions in isolation. The mass degenerate case was already studied in [6]
and pioneering studies in Sp(4). Yang-Mills theory and the quenched theory have been carried
out in [7,86,87]. Since we use the Sp(4). branch of the HiRep code [88] developed in [6,7]
for the simulations, we use the same technical framework. We briefly repeat the pertinent
details in App. D.

The theory has three free parameters, the gauge coupling g and the two bare fermion
masses m,, and m,. In the context of lattice calculations, it is convenient to express the gauge
coupling as 8 = 8/g2. Note that both the coupling and the fermion masses are the unrenor-
malized bare parameters and thus unphysical.

In the continuum theory, the overall scale would be set by one of the dimensionful pa-
rameters, but in a lattice calculation it is convenient to use instead the finite lattice spacing a.
Masses are then measured as a multiple of the inverse lattice spacing a~' and we report here
the dimensionless products am in the following. Only once some dimensionful quantity is
fixed, e.g., by experimental input, explicit units become possible. Fixing the scale, and thus
the lattice spacing, implies that also one of the bare lattice parameters is fixed. It is con-
venient to choose the gauge coupling for this fixing of the scale, leaving two dimensionless
quark masses to uniquely characterize the physics. These two free parameters can be used to
fix two observable quantities, e. g. properties of the dark hadrons such as masses or scattering
cross-sections. All other results are then fixed.
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Since a tractable way of deriving these quantities from observations requires a treatment
using the effective field theory, we can only see a posteriori which input parameters of the
microscopic theory (if any) provide viable Dark Matter candidates. In addition, we need to
ensure that the effective theory is a sufficiently controlled approximation to the underlying UV
theory. This will be done by comparing predictions of the EFT to first-principles results from
the lattice.

Remaining agnostic about the values of the two fundamental dark quark masses, we study
different combinations of them. We always start from degenerate dark quark masses, and we
then incrementally increase one of them, breaking the flavour symmetry from Sp(4) down to
SU(2), x SU(2)4 explicitly. For small breaking and sufficiently light quarks, Sp(4) should still
be an approximate symmetry and we expect to see 5 relatively (compared to the other meson
masses) light pseudo-Goldstone states of which 4 will remain degenerate. For larger breaking
this will at some point no longer be the case and the system is expected to resemble a heavy-
light system. For one extremely heavy dark quark we expect to see the pattern [34,60] of a
corresponding one-flavour theory for the lightest states. Since we vary the value of one of the
bare quark masses to study a one-dimensional subspace of the three-dimensional parameter
space and we already leave an overall scale undetermined we only have to fix one remaining
bare quark mass through a suitable observable. Once this is done all other lattice observables
are predictions

In Fig. 5 we depict the previously outlined workflow. We emphasize that all bare input
parameters are unrenormalized and thus unphysical (this includes the bare quark masses).'°

We fix the remaining bare quark mass (which remains unchanged when we break the
flavour symmetry) through the ratio of the vector meson masses to (one of) the pseudo-
Goldstones m,, /m, at degeneracy. In the chiral limit, the Goldstone modes become massless
and the ratio diverges, m,/m, — 00. In the limit of extremely heavy quarks all meson masses
are dominated by the mass of the valence quarks and the ratio approaches unity, m,/m, — 1.
Thus, the larger this ratio becomes the closer we are to the chiral limit. In the Standard Model
the experimental value of this is m,/m, ~ 5.5—5.7 and for the pseudo-Goldstone bosons of
a three-flavour theory the K and n mesons, they are m,/my ~ 1.5 and m,,/m, ~ 1.4.

In this work we have studied ensembles where this ratio in the mass degenerate limits'!
are m,/m, ~ 1.15,1.25 and 1.4. These values are slightly smaller than those suggested
by existing phenomenological investigations of such theories as dark matter candidates [35].
Eventually, we also want to study ensembles with m,/m, > 1.4. However, they come at a
significantly increased computational cost and we defer this to future work. We conclude,
that our quark masses relate to the intrinsic scale of our theory similarly as the QCD strange
quark mass relates to the QCD scale as the mass ratio is similar. Note that in all cases the
aforementioned ratio is smaller than 2 and the p at rest cannot decay into two Goldstone
bosons.

6.2 Quark masses and partially conserved axial current

In the previous section we discussed how to choose the unrenormalized bare quark masses
for our lattice simulations. We stressed that these input masses are unrenormalized and thus
regulator-dependent and unphysical. An obvious question is, therefore, if there is a way of
calculating a "physical" quark mass. This is however not possible. Due to confinement there
is no notion of a physical quark mass since no physical quark has ever been observed in ex-
periment. Any definition of a quark mass is scheme-dependent and necessarily not unique. In

1%More precisely, the lattice spacing acts as an ultraviolet cutoff A = a™, and the bare parameters are the ones

at the cutoff. Thus, in the formal continuum limit of a — 0, they will be either zero or infinite.
HFor the degenerate case, if possible, we give results from [6], since these have been obtained on larger lattices
with better statistics in comparison to ours. This will be indicated where necessary.
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pick physical target quantities (e.g. m,/my)
that characterize the parameter space of interest
¥
start with arbitrary unrenormalized,
unphysical lattice input 3, m,, mq
¥

run lattice simulation

¥
perform analysis and obtain physical
quantities such as hadron properties

¥

are
the target
quantities
(.8 mp/mn)
obtained?

use results to
obtained improved
values of 3, M., mqg

no

lyes

L done }

¥

{ all other observables are lattice predictions! }

Figure 5: Workflow for choosing suitable input parameters m,,m; and 3. These
input parameters are unrenormalized and thus unphysical. They are chosen such
that a set of observables has a prescribed value (in our case the ratio m, /m;). All
other observables are then predictions from the lattice. Note that we do not fix the
overall scale of our observables in our analysis.

the context of Standard Model QCD several ways of a defining a quark mass are being actively
used. See for example the current PDG review [89] for a detailed discussion of quark masses
in the SM.!2

The scheme-dependence of any quark mass implies that quark masses are comparable only
in the same scheme at the same scale u. This implies that we need to determine the renor-
malization constants of the bare quark masses m, and m, in order to obtain the renormalized
quark masses ml(lr) and mg). Our discretization of the fermion fields on the lattice makes this
even more challenging: The Wilson discretization of fermions breaks chiral symmetry explic-
itly on the lattice and results in both a multiplicative and additive renormalization of the bare
quark mass as long as the lattice is finite, i.e. a > 0 [4].

We can, however, instead define a quark mass based on the partially conserved axial
current (PCAC) equation from (82) which relates the axial current to the pion field and
the axial Ward identity (AWI) which connects the axial current to the renormalized quark
mass m{"). We can restrict ourselves to the AWI for the m# pseudo-Goldstone which reads
ou, X = (mff) + mg))&ysu. This entails that we can also define an unrenormalized quark mass
through correlation functions Cp(t) of the unrenormalized axial currents iiyyysd and aysd

12In fact, beyond perturbation theory the situation is even worse, and it is not settled if a concept like a quark
mass can be defined in a confining theory at all. Especially, the quark propagator has not necessarily a suitable
pole structure, see e. g. [90] for a discussion.
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(see e.g. [91] for a detailed discussion and other equivalent definitions),

MPCAC — {im 1 9:Cropss(0) ~ lim latfdsf((ﬂ(f,f)}’o}’sd(f,f)f ﬁ(O)ySd(O)).
t2e02 Gy (1) 5002 [ @3%((U(%, t)ysd(%,t))" a(0)ysd(0))

At large times t the ratio of the two correlation functions in eq. (98) tends to a constant
which we identify as the PCAC-mass. In the mass-non-degenerate case this expression gives
the average mass of up-type quarks and down-type quarks. In our setup we try to keep one
of the quark masses fixed. This then allows us to determine the fixed mass directly in the
degenerate calculations and deduce the other mass in the non-degenerate case.'> The PCAC-
mass is related to the renormalized (average) mass by a multiplicative factor

Z
m(r) — ZA  PCAC

Z ; (99)

and is therefore an unrenormalized quantity. In order to obtain the renormalized mass the
factor Z,/Zp needs to be determined and a scheme to be chosen. This is however quite involved
and in addition a matching to other commonly used renormalization scheme is needed in order
for this mass to be used in perturbative calculations (see e.g. [85]). We therefore skip this
calculation in this work and point out that the renormalization factors cancel if we consider
ratios of PCAC-masses such as mECAC / mgCAC since only multiplicative renormalization occurs.

Note that the PCAC relation is closely linked to chiral perturbation theory and the Gell-
Mann-Oakes-Renner (GMOR) relation in particular - see section 5.3. Calculating the PCAC
masses and the chiral condensate and comparing this to the GMOR relation cannot be consid-
ered to be a truly independent and quantitative test of chiral perturbation theory. We can still
use it, however, as a qualitative test by examining the dependence of square of the Goldstone
masses on the PCAC-masses and comparing the results to the expected linear behaviour. This
can be found (although with a differently defined unrenormalized quark mass) in [6]. In this
work we are primarily interested in the effects of strong isospin breaking. We will take the
relation at mass-degeneracy for granted and using (74) we determine the (unrenormalized)
chiral condensates. We will see that at a sufficiently large strong isospin breaking this will
no longer be possible which might suggest that at this amount of strong isospin breaking the
chiral Lagrangian at this order is not an adequate description of the Goldstone dynamics of
the underlying theory. This is done in section 6.4.

6.3 Results: Masses, decay constants and quark masses

We have calculated the masses and decay constants of both the Goldstones and the vector
mesons as well as the previously outlined unrenormalized PCAC masses. The lattice setup and
the lattice action as well as the techniques used for extracting the masses and decay constants
from the lattice can be found in appendix D. A detailed study of lattice systematics is given in
appendix D.4. Here we present the results which we expect to give a suitable approximation
of the continuum theory.

The masses for the ensembles with varying m,, /m, at degeneracy are shown in Fig. 6. We
see that, both for the Goldstone and vector mesons, the flavour-neutral states are the lighter
states once strong isospin breaking is introduced. This makes the w¢the lightest state in the
theory. The remaining 4 Goldstones are heavier and remain degenerate. At some point the
6 lighter vector mesons—among them the p—become even lighter than the heavier pseu-
doscalars.

13In principle, there is the possibility that changing one parameter can affect the other. We do not see any sign
of this, but it would require further investigations to settle beyond doubt.
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Figure 6: Masses and decay constants of the pseudo-Goldstone mesons and the vector
mesons for different non-degenerate fermion masses against the ratio of the unrenor-
malized PCAC masses. One fermion mass is kept fixed while the other is incremen-
tally increased. Therefore, all meson masses increase with larger fermionic mass
difference. The unflavoured pseudo-Goldstone is the lightest particle in the spec-
trum of the isolated theory. For a larger mass difference between the fermions the
unflavoured vector mesons get lighter than the flavoured pseudo-Goldstones. At this
point the EFT based solely on would-be-Goldstones is certainly no longer adequate.

A similar pattern is observed for the decay constants of those dark mesons shown. The un-
flavoured decay constants are smaller than their flavoured counterparts. This is seen for both
the Goldstone and the vector mesons. Furthermore, the unflavoured vector decay constant
shows a maximum at intermediate values of the dark quark mass splitting.

Note that we observe more effects of the finite lattice extent for the lightest ensembles with
m,/m, ~ 1.25 at degeneracy and in addition we see finite lattice spacing effects for heavy
mesons for both m,/m, ~ 1.4 and 1.15 at degeneracy. We again refer to appendix D.4 for a
discussion of lattice systematics.
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We conclude that for large mass splittings the system more closely resembles a heavy-light
system where the unflavoured mesons are the lightest hadronic states. At some point the
mass of the second dark quark is so heavy that it decouples and the low-energy part of this
theory is effectively a Ny = 1 theory which contains three vector mesons and one (massive)
pseudoscalar [34]. In this case the theory develops a hierarchy of scales.

6.4 Validity of the Chiral Lagrangian

The chiral theory of Secs. 3 to 5 is based on the dynamics of the lightest hadronic states,
which in this case are the pseudo-Goldstone bosons 7. In the chiral limit, i.e., in the limit of
massless dark fermions, the flavour symmetry is broken only spontaneously and the 7’s become
massless themselves. Close to the chiral limit for degenerate quarks the GMOR relation gives
the dependence of the product of Goldstone masses on the renormalized quark masses mgr)

and the chiral condensate (u3)("
(femy)? = 2mP(u)", (100)

It can be seen that the square of the pseudo-Goldstone mass depends linearly on the average
renormalized quark mass and in the chiral limit the equation is trivially fulfilled. As pointed
out in section 6.2 the renormalized quark mass and the condensate are scheme-dependent.
However, their product is scheme-independent since the involved renormalization constants
cancel. Since we forwent a determination of the renormalization constants due to the techni-
cally involved nature of such a calculation we use the unrenormalized PCAC mass mpcac and
define the chiral condensate through GMOR. This entails that also the condensate is then un-
renormalized and regulator-dependent. We therefore drop the superscript ) in the following.
For non-degenerate quarks GMOR is given by equation (74). For convenience, we rewrite is
as

2“2(mu + md) _

GMORnA(mw mg, Uy, .u'd) = (mnAfﬂ:A)z - 3 3 O:
ud + u
2ud(myul + mgus)
GMOR e (my, Mg, s ) = (M fre)? = ——————— = 0. (101)
s+ ug

We have seen that for sufficiently large UV mass difference in the dark fermions, the mass
hierarchy in the mesonic spectrum changes qualitatively: the multiplet of vector mesons con-
taining the p" becomes lighter than the multiplet of flavoured pseudoscalars containing the
n. The set of 7’s are then no longer the lightest hadronic states and an inclusion of the rel-
evant vector states becomes necessary. This provides an upper limit on the amount of strong
isospin breaking.

Using the aforementioned GMOR relations we can set an even stronger bound on the
amount of strong isospin breaking. The validity of the GMOR relation was already studied
for degenerate fermions in [6]. It was found that dependence of the square of the pseudo-
Goldstone mass on a (differently defined) unrenormalized quark mass is linear for ensembles
with m, /m, > 1.4, and thus chiral effective theory can be expected to work adequately latest
from there on. Due to the increased computational cost of non-degenerate fermions we do not
have results on ensembles that fulfil m, /m, > 1.4. Nevertheless, we can perform consistency
tests on the GMOR relations in (101) around the threshold m, /m, ~ 1.4, see table 3 below.
We use the fact that in our simulations one bare quark mass has been kept fixed and proceed
as follows:

At degenerate fermion masses we take the degenerate GMOR relation (100) for granted
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Table 3: The point at which a change in the meson mass hierarchy occurs and the
point at which the non-degenerate GMOR relation breaks down at one-sigma signif-
icance. In general, this breakdown sets a stronger bound. Note that with increased
statistics the breakdown of the non-degenerate GMOR can occur at even smaller
PCAC-mass-ratios.

B (:—Z)deg (T";—:) where m,v = ma (ﬂ—;) where non-deg. GMOR breaks down

6.9 | 1.144(5) 2.8(3) 3.0(2)
6.9 1.25(1) 4.4(4) 1.5(1)
6.9 1.46(4) 8(1) 1.8(5)
7.05 | 1.16(1) 2.7(3) 2.2(2)
7.05 | 1.29(2) 4.7(5) 1.7(2)
7.05 | 1.46(4) 6.8(8) 1.7(2)
7.2 1.17(1) 2.7(4) 4(1)

7.2 1.26(2) 4.4(7) 1.7(4)
7.2 1.37(4) 6(2) 4(2)

and use it to determine the fixed chiral condensate (,ui)PCAC from the fixed quark mass mECAC.H

Since these quantities are regulator-dependent we only compare results at the same value of
the (bare) inverse gauge coupling 3.'°> This determines three out of the four quantities that
enter the non-degenerate GMOR relations in (101). We can then use both equations in (101)
to determine (u3)"“°. If the non-degenerate GMOR relation holds we expect the functions
GMOR ;ac(m,, my, 4, x) to have common roots at x = MECAC. Using our lattice data we find
for ratios starting at my/m,, 2 1.5 that GMOR 4« and GMOR ¢ cease to have a common root.
We exemplify this in Fig. 7 for specific ensembles GMOR 4c(m,,, my, 4,,x) as a function of x.
It can be seen that at larger quark-mass-ratios the functions do not share a common root. In
particular GMOR ¢ no longer has root in this region of x.

We interpret this as a sign that at this point the description provided by the leading order
chiral Lagrangian that lead to (101) no longer captures the underlying theory. This sets another
upper bound on the validity of the non-degenerate GMOR relation. We might therefore hope
that as long as these functions have a common root, all pseudo-Goldstone are still the lightest
mesons in the spectrum and the degenerate GMOR relation holds true and the leading order
Lagrangian might be an adequate description of strong isospin breaking in this theory at fixed
m,/m, X 1.4 at degeneracy. The tabulated upper limits can be found in table 3. Note that
this is only an upper bound.

There are two reasons why the non-degenerate GMOR relation can break down: 1) The
quark-mass-difference is too large in order for the system to be treated at leading order. In this
case the next step would be to investigate this chiral Lagrangian at next-to-leading order in
strong isospin breaking. 2) The average pseudo-Goldstone masses are in general too large to
reliably use GMOR at leading order even close to the mass-degenerate limit. If this is the case
we can either go to next-to-leading order in chiral perturbation theory or study the system for
even lighter pseudo-Goldstones (at significantly increased computational cost).

In any case, we have shown that for small isospin breaking the non-degenerate GMOR
relations do not break down immediately even for significantly heavier quarks than those used
in the chiral extrapolation of [6] and also in the case of the (m, /m)4eq & 1.4 ensemble. It will

14From [6] we know that the dependence of the squared Goldstone mass on the quark mass only becomes linear
for m,/m, Z 1.4. However, this approach allows us to test whether the explicit introduction of isospin breaking
effects cause a breakdown.

15In principle the regulator depends also on the bare quark masses. Experience has shown that these effects are
subleading compared to the effect of f3.
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Figure 7: GMOR ac(m,, my, U,,Xx) as a function of x for an inverse gauge coupling
of B = 6.9 and values of m,/m, ~ 1.24 and m,/m, ~ 1.46 at degeneracy. If the
non-degenerate GMOR relation holds the condensate u is given by the common root
of the two functions. For small isospin breaking a common root exists. Starting at

~ 1.5 in both cases a tension develops. At around mg/m, ~ 1.7 for

around my/m,,
the heavier ensemble and at around my/m, ~ 2 for the lighter ensemble the non-
existence of a common root is more than one-sigma significant.

be therefore already worthwhile to study this UV complete theory and the chiral Lagrangian
at leading order in this region of parameter space.

7 Conclusions

Summarizing, within this work we have laid the foundation for understanding strongly- in-
teracting dark matter based on QCD-like symplectic gauge theories. To this end, we have
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constructed all possible symmetries for the non-degenerate underlying theory, including the
case when gauged under a new U(1)’ symmetry. This yields symmetry-based constraints on
absolutely stable and unstable light states.

We have constructed the chiral low-energy effective theory of the bound states, the dark
hadrons, of this theory. In this process we extended previous results, see e. g.[1,7,11,29,33,
48,60,77,78,92], to include simultaneously processes mediated by the WZW term, mass-split
spectra, and couplings to an Abelian gauge messenger. We fully elaborated the leading-order
structure, including the Feynman rules. This comprehensive construction integrates many
elements, which have been available separately in the literature, in one common framework.
It therefore provides a ready-to-use effective theory to search for this type of DM at colliders
and in direct detection experiments, and understand how it can fulfil astrophysical constraints.
Especially, this theory can be straightforwardly extended to any QCD-like theory with a pseudo-
real gauge group with two fundamental dark quarks. It will therefore serve as a versatile
framework for future investigations.

The particular strength of our formulation is that it has been developed in parallel with
a lattice implementation of the same theory, ensuring a coherent language and conventions.
This is decisive, as effective low-energy theories require limits of validity. In the degenerate
case, previous lattice results [6, 7] gave already the condition m,/m, % 1.4. We extended
this to the mass non-degenerate case, yielding the additional requirement that the PCAC dark
quark masses, as defined in section 6.2, may not be split by more than a factor of 1.5 at the
validity edge. We also showed how the theory at larger mass splittings is crossing over into a
heavy-light system. While this requires a new low-energy effective theory, these results open
interesting possibilities for strongly-interacting dark matter with split hierarchies and stable
dark matter particles at different scales.

Finally, in section 4.4 we used the lattice results to determine the relevant LEC when cou-
pling to the SM through a vector mediator. This shows how non-perturbative results can be
used to reduce the number of free parameters when searching for DM by implementing con-
straints from the ultraviolet completion. This integration between effective theory and lattice
simulations reduces substantially the number of free parameters in a pure effective theory
approach, which is our ultimate aim. As figure 4 shows, the systematic comparison between
different ultraviolet theories in this way yields very general constraints, making our approach
predictive.

Summing up, we have created both a more comprehensive blueprint for how to construct
viable low-energy theories for strongly-interacting dark matter and we have provided a partic-
ular implementation for an ultraviolet completion with a Sp(4) QCD-like theory, in the spirit
of e.g. [22,30,31,93]. This can now be exploited to perform phenomenological calculations
with a much higher degree of systematic control than previously possible. The latter can
furthermore be systematically extended by going to higher orders with simultaneous lattice
calculations of further LECs, just like in ordinary QCD.
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A Sp(2N) groups: Defining properties and generators

In this section, we provide a general description of the symplectic group Sp(2N). We suppress
the colour and flavour indices, since all properties of the group are equivalent in the colour and
flavour space and label the generators as T¢. We note, however, that all relations quoted here
also apply to the colour group Sp(4). and its generators 7¢. The fundamental representation of
any Sp(2N) group is pseudo-real. The representation is isomorphic to its complex conjugate
representation. This can be seen from the defining property of the Sp(2N) group: it is the

subgroup of SU(2N) that leaves
_ 0 1y
(2 ) "

invariant. It consists of all SU(2N) transformations that fulfil U* = EUE". In the context of
colour groups we will denote the invariant tensor as S to make the context unambiguous. For
the invariant tensor E the following relations hold:

E'=E'=ET=—E, E?>=-1,y. (A.2)
On the level of the generators T¢ using U = exp (ia®T) this is equivalent to
T% =—ETE". (A.3)

For completeness, we point out that not every representation of a Sp(2N) group is pseudo-real
but also real representations exist, such as the adjoint and antisymmetric representations, see
e.g. [8]. However, complex representations of Sp(2N) do not exist. The group SU(4) has 15
generators and the subgroup Sp(4) has 10 generators. From (A.3) follows the relation

ET*+(THTE=0 fora=6,..,15, (A.4)
for the generators of the Sp(4) subgroup while the other 5 generators satisfy
ET*—(TYTE=0 fora=1,..,5. (A.5)

The generators with normalization Tr{T?T?} = %5 b are given by [94]

01 0 0 0 —i 0 0 1 0 0 O
gl |1 000 ;2 i 0 00 . [0 -1 0 0
27210 0 0 1] 2210 0 0 i’ 2210 0 1 o0 |’
0 01 0 0 0 —i O 0 0 0 -1
0 0 0 —i 0 0 0 1 0 0 — O
pao |0 0 io ;. |0 0 -1 0 o 1|0 0 0 —i
220 —i o 0|’ 2720 -1 0 o}’ 2v2li o o o’
i 0 0 0 1 0 0 O 0 i 0 O
0 0 0 —i 0 —i 0 © 0 0 —i O
_ 10 0 - o s 1 i o o o _ 1[0 o o i
7= wlo i o of0 T'= z@|lo o o =il = 27Z|i 0 0 o0’ (A.6)
i 0 0 0 0 0 i 0 0 —i 0 ©
0 01 0 0 0 0 1 0 0 0 O
710 _ 1[0 0 o0 0) . ;(0 0 1 o) 712 _ 1[0 0 o0 1)
211 0 0 O}’ 2210 1 0 0]’ 210 0 0 0]
0 0 0 O 1 0 0 O 01 0 O
01 0 O 1 0 0 O 10 0 0
p3_ 1|1 0 0 0 g4 1|0 -1 0 0 ps_ 1[0 1 0 0
2210 0 0 -1}’ 27210 0 -1 o0}’ 27210 0 -1 0
00 -1 0 0 0 0 1 0 0 0 -1
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The totally antisymmetric structure constants f “?¢ of the SU(4) group are defined as

[Te, T ]=ifbTe, (A.7)
and all non-zero structure constants are given by

FL214 _ £2313 _ 0246 _ 357 (138 _ (159 ¢3411 4515 _ iz . (A8)

1
f1,4,10 — f2,5,10 — f2,5,12 — _f 1,4,12 — E , (A9)
In section 2 we found that two non-degenerate fermion masses break the global symmetry
down to SU(2),xSU(2),4. This group has 6 generators, that are combinations of the generators

of Sp(4)

1 1
T'=T10 T2=—"—(T°+T°%), T3=—(TY+T"), (A.10)
u u ﬁ u ‘/z
1 1
TH=T12, T?=—(T°-T°), T3=—(TP®-TM). (A.11)
d 4= /2 42

Occasionally it is convenient to use another basis of the generators than the one in (A.6).
A different basis of SU(4) and Sp(4) algebras is obtained by exchanging the second row with
the third row and the second column with the third column. In this form, all generators are
either block-diagonal or anti-block-diagonal where the different blocks are either the identity
matrix 1 or one of the Pauli matrices o;,

. 1 (0 1 N 1
2ﬁ(ﬂz 0 242
1

T4: (O —lO']_) T5: 1 ( 0 10'2) T6 (0'2 0)
242 \ i 0 ’ 22 \—iocy, 0 )’ 22\ 0 0o,
77 1 (o 02) 7o 1 (.0 —ijlz) go_ 1 (02 0)
2v/2\02 0)’ 2¢2\il; 0 )’ 2/2\ 0 —0oy)’
~10:1 o 0 F11_ 1 0 o, le_l 0 0
2 0 0 ? 242 0-1 0 ? 2 0 O-]_ ’
jis_ 1 (0 03) jia_ 1 (‘73 O) F15 - L (03 0). (A.12)
2v/2\03 0)’ 242\ 0 —o3)’ 242\ 0 o3
Then, the symplectic matrix E is written as
& iO'Z 0
E—( 0 idz)' (A.13)
In this basis, all SU(2),, xSU(2), generators and thus transformations are fully block-diagonal:
. - 1({o; O - - 1/0 O
1_#s10_ 1[0 1_q12 _ 1
ot _2(0 0), Flof 2(0 01),
N T64+7% 1 . T6—-7% 1
oG _1(o o) (P10 0) g,
/2 210 o0 /2 2\0 o,

Tg_(T14+T15)_1 o3 0 Tg_(T15—T14)_1 0 0
u v2  2\0 o0)> “d— V2 2\0 o3)°
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Another useful basis can be obtained by considering the matrix of the Goldstone bosons in
(21) as well as the matrices of the spin-1 states in (36). In (29) we have rewritten the Gold-
stone bosons such that in every matrix element only one Goldstone field appears. Then, the
Goldstone matrix takes the form

n¢ B 0 i
1 m —n¢ —nkE 0
_ a __ N _ =
= Z M T" = Z T = 21 o =P ¢ o2 |° (A.15)
i=1,...5 N=A,..E D B C
s 0 T —TT

which implicitly defines the generators TV with N = A,B,C,D,E. In QCD this leads to the
usual pion charge eigenstates 7* and ©° as shown in (30). We can extend that to the spin-1
states and by that define a new basis for the generators. It is was shown that the spin-1 states
P14 and ps correspond to the p® and w meson of QCD [8]. Therefore, we define the other
TN by specifying the J® = 1~ matrix

PV = 3" p, 1= pyTV (A.16)
a=6,...,15 N=F,...,.0
- (0% +p") pM —p” —p¥
1 oH %(po_pN) oK _pb A1
=5 oF o6 _%(po_FpN) _pH - A
p° p'! —p™ —7 (p%=p")

All off-diagonal elements contain only one vector field and the states corresponding to the p°
and w of QCD appear on the diagonal. The generators in this basis are given by

TAz%(Tl—iTZ), T’E%(Tuﬁz), TC¢ =173 (A.18)

TP = % (T°—iT*), TE = %(TS +iT*), TF= %(\/ﬁTlo—i(T6+T9)) ,
1 1

T¢ = 7 (T™ —iT7), TH = 7 (T3 —iT8), 1'= %(\/ﬁTu—i(TG—Tg)) ,

T/ = % (=21 —i(T°+71°%)), TK= ;—% (T +iT7), T1'= %(-ﬁﬂ-t(ﬁ-ﬂ)),
1

™ = — (T8 +iT8) ™ =1 TO=T".
V2 ’ ’
Analogously, we can define the axial-vector matrix, i.e., the J D = 1% mesons, as
a¢ a® 0 af
A c E
UP=1+) _ a_ n_1| & —a¥ —a 0
P = Z P T = Z ayT" = 5l 0 —a® &€ & | (A.19)

a=1,...,5 N=A,...,E D B¢

a a a

where we have given them a different name ay in the TV basis in order to emphasize the
different parity compared to the p, states. Similar relations like (29) can then be obtained
from (A.18) for the vector and axial-vector matrix.

B Mesonic states and multiplets

B.1 States and Sp(4) multiplets

The meson spin-0 and spin-1 fermion bilinears have already been constructed in [8]. They
have the same structure as those appearing in a Ny = 1 theory [34]. For completeness we give
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in table 4 here the operators that source the J? = 07,1 and 1~ multiplets of Sp(4), i.e. the
pseudoscalars, axial-vectors and vectors constructed from the generators in the basis of (A.6)
and (A.18), respectively. The other spin-0 and spin-1 states are the scalar 5-plet as well as the
scalar flavour singlet.

B.2 Multiplet structure under SU(2), x SU(2),

Because SU(2) exponentials are easily calculated analytically, we may provide a general ex-
pression for SU(2), x SU(2), transformations. In the basis given by (A.12), the transformation
is in block diagonal form

a =b* 0 O
b a* 0 O

V= 0 0 e —c* |° (B.1)
0 0 ¢ e

where the diagonal matrix blocks are elements of SU(2). We denote the complex coefficients
of the individual SU(2) by (a, b) and (e,c); they fulfil |a|?> + |b|> = 1 and |c|* + |e|®> = 1,
respectively.It is convenient to rewrite the Dirac spinors in terms of their left- and right-handed
projections

Pp/pu=ugyp , (B.2)
Pr/rd =dgy1, » (B.3)
Pgy, = (1%ys5)/2. (B.4)

Under a SU(2); x SU(2), transformation the components of ¥ transform as ¥ — VW, or,
explicitly,

uy ug, auy — b*ﬂR
ig | | —Scuj bu; + a*iig
dL - dL_ - edL _C*dR (BS)
dR —SCdg CdL + e*dR

For completeness we give the following useful relations for the colour matrix S as well as
the charge conjugation operator in Minkowski space and the spinors @iz and dg:

C'=c'=c'=-C, C*=—1, Cr,C'=—y], (B.6)
(SO =(sc)y*=(sc)" =sc, (sC)*=1, SCy,SC= —)/Z, (B.7)
qr =SCqy, dg = rSC, (B.8)
dr =—04;SC, dp =—SCiy. (B.9)

The scalar ud and vectors iy, d transform under SU(2)4 X SU(2), as

tid =iy dg +igd, —» a*c*(@,SCd] +dgSCdl)—be(ul'SCd; +ulSCdy)
+a*e(ii;dg +tigd;) — bc* (u{&g + ugég)
=a*c*(ascd”)—be(u"scd) +a*e(ad) + bc* (du),  (B.10)
iy,d =1t,y,d;, +iugy,dg — a’e (ﬂLyudL + aRyudR) + bc* (u{yﬁ&g + u}g}ﬂ&g)
+a*c* (i, 7,SCAY +igy,SCAT) + be (ulyISCdy +ulylscd,)
=a’e (ﬁyud) — bc* (&yuu) +a*c* (ﬁyMSC&T) — be (uTSCy“d) .
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Table 4: Fermion bilinears of the J® = 07, 1* meson multiplets constructed from the
generators in the basis of (A.6) (left) and (A.18) (right) respectively. In addition we
give the J¥ quantum numbers.

UISCysTEY + WET"SCysWT UISCTNysEW + WETNSCys¥T | JP JP
Ty % (l_f)/5d + c_iyg,u) it L_f}/sd 0~ 0
Ty s (dY5u—l:l')/5d) B dysu ) 0~ 0
3 % (ffysu—dysd) n¢ é(ﬂyg,u—dyi;d) 0~ 0
T s (c}ysscaT —dTSCysu) P dyssca” 0t 0
ns o5 (dyssca’ +d"SCysu) nf  dTSCysu 0t 0~
\IJTSC)/STOE_\I/ +WETOSCys¥T \IJTSCYSTOE_\I/ +PETOSCys 9T | JP JP
n % (@ysu+dysd) n %(ﬂy5u+dy5d) 0~ 0
2UT"y,ys¥ 20Ty, 5P JP Jb
—— _ _
p1 75 (aruysd +dy,ysu) at dyysu IR
P2 5 (drursu—iy,ysd) a®  dy,ysd ) IR
ps o5 (@ruysu—dy,ysd) a® 5 (aruysu—dy,rsd) o
P4 ﬁ (dSCYMYSﬂT — dTSCyHYSu) a?  d"sCy,ysu 1- 1t
Ps % (dSC}fMYSﬂT + dTSC}fM}/Su) a® dy,yssca’ 1 1"
20Ty, U 20Ny, ¥ Jr P
P6 %(uyuSCPLﬂT +u'SCy,PLu p"  u'SCy,Pu 1t 1~
+dy,SCPd" +d"SCy,Pd)
P %( SCdT+uTSCYud) p¢ u'scy,d 1" 1-
Os T (—tay,d +dy,u) p dy,u 1- 1°
0o T(uy“SCPLu +u’SCy,PLu p' d'scy,P.d 1t 1-
—dy,SCPd" —d"SCy,P,d)

po u'SCy,Pou—uy,SCP " p’ ay,scpya’ 1t 1
en 7 (—ﬂy“SCdT_+ uTSCy_“d) p*  ar,scd’ R
p1z d'SCy,P,d—dy,SCP d" pt dy,Scpd’ I
P13 % (uyud + dyu ) pM uy,d ) 1 1
Pia % ( = dyu ) oV % (ﬂyuu — d)/ud) 1 1
1 (- 5 - -

P1s T( yuu+dyu ) p° ﬁ(uyuu+dyud) 17 1
Here, we use the property (d)TF )()T ¥TT ¢ for Grassmann variables ¢, y. The pseu-

doscalars and axial-vectors transform similarly since the only difference is the gamma matrix
Ys-
tysd =i, dg —iigd;
— a*c*(aSCysd") — be (u'SCysd) + a*e (iiysd) + be* (dysu), (B.11)
ﬁYust = aRYMdR —uy YudL

—a’e (ﬂyuysd) —bc* (&}/Hysu) +a*c* (ELYNYSSC&T) — be (uTSCy“ysd) , (B.12)
From this we conclude that these states form a quadruplet under SU(2); x SU(2),. The re-
maining pseudo-scalars and scalars transform as singlets. The associated operators have the
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form @iTu = dI'd. The individual S U(2)4, only change one of the terms, so it is sufficient to
look at the transformation property of, say, ul'u,

uu = l_lLuR + l_lRuL - l_lLuR + L_lRuL = L_lu,
ﬂ')/su = L_lLuR _l_lRuL g l_lLuR + L_lRuL = L_l'}’su,
Uy u=1dyy,uy + gy, Uug — (|a|2 — |b|2) (ﬂyuu) +2a*b* (ﬁyMSCPLﬁT) —2ab (uTSC}fMPLu) ,
UYuYsU = URY yUR — Uy Uy — Uy, YsU.
- (B.13)
Similar expressions for dT'd are obtained by replacing u — d,a - e and b — c.

C Feynman rules

In section C.1 we provide a subset of Feynman rules which are used in this work for Gold-
stone bosons and the iso-singlet state )’ in presence and isolation from additional, external
interactions for degenerate fermions m, = my. Additionally, we show some Feynman rules
for axial- and vector states p,, coupled to Goldstone bosons. In section C.2 the Feynman rules
are given for non-degenerate fermions m,, 7 my,. All momenta are taken as ingoing, with the
Mandelstam variables being defined as

s =(p1 +p2)?* = (ky +ky)?, (C.1D
t =(p1 +k1)* = (py + ky)?, (C.2)
u=(p; +ky)*=(py+k)?, (C.3)

where p; 4+ py + k; +ky =0.

C.1 Feynman rules for degenerate fermions m, = m,

& - — - ° 1 (C.4)
Pr, - p —m2’ |
& - - __ ° 1 (C.5)
- = 2 2 > '
Pn Pn/ - qu-c - Amn’
Ta Te

N ky //
1
A />’\\v\k2 = ﬁ[éabyd(s—mi) + 5“C5bd(t—mi) + 5ad5Cb(u—mi)],
v N T
/Az \\

b Td

(C.6)
Ta
| N,
! ———h?Po — ki kos+
. p1l :‘kl/’,ﬂ'd 1O\/§n2fﬁ5 [(Pz P1)y P3vkipkao
- = , (C.7)
pz\‘,ﬁ\\ ko +P1uD2y (klp koo + k2pp3cr + P3p kla) ]
RN (a#b#tctd#e)
Te Te
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\

/
\ _ M
/ \ 2

/

/
\ m_i
/ \
\\\\pz

pl/ :/\’VVVV Vi = 2iep TT(Q[TH; Tb]) (P _pZ)‘u)

/7

s
¢ Ve
{i: =42 Tr(Q*(TT" + TPT*) — 2T QTP Q) "
i ) %
7Tb

\ \pz
N c . b
pl/ g Pu= ig,f " (p1—p2)",

/7

< = +TPrerdTe — 27T TP T

b o —2TTITP TPk

P 2g2  TH(TTPT T+ TPTOTeT! + TOTPTIT®

L ° 1
P pr,—mz
Tq Te
kl 4 6
\\ // 2
" / — [t (s —m2) + 557 (¢ — m2)
P /x\‘\kz = F2(u3+u3)’
// \\ ad scb _ 2
//A:z +6%6°(u mn)], a,b,c,d #3
T Td
T3 Tk
AN . 6 2 3., ,,3)2 2Y,,3,,3
D \\>/// i My ((Ss_zmn3)(uu+ud) +4(S_2mn)'u'u'ud) (k?é?))
AN 2 2 5
N 472 (st + ) (u + )
AN TN
3 Tk
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773.\\ ky 3
IB;\\// ) _ug((St—ZmiB)(uu-i-,ud) +4(t—2m2),uu,ud)
R 2 =
o N 472 (3 +15) (g + 1)
S pa N
7Tk

,(k#3) (C.17)

ﬂ'k

\ / pd ((3u—2m? ) (w3 +43)" + 4 (u—2m2) u2us) (k#3)
/ \ af2 (w3 +3)’ (g +15)

(C.18)

\ / Hamy
\ MS—l—Ld) (C.19)

| 6
| N.u§ 4/ u8 + u§ wipo
p1| |k —8

Ty o _Td 207'52f5uu
LT (C.20)
pQ\)//X\\YQ x I:(pZ_pl)upfivklkaU +pl,uva(k1pk2cr
e +kopPso +Papkio) |, (a#Eb#EcEdEe).
e Te
C.3 Feynman rules for non-degenerate fermions m, # m, with 7
PR * L (C.21)
pﬂ_a p%a _ m%[S > .
- --------- ° 1
e (C.22)
n n

6 /ub+ ub i
Nepyg ‘uu+,bbd( COS Oppass N SIN Opass )EHVPUX

— . -Td 2072f Sy \/3;12 + b \/,ug +3u8

N X[ (p2—P1)y P3vkipkos + P1uPay (klkaU + kopP3o +P3pk10) ]
%; (a#b#c#d#e),
T e

(C.23)
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6 /.6 6 i
Nc,ud ‘U'u+“’d( €0S O s _ $in O )guvpax

P1[ |k 5
m’«\\ :(f’ﬂd_ 2072 f 2 uy \/,u2+3u2 \/3u2+u2
\\;\\/ =
P2 TN k2 X[ (p2—P1)y Psvkipkas + P1uPay (klkaU + kopP3o +P3pk1cr)]
Ag (a#b#c#d#3).
Te 'r]/
(C.24)
D Lattice setup
D.1 Action
The HiRep code [88] is based on the Wilson gauge action
1
Sg[U]:ﬁZZ[ﬂ_ZRe tr Uw(x):| , (D.1)

x u<v

for the gauge sector, where U,,, is the plaquette at lattice site x. For the fermionic part it uses
unimproved Wilson fermions for both types of dark quarks,

SeLU o Punpal= D, a* D 4P ()D; (xly s (m), (D.2)

f=u,d X,y

4\ 1 o
Dy(aly) = (my +2) - o ; (A= 1)U (08 op + (1 + 7, DU = )5y ). (D3)

This implies that chiral symmetry is explicitly broken at any finite lattice spacing, and is only
recovered in the continuum limit. Furthermore, this entails an additive quark mass renor-
malization. Both effects are well-known, and can be controlled by analyzing the systematic
effects, as is done below in appendix D.4. We simulated three different values of the inverse
coupling 8 = 6.9, each of which avoids the unphysical Aoki phase that was found to exist for
this theory [7]. Since we are using two distinct fermions the Wilson-Dirac determinant is not
necessarily positive definite and in principle a sign problem can arise. Within our parameter
range, we did not encounter any indications of a non-positive definite determinant.

D.2 Masses

We extract the masses of the mesons by determining the exponential decay of the correlation

function of a suitable interpolator Oljf (x,y) where x and y are sites on the lattice. For the
flavoured and unflavoured mesons we choose

0 (x,y) = a(x)rd(y), (D.4)

0%(x, y) = a(x)Tu(y) — d(x)Td(y). (D.5)

We only study the masses and decay constants of the mesons since they are identical to the

corresponding diquark states [22]. We denote x = (X, t) and define a general correlator on a
lattice of spatial extent L as

- 1 —iB(F—7 - P
Criry(te = ty,B) = 75 D e PO (7, £)0f, (7, 1,)) (D.6)
xy
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From this the meson masses can be obtained by first setting I} =T}, =T and projecting to zero
momentum and studying the limit at large time separation.

. - T 1 T —im,t
lim Cr(t,p=0)= tlir&zn: o (0|0rr|n) (n|O]|0)e (D.7)
1 i
= E|(O|OFF|FGS>|23 et (D.8)
r

At large t only the contribution of the lightest state for the quantum numbers of Og, ITgs)
survives. The mass of this state can be then extracted, by performing a fit of the lattice data.
In the present case the signal-to-noise ratio is very good, and the effective mass shows well-
defined plateaus, thus providing for reliable fit results.

The unflavoured mesons sourced by operators of the form (D.4) obtain so-called discon-
nected contributions which usually suffer from bad statistics. They are however suppressed
by both the fermion masses and vanish in the limit of m, —my; — 0 and we therefore neglect
the disconnected contributions. For operators of the form

Or(x,y) = a(x)Tu(y) + d()rd(y), (D.9)

which source e.g. the " and w mesons in QCD this is no longer the case. We do not consider
operators of this form in this work.

D.3 Decay constants

We define the decay constant as in [6] by the matrix elements involving the pseudoscalar |PS)
and vector meson |V) ground states

(010f_, IPS) = sy (D.10)

(010f V) = f mye (D.11)

u:

In this convention the decay constant of the 7 in QCD is approximately 93 MeV.
Here €, is the polarisation vector for which ¢,p" = 0 and e;’;e“ =1 hold. In the rest frame
the pseudoscalar matrix element is then

(0107 . |PS) = fismps. (D.12)
Inserting this expression into the corresponding correlators at large times gives
f _ Mps (of)?
Cr orymyay () = — (fps) exp (—mpg * t), (D.13)
f _ My (f)?
CF1=Fz:m(t) =5 (fv) exp (—my - t). (D.14)

Alternatively, the mixed correlator with I} = ysy, and I, = y5 can be used for the pseu-
doscalars [6]. From this we can extract the bare decay constants which need to be renor-
malized. For that we follow the prescription from [6] for determining the renormalization
constants defined as

vs" = Zafs. (D.15)
fort =z, L. (D.16)
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D.4 Systematics

D.4.1 Finite volume effects

The finite volume of the 4-dimensional Euclidean space introduces artefacts in the lattice re-
sults. We can obtain an estimate of the infinite volume masses by fitting the results obtain at
different spatial extents L of the lattice to the known analytic form of the L-dependence of the
masses. For that we use the same approach as in [6] and fit the function

. exp(—m2t -L)

— f. Goldstone

mmeson(L) - miﬁeson (1 +A ( inf . L)(3/2) > (D17)
mGoldstone

in the almost mass-degenerate limit, since there the quark masses are the lightest in our setup
and therefore the finite volume effects are the largest. We consider A as a free fitting parameter.
In figures 8 and 9 we show the infinite volume extrapolation for nearly-degenerate, moderately
light ensembles at f = 6.9 and 7.2 and for a nearly-degenerate ensemble with light fermions
at 8 = 7.2. Only in the latter ensembles finite volume effects become apparent and generally
the deviation from the infinite volume extrapolation stays below 10%.

am(C). B (07807
am(7%): f=6.9 (am®, aml) = (-0.90,-0.89) am(t): f=7.2 (amy, amg) = (-0.78-0.77) am(7¢): B=7.2 (am®, am?) = (-0.794,-0.79)
0.75] Tt ] = fit = ‘
’ %I ﬁtt(xflndata H o fitted data (@) fitted data
B L — o00:m=0.594(5) 0.9/ B L = o0 :m = 0.386(8) 0.6{{ M L — o0 : m = 0.200(7)

0.70 1 0.8
0.5
0.7}
0.65 1 )
0.6 04l
0.5
0.60 1 0.4 0.3
T 1 1 T T 1 1 1 1 T 1 1 T
14 12 10 8 16 14 12 10 8 16 14 12 10
inverse spatial extent 1/L inverse spatial extent 1/L inverse spatial extent 1/L

Figure 8: Finite volume extrapolation for the Goldstone mass in the almost mass-
degenerate limit. It can be seen that the infinite volume mass and the mass on the
largest lattices considered agree within errors. Only in the lightest ensembles on the
finest lattices studied here the finite volume effects become apparent. Even in this
case the deviation from the infinite volume extrapolation stays below 10%.

D.4.2 Finite spacing effects

Apart from the possible systematic errors introduced by the finite volume of the lattice, the
finite distance a between two adjacent lattice points is another source of systematic errors.
The physical distance a is, however, not an input parameter of simulation. In order to study
the systematic effects of a we need to choose input parameters so that the results represent
the same physics at different values of a. Finding these lines of constant physics in our three-
dimensional parameter space is in general not straightforward.

In SU(3), gauge theory with fermions it has been found that a depends strongly on the
value of the inverse coupling 8 and only weakly on the masses of the fermions m, [5]. As an
first test we have chosen values of the dark fermion masses at the point of degeneracy such
that at different values of 8 the ration of the pseudo-Goldstones and the vector mesons is
reproduced. We then again increment one of the fermion masses. If the assumption of negli-
gible effects of the fermion masses on a is correct, then the corresponding ratios of Goldstone
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Figure 9: Finite volume extrapolation for the vector meson mass in the almost mass-
degenerate limit. The vector meson masses show the same behaviour as the Gold-

stone bosons.

to vector masses should be the same for all values of 3 since we move then along lines of
constant physics in parameter space. Along these lines of constant physics we can then study
finite spacing effects of the other observables that do not depend on the lattice spacing, e.g.
ratios.

Lines of constant physics : (Z%)d =1.24(1) - 1.29(2)
eg
130} o (8= 6.5) :
m(B3 = 7.05)
O 1.25f |
S I
s | L
5 1.20} By ]
2 %] ;gj o i
SEpE! Fm@_{ B 3 |
B o1 e o
IO+
1.10k ‘ ‘ | Ea_a ]
5.5 6.0 6.5 7.0 75 8.0

In figure 10 we plot the ratio of the lightest vector meson’s mass to the lightest pseudo-
Goldstone’s mass m(p™)/m(n®) against the lightest pseudo-Goldstone mass in units of its
decay constant. We are not moving exactly along a line of constant physics. However, we

m(m€)/ f(x)

Figure 10: In order to study the effects of the finite lattice spacing we define the lines
through parameter space with m(p™)/m(=®) as the lines of constant physics. Here
we plot this ratio against the mass of the lightest pseudo-Goldstone in units of its
decay constant. We see that the curves at different  do not coincide. However, the
deviations are only at around 10% and for the two finer lattices they almost coincide.
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find that the deviations do not significantly exceed 10%. Since this plot involves both the
masses and decay constants we plot the masses and decay constants separately in figures 11
and 12 against the masses of the flavoured vector mesons — both in units of the pseudo-
Goldstone mass at degeneracy. We find that at different 3 the masses agree within errors and
we only see deviations from that behaviour most notably at § = 7.2 for large flavoured fermion
masses of m(p™)/ mieg > 2. For the decay constants in Fig. 12 the deviations are significantly
larger and already pronounced at lower masses. For the pseudo-Goldstones the deviations are

approximately 10% whereas for the vector mesons they are at around 20%.

Different 8 = 6.9, 7.05, 7.2: (;jjgg;)d =1.24(1) - 129(2) Different 8 = 6.9,7.05,7.2: (24)
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Figure 11: Masses of the pseudo-Goldstones (upper) and vector mesons (lower) for
different values of the inverse coupling 8 in units of the pseudo-Goldstone mass
degeneracy. The results at different § agree within errors except for the f = 7.2
ensembles with one relatively heavy fermion. From this we conclude that there the
finite spacing effects for the meson masses are small.
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Figure 12: Decay constants of the pseudo-Goldstones (upper) and vector mesons
(lower) for different values of the inverse coupling f in units of the pseudo-Goldstone
mass degeneracy. The results at different 8 show stronger deviations than the meson
masses even at very light fermion masses. For the pseudo-Goldstones the deviations

are approximately 10% or smaller whereas for the vector mesons they can be as large
as 20%.

D.4.3 Lattice asymmetry

In our analysis we extract the masses and decay constants from the behaviour of correlation
functions at large Euclidean time t. For convenience we therefore perform simulations on
lattices with larger temporal extent than spatial extent, i.e. a lattice of dimensions L3 x T
with T > L. This allows us to calculate the correlation functions at large t while avoiding
significantly increased computation time. We have studied the effects of finite L in section
D.4.1.
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It is, however, still possible, that this introduces systematic error. Here we try to assess
whether this has an effect on our results. For this we compare meson masses on symmetric
lattices of size L* to the masses we have obtained for asymmetric lattices. On the symmetric
lattices our time extent is substantially smaller and we expect even at the largest Euclidean
times to see effects of contamination by states with higher energies. We therefore take the

second lightest state into account and extract the mass from the effective mass of the correlator
defined as

1 Co,, (1)
me“(”z) Cop(t+1) (D.18)

This allows us to extract the masses from a three-parameter fit while simultaneously minimiz-
ing the effects of contamination of higher states. This comes at the cost of larger errors, since
the effective mass defined this way discards some information because it as a local quantity
around Euclidean time (t + %) As can be seen in table 5 we don’t observe any systematic
effects from the use of asymmetric lattice within the errors reported.

Table 5: Comparison of meson masses extracted from both symmetric and asymmet-
ric lattices for an inverse coupling of # = 6.9. The other two input parameters are m(l)
and mg - the unrenormalized bare quark masses. They agree very well within errors
and we conclude that there are no relevant systematic effects due to the asymmetric

lattices used throughout this work.

(—am{,—am3) am(n*)(24x12°)  am(n*)(12%) am(n)(24x12°) am(n®)(12*)

(0.90,0.70) 0.993(7) 0.994(15) 0.83(1) 0.85(4)
(0.90,0.75) 0.917(14) 0.92(2) 0.80(2) 0.81(5)
(0.90,0.80) 0.826(11) 0.83(5) 0.76(2) 0.77(7)
(0.90,0.85) 0.712(15) 0.7(2) 0.69(2) 0.7(2)
(0.90,0.90) 0.56(4) 0.58(9) 0.56(4) 0.58(9)
(—am9,—am9) am(p™)(24x12%) am(p™)(12%) am(pV)(24 x12%) am(p")(129)
(0.90,0.70) 1.070(9) 1.071(15) 0.951(14) 0.97(3)
(0.90,0.75) 1.001(14) 1.00(2) 0.92(2) 0.94(3)
(0.90,0.80) 0.921(15) 0.93(3) 0.88(2) 0.90(3)
(0.90,0.85) 0.82(2) 0.82(4) 0.81(2) 0.82(4)
(0.90,0.90) 0.70(2) 0.72(4) 0.70(2) 0.72(4

D.5 Tabulated lattice results
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