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We present a model to explain the Standard Model flavor hierarchy. Our model is based on explicit
smooth confinement (namely confinement without chiral symmetry breaking in a supersymmetric gauge
theory) at an intermediate energy scale, before the electroweak symmetry breaking by the Higgs
condensation at lower energy. In our context, the smooth confinement preserves the SU(3) and the chiral
SU(2), x U(1), symmetry in a supersymmetric Standard Model, while this internal symmetry becomes
dynamically gauged in the end. In contrast to Razamat-Tong’s symmetric mass generation model also
preserving the Gy = SU(3) x SU(2), x U(1), internal symmetry, our model introduces different matter
contents with a different kind of superpotential deformation irrelevant at UV, which further induces Yukawa-
Higgs terms marginal at IR, breaking the Ggy; down to SU(3) and the electromagnetic U(1)g,; only when
Higgs condenses. In our model, the IR fermions in the first and second families are composite of UV fields,
while the third-family elementary fermions match between UV and IR. The smallness of the first- and
second-family fermion masses is explained by the exponential hierarchy between the cutoff scale and the
smooth confinement scale via dimensional transmutation. As a result, our UV Lagrangian only contains the

natural parameters close to the order one.
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I. INTRODUCTION

One of the mysteries of the Standard Model (SM) is the
flavor hierarchical structure. The observed lightest charged
fermion in our world is the electron, and its mass is 511 keV
[1]. On the other hand, the heaviest one is the top quark, and
its mass is about 172 GeV [2]. Both fermions acquire
masses from the Yukawa coupling with the condensation of
the Higgs field. Therefore, the huge difference in the
fermion masses indicates that the Yukawa coupling has a
hierarchical structure. More concretely, the ratio between
the electron and top Yukawa coupling is 3 x 10°. Why is
there such a large flavor hierarchy?

One of the known solutions was provided by Froggatt
and Nielsen in Ref. [3]. They introduced a flavor-dependent
U(1) symmetry and a scalar field called flavon charged
under it. The small parameter is introduced if the vacuum
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expectation value (VEV) of the Higgs is smaller than the
cutoff scale.

In this work, we present a new solution, inspired by
the dynamics of the nonperturbative strong coupling of
gauge theory, known as the smooth confinement (or the
s-confinement [4,5], which means confinement without
chiral symmetry breaking in the supersymmetry context).
The idea is that we hypothesize some matter fields of
the (supersymmetric) SM at IR can be obtained as the
composite fields of UV under s-confinement. Moreover,
the SM gauge group Ggy = SU(3). x SU(2), x U(1),
(including the chiral SU(2), x U(1)y) is preserved not
spontaneously broken by the s-confinement dynamics.

Recently, the s-confinement was also applied to another
problem; the symmetric mass generation (see Ref. [6] for
an overview) of the SM in four dimensions [7,8]. It was
previously stressed that there is no obstruction to give
masses and energy gaps to all of the SM fermions without
breaking the Ggy or grand unified theory’s (GUT’s)
internal symmetry as long as there are no anomalies
among these internal symmetries [9] (see the systematic
checks on the local and global anomaly cancellations for
the SM in [10-12] via cobordism). Reference [7,8] pro-
vides an explicit model realizing this idea, in the context of
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TABLE 1. The UV matter contents of superfields of our N' = 1
minimal supersymmetric standard model (MSSM) in the left-
handed basis. U(1)_; is the anomaly free global symmetry, and
the last column is Z4 z_; subgroup of U(1),_, symmetry. There
are 22 Weyl fermions from the chiral multiplets for each of the
first and second family (/ = 1,2). There are 15 Weyl fermions
from the chiral multiplets for the third family (I = 3). Each of the
two Higgs multiplets introduces two Weyl fermions. So the model
contains 63 Weyl fermions in total. If we include an additional
three families of right-handed neutrinos neutral to Ggy, there will
be 66 Weyl fermions in total.

Field  SU(3)c SU(2), U(1), SU(2); SU(2); U(1)p_;, Zspy
L, 1 2 12 2 1 -3 1
L, 1 2 12 1 2 -3 1
Li_jp; 1 2 -1/2 1 1 6 2
D,_, 3 1 -1/3 2 1 1 1
D, 3 1 -1/3 1 2 1 1
Di_i25 3 1 13 1 1 2 2
Sh_y 1 1 0 2 1 3 3
S, 1 1 0 1 2 3 3
E, 1 1 1 1 1 -6 2
Us 3 1 -2/3 1 1 2 2
0; 3 2 1/6 1 1 -2 2
H, 1 2 12 1 1 0 0
H, 1 2 -1/2 1 1 0 0
D, 3 1 13 1 1 -4 0
Lio, 1 2 -1/2 1 1 0 0

the supersymmetric or nonsupersymmetric SM. The key
idea in [7,8] is that the dangerously irrelevant interaction
term in the UV becomes the Ggy-preserving relevant mass
term to achieve the symmetric mass generation in the IR.

10710

05 10 15 20 25 30
(a)

g(M)

FIG. 1.

Although both Razamat-Tong [7] and our models use
the s-confinement dynamics at an intermediate energy
scale, the two models (including UV Lagrangian, the
deformations, and the IR dynamics) are rather different.
In comparison, Ref. [7] considered enlarging from the
SM’s 15N, or 16N, Weyl fermions to the 27N, Weyl
fermions that can be symmetrically gapped out by pre-
serving Ggyy via a symmetric mass generation deforma-
tion, with the family number N. Instead, we consider a
different UV model with 63 Weyl fermions in total (see
Table I, including the 15N, Weyl fermions in Ny =3
families) with a different deformation. In our scenario, the
standard Yukawa coupling at IR corresponds to the higher-
scaling-dimensional operator at UV. The Ggy-preserving
dangerously irrelevant higher-scaling-dimensional opera-
tor at UV becomes the marginal Yukawa coupling at IR.
Only when the Higgs field condenses to get a VEV at low
energy, then the IR dynamics further spontaneously breaks
Gy down to the electromagnetic U(1)g,,. This naturally
explains the smallness of the first- and second-family
Yukawa couplings, where the smallness is a consequence
by the ratio between the s-confinement and cutoff scales
[see Fig. 1(a)]. On the other hand, the third-family fields
are treated as elementary, which is consistent with O(1)
top Yukawa coupling. We present an explicit model to
demonstrate the idea. We show that the flavor hierarchy
gets milder in our UV model, the coupling of the first and
second family (i.e., superpotential coefficients), and the
third-family Yukawa coupling become closer to O(1) at
high energy. Namely, our UV Lagrangian only contains the
natural parameters close to the order one. The physics at
different energy scales from UV to intermediate to IR are
shown in Fig. 1(b).

Energy scale
Cutoff: Planck or GUT scales

M

uv
As s-confinement for 2nd family
A1 s-confinement for 1st family

Intermediate

energy
SUSY breaking scale ranging
ASUB’Y from TeV to s-confinement scale
IR i
Asw 246 GeV SM Higgs (¢m) #0
(b) 0

(a) Ratio between the confinement and cutoff scales as a function of the gauge coupling g(M) at the cutoff scale M. This figure

reveals that the tiny change of g(M) coupling can correspond to a huge exponential hierarchy between the confinement and the cutoff

scales % (b) Physics at different energy scales; the UV Lagrangian is valid somewhere below the cutoff M. The s-confinement happens
at intermediate energy A, A, while the Gg is still preserved, e.g., % , % ranges from 1073 to 10! for phenomenological fitting. Below
the supersymmetry breaking scale Agysy, the SM Higgs ¢ (given by a linear combination of H, and H ;) condenses breaking Ggy to

U(1)gy below Agw.
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Let us also compare the Froggatt-Nielsen model [3] with
our model. Froggatt-Nielsen introduced the flavon field,
which suffers from the hierarchy problem associated with
the quadratic divergence to the mass squared. Moreover, it is
not clear why the VEV of the flavon is smaller than
the cutoff scale. One of the advantages of our model is
that the new hierarchy problem does not occur, since we use
s-confinement rather than the Higgs mechanism. The
confinement scale appears as the result of the dimensional
transmutation, and is naturally smaller than the cutoff scale.

The idea of applying the composite fermions [14] and
smooth confinement [4,5] to fermion mass hierarchy dates
back to Strassler [15], Nelson and others [16]. There were
also other earlier supersymmetric composite models based
on technicolor [17] with similar goals. However, there are
significant differences between our model and other pre-
vious models: 1. We only require the SU(3) x SU(2) x
U(1) SM instead of the GUT group; 2. We choose the third
family fermions elementary, while previous works pursue
different routes, such as the top-Yukawa-Higgs coupling is
dynamically generated, or the top quark and bottom quark
are composite [16]; 3. We choose the large smooth confine-
ment A ~1073M to 107'M close to the cutoff scale M,
while others choose the much smaller TeV confinement
scale [16]; 4. The smooth-confinement scale is also the
symmetric mass generation scale in our theory, which
naturally demands that the coupling strengths of the original
SM Lagrangian ggy; and the deformation interaction terms
Gine have an order 1 ratio at our UV theory. This g/ gsm ~
O(1) [or more precisely the energy ratio of the action
|

« (L1D})(D;D))H,

« (LiD})D;H

Ei/Esy ~ O(1)] is due to the fact that the symmetric
energy gap is generated nonperturbatively, so we should not
rely on a perturbative renormalization group analysis around
fixed points at either limit g;,,/gsm << 1 O Gine/ gsm > 1.
This article is organized as follows. The UV model is
provided in Sec. II. The model exhibits the s-confinement at
the intermediate energy scale, and the MSSM is realized in
the IR, as we show in Sec. III. We show that the flavor
hierarchy is solved by comparing with the experimental
data in Sec. I'V. The summary and discussions are in Sec. V.

II. MODEL IN THE UV

Inspired by the symmetric mass generation in four
dimensions [7], we propose a new model which reduces
to the supersymmetric version of the SM in the IR.

The UV matter contents of our model is listed in Table I.
Regarding the first and second families, we introduce the
superfields (L}, D}, S;) charged under SU(2)} x SU(2)
(I =1, 2 is the index for the family). There are also
superfields (D;,D;,L;,L;), which are neutral under
SU(2); x SU(2)5. As for the third family, the matter
contents are the same as those of the A/ =1 MSSM,
(Q3,Us, D3, L3, E3). On top of that, we introduce the
Higgs superfields (H,, H,). These are necessary to cancel
the dynamical gauge anomaly of Ggy = SU(3),x
SU(2), x U(1)y. In total, there are 63 Weyl fermions in
Table 1.

The superpotential of the model is'

, Li(LyL))H,

Wuv =i, e i 1 i
0s(D;D})H, (L1D})U3H, (LyD})D3H 4
+ 5 " Vi3 M +5,03DHy + i, By
Ly(LjL))H,
+ ¥4, # + VisL1EsHy + y4,03UsH, + y5,03D3H
+ YisLsEsHy + AP Dy(D}S)) + uH Hy + AL (L) S)), (1)

where M is the cutoff scale of the model. This could be the GUT or Planck scale. This is the most general superpotential
(up to four-fermion interaction terms) which possess U(1),_; (or its subgroup Z, z_; ) defined in Table I. As we will see,
the Z, g ; subgroup of U(1),_, is identified as matter parity in the MSSM. If we do not impose U(1),_; or Z,p_;, the
following superpotential is allowed:

L,L,(L" L L,(L'"D')\D
ﬂlAL:l,UV AIJK 1 J( K K) A/IJK 1( J J) K ﬂ/ILI Hu M,/1]L1<L/JS/J),
D'"D’\D,D
“,AB:I,UV /’{III.IK ( 1 I) JHK ) (2)

"To be precise, more terms are allowed since H; and L; have the same quantum number. Similarly, H,, and L' S} have the same quantum
number. In the generic situation, the last two terms in Eq. (1) will be a 3 by 3 mass matrix in the IR. We assume that one of the linear
combinations is relatively light, which we call H,, and H,. The electroweak Higgs is obtained from a linear combination of H,, and H ;.
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These terms must be small in order to avoid the fast proton
decay.

III. EFFECTIVE THEORY IN THE IR

The beta function of SU(2)} x SU(2)) gauge coupling is
negative, and therefore the system is strongly coupled at IR,
and asymptotic free at UV. The one-loop beta functions of
the model is

B (a0 - nTR) 320, (Ry))

M 3 3
3 3
g7 13g;
=29 =12 3
1672 4872 (3)

!

where g; is the gauge coupling of SU(2); at the energy
scale u, the quadratic Casimir is C,(G) =2 of
G = SU(2)}. The number of complex scalars n; = 6 and
the number of Weyl fermions 2n; = 6 that couple to G are
all from the six chiral multiplets. T(R,) =T(R;) =3
for the fundamental representation. The strongly coupled
s-confinement scale A; is

|

48712
= (<o) “

where g;(M) is the coupling at the cutoff scale uy = M.

In the IR, the system exhibits the s-confinement [4,5],
which magic requires n. + 1 = ny where n, =2 is from
SU(2); and n; =3 implies the six Weyl fermions that
couple to the SU(2)}. The IR fields are the composites of
UV fields,

_egpliLl? ey DiDY . ealDf
EI = A ’ kI = A ’ Qb[ = A s
1 1 1
. D/is/ B L/ S/
/1 = -1 , /[E 1 I’
b=t p=t (5)
1 1

where a, b =1,2 is SU(2), index, i, j, k=1,2,3 is
SU(3). index, and A; is the confinement scale of SU(2));.
The IR matter contents are summarized in Table II.

At IR low energy below the s-confinement scale, the
superpotential (1) becomes

u AN, A Ay A; u Ag
Wir = quQIUJHu + y;[JMQIDJHd + YfJﬁLIEJHd +yl3llﬁQ3U1Hu +y5 MQ1U3HM

A; A;
+ y4,03DH, + vy v Q;D;H, + 4, ML3E1Hd + yisL1EsHy + ¥4, 03UsH, + y4,03D3H,
+ yé:;L}ESHd + //tHqu + AIDA[D]D} + /’{%AIZ:]Z/]
= 5430,UsH,, + 54,0,DpH g + ViyLoEsH + iH Hy + MP DD} + MP Ly L}, (6)

where a, f = 1,2, 3, while 3,5 and j' are the low-energy Yukawa couplings.

In the IR, Eq. (2) becomes

War—ir = AVKLLEg + AY5L,Q0,Dx + W' LiH, + u" L, L),

Wag-1r = A""KUD;D.

Again, this breaks U(1)_, and its Z4_; subgroup.

IV. COMPARISON WITH EXPERIMENTAL DATA

From [18], the experimental data of the Yukawa coupling is”

y4, sinff~6x 1076,
39, cosf~1x107,
¥, cosp~3x1076

¥4, sinff~3 x 1073,
¥4, cos f~3 x 1074,

yh,cosf~6x 1074

The singular value decompositions of Yukawa coupling 3 and 77 are

y* = Udiag(Y,. Y. Y,)V",

(7)
¥4y sinf ~ 0.8,
§4,cosf~1x 1072,
yiycosf~1x 1072 (8)
¥ = Uldiag(Y,. Y. Y,)V, 9)

where U*? and V*¢ are unitary matrices. The Cabibbo-Kobayashi-Maskawa (CKM) matrix is defined as

Here tan f8 is defined as the ratio of the VEV of two Higgs at the electroweak symmetry breaking vacuum, tanf = (H,)/(Hy).
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TABLE II. The IR matter contents in the left-handed basis. The
IR composite fields are given in Eq. (5). All fields are singlet
under SU(2)} x SU(2),. The original Z, z_; symmetry is iden-
tified as matter-parity Z, g of the MSSM [13] in the IR. We can
understand that the MSSM’s chiral multiplets are composed of
two fermions with Z, g_; charge 1 from Table I, which become
the IR field with Z, g_; charge 2, thus with Z, g charge 1, under
the s-confinement [via SU(2)} and SU(2)), dynamical gauge field
confinement]. Here we have a normal subgroup embedding
Zyr CZspr CU()p_y-

Field SUB3)e SU@2), U(l)y Ul)p, Zip1 Zor
E12s 1 1 1 -6 2 1
Ui=123 3 1 -2/3 2 2 1
Or-123 3 2 1/6 -2 2 1
L1125 1 2 -1/2 6 2 1
D123 3 1 1/3 2 2 1
Dy_i» 3 1 1/3 -4 0 0
D, 3 1 -1/3 4 0 0
H, 1 2 1/2 0 0 0
H, 1 2 -1/2 0 0 0
L, 1 2 -1/2 0 0 0
i 1 2 1/2 0 0 0
Vekm = (U)TU4 (10)

The Wolfenstein parametrization of the CKM matrix is

1-14? A AP (p —1in)
Vexa = » 12 AR
AB(1=p—in) —AR 1
+ O, (11)

where 1~0.23, A~0.8, p~0.14, and n~0.35. This
means that the observed value of CKM matrix is

1 02 0.001 —0.003i
Vebs, ~ 0.2 1 0.04
0.01 —0.003i 0.04 1

(12)

Similarly, from [18], the experimental value of Y*“' and
ydsb ig

-6 -3
e 610 e 3%10 0o 08

" sin 3 sinf =’ sinf’
-5 -4 -2

yos 1 X 10 yons 3X10 e 1x10

d cos 3 $ cosf ’ b cos 3
—6 —4 -2

ObsN3><10 ObsN6><1O obs~6x10
cos 3 s cosf ’ cosfp

(13)

Let us estimate the Yukawa couplings in our model.
From (6), the order of the up- and down-quark Yukawa
couplings are

ALAA A AL A A
M? M> M M M M
~ A2 ~d
rolaw g w8 e ] 09
A A 1 1 1
MM
while the charged lepton Yukawa coupling is
A A
wown !
sl A A
Y~ Wl (15)
A A
M M

By performing the singular value decomposition, we obtain

At A3
YMNW, YCNW, YtNl,
Ay Ay
YdNW’ YSNM, Yle,
Ay Ay
Yemoro  Yu~ol Y, ~1, (16)
and
u A A d A A
N R VAR TR I (17)
Mol AN
M M M M

Then, the CKM matrix is [here O(N, N,) chooses the
maximal among the N and N,],

ORI
VCKM:(UM)TUdN 0(%%) 1 %
Y o)
If we choose
A A
Ml~3x 1073, Mz~3x 1072, (18)
then, the singular values are
Y, ~9x 107, Y, ~9x 1074 Y, ~1,
Y, ~3x1073, Y, ~0.03, Y, ~1,
Y, ~3x1073, Y, ~0.03, Y, ~1, (19)

and the CKM matrix is
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1 0.1 3x1073
3x 1073 0.03 1

By comparing (13) and (19), we observe

Yobs ~1.5 Sll’lﬂ, Yo_lc)s ~0.5 Sll’lﬂ, Y?}is 1 smﬂ,
Y Y. Y

s ~ 300cos . &~ 100cos 3, 2 ~100co0s 3,
yops yobs yobs

d s b
Ye Y YT
yobs ~10° cos . Yo};s ~50cos 4, yobs ~20cosf

¢ H T

(21)

Similarly, from (12) and (20), we get the O(1) ratio
between our theoretical fit and the experimental data,

1. (22)

1

1

‘ VCKM,IJ| 2

‘ Vobs | ~
CKM,1J 3

—_— = N

We observe that the CKM matrix is nicely fitted.

As for the fermion masses, at least the hierarchy is milder
than the original SM. If we choose smaller cosp, the
hierarchy is getting milder. For example, cosf ~ 0.1 (so
|

C12€13
Upmns = Uru't =

s
S12823 — C12€23513€ <"

where s;; = sinf,;, ¢;; = cos;; are the mixing angles,
and ¢p is the CP phase. The matrix V is constrained by
the charge assignment in our model, whereas the matrix U*
is arbitrary. Therefore, the experimental data is fitted by
choosing U" appropriately. Beware that our model has not
yet explained the smallness of the mixing angle €5, which
may require a mechanism other than the one we propose.

V. SUMMARY

We have proposed a new mechanism involving the
s-confinement to explain the flavor hierarchy in the
Standard Model. The s-confinement dynamics is used to
drive the dangerously irrelevant higher-scaling-dimensional
operators at UV to the marginal Yukawa-Higgs deformation
at IR in our model. (In contrast, the s-confinement is used
differently in the symmetric mass generation deformation
in [7,8].) The smallness of the Yukawa coupling in the
flavor hierarchy problem is explained as the ratio of the
s-confinement and the cutoff scales. We propose an explicit

is
—S812C23 — C12823513€ "

tan 8 = 10) corresponds to Y, /Y%* ~ 102, and cos # ~ 0.02
(so tan 8 = 40) corresponds to Y, /Y ~ 20.°

The neutrino sector is the same as the SM. By adding the
right-handed neutrino superfield which is singlet under
Gsy, we can write down the neutrino Yukawa coupling and
Majorana mass,

Wy =y LiN;H, + M NN;. (23)

These terms break continuous U(1),_, symmetry, but
preserves Z, g_; Symmetry by assigning charge 2 to N;.
Adding 3 right-handed neutrinos would change the model
from 63 to 66 Weyl fermions.

After the electroweak symmetry breaking, the neutrino
gets the Dirac mass (Mp),, = y),(H,). By integrating out
right-handed neutrino, the light neutrino mass matrix is

(m*) ;= (mp) ;g (M~ ) g (mp) ;- (24)

This is diagonalized as
(m*);; = Urdiag(m*', m™, m*)(U*)",  (25)
y¢ = U'diag(Y,.Y,.Y,)V'. (26)

Then, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix is defined as

—is
$12€13 spze <l
i5,
C12€C23 — S12523513€ °<F $23C13 > (27)
i5,
—C2823 — §12€238513€ 7" C€23C13

supersymmetric model to resolve the flavor hierarchy with
the O(1) coefficients at UV. The UV Lagrangian is more
consistent with Dirac or "t Hooft criteria on the naturalness
[19]. In fact, when the symmetric mass generation (SMG)
happens, the relative strengths between the Standard Model
action Sgy and the SMG interaction action gSsmvaint
together Ssy + 9Ssma.ine have the dimensionless coupling

ratio g~ O(1) of the naturalness order 1 [Also |—E35Ms‘;‘"‘ ~

O(1) for the energy ratios] [20,21]. So, in fact, the SMG
types of processes demand naturalness.
Some comments and promising future directions follow:
(1) It will be interesting to investigate both the super-
symmetric and nonsupersymmetric scenarios of the
models similar to ours for the flavor-hierarchy
resolution.

3Roughly speaking, the large tan # corresponds to a smaller
supersymmetry breaking scale. Given the bound from LHC, the
value of tan # cannot be much bigger than 50.
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(2) One can also consider the symmetric mass gener-
ation deformation of our 63 or 66 Weyl fermion
model. One can also enlarge our model to include
also the 27N, Weyl fermion model of [7], so to
introduce both the symmetric mass generation and
Yukawa-Higgs deformations under the umbrella of a
parent theory. One can study the phase transitions
between different phases of the parent theory [22].

(3) The symmetric mass generation in [7,8] still allows a
mean-field fermion bilinear mass term description at
IR, although this mean-field mass does not break
Ggv because that the Ggy; is redefined when the
matter contents are enlarged by adding more fields
from UV. However, a more intrinsic symmetric mass
generation requires a nonmean-field mass deforma-
tion, purely driven by the multifield interactions or
the disorder mass field configurations [6,23,24]—
this alternative beyond-mean-field deformation de-
serves future study [24].

(4) The large tan # mildens the flavor hierarchy, but the
tan # cannot be too large otherwise it lowers super-
symmetry breaking scale that violates the experimen-
tal bound. It will be desirable to sharpen the rough
constraint [25] tanf < 50 here to find the future
phenomenology evidence.

(5) The s-confinement scenario has the asymptotic free-
dom at the deep UV > A, while the higher-scaling-
dimensional operator and multifield interaction

are nonrenormalizable becoming nonperturbatively
strong also at UV approaching to the cutoff scale
M. Closer to the cutoff M challenges the validity
of the effective field theory, it is worthwhile to find,
in addition to the discrete lattice formulation,
any alternative continuum UV completion of our
model.

(6) As acondensed matter application, the (iso)spin and
the electrically charged degrees of freedom can be
separated by a larger energy gap. It will be interest-
ing to know if the smooth confinement analogy
works or not to explain the (iso)spin-charge sepa-
ration hierarchy.
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