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1 Introduction

The Standard Model (SM) of electroweak interactions, based on the spontaneously SU(2), x
U(1)y gauge symmetry breaking, has been extremely successful in describing phenomena
below the electroweak scale. The most important problem in the SM is the source of the
electroweak gauge symmetry breaking and the related problem of hierarchical flavor struc-
ture. It is well known that the top quark is very heavy comparing to the other SM fermions
and its value is obtained in an ad hoc manner by adjusting the phenomenologically in-
troduced Yukawa couplings. Besides, the top quark couples more strongly to electroweak
symmetry breaking sector than the light quarks and it is possible that some of the elec-
troweak symmetry breaking is due to top sector. The idea of top condensation [1] is an
attractive approach to explain these problems.

However, the minimal top condensation framework predicts a too high top quark mass
my; as well as a high Higgs mass, and then the extreme fine-tuning is needed to trigger
the condensation. Also, the Nambu-Jona-Lasinio (NJL) model must be considered as an
approximation of some new strong dynamics—the topcolor gauge interactions. Omne can
combine topcolor with technicolor to get a TC2 model [2] in which the electroweak symmetry
breaking gets contributions from both the top condensation and the technicolor sectors.
The other very interesting scenario is the top seesaw model [3] which naturally predicts the
acceptable top quark mass without the need of new electroweak symmetry breaking sector.
The UV completion of topcolor needs more matter contents and certain interactions which
are put in by hand. We would like to present a model which will give rise to these terms
automatically.

It is well known that the SM requires the existence of Higgs fields to trigger electroweak
gauge symmetry breaking. However, the quantum corrections to Higgs boson masses have
quadratic divergences. Thus, the entire SM mass spectrum, which depends on the Vacuum
Expectation Value (VEV) of Higgs field, is directly and indirectly sensitive to the cut-off
scale of the theory like the Planck scale. This is the gauge hiearchy problem. One natural
solution is supersymmetry (SUSY) by adding supersymmetric partners of the SM particles
to cancel the quadratic divergences. However, the ATLAS and CMS Collaborations at
the LHC have not found any signal of supersymmetric particles (sparticles) yet. Moreover,
SUSY can provide a viable dark matter candidate, achieve the gauge coupling unification as
well as be an essential ingredient to certain quantum gravity candidate. Thus, it is possible
that our Universe could adopt supersymmetry at relatively high scale.

It had been conjectured long time ago that all the building blocks of the SM are com-
posite particles instead of being fundamental particles. The existence of chiral symmetry is
essential to guarantee the disappearance of the known fermion masses. However, 't Hooft
anomaly matching conditions [4] are very restrictive and hardly can one obtain the realistic
composite models. A very interesting progress was achieved by Seiberg who discovered the
duality [5] between different SUSY gauge theories. Seiberg duality is highly non-trivial and
satisfies the 't Hooft anomaly matching conditions and decoupling conditions as well as
the other consistent checks. Besides, new emergent gauge groups and composite fermions
appear in certain case of the dual description. We conjecture that the SM particles are com-



posite and such compositeness are the consequences of SUSY strong dynamics and SUSY
breaking. The observed small mass terms of the SM fermions are the consequences of the
strong dynamics arise from the emergent gauge interactions. Especially, the Higgs boson
mass around 125 GeV, which was discovered at the LHC recently [6, 7], can be realized as
well.

This paper is organized as follows. In Section 2, we discuss the emergent topcolor
gauge group and matter contents from SUSY strong dynamics. SUSY is broken by rank
conditions in our scenario, which results in the ISS-type metastable vacua [8]. In Section 3,
we discuss the complete top and bottom seesaw sector. The composite matter content from
Seiberg duality results in partial composite physical top and bottom quarks. Composite
multiple Higgs doublets appear in our model at low energy and are fully responsible for
electroweak gauge symmetry breaking. Section 4 contains our Conclusions.

2 Composite Particles from SUSY Strong Dynamics

Top quark, which couples more strongly to the electroweak symmetry breaking sector than
other light quarks, could be responsible for electroweak symmetry breaking. The idea of top
condensation is fairly attractive and gives an explanation on how top quark can participate
in the electroweak symmetry breaking mechanism and obtain a dynamically-generated mass
term. The UV completion of the top condensation idea suggests the existence of new
topcolor gauge interactions. The complete topcolor sector requires new Higgs fields in (3, 3)
representation to break the topcolor gauge symmetry down to SU(3)¢. Besides, top seesaw
sector requires new vector-like particles. We want to obtain all the required ingredients
from SUSY strong dynamics. The most simple setting is the vector-like supersymmetric
QCD.

Let us consider SU(N¢) SUSY QCD which has the massive vector-like quarks Q;
and Q' with i = 1, 2, ..., Np, and several SU (N¢) singlet massive messenger fields f; and
fr(k =1,...,nr) for gauge mediation. The global flavor symmetry is SU(Ng); x SU(Np)2 X
U(l)y x U(1)g. We adopt the following superpotential
i Qi@ ¥

M,

W =m}QiQ’ + + Mof* f. (2.1)

where the following mass terms

mé = m06§ , (2.2)

break the flavor symmetry down to SU(Np)y x U(1)y and M, some new mass scale below
which non-renormalizable operators of the form in the formula is generated. This superpo-
tential is of the simplified gauge mediation type proposed in Ref. [9].

According to the Seiberg duality [5], this theory is dual to an SU(Np — N¢) gauge
theory. We can identify the dual magnetic gauge group as the new topcolor-like SU(3);.
Besides, we require that the dual magnetic gauge group be IR-free which sets Nog + 1 <
Np < 3/2N¢. Thus, the only possible choice is No > 6. We chose No = 7 and Np = 10

In our scenario.



We also embed the gauge symmetry SU(3)2 x SU(2)r, x U(1)y into the SU(6) subgroup
of the global symmetry SU(10)y by assigning

Q" = (3,1)0, QP =(1,2)_1s3, Q% =(L1)y,
QT = (3,1)0, QP = (1,2)13, Q° = (1,1) 93 - (2.3)

We also embedding an additional U(1); into U(1)y. The purpose of such additional U(1);
will be clear later. The fields Q7 and QT etc, are gauge singlets with respect to U(1)1.
However, the messenger fields f, and f* carry non-zero U(1); charge.

The electric theory is dual to a magnetic SU(3); gauge theory with superpotential

W = hTr(chq) + hAmOTT(M) + ]\/} T’I“(I{M)fkfk + Mofkfk , (2.4)

*

and the scale is defined as

(_1)Nf*NcAbe+bm _ A«Z)Nc*NfA%Ifo.?)NC 7 (25)

where b, and b,, are respectively the SUSY QCD beta functions of the electric and magnetic
theories with the respectively dynamical transmutation scales A, and A,,.

In general, the SUSY breaking requires the presence of R-symmetry [10]. However, an
exact R-symmetry forbids gaugino masses which is not acceptable. One possible solution
is to explicitly break the R-symmetry by introducing small R-symmetry violation terms
which lead to meta-stable vacua. In our scenario, we can see that the first three terms have
a U(1)r symmetry with R(M) = 2 and R(§) = R(¢q) = R(f) = R(f) = 0. Such an exact
U(1)r symmetry is obviously broken to an approximate one by the last term.

The magnetic theory requires the existence of meson-like composites to satisfy the
anomaly matching conditions. Components of the meson fields M from QT,QP,Q° and
QT,QP,Qs composition can be decomposed in terms of SU(3)y x SU(2), x U(1)y as

QTQ" ~ (8,1)¢ & (1,1)o,
QTQP @ QPQ" ~ (3,2)13 ® (3,2)_1/3,
QTR ®Q°Q" ~ (3,1)_23 ® (3,1)y3,
QPQ° & Q°Q” ~ (1,2)1 & (1,2),
QPQP e Q°Q% ~ (1,3)g @ (1,1)0 & (1, 1)o. (2.6)

Similarly, the (3,6)/(3,6) components of the dual quarks (3,10)/(3,10) are transformed in
terms of SU(3); x SU(3)2 x SU(2), x U(1)y as

) ~ (37 ?)7 1)0 D (37 17 2)1/3 ©® (37 17 1)72/3 ’

q(
q(

)

) ~ (3?35 1)0 2] (35 1’ 2)—1/3 3] (35 1’ 1)2/3 .

S Ol

3
3
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Thus, in our theory we can identify

t . i 3
T, = (bL> ~(3,1,2)3, Xi= <Xﬁ> ~(3,1,2) 43, Xp= (XL> ~(1,3,2)13 ,

wr

_ [ r] 2 5 - -
P§ = < g) ~(1,3,2)_1/3, b7 ~ (1,3,1)gy3 , @~ (1,3,1) 93, 60~ (3,1,1)_9/3,

oL
w§ ~ (3, L,1)g/3, 0 ~ (1,3, D)oss, Hi~ (1,1,2) 1, Hy ~(1,1,2)1,
‘1)1 ~ (3,3, 1)0, ‘1)2 ~ (3,3, 1)0, S~ (1, 1, 1)8 (CL = 1,2) . (27)

From the dynamical superpotential by Seiberg duality, we can identify the following
interactions

T c : T c . T c
wr, wf, br, o} br, w§

t C
+ hwf®i1&r, + ha7Peor + h (bL > Hi&f +h <X5> HoGp + h@peiSe . (2.8)
L wr,
We also introduce the right-handed top quark chiral supermultiplets in terms of gauge
group SU(3)y x SU(2)r, x U(1)y x U(1); quantum number

tr ~ (1,3, ) a3y, Pr=(pr,on) ~ (1,3,2) 13,1 (2.9)

and possible Higgs sector to completely break U(1); at low energy. The necessity of chiral
fermions is obvious. SUSY QCD is vector-like and the resulting dual gauge theory is still
vector-like. In order to get the chiral fermions, we must introduce by hand at least one
chiral component. This fact also appears in the (latticed) extra dimensional interpretation
of top seesaw [11]. Localized heavy kink mass terms are necessary to get the localized chiral
fermions.

Supersymmetry is broken by rank conditions [8]. Neglecting temporarily the contribu-
tions of the messenger fields, we can see from the rank conditions

— Fr = Mg + Adlmg (2.10)

that supersymmetry is indeed broken. This is a typical in ISS-like models. The scalar
potential is minimized along a classical pseudo-moduli space of vacua which is given by [§]

) els) e

qoGo = moA , (2.12)

with

and arbitrary ¢g. In our scenario, the gy and gy parts corresponding to the VEVs of ®; and
®, fields within the dual quark decomposition.



Flat pseudo-moduli will in general be lifted by quantum effects. The one-loop stable
minimum by Coleman-Weinberg potential [8] is

0 =0gx, 5 @0 = Mlyxn ,Go = Molyxn , My = My = /—mgA . (2.13)

The U(1)g violation terms involving the messengers will shift the minimum of M through
one-loop Coleman-Weinberg potential by an amount

)\3m0A4

<¢0>:A¢0581NW.

(2.14)

The lifetime of the metastable vacua requires

mo
~ 1 2.15
A~y <, (215)

with the tunneling probability e to exceed the lifetime of our universe e*° seconds
_ 4(38Nc—Ny)
S~e NNe o > 40. (2.16)

There are large viable parameter spaces that can satisfy this requirement.

Possible new SUSY breaking minimum can arise through the combination of m;; and
KigA mM,
M K

the lifetime (for tunneling to the new possible minimum) of the previous metastable vacuum

f* f.. For example, a possible new minimum may be possible if f*f;, = . However,

can be long enough if we set

M2M,
Z mA? . (2.17)

The F-term of the meson fields induce the scalar mass terms for 7y, X7, o7, and @}
from the induced superpotential GMg. Other soft SUSY masses can be generated through
the effective messenger fields

A -
Mipess = Mo + = < M >~ M, , (2.18)
with
F; 2
M) KgmoA
Finess = rijhA 7t = —5r—. (2.19)
Thus, we obtain the gaugino masses [12]
Qg Fiy
Ma — E;na(l)ﬁ’ (220)

and sfermion masses

<FWM>2 . (2.21)




Below the scale v/F which is the typical scalar masses for dual squarks, the SUSY QCD
reduce to non-supersymmetric dynamics. The gaugino and remaining sfermions can acquire
masses from gauge loops. The matter contents participate in (part of) the following types
of interactions SU(3); x SU(3)2 x SU(2)r, x U(1)y x U(1);. Besides, the soft masses of
remaining superpartner are controlled by the messenger mass parameter M as well as F)y.
We will see shortly that the additional U(1); coupling as well as one SU(3) is nearly strong-
coupled, thus dominate the gauge mediation contributions to the soft sfermion masses.
Requiring the scale M and +/Fj; is comparable to each other and taking into account
the messenger species multiplication factor n,(I), we can easily tune the soft squark and
gaugino masses to lie near v/F. Thus, after integrating out the relevant supersymmetry
partners, we get at the low energy an SU(3); x SU(3)2 x SU(2)r, x U(1)y x U(1); gauge
theory with proper matter contents and interactions. The gauge group of the SU(3); is
emergent and almost all the matter contents are composite particles.

3 Top and Bottom Seesaw

It is well known from the topcolor dynamics that the predicted top quark mass is too high if
topcolor is responsible for full electroweak symmetry breaking. In order to get realistic top
quark mass, top seesaw model was proposed by introducing additional vector-like particles
besides the topcolor matter content. In our model, partial composite top and bottom quarks
will naturally lead to top and bottom seesaw mechanism.

After ®; and ®9 respectively acquire VEVs M; and Ms, the SU(3); x SU(3), gauge
symmetry is broken down to SU(3)c. The theory has a set of massless gluons and massive
octet colorons. The remaining QCD coupling is

1 1 1 hq
_:__i__’ COt0:—7 31
ge  hi I3 hy (3
where hq and hg are the gauge couplings for SU(3); and SU(3)s, and the massive colorons
acquire masses M5 = (h? + h3)(M? + M2).

After we integrate out the coloron fields and the sfermions for the third generation
quarks, we obtain the effective four-fermion interactions

L = £kinetic — (MQX%CXE + MngCPE + SngCXE) + £int (32)
with
h2 MA MA
»cint = ——22 <X£5M—XL> ( %Uu—(ti)T> + (XL — PL,t% — Pf) + - (3.3)
M7, 2 2
After performing the Fierz rearrangement and at the leading order in 1/N., we have
h3 - _ - _ _ _
Lint = M—% [ (Xptr)(trRXL) + (XL PR)(PrXL) + (PLPR)(PRPL) + - ] . (34)

We can transform the interaction eigenstates to the partial mass eigenstates by
t; =t =17, X§ = X{=XfcosB+ Pfsinf, Pf— Pf=-X§sinf+ Pfcosf3,
(3.5)



where

251M1

tan(26) = 5——5—— . 3.6
W@ = F g 30
We define the unitary mixing matrix T} = Nl.;lTj with
=T, =X, Ts=P,, T\ =Ty, Ty =X, Ty=Py, . (3.7)
In this basis, the NJL model takes the form
B2 3 —
— — = - =
L = Liinetic — (ML X, Xy + Mo P, P + 22 { [(Z NoiT ) th [tﬁz (Z NZiTz‘>
Mg —
3 3 _ ) B 3 3
+ ZZNjiTi (—Xgsin 8+ Prcos )| | (—Xgsin 8+ Prcos 3) ZZ ]sz

i=1 j=2 i=1j=2

with M7 and My the eigenvalues of the matrix

S% + M22 s1 M, (3 9)
81M1 M12 ' ’

Assume the gauge couplings for SU(3)y and U(1); get strong quickly towards IR and
trigger the fermion condensation. The vacuum is tilted by the U(1); interactions so that
condensation between py, and t§ is disallowed by the repulsive forces of U(1);. From the
expansion, we can see that possible types of dynamical condensations for X tg are

<tith >, <Xpth> <pith>, (3.10)
with corresponding mass gap

— el tr — P X1ptR — HptPLtR - (3.11)

And they have the following relations

per = pNot, ey = lNoo, gy = p1Nag (3.12)

so that they are not independent. Just as the case for ordinary topcolor, the dynamical
mass terms p can be calculated through the gap equations. The relevant diagrams are
shown in Fig(1). Detailed expressions for /¢, condensation can be seen in appendix A.
From the gap equation, we can get the analytical expressions for the condensation scale
and the effective critical coupling. This approach with mass insertion is an approximation
at large N, expansion. We will deduce more precise forms of the condensation in symmetry
broken phase.
Similarly, we can get the other condensations

<tppr > < X1 > < PP >, (3.13)



to give < X1 Pr > and < Py, Pg >. After all condensation occurs, we get the most general
possible mass matrix for top sector
0 s, M; 5
(tr ,xr,pL) | p Mz X7 | - (3.14)
0 0 pe L
The mass eigenvalues and eigenstates can be obtained by the following unitary transforma-
tions

M = Ul MgiagUng. (3.15)

The analytical expressions are very complicate. Careful analysis indicates that the three
mass eigenvalues are of order

Sal” i3
MEM3’

in case My = My 2 s, > . We will not give the explicit expression of the mass eigenstates

(M) phy=A5 ~ MY, (mp)bpy=A5 ~ M3, (ma) i, = ~ (3.16)

for the top quark sector. We just parameterize them as

W X7 P = Ukt xeop)” (5 XEp8)" = Ul (tr, xp.p0)" (3.17)
with the lowest mass eigenstates t7* IR corresponding to the physical top quark. One Higgs
doublet field in the multiple-Higgs- doublets are the condensations

Hy ~ (Xptr,@rtr) = ((ho + 7 +vpe) / V2,7 ) (3.18)
and additional two singlets (and triplets) are from the condensations
Hy ~ XL ® Pr = A2(3) D SQ(].) S Hs ~ PL ® Pr = A3(3) D Sg(l) . (319)

We obtain the precise gap equation of this theory in the broken phase [13]| at the cut-off
scale M

0 Sa M1 tR .
_ _ _ th _ ZhQM _
Lan =L, X1 ,PL) | 1 Mo iy x| = Xt(ho + vng) — NoiT xyotn)
B B

0 0 peo PR

hoM _ ho M ho M
_—MB thRT"t — \/_ BXLPR(SQ—i-AQ—i-USl) \/_ BPLPR(53+A3+U52)
3
1 2 2 2 2 2
_§M <h0—|—;2(52 +2|AZ| ) - M Uh0h0+ EZ ’USZ,SZ‘

V)

—MEL R — MXTXE — A3pL PR
3
1
S Ul CIOSCRERC) BRI GRS Y
i—2 -
haM e ) o
V2Mp (Ui tL + UpnoXE + UpasPE) (UpirtR + UpioXR + UpisP) o
hQM U_ m U= U U—l m U= U S
_—\/§MB ( ot + L22XL + L23pL) ( RBItR + R32XR + R33pR)
ho M

NI (ULsitF + UpoXE + Urgspt) (Upaith + UpsoX B + UggsPh) Ss. (3.20)



After we integrate out the heavy fields x™, p*, we obtain the low energy effective theory
g y X 5P

2 - - hoM 1 ma
Ly = —Mi[ty + mULzllfTUmlﬁghO + mUmlltTUR?}ltg&

hoM
+\/E—MB(Jmlly?ngm1 7Ss + Zho (8,ho)? ZZS 9,S:) +ZZA 10,02
1
-y (ks S0t 2) - S - X s
—Mp35593 — Ma3AaAz — V(ho, Si, Ai) — AThoho — > AT, S, (3.21)
The tadpole cancelation condition is
2P ATy, = 7, P opy M2 + 6T, = 0, (3.22)

with 67 the one-loop tadpole contributions. Through the tadpole cancelation condition we
can obtain the exact gap equation

h3M2N, . 2B M N
H= 871'2M2 [Z 25( UL2 URlz) <)\i— 2 In (T)) , (3.23)

with the fact that u = Z;1/2h2Mvh0/\/§MB. Such form is consistent with the previous
large N, expansion approach with mass insertion.

From the wave function renormalization of the composite Higgs fields, we can get the
precise form of the Pagels-Stokar formula

2172 3 2 2
2 pu“M=N, —lwpr—112 M=+ \;
Vho = T2, IEQ‘UL% URli‘ 10g< \2 -
M? + )2
" log (TJ> } (3.24)
J

with other possible Higgs VEVs from bottom sector 0}2” (1 #0)

> vp = vhw - (3.25)
7

3 3
+Z Z ‘ULQ*URL]‘ +‘UL2_]UR

i=1 j=1;1<y

The VEV of S5 breaks the U(1); gauge symmetry completely due to its non-vanishing
U(1); quantum number. The expression of S3 will be given in subsequent Section. Due to
the mixing in the Higgs sector, the physical Higgs fields can be obtained by diagonalizing
the relevant mass matrix. We will discuss the complete Higgs sector after we include the
bottom-type quarks.

Similar setting can be seen for the bottom quark. We rewrite the relevant terms for
bottom quarks

b% ~ (1?35 1)(—2/3,0) , Wr ™~ (153’ 1)(0,—2/3) , 0L~ (3’ 1, 1)(—1/3,—1/3),
(Iji ~ (?’7 L, 1)(1/3,1/3) ) &i ~ (1737 1)(0,2/3) s Hy ~ (17 172)(71,0)7
Hy ~ (1,152)(170) ) (326)

,10,



and the induced interactions
t C

W D haf @101 + haf PGy + h (bL ) Hio07 +h <X£> Hsop, + hwrof Sy - (3.27)

L wr,

We can see from the identification that the most general bottom quark mass matrix is

0 S1 M1 0 0 bcL
p My pr 0 g Wy
(bL, Wi, 0L, (IJL,&L) 0 0 2 0 M4 0’2 . (3.28)
ps 0 pe My pz + sq Wy
00 0 0 M 56

Similarly, we can diagonalize the mass matrix and obtain the relevant eigenvalues. We note
that the determinant of the mass matrix is

det Mb == Slﬂ,U,QMlMQ 5 (329)

which is important to determine the lightest bottom-type quark masses. For My = M; 2
$1 > ui, we have the eigenvalues of various mass eigenstate in order

N=m2 ~ME N=m2 ~2ME M =m ~ M;/2,
2~2 9
12 _ ~2 2 12 _ ~2 STH™ o

Here the expression for the lightest bottom-type quark mass is not precise. This formula
is used to determine the order of the physical bottom mass. We can also parameterize the
mixings in the bottom sector as

( L> wLa ULa GJT76L) i[j{(bL7 WL, OL, (:)La&L)a

(g, Wi, of, OR,0R) = Z-j(bR, WR, OR, WR,OR) - (3.31)

We can introduce auxiliary fields in symmetry breaking phase to obtain the precise gap
equations

ho M

E?\ = _)‘lbLbR —)\QWL(A}R —>\30'L O'R —)\3(JJLWR —)\50'L O'EL — 5 XLbRHl
ho M M ho M ~ ~
\/§2M XLPR(A2+SQ+USQ) \/_2 BPLPR(Ag—FSg—FUSS) ]\243 wr,brSy
hQMf ho M hoM - _ - hoM - _ =
o PpHoy — X.6pH ProrHy — @WLoRS
Mg LI RL12 Mg LORI1I3 — Mg LORI14 \/iMB LORP5
ho M

(3.32)

BULURS6_M2 <Z|H|2+Z|S|2+Z|A .

\_/

— 11 —



Again we can integrate out the heavy modes and obtain the low energy effective interactions

N h2M h2M 1
L= —\bron — —— 277 Lz L e (hy + o Z7E 2oL bR (Ag g+ So 4+ v
i 9L %R \/— Mp L214R11 R( 1 hl) \/§MB [ L214R31 ( 2,0 2 52)
1 7mim 2M —1 —1 [zmpm m 5 m
+ Zig Zpg VEVR (D30 + S5+ vsy)] — V2l {ZL41ZR11 [076™ (84 + vs,) + b7,

 Zph Zdy (B (e + vny) + BV ) + Zih Zidy (767 (hs + on,) + 57 b )
+ Zig1 Zpgy (0707 (ha + vny) + 0" 0wy + ZL41Z§51 (™0™ (S5 + US5) + 0w

ZL51ZI§51 [bmbm(SG—i-USG) +bm 5bm7-(-56 } ZZh 8 h ZZS 3 S
— Za|0A +%Zzsi(ausi Zho(a ho)? ZZS (0,50 + ZZA 10,02
4
- % <Z M2 h? + ZMS 52> + ZMA A7 - ZZMghsihj - ZZMgssisj
i=1 i=2 j=1 i=2 j=2
4 4
— Z Z MPhih; — MosDyAg — V (hi, Si, A;) Z ATy, h Z ATs,S;, (3.33)
i=1 j=1

where we use the parameterization

+
Thi

_ - 1 -0
H;(i=1,2,3,4) ~ (%(h a0 +Uh,,-)> , Si(i=4,5,6) ~ E(SZ + g, +vs;) (3.34)
The tadpole cancelation conditions

2y’ ATy, = 2, o, M + 8T, = 0, (3.35)
Zy*ATs, = 73 *vs,M? + 6T, = 0, (3.36)

determine the exact gap equations
pry = G3y, iy = G, iy = G5, i, = G, psy = Gy, sy = Gy, sy = Gis (3.37)
while ug, and pg, are
= G3s + Gz, ps, = G + G - (3.38)
Here we use the notation

WHy, = [b [USy = 1, HSs = H2, LH3=H3, [Hy = 4, S, =[5, LHy = [16, LS5 = KT,

and define
h3M?N, Y M2+ )2
B _ —1x% M )
Gy = 82 2 E 2R(Z Lai Zsz <)\,~ -5 In <75\2 , (3.39)
h3M?N, Y M? + )2
T § : 1* z 7
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From the wave function normalization, we can get the Pagels-Stokar formula in the bottom
sector

B
on, = Wi Py = uh, P MH3P25 ) =y, PiE (3.41)

4
with the relation v,%i = v%y, as well as the Pagels-Stokar formula for S;
1=0

2 2 (pB T 2 2 (pB T
vg, = ps, (Pos + Pa3) , v, = 1, (Ps3 + Ps3)
v, = uE, P, vE, = ug, P, vd = 1gPE, (3.42)
with vg, the U(1)y breaking scale and the fact g, = Zggl/zthvSB/\/iMB. Here, we
define

M2N. > M2+ 32
B __ [ 1 1
Pab = 87T2M2 [ ZQ‘ZL *Zsz{ lO ( )\2

1=1 7

5 5 2, 32
M —i—)\
1%
030 3 ek e (M5 ]
i=114,j=1;i<j J
M2N 3 M? 4 \?
T c 1 1 J
Py = 87212 ;2‘(& ot Ui 1og< X2

_l’_

3 3
Z Z (‘ULalz*URb]‘ +‘ Laj sz

j=1k=1;j<k

M? + X2
" log (%) } . (3.43)

The physical Higgs fields can be obtained by diagonalizing the 10 x 10 mixing mass matrix
between h;(i = 0,---,4) and S;(j = 2,---,6). Each entry can be calculated by the one-
loop diagrams in the large N, fermion bubble approximation. Detailed expressions can be
found in appendix B.

0,4

One combination of 0.+

and 7~ will act as “would be” Goldstone bosons which will
be eaten by W* and Z;. The remaining 7Ttb will combine into multiple charged Higgs
fields H; * while the other combinations of 7sz and 7} will be the CP-odd Higgs fields AY.
The mixings between triplet Higgs fields will give two mass eigenstates Ay and Ag. There
is enough parameter space to tune the lightest Higgs field to be at 125 GeV. We note that
the non-minimal nature is crucial for Higgs mixing and the appearance of light Higgs field.

Quarks of the first two generations transform as SU(3)s fundamental representations
and also carry U(1); charges. As SU(3)2 will become strongly coupled, additional U(1);
interactions can prevent the condensation between the first two generations. This is similar
to that of the flavor-universal topcolor model [14].

The most important electroweak precision constraints on top seesaw comes from the
electroweak oblique parameters S and 7' [15]. Minimal Top seesaw model can non-trivially
satisfy the S — T bounds. We know that the oblique parameter S can be thought of
as the measure of the total size of the new sector while T is the measure of the weak-

isospin breaking induced by it. Just as ordinary extended Top Seesaw model with bottom
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seesaw, the contributions to the oblique parameters are rather complicate. Detailed analytic
expressions for new contributions to .S, T parameters can be seen in appendix C. Although
the precise values need the detailed numerical studies, we note that the contributions to
the S parameter should be very similar to that of the minimal top seesaw model because
most new particle contents are vector-like.

The contributions from the multiple Higgs doublets needs the Higgs spectrum as well as
the knowledge of the mixings among different Higgs doublets. In general, they should drive
the T parameter negative which however being compensated by isospin violating quark
sector contributions. We will left the detailed numerical results to subsequence studies. We
just anticipate that there are enough parameter space to make our model compatible with
S — T bounds.

There are additional constraints from Z — by, — by, coupling. The mixing within the

bottom seesaw sector change the vertex by

5
b ¢ 12
oL = 2sin 6 cos 6 <ZZ4 12151 ) : (3.44)

We can see that I'(Z — bb) will decrease with respect to the SM predictions. The updated
data on Ry will constrain the mixings within the bottom sector.

We can properly choose the parameter M; = My = 20 TeV so that the physical top
quark mass is given by

2,,2.2
K-8 2

YRS ~ (170GeV)? . (3.45)
M?M3

The gap equation depends implicitly on p and ps on the r.h.s and we checked that the

following parameters
s1 >~ 18 TeV, g >~ 5.02 TeV, p ~ 0.76 TeV (3.46)
can satisfy approximately the gap equation

—1x7r7—1
B UpssUpss

~ . 3.47)
1 -1 (
H2 UpysUpis
The mixing matrices can be obtained by diagonalizing the mass matrices
tr —0.2475 0.4940 —0.8335 tr,
X7 | = 0.2225 —0.8083 —0.5451 xr | (3.48)
T 0.9430 0.3204 —0.0902 PL
ty 0.9988 —0.0475 —0.0132 tr
X% | = | —0.03766 —0.5623 —0.8261 xXr | (3.49)
PR 0.03180 0.8256 —0.5634 PR
with the eigenvalues
A1 ~0.172 TeV, Ao ~ 13 TeV ;A3 ~ 31.36 TeV . (3.50)
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The unitary nature of the mixing matrix indicates that the inverse mixing matrix is the

form
—0.2475 0.2225 0.9430 0.9988 —0.03766 0.03180
UL—1: 0.4940 —0.8083 0.3204 ,Ulglz —0.0475 —0.5623 0.8256 (3.51)
—0.8335 —0.5451 —0.0902 —0.0132 —0.8261 —0.5634

From the Pagels-Stokar formula and setting v? ~ (200GeV)? and N, = 3, we obtain the
cut-off scale

M ~ 40 TeV . (3.52)

The coloron mass scale is Mg ~ /2M; =~ 30 TeV if we assume hy ~ O(1). The bottom

quark sector can be similarly obtained. The lightest bottom-type quark mass is given

approximately by

f. 51412
N MM,

= 4.2 GeV | (3.53)

which is related to the top quark sector through the relation p/f=tan 5y =~ 40.

As indicated in section 2, most superpartners obtain their masses via gauge mediation.
For proper chosen M with /Fy;/M ~ O(1), the dominant gauge mediated contributions to
sfermion masses come from the nearly strong U(1); and SU(3)2 gauge interactions. Then
from the gauge mediated supersymmetry breaking formula, we can easily set the soft mass
parameters to lie near VF ~ 20 TeV. Thus, below V'F after we integrate out the sfermion
fields, the low energy effective theory reduce to NJL type top seesaw interactions.

While the superpartners are lighter than the coloron, their contribution to the four-
fermion interactions are subdominant because of the R-parity. Possible four-fermion interac-
tions contributed from superpartners in the low energy can be only generated by sparticle
loops which thus amount to the suppression scale of the operators to be 47 x 20TeV ~
200TeV.

In general, the scalar type bound state of the NJL-type condensation has a mass of
order 2u with p the corresponding dynamical mass in the gap equation. In our scenario,
the lightest scalar states are mixing between various condensation bound states with the
lightest bound state as light as 21 ~ O(10 GeV), and then can be as light as O(100 GeV).

We should note that quite a bit fine tuning is necessary in our scenario. By introducing
the auxiliary fields, dynamical Higgs field will reappear after renormalization group equation
running down to a lower scale. Thus fine tuning problem that is plaguing the ordinary Higgs
models will also show up here as long as the cut off scale is not too low. In our scenario,
the cut off scale of the NJL type interaction is 40 TeV, thus leads to fine tuning of order

A 2
( Mmh) ~ 600. (3.54)

As there are much parameter space remaining in our scenario, it may be possible to ame-

liorate such fine tuning by other choices of parameters. We leave the detailed numerical

discussions in our subsequent papers.
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We would like to give a brief comment on the status of this model in the LHC era. In
the previous choice of the parameter, new fermions will acquire masses of order M? and
M2 [~ O(10TeV)] thus cannot be discovered by LHC. In the low energy, our theory will
look like a two Higgs-doublet model with the mixings between top-Higgs and bottom-higgs
to give the 125 GeV scalar that was discovered by LHC. The light scalar in our scenario is
standard model-like with its couplings to W, Z gauge bosons and photons resembling that
of the standard model Higgs field. While the detailed mass paramters of the additional
Higgs fields depending on the concrete values of the mixing and Renormalization Group
Equation running, a coarse estimation on the tree-level mass of the CP-odd Higgs field is
that M 40 ~ 350GeV; the charged Higgs HT have masses Mpy+ ~ \/ M3+ m%/V ~ 359GeV;
the heavy CP-even higgs H acquires a mass mpgo ~ M 0. Our predictions on the Higgs
masses are not very sensitive to the UV physics, so it is testable on the LHC. Inspired by
this work, a phenomenological low energy top-bottom seesaw model which can explain the

LHC discoveries is being studied in our new paper.

4 Conclusions

The recent discovery of a 125 GeV Higgs-like particle at the LHC pushes us to ask the
interesting question whether such scalar is composite or fundamental. On the other hand,
top quark, which is much heavier than all the other SM fermions, indicates that it couples
more strongly to electroweak symmetry breaking sector. Thus, it is possible that the top
sector plays a key role in electroweak symmetry breaking mechanism and related intimately
to the intrinsic nature of the Higgs field. Ordinary top seesaw model predicts too heavy
Higgs mass and requires new matter contents and interactions that are put in by hand. We
propose a typical non-minimal extended top seesaw model (with also bottom seesaw) and
accommodate a light composite Higgs field. The non-minimal nature is crucial for Higgs
mixing and the appearance of light Higgs field. Besides, supersymmetric strong dynamics
can lead to almost composite top and bottom quark as well as new emergent topcolor gauge
interactions. At the same time, supersymmetry breaking condition also leads to topcolor
breaking as well. The low energy QCD coupling is partially emergent. This theory also
acts as an AdS/CFT dual to a Randall-Sundrum [16] type model which will be given in
subsequent studies.
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PROSS

Figure 1. The gap equations for quark condensations in the top sector. The red, blue and green
crosses denote the t'x’, t't’ and t'p’ condensations, respectively. While black crosses denote all the
previous three condensations.

5 Appendix A: Gap Equation

There are several ways to obtain the mass gap of the dynamical condensations. The con-
densations can be calculated from the gap equations which are large-IN, Dyson-Schwinger
equations expanded up to (’)(mit) for the NJL Lagrangian. The relevant diagrams are
shown in fig(1). Tedious calculations give the expression for X’ t}, condensation

. h2N,
T 4rME

=
¥
o
2

Ml +M2
M,

2
M2+M1> N3yp® M o ((M2+M12)M22>]

— (N3 + N3 + Nig)p* log | ——
21 22 23 M? M2 M2 (MZ _|_M22)Ml2

——2 —2
—2 M?+ M — 9 _ M2+
+ N22N223M [M2 — M, log <j2> — <M2 +N21,UM2) log <?2>
2 2

_2 JR—
{N22u [M2 - (M1 v NQWMl) In (

M? + 13, N2 2 M2 (M2 + M2)M?
2 2 2 2 2 21 2 2 1
- (N21—|—N22—|—N23),u 10g< Mg ) (M2—M2) <(M2+M2)M22>
N2 M24+D1°\ N2 M2 + M2
+ N22N221M [M2 sz ,LLMl log <?1 N23MM IOg
1

M? 4+ 17, (M2+M M3
2 2 2\ 2 2 2 242 i)Ms
_ (N21 —|—N22+N23)u log <7M§ ) + Ny~ My log <(M2+M2)M12>

(5.1)
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From this expression, we can easily deduce the analytic expression for the form of effective
critical coupling. Similarly, we can get the other condensations

<tppr > < X1 > < PPR >, (5.2)

to give < X1 Pr > and < P, Pr >.

6 Appendix B: Mixing In the Higgs Sector

The CP-even Higgs fields in our scenario are obtained by diagonalize the 10 x 10 mass

matrix. In the fermion bubble approximation, the diagonal entry can be calculated to be

T B B B B

m% _ M21 mi _ M21 mi _ M43 mi _ M25 mi _ M35
- ) - ) - ) - ) - )

0 Zh() 1 Zh 2 Zhg 3 Zh3 4 Zh4

m = =
52 Zs, 9 Zs, ’
B B B
m2 My 2 M45 2 M55 (6 1)
S4 Z ) S5 ZS ) SS ZS )
5 6

where the wave function renormalizations are

h2 h2 h2 h? h2
Zh(): 2P21’ Zh1 2P2]51;’ Zh2:72p4§’ Zh3:7P25;, Zh4_ 2P35,,

h2 h2
Zs, = = (P23+P23) 253:72(13:5)"‘]3%)7
h h h3
Zs, = P41 y Lgs = P45 , Zsg = 2P55 ) (6.2)

and the definitions for Mg;) and M £ are

h2M?2N, h2M?2N,
MaTb = { 1 2 C) 2

3 2

c _ _ 2 M
TS o (1)

82 M2 [ : Far =10 A7

© 8m2M P
3
. . i M? M?
+ Z 2§R[(ULaz URb])(ULa Usz)] 2 _J 2 P\2l 2 )\2 In 2 ]
L 2=\ A2 A2
i,j=15i>] ¢ J
3 2
M? M
1% 1% 4 4
+ Z |:‘UL0L@ Uij‘ + ‘UL Usz :| )\2 )\2 [)\ In )\2 B )\ )\2 ] ] } ’

h2M2N h2M2N, M?
B _ 2 1% 2
Mab = {(1 . 2M2 )M + S QM% [4; (gR(ZLaz Zsz)) )\ ( )\2 >

i

5 ~ o~
Aidj % M? - M?
2 : 1x 1% 1 2 2
+ 2§R[(ZL(M ZRb])(ZLaj ZRbZ)]m[)\l IDV —)\] hl?]
i,j=1;1>7 P 7 ) j
5 2 2
1 ~ M ~ M
1x 1x 4 4
+ |:‘ZL Zij‘ +‘ZL ZRbZ :| m[}\l hl?—)\]hl?] :| }
3,j=15i>7 4 J 4 J
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The mixings between the Higgs fields can be calculated accordingly. For simplicity, we
can define

h2M2N, h2M2N, [ - M2
BB _ 1% a2 2 c — —1x,—1Y 12
Fapea = — 872012 87203 ;4% (ZLai Z i) R (Z 1" Zgas) Mo Y
5
—1k =1\ =1k p—1 —1 -1 —1 -1
+ Z [(ZLai*Zij)(ZLcj Zgai) + (ZLajZRbi*)(ZLciZRdj*)]
1,j=1i>j
IRV 221 M 221 M* 5 Z7 gy (7l g
X(j\g_j\z)[i nﬁ_ jnﬁ“’ Z [( Lai ij)( Lei Rdj)
i J i J ij=Li>j
T <, ML, M?
—1 -1 —1x -1 4 4
+(ZLajZRbi*)(ZLCj*ZRdi)i| m[}\l In 7 - )\_] In 7] ] 3 (64)
i j i j
h2M2N, hIM2N, [ M2
T _ ) car2 2 c . — —lerr—1Y 2
Fabea = = 8m2 M3 M 8m2 M3 ; 4R (ULai Usz‘) R (ULci URdi) A7 In ( A2 )
3
—Lepr—1 N\ p7—lxp7—1 —177-1 —177—1x
+ Z (UL Uij)(ULcj*URdi) + (ULajURbi*)(ULciURdj )]
1,j=11>7
3
<o W Sy~ NS+ Y g (U Uy
(AF =A%) A A7 e AP = A ar J
1 1 e Tk M? M?
X(ULcliURdlj )+ (ULaljURbli )(ULclj URdli)] (Al In v A? In 7] } ) (6.5)
i J
where the mixing terms between h; and h; are
BB FBB BB
M= B o B o A
L, L, AN Zn, Zh,
BB BB BB
Mhh 43,25 hh 43,35 hh 25,35
23

the mixing terms within S; are

TT BB BB BB
S8 Fi333 + F333 s Fozn ss 35
3 = Moy = ———=, M5 = ———,
NN NIANAN NIANAS
BB BB BB
158 93,55 ss  Yszam 59 33,45
26 — 34 — » AP35 — ’
V ZSQZSS V 253254 V 253Z55
BB FBB BB
55 33,55 ss  taias S5 41,55
M _



the h; and S; mixing terms are

MhS — Fiihs AhS — Flss MBS — Mo = Mo — 0 MHS — Fii%s
OZ_m’ OB_m? 04 — 05 — 06 — ; 12_\/ﬁ’
M = b s T e Pl s P
/' Zn Zs, 2 Zs, VZnZss \/ Zhy 2,
i = 85 e B e TBL e TEb
N Zn Zs, ZnZs, N
MQhGS = Fﬁgi’) 7M?]>125 - FQB;,B;?) 7M?})l3s - FQng?) 7M?]>14S = Fgﬁl )
\/ Zhy Zsg \V/ ZhsZs, V/Zh3Z sy NN
Vg VN | MV TV W
Zn Zs, ZnaZse ZnZs, ZniZs,
M&S_ﬂ,M&s:ﬁMgg:ﬁ, (6.8)
ZnZs, ZniZs. ZniZse
and the relations are
TT,BB TT,BB
R i ol iy e 69
h;4S; Si4h;

i J i 3J

7 Appendix C: Oblique Parameters

The most important constraints of out model is the oblique parameters. New contributions
to the T" parameter

47

T T feodgrg T bemo ~ Tl ] - (1)
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from the quark sector are

o7 = am_ANe 1 23325: ZU eyl ez LK (A Ny)
- S%VC%szz 1672 4 paranl | Lia “Lib Ria “Rib a b
5
+ Z Z 2R <Z UL 1*ZLzb> (Z URzaZsz > L()‘(lv S‘b)
a=1 b=1
3 3 2 32
_ ; <; Umﬁ*%ﬁ;) (Z URl*URza> Ai log M“%
5 3 2 ) 52
o C; < — ZLZ}:ZLM> <Z ZRI*ZRm> >‘(21 log Ma%
3 3 2
- Z Z ZULzz*ULzb ZURI*Usz K(Xa, Mp)
a=1b=1;b#a | |i=
3 3 3 3
- Z Z 2R (Z Lzz*ULzb> (Z Rza sz> L(Aa;, Ap)
a=1b=1;b#a =1 =2
5 5 2 o
- Z Z Ll*ZLzb Rl*Zsz K(Xas \p)
a=1b=1;a%#b
5 5

a=1 b=1;a#b

here we define

1 Ja* o B B2 1, 1,
K(a.b) =55 [71“@‘51“@‘1 +1b]’

ab a? b2
L(a’b):aQ—bQ [azln—]w]%—1)2111—]\4]_23 a2+b2}

New contributions to the oblique S parameter

S = 16w —2H33 q?

o — =11
=0 0q? 3Qq2:
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from the quark sector are

3 3 3 3 3
4nS 1 —1xpr—1 —lxpr—1 -1 —1xpr—1 —lxrr—1
N = 3 Z {(Z ULia ULia = Z URia*URia - 4UR1:UR1G Z ULia ULia = Z URia*URia
¢ a=1 i=1 i=2 i=1 i=2
9 3 3 3 3 3
2 —lxrr—1 —lspr—1 —lxrr—1 —lxrr—1 —1x
+ 9 Z In(A7) <Z ULia ULia) <Z ULia*ULia> + <Z URia*URm> <Z Ugia Uria + 4Ug14 URla):l
a=1 i=1 i=1 i=2 i=2
1 3 3
—1x—1 —1xp—1
+ g Z <Z ZLia*ZLia - Z ZRia ZRia>
a=1 \i=1 i=2
3 5 3
—1x,—1 —1x,—1 —1x—1 —1x,—1
X\ D Zoa 2 =2 2 2 =D Zria Zria 2 D Zhia Zhia
i=1 i=4 i=2 i=1,4,5
9 5 3 3 5
12 —1%p—1 —1% —1 —1x—1
+ § Z In )‘a l:(z ZLz'L:< ZLia> <Z ZLz'L:< ZLia -2 Z ZLz'L:< ZLia>
a=1 i=1 i=1 i=4

_l’_
e
®
S]

3 5
—1kp—1 — 1k p—1 -1
ZRi;Z i > <Z ZRi;ZRia -2 Z ZRi;ZRia>
i=1 i=4
3 3
—1xy7—1 —1xy7—1
KZ ULia ULib) <Z Ui ULm)
ja#b L \i=1 i=1
3 3 1
—1*x77—1 —1*x77—1 —1%
+ <Z URia URib) <Z Ugrib Uria T 4Ug1y URIa)} (g —4P(Aa, Ab))
i i=2

+
e
(]

1=2
5 5 3 3 5
—1%r>—1 —1%r>—1 —1%r—1
+ Z Z KZ ZLia ZLib> <Z Zrib Zria — 22 ZLib ZLm)
a=1b=1;a%b L \i=1 i=1 i=4

3 3
—1% >—1 —1%x>—1 — 1% 1 I 1
+ <Z Z Ria ZRib> (Z Zgib LRia — 2 Z Ugiv URia)} (g —4P(Xa; Ap)
i i=2

i=1,3,4

5 5 3 3
LD [(ZZ;L*Z;Z) (ZZESJZ;}G% > U,;;;UM>

i=1 i=2 i=1,3,4

20 A Q(Aa, Ap)

i=1

3 3 3 3
—1x77—1 —1x77—1 — 1%

+ Z Z {(Z ULia ULib) <Z Ugrib Uria T 4Ug1p URla>

i=1 i=2
3 3
—1xy7—1 —1xy7—1
+ ZURm URib> <Z ULib ULia)

i=1

3 3 5
—1% >—1 —1% >—1 —1 -1
+ <Z Z Ria ZRib> <Z Zri 2 =2 ZLib*ZLz’a)
i i1=4

22 A Q(Aa, Ap) - (7.5)

with the definition

1
P(a,b) = /x(a: — 1) In[(a — b)x + bldz ,
01 1
Q(a,b) = /%dm, (7.6)
0

which we will not give their tedious analytic expressions.
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