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Abstract. Universal Seesaw Model is a model which explains the mass hierarchy of the quark
sector. This model introduces vector-like quarks. The top quark mass is generated in the
electroweak scale and the other quark mass is generated using a seesaw-like mechanism. The
invariant theory helps construct a weak-basis invariant. We study the weak-basis invariant
(WBI) using Hilbert Series (HS) and apply it to the Universal Seesaw Model, particularly the
one-generation case of the quark sector.

1. Introduction
Standard Model (SM) is the most successful theory that incorporates the dynamics of a sub-
atomic particle and its CP symmetry is broken by complex phase in the Yukawa couplings of
quark sector[1]. However, SM cannot explain some phenomena, one of which is the fermion mass
hierarchy. Universal seesaw model is one model that aims to explain this problem[2, 3, 4, 5].
One has studied the quark sector CP violation of the universal seesaw model[6], and they found
that even in one generation case, there is an imaginary parameter that leads to CP violation.
Moreover, the flavor structures are also more complicated than SM. These flavor structures are
completely arbitrary and basis dependent. So one can apply weak-basis transformation (WBT)
on the fields and the physical observables have to be independent under this change of basis.
These quantities are called weak-basis invariants (WBIs)[7, 8].

We aim to study the WBIs in the universal seesaw model, particularly the one-generation
case of the quark sector. To find the WBIs in this model, we use the invariant theory method
so-called Hilbert series (HS)[9].

2. The model

The gauge group of the model is SU(3)¢ x SU(2) x SU(2)r x U(1)}-. The complete particle
contents and their charge assignments under the underlying gauge group are given in Table 1.
After spontaneously symmetry breaking (SSB), the ordinary quark and VL quarks will mix at
the tree level from non-zero vacuum expectation value (VEV) of SU(2); and SU(2)r doublet
Higgs vy, and vg respectively, which satisfy vgp > vy.
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Table 1. Quark and higgs field in the model and their charge assignments.

Quark and Higgs Field SU(3)c SU(2)r SU((2)r U(1l)y-

ur,

=1 g4 3 2 1 1/6
4R = Zg 3 1 2 1/6
ULr 3 1 1 2/3
Dr.r 3 1 1 -1/3
+
¢r = ( & ) 1 2 1 1/2
L
bR = < igﬁ > 1 1 2 1/2
R

Considering one generation case without flavor mixing, the Yukawa interaction and the mass
terms of VL-quark as follows,

L =~ @yurdrUr — GRYurdrUL — UL MyUg — h.c.
— qLYar 9L DRr — GrYar9rDL — DLMpDpR — h.c. (1)

where yur, YuR; YdL, Ydr are Yukawa couplings and My (p) is the up-type (down-type) VL-quark
mass. For instance, after substituting the non-zero vev of L-R Higgs, changing to mass eigenstate
basis, and diagonalizing the mass matrix using bi-unitary transformation, the approximate light
and heavy mass eigenvalues for up(down)-type quark are,

o VLVR|Yu(d) L Yu(a)Rl

My(d), =~ My(p) (2)
respectively.

3. Invariant theory
In this section, we give explanation about invariant theory briefly where mainly we studied from

[10]. Consider a model containing n parameters ¢ = (q1, qo, . .., q,)’ and are transformed under
a symmetry group G representation R(g), where g € G, as follows,
¢ =R(g)g, Vgeaq. (3)

Invariants denoted by I(q) are polynomial functions of ¢ and satisfy I(¢’) = I(¢) and they form
a ring (due to the addition and multiplication property). The ring will have a finite number of
generators (basic invariants) if G is a reductive group [9]. The number of linearly independent
(primary invariants) is equal to the number of physical parameters in the model. These invariants
can be obtained using Hilbert series [9],

Cl+4agt ot gad T+

H(q) = ZO g = gt (4)

q : |q| < 1 complex number labeling the building blocks
¢ : number of invariants of degree r

k : degree of numerator; p : number of parameters
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4. Weak-basis invariants (WBI)
Define the WBT on doublet and singlet VL. quarks as follows,

/ 10 / 10 ! 10
qp =€e"Viqr, qr = €"Vrqg, Up =eLUy

Uy = eVrUg, D} = "L Dy, Dy = ¢PrDp. (5)

The lagrangian in Eq.(1) unchanged if the Yukawa couplings and VL quark mass are transformed,

/ 6 4 * \/ 6 * _—i6 / 6 —160
Yur, = €"Veyure” VR, (yyp) = €"Vryne” Ve, yup = € VRy,pe” UL

* \/ 10 * —10 / 10 —10 * \/ 10 * _—0
(Yur) =€ Vryype” VR, ygp = €"Viyyre” PR, (y) =€V PRy eV

' 0 —i0 / i0 —i0 / i0 —if
Yar = € VRyare "L, (yar) = € Pryjpe” VR, My = e"VL Mye "Unr

(Mf;)/ _ eieURMée_ieUL, Mb _ eieDL MDG_ieDR, (ME)/ _ eiGDRMBe—iGDL. (6)

By labeling ¢1 = yur,q2 = Y31,93 = YuR: 44 = Yyr> 95 = YdL, 96 = Yj1,97 = YdR, 48 = Yjp> 99 =
My, qi0 = M}, q11 = Mp, qi2 = M}, and by using Molien function[?] (or also known as Molien-
Weyl formula[10]), we obtain the multi-graded HS,

1 — q192939495969798G9910911912

1 —q1g2)(1 — q394)(1 — g596) (1 — q7g8)(1 — q9q10)

1
X . 7
(1 = qu1q12)(1 — 2939598G9912) (1 — q1949697q10411) @

H(Q1,~~-,Q12)=(

From the denominator of Eq.(7), we obtained information about basic WBIs. We have eight
basic WBIs denoted as follow:

I = yurYur, L2 =vurYur, I3 =varvar, 14 =virvir, Is = MyMy;
Is = MpMp, It =y, yurYdirYgrMuMp, Is = yurysrYarYirMiMp. ()

In addition, from the numerator, we obtain one relation between basic WBIs I71g = I1Io1314151;.
Using H(q) = H(q,q,...,q) relation, where H(q) is ungraded HS (eq.(4)) and H(q,q,...,q) is
Eq.(7) with substituting all variables ¢; = ¢ where ¢ = 1,...,12, we get the ungraded HS in this
model as follows,

1—i—q6
(1—¢%)°%(1 —¢%°

From the denominator of Eq.(9), we see that there are six primary WBIs of degree two, which
are I; ~ Ig and one primary WBI of degree six which we choose as Iy — I = Jy. The other
degree six invariant (I7 + Ig = Jyjp) is counted in the numerator. Therefore, we have seven
primary WBIs which means there are seven parameters in this one-generation case of the quark
sector universal seesaw model.

Moreover, we also looked at the CP parities of the primary WBIs. We have six CP even
(I1 ~ Is) WBIs and one CP odd (J9) WBI. From [6], there is one CP violating WBI in one-
generation case of the quark sector universal seesaw model. We write the CP violating WBI in
terms of invariants in our results as,

H(q) = 9)

o (10)

which appears in the Wy, — Wx mixing [12].
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5. Summary

We have implemented Hilbert Series method in the universal seesaw model, particularly to the
one generation case of quark sector. We find eight basic WBIs becoming the generator of the
ring, one syzygy and seven primary WBIs. Furthermore, there is one CP violating WBI in this
model which appears in the Wy, — Wg mixing.
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