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Higgs Mass in the Gauge-Higgs Unification Theory *
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The gauge-Higgs unification theory identifies the zero mode of the extra dimensional component of the gauge field as
the usual Higgs doublet. Since this degree of freedom is the Wilson line phase, the Higgs does not have the mass term
nor quartic coupling at the tree level. Through quantum corrections, the Higgs can take a vacuum expectation value,
and its mass is induced. The radiatively induced mass tends to be small, although it can be lifted to O(100) GeV
by introducing extra bulk fields. We analyze the Higgs mass in SUSY and non-SUSY SU(3). x SU(3)w and SU(6)
models. We also show the case of introducing the soft SUSY breaking scalar masses in addition to the Scherk-Schwarz
SUSY breaking.

1. GAUGE-HIGGS UNIFICATION

One of the most fascinating motivations for the higher dimensional gauge theory is that gauge and Higgs fields can
be unified[2]. The higher dimensional components of gauge fields become scalar fields bellow the compactification
scale, and these scalar fields are identified with the Higgs fields in the gauge-Higgs unification theory. The Higgs
doublet fields can appear through the orbifold compactification such as S'/Z, from 5D theory(3]-[7]. In the gauge-
Higgs unification theory, the Higgs fields have only finite masses of order the compactification scale because the
masses of the Higgs fields are forbidden by the higher dimensional gauge invariance. Yukawa interactions can be
induced from the 5D gauge interactions when quarks and leptons are in the bulk. In order to obtain the Higgs
doublets from the gauge fields in higher dimensions, the gauge group must be lager than the standard model (SM)
gauge group. The Higgs doublets are identified as the zero modes of the extra dimensional component of the 5D
gauge field, As. Here, we study SU(3). x SU(3)w and SU(6) models, and check whether the dynamical electro-weak
symmetry breaking is possible or not by calculating one loop effective potential of the Higgs doublets|1, 8, 9].

We consider the 5D theory in which the 5th dimensional coordinate is compactified on an S*/Z, orbifold. Denoting
y as the coordinate of the 5th dimension, parity operator, P (P’) are defined according to the Z5 transformation,
y— —y (rR—y — 7R +vy). In the SU(3). x SU(3)w model[4-6], we take P = P’ = diag(1,—1,—1) (P =P =1)
in the base of SU(3)w (SU(3).). Then, there appears Higgs doublet as the zero mode of As!,

H = \/27TRA5. (1)

The 4D gauge coupling constant is defined as g4 = g/v27nR% The vacuum expectation value (VEV) of As is
parameterized by a/(2gR)E3, where E3 is the 3 x 3 matrix having 1 at (1,3) and (3,1) elements, while the other
elements being zero[8, 9]. The relation between the VEV and electro-weak scale is given by

V27 R (AL) = g“—i% — v~ 246 GeV. 2)
4

Here the component gauge field A2 is defined by A5 = Y o A8T* through the generators T'%, where Tt = %Eg The
compactification scale must be above the weak scale, and when we take it as a few TeV, for examples, ag should

*This talk is based on Ref.[1] collaborated with T. Yamashita and K. Takenaga.

1Taking account of the scalar degrees of freedom in the gauge super multiplet, we can easily show that there appear two Higgs doublets
in the SUSY theory.

2We should take g4 =

ga = O(1) in this paper.

1 for the wall-localized kinetic terms being the main part of the MSSM kinetic terms[8]. Hence, we take
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be a parameter of O(1071~~2). Since the Higgs is essentially the Wilson line degree of freedom, the mass term nor
quartic coupling does not exist in the Higgs potential at the tree level. Through quantum corrections, the Higgs can
develop a vacuum expectation value, which means the dynamical electro-weak symmetry breaking is realized and
accordingly its mass is induced.

Let us concentrate on SUSY theory with Scherk-Schwarz (SS) SUSY breaking[10]. We define

JPa, 8,n] = % (1 — cos(2nnf)) cos(mna), J[a,B,n] = % (1 = cos(2mnp)) cos(mn(a — 1)),

where (0 < 8 < 0.5) parameterizes the magnitude of the SS SUSY breaking. Then, the soft mass parameters
become O(F/R)[8, 9]. The contribution of the gauge multiplet to the one loop effective potential is written as

v = 202( T 20, 8,n] +27la, 5,7]) 3)

where C' = 3/(647"R%). The VEV of o, which forms the real part of scalar component of N = 1 chiral multiplet
at low-energies, becomes zero by calculation of the effective potential for (o)[11]. The minimum of the effective
potential (3) is located at ap = 1 (mod 2), which means that the suitable electro-weak scale VEV, (0 <)ap < 1 and
electro-weak symmetry breaking are not realized. Thus, for the desirable dynamical electro-weak symmetry breaking,
one needs to introduce the extra bulk fields, which are N Jﬁjfg and N édij) species of hypermultiplets of fundamental
and adjoint representations, respectively. Here the index, (+), denotes the sign of the intrinsic parity of PP’ defined
in Refs.[8, 9].
The effective potential from the bulk fields is given by

vaprer = 20y {NG) (79 12a,8,0] + 20D, g,n)) + N (1020, 8,m) + 20 a, B
n=1
+N}:&_J(+)[a,5,n] +Nj(c;3l_J(_)[a,ﬂ, n]} . (4)

Reference [8] shows one example, N(H = Nédj) =2, N( ()1 =4, N}Z()i =0 with 3 = 0.1 and R~! of order a few TeV,
in which the suitable electro-weak symmetry breakmg is realized by the small VEV, ay = 0.047. The Higgs mass is
calculate by the second derivative of the effective potential, Vog = C'Veg = Vi "8° + VAT with respect to a at the

minimum, a = ag,

mg ~

27 1/2 2
Y (Ger) )

3 2
47 da —ay 0

where we have used (2). In this case Higgs mass is calculated as

) <0.025 g
MHY\ TR

2
> ~ (118 gi GeV)?, (6)
where g4 = O(1), as explained above. The Higgs mass is likely to be smaller than the weak scale, 246 GeV (Eq.(2))
since it is zero at the tree level and is induced through the radiative corrections (Coleman-Weinberg mechanism([12]).

As for the SU(6) model[5, 6], we take the parities, P = diag(1,1,1,1,—1,—1) and P/ = diag(1,-1,—-1,—1,-1,-1),
which induces Higgs doublet in A5 as the zero mode. The VEV of Aj is written as a/(2gR)Eg, where Eg is the 6 x 6
matrix having 1 at (1,6) and (6,1) elements while the other elements being zero[8, 9]. The gauge part of the effective
potential is given by

V;g;uge — Z (J(Jr 2a 6, ] + 2J(+)[a’7ﬂ7 n] + 6J(7)[a’7ﬂ7 n]) . (7)
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As in the SU(3). x SU(3)w model, the suitable symmetry breaking can not be realized only by the gauge sector.
This situation can be changed by introducing the extra bulk fields, which induce the effective potential,

o0
Vpatter — ZC’Z {Né;rj) (J(Jr)[Za, B,n] +2JPa, 3,n] +6J[a, 3, n])
n=1
+N§;) (JH[QG, 8,n] + 27 a, B,n] + 6P [a, 8, n]) +N) TBa, 8,0 + N T, B, ]} )

We show one example of the suitable symmetry breaking in Ref.[8], which is the case of N (E;;) 2, N }nd = 10,

Nédj) N}:;)i. =0 with 8 = 0.1 and R~! of order a few TeV. In this case, the minimum exists at ap = 0.047, and

the Higgs mass squared is calculated as

) <0.024 s
i\ TR

2
> ~ (120 g2 GeV)?. (9)
In the above two examples O(10) numbers of bulk fields are required for the suitable symmetry breaking and Higgs
mass. However, is it inevitable situation? To see it, let us estimate the coefficients of a? and a* in the effective
potential.

2. HIGGS MASS

The Higgs mass is defined by the 2nd derivative of the effective potential. For a < 33, the coefficients of a? and
a* in JH)[a/7, B/m,n] are given by][l]

ﬂZ

(432 - 1aa () (<o), and 2O

288

(>0), (10)
respectively. On the other hand, the coefficients of a? and a* in J7)[a /7, 3/, n] become
#In2 (>0), and —B%/48 (<0), (11)

respectively. For realizing the suitable heavy Higgs mass, the quartic coupling should be large and positive. On the
other hand, the VEV (W and Z boson masses) should be maintained small (ag < 1) comparing to the compactification
scale. For this purpose, large negative contribution in the first term in Eq.(10) must be almost canceled by introducing
N](c;()i = O(In4/3?) numbers bulk fields acting on the first term in Eq.(11). This means that the less (more) bulk
fields are needed when ( becomes large (small). Eqgs.(10) and (11) shows that even in the case of this cancellation,
the coefficient of a* is still positive and large enough when ag < 3. Thus, the heaviness of Higgs mass is mainly
controlled by the factor, —In(a3/3?), in the effective quartic coupling, which implies that the smaller (larger) a2 /3>
becomes, the larger (smaller) the Higgs mass becomes. For the SU(3). x SU(3)w model, the Higgs mass is calculated
as

my \/_ _ 1 (+) (+)

=B (462) + const., B=_; (183 - D+ NG ). (12)
and the constant term depends on 8 and the number of flavors. Equation (12) shows that a few adjoint bulk fields
are enough and essential for the large quartic coupling. The contribution from the adjoint bulk field overcome the
loop factor ~ 1/47 to enhance the magnitude of the Higgs mass. Hence, O(1) numbers of bulk fields can realize the

3In the usual scenario, a < (3 should be satisfied since the SUSY breaking mass, O(8/R) must be larger than the electro-weak scale,
O(a/R).
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suitable symmetry breaking and Higgs mass of O(100) GeV as shown in Ref.[1]. We should note that the dependence
of the Higgs mass on the supersymmetry breaking parameter is logarithmic, as expected.

In non-SUSY models, it is also possible to cancel the coefficient of a? terms between the bulk fields with even parity
and the one with odd parity, keeping the positive and large quartic coupling, by an appropriate choice of the matter
content. This case has the similar situation as the SUSY case studied above, and we can have the desirable size of
the Higgs mass. The non-SUSY model with the appropriate matter content, which realize the suitable dynamical
electro-weak symmetry breaking, is presented in Ref.[8].

3. SUSY GAUGE-HIGGS WITH BULK MASS

Next, we show another example for realizing the dynamical electro-weak symmetry breaking with the small number
of extra bulk fields. We introduce explicit soft SUSY breaking scalar mass in addition to the SS parameter for the bulk
superfields. We do not introduce the soft gaugino masses because the mass terms are odd under the Zs operation.

For SU(3). x SU(3)w model, the contribution of the gauge multiplet to the effective potential is the same as Eq.(3).
We introduce the soft SUSY breaking mass, m for the bulk hypermultiplets and define a dimensionless parameter,
z=mR (< 1). We denote

+) [a,B,z,n] = % (1 - (1 +2mzn + (27r§n)2) e 2man cos(27mﬁ)> x cos(mna), (13)
Ia,B,z,n] = % (1 - (1 + 2mzn + (27r§n)2> e 2man cos(27m6)> x cos(mn(a — 1)), (14)

in which I®)[a, 3, z,n] is reduced to J™*)[a, 3,n] in the limit of z — 0 (m — 0). The contribution of the matter
hypermultiplet to the effective potential is given by|[1]

ymatter _ QCZ{NCS; (IH 2a,8,254) 0] + 21 [a, 8, 23). ]) +N) (I<*>[2a, 8,20, n] + 21, 5,z;;j>_,n])

NG a, 8,260 ) + NG T, 8,25, i} (15)

where szetp) stands for the explicit soft mass defined by szetp) = m%) R (< 1) for each representation field. Eq.(15)

becomes Eq.(4) in the limit of the vanishing soft scalar mass, m — 0.
We find some examples of extra matter contents and SUSY breaking parameters, for which the suitable VEV and
Higgs mass are realized, and we summarize them in the following table[1].

| [Midl Nag) Nid Npni| 8 i) 260y Zpna 2pan| 00 mu/gd]
M) 2 3 o 4 005 001 001 - 0.045[0.0040 164
@] 2 4 2 6 005 0 0 005 00500037 176
@) 2 4 0 6 [0.025 0.025 0.025 - 0.025[0.0066 129
@] 2 1 0 2 101 01 01 - 1 [00097 150
G| 1 1 0 2 oot 1 1 - 1 [00196 125
©] 2 2 o 2 014 0o 0 - 0 [00379 130

The Higgs mass mg /g3 is measured in GeV unit. This table shows that even small number of extra bulk fields can
realize the suitable dynamical electro-weak symmetry breaking with the heavy Higgs mass. The effect of the bulk
masses increases not only the degrees of freedom of parameter space, but also induces a similar effect of large g,
which is necessary for the symmetry breaking with a small number bulk fields, as explained in the previous section.

In SU(6) model, the contribution of the gauge multiplet to the effective potential is the same as Eq.(7). On the
other hand, the contribution of the matter hypermultiplet to the effective potential is given by

vapee = 20> NG (19120, 8,250 0l + 21D [a, 8,23, vl + 617, 8,25 )
n=1
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+NG) (I(’)[2a,6,zfl;j),n]+2I(’)[a,ﬂvz(§;, n]+61a, 3,20, ])

NGO e B, 250 n) + NG T a, 8,250 ml (16)

which becomes Eq.(8) in the zero limit of explicit soft scalar masses. Some examples for realizing the suitable
dynamical electro-weak symmetry breaking are shown in the following table.

| [Vaa) Nagd Npd Npd| 8 2uq) 2aa) Zpwa Zpea | 00 mn/gd]
Ml 2 o o 10 |01 005 - - 005[00207 139
®] 2 o o 6 015 01 - - 0.1 [0.0268 139
]2 o o 16 [004 0 - - 003[00021 173
@ 2 o o0 007 05 - - 05 [0.0366 138
anl 2 o o 2 1032 0 - - 0 [00594 135

We would like to comment on some phenomenological issues relating to Higgs self interactions. For the higher
order operators of self interactions, we see that the effective potential contains a™ interactions by the expansion of
the cosine function, which implies a™ = (¢g4RH)™ from Egs.(1) and (2). When g4 R is of order a few TeV, higher order
operators, H™ (n > 6) have the dimensionful suppression of order a few TeV. This means that the contributions from
the higher order operators are not so significant.

Study of the effective 3-point self coupling of H is important for the search of the new physics in the future linear

3 *(v/C —
3253 = (‘d aé )|, and the deviation from
ag

the tree level SM coupling, Asa = 3m3 /v, is estimated by AX = (A — Asar)/Asa [13]. The value of AN becomes
—17.4% for the example of SU(3). x SU(3)w model ( 5:;]) = Néd]) =2, N}m)i =4, N(+()i = 0 with 8 = 0.1) and
—16.6% for SU(6) model (NH) =2, N( 21 =10, NO) = Nj(p:;)i = 0 with 8 = 0.1). As for the above examples, we

adj. adj.
show it in the following table.

colliders[13]. The coupling of the effective A\H? interaction is given by \ =

H @ 6 @ 6 © @O © O @) da1)
AN%)|—8.6 —83 —14.0 —10.2 —3.1 —13.7 —12.0 —12.0 —7.6 —11.2 —12.7

It suggests that the effective 3-point self couplings tend to be small comparing to that of the SM.

We should notice that the Higgs field in our model has VEV in A5 not . The VEV of A5 should be distinguished
from that of o in the dynamically induced effective potential in the gauge-Higgs unification theory[11]. Since H is the
field of the D-flat direction, which is massless at tree level, it corresponds to the lighter Higgs scalar in the MSSM, h°.
Since h° becomes the SM-like Higgs in the large soft SUSY breaking masses, we have compared the effective 3-point
self coupling to the SM one in the above estimation of AX. Other masses of Higgs eigenstates, charged Higgs, neutral
scalar, and heavier pseudo-scalar, can be calculated by the effective potential of these directions[14]. Regarding the
large quantum corrections as shown above, the Higgs particles may have the quite different mass spectrum than the
SM. The value of tan 3 can be also calculated once the bulk matter content is fixed, which is expected to be small
(O(1)) in the gauge-Higgs unification.

The study of gaugino-higgsino mass spectrum at the weak scale may be also interesting, since they have the same
mass at the compactification scale (higgsinos is originated from gauginos as Higgs from gauge field).

4. SUMMARY AND DISCUSSIONS

We have studied the possibility of the dynamical electro-weak symmetry breaking in two gauge-Higgs unified
models, SU(3), x SU(3)w and SU(6) models. We calculated the one loop effective potential of Higgs doublets
and analyze the vacuum structure of the models. We found that the introduction of the appropriate numbers and
representation of extra bulk fields are required for the desirable symmetry breaking. Since the Higgs is essentially the
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Wilson line degree of freedom, the mass term nor quartic coupling does not exist in the Higgs potential at the tree
level. Through quantum corrections, the Higgs can develop a vacuum expectation value, which means the dynamical
electro-weak symmetry breaking is realized and accordingly its mass is induced. The induced Higgs mass tends to
be small, less than the weak scale, reflecting the nature of the Coleman-Weinberg mechanism. We have also studied
the case of introducing the soft SUSY breaking scalar masses in addition to the SS SUSY breaking. In this case the
suitable electro-weak symmetry breaking and the O(100) GeV Higgs mass can be realized by O(1) numbers of bulk
fields. We have also show the effective 3-point self coupling of H in some matter contents.
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