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1. Gauge-Higgs unification

The existence of the Higgs boson of a mass 125GeV has been firmly confirmed. It establishes
the unification scenario of electromagnetic and weak forces. In the standard model (SM) electro-
magnetic and weak forces are unified as SU(2),, x U(1)y gauge forces. The SU(2), x U(1)y gauge
symmetry is spontaneously broken by the Higgs scalar fields, whose neutral component appears as
the observed Higgs boson. Although almost all experimental data are consistent with the SM, it is
not clear whether the observed Higgs boson is precisely what the SM assumes to exit.

The gauge sector of the SM is beautiful. The gauge principle dictates how quarks and leptons
interact with each other by gauge forces. In the SM the Higgs field gives masses to quarks, leptons,
and weak bosons. However, the potential for the Higgs boson must be prepared by hand such that
it induces the spontaneous breaking of SU(2); x U(1)y symmetry. To put it differently, there is no
principle for the Higgs field which determines how the Higgs boson interacts with itself and other
fields. The lack of a principle results in the arbitrariness in the choice of parameters in the theory.
Furthermore the Higgs boson acquires an infinitely large correction to its mass at the quantum
level which must be cancelled by fine tuning of bare parameters. It is called as the gauge hierarchy
problem. In addition, even the ground state for the Higgs boson may become unstable against
quantum corrections.

Gauge-Higgs unification (GHU) naturally solves those problems. The 4d Higgs boson appears
as a fluctuation mode of an Aharonov-Bohm (AB) phase in the fifth dimension of spacetime, thus
becoming a part of gauge fields. By dynamics of the AB phase the Higgs boson acquires a finite
mass at the quantum level, which is protected from divergence by the gauge principle. The inter-
actions of the Higgs boson are governed by the gauge principle, too. In short, gauge fields and the
Higgs boson are unified.[M]-[B]

A realistic model of gauge-Higgs unification has been proposed. It is the SO(5) x U(1)x x
SU(3)¢ gauge-Higgs unification in the Randall-Sundrum warped space. It reproduces the SM
content of gauge fields and matter content, and SM phenomenology at low energies. It leads to
small deviations in the Higgs couplings. It also predicts new particles at the scale 5 TeV to 10 TeV
as Kaluza-Klein (KK) excitation modes in the fifth dimensions. Signals of these new particles can
be seen both at LHC and at ILC.[d@]-[3]

One of the distinct features of the gauge-Higgs unification is large parity violation in the cou-
plings of quarks and leptons to KK exited states of gauge bosons. Right-handed quarks and leptons
have much larger couplings to the first KK excited states of photon, Z boson, and Zg boson (called
as Z' bosons) than the left-handed ones. These Z' bosons have masses around 7 TeV - 8 TeV. We
will show below that even at 250 GeV ILC with 250 fb~! data large deviations from the SM in

+te~ — ff processes can be seen by measuring the dependence on the

various cross sections in e
polarization of the electron beam. The key technique is to see interference effects between the
contribution from photon and Z boson and the contribution from Z’ bosons.

We comment that there might be variation in the matter content of the SO(5) x U(1)x x SU(3)¢
gauge-Higgs unification. Recently a new way of introducing quark and lepton multiplets has been
found, which can be embedded in the SO(11) gauge-Higgs grand unification.[[3] Other options
for fermion content have been proposed.[[] These models can be clearly distinguished from each

other by investigating the polarization dependence of electron/positron beams in fermion pair pro-
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duction at ILC. Note also that gauge-Higgs unification scenario provides new approaches to dark
matter, Higgs, and neutrino physics.[[4]-[IX]

2. SO(5) xU(1) x SU(3) GHU in Randall-Sundrum warped space
The theory is defined in the Randall-Sundrum (RS) warped space whose metric is given by
ds? = e 2°0) Nuvdx*dx” +dy?, (2.1)

where u,v =0,1,2,3, nyy = diag(—1,4+1,+1,+1), o(y) = 6(y +2L) = o(~y), and &(y) = ky
for 0 <y < L. It has the topological structure S' /Z. In terms of the conformal coordinate z = e’
(1<z<z=e")intheregion 0 <y <L

1 dz?
ds* = 2 <nuvdx#dxv + k2> , (2.2)
The bulk region 0 < y < L (1 < z < zz) is anti-de Sitter (AdS) spacetime with a cosmological
constant A = —6k?, which is sandwiched by the UV brane at y = 0 (z = 1) and the IR brane at
y =L (z=z;). The KK mass scale is mxx = 7k/(z; — 1) =~ wkz; ' for z, > 1.

Gauge fields ALO(S), Afé(l)x and Ai,IUG)C of SO(5) x U(1)x x SU(3)¢, with gauge couplings g4,

gp and g, satisfy the orbifold conditions[0, B, [3]

A A .
(A‘y‘) (x,yj—y) =P (_Xy) (x,yj+y)P; ! (2.3)

where (yo,y1) = (0,L). For AJS;/IO(S)

S0(5)
5

P() = P1 =P = diag(14, —11) s (2.4)

whereas Py = P| = I for A]l(,l(l)x and Ai,[UB)C. With this set of boundary conditions SO(5) gauge sym-

metry is broken to SO(4) ~ SU(2) x SU(2)g. At this stage there appear zero modes of 4D gauge
fields in SU(3)¢, SU(2), x SU(2)g and U (1)x. There appear zero modes in the SO(5)/SO(4) part
of Aﬁo(s), which constitute an SU(2), doublet and become 4D Higgs fields. As a part of gauge
fields the 4D Higgs boson H (x) appears as an AB phase in the fifth dimension;

7 o [F - H(x) '\, 45)
W = Pexp ng/ dyAy o -PiPy~expsi| Oy + T 2T , (2.5
-L H

where

8w L(Zl%_l) TgwVkL .

Ju = (2.6)
2w = ga/V/L is the 4D weak coupling. Gauge invariance implies that physics is periodic in 6y with
a period 27.

A brane scalar field <i>(172727 L (x) or CTD(L 12.1) (x) is introduced on the UV brane where subscripts
indicate the SU(3)¢ x SU(2), x SU(2)g x U(1)x content. Nonvanishing (®) spontaneously breaks
SU(2)r xU(1)x to U(1)y, resulting in the SM symmetry SU (3)c x SU(2)r x U(1)y.
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Once the fermion content is specified, the effective potential Vo (6y ) is evaluated. The location
of the global minimum of V.¢(6y) determines the value of 6y. When 6y # 0, SU(2), x U(1)y
symmetry is dynamically broken to U (1)gy. It is called the Hosotani mechanism.[d] The W boson
mass is given by

k 1 . sin 91-]
~ Oy ~ — % . 2.7
my \/7 7 Z; SInby VAL MKK 2.7

As typical values, for 6y = 0.10 and z; = 3.6 % 10* one find mgxx = 8.1 TeV and fu =2.5TeV.
There appears natural little hierarchy in the weak scale (1) and the KK scale (mkk).

Quark and lepton multiplets are introduced in the vector representation 5 of SO(5). Further
dark fermions are introduced in the spinor representation 4 of SO(5). This model is called as
the A-model, and has been investigated intensively so far.[B]-[[1] Recently an alternative way of
introducing matter has been found.[[d] This model, called as the B-model, can be implemented
in the SO(11) gauge-Higgs grand unification.[3, 20, 1] The matter content of the two models is
summarized in Table [. In this talk phenomenological consequences of the A-model are presented.

Table 1: Matter fields. SU(3)¢ x SO(5) x U(1)x content is shown. In the A-model only SU(3)¢ x SO(4) x
U(1)x symmetry is maintained on the UV brane so that the SU(2); x SU(2)r content is shown for brane
fields. In the B-model given in ref. [3] the full SU(3)¢ x SO(5) x U(1)x invariance is preserved on the UV
brane.

A-model B-model
quark (3.5: 35, | 34,3107, G,
3 3
lepton (1,5)0 (1,5)_; (1,4)7%
dark fermion (1,4)% (3,4)% (1,5) (1,5),
brane fermion (3.2, 1])% 6 ¢ (1,1)o
(L[21])1 1 3
brane scalar (1,1 2])1 (1,4) 1
Sym. on UV brane | SU(3)c x SO(4) xU(1)x | SU(3)c x SO(5) x U(1)x

The correspondence between the SM in four dimensions and the gauge-Higgs unification in
five dimensions is summarized as

SM GHU
/ d%{ggauge + .,s,ﬂk‘fgﬁ; = / dOxy/—g LEE
/d4x gfermion+$Yukawa} = /dSX /jg Dgsfgrmion (2.8)
- [axgiEm, = [dvaten
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In the SM, 2=, FHEE ang gemion are governed by the gauge principle, but ¥ and

’ kinetic

e , are not. On the GHU side in (ZX), 5" and £fmion are governed by the gauge

potential
principle and Ve (6 ) follows from them.

3. Gauge couplings and Higgs couplings

Let us focus on the A-model. The SM quark-lepton content is reproduced with no exotic light
fermions. The one-loop effective potential Vs (6p) is displayed by in fig. Il. The finite Higgs boson
mass my ~ 125GeV is generated naturally with 6y ~ 0.1. Relevant parameters in the theory are
determined from quark-lepton masses, mz, and electromagnetic, weak, and strong gauge coupling
constants. Many of physical quantities depend on the value of 6y, but not on other parameters.
In the SM the W and Z couplings of quarks and leptons are universal. They depend on only
representations of the group SU(2), x U(1)y. In GHU the W and Z couplings of quarks and leptons
may depend on more detailed behavior of wave functions in the fifth dimension. Four-dimensional
couplings are obtained by integrating the product of the W /Z and quark/lepton wave functions over
the fifth dimensional coordinate.

0.0010
30 0.0008
25 0.0006
20 « 0.0004
215 x5 0.0002
10 0.0000
5 ~0.0002 \/
ol —0.0004
00 02 04 06 08 10 0.00 0.01 0.02 0.03 0.04 0.05
Ouln Ouln

Figure 1: Effective potential V(6 ) is displayed in the unit of (kz; ')*/1672 for z;, = 3.56 x 10* and
mgk = 8.144TeV. The minimum of V¢ is located at 8y = 0.10. The curvature at the minimum determines
the Higgs boson mass by m%, = f;;°V/%(0)|min yielding mpy = 125.1GeV.

Surprisingly the W and Z couplings of quarks and Ieptons and the WW Z coupling in GHU turn
out very close to those in the SM. The result is tabulated in Table . In the last column the values
in the SM are listed. The deviations from the SM are very small. The W couplings of left-handed
light quarks and leptons are approximately given by

\V2kL ¢ (1 3sin29H)

_|_ J———
2kL — 3 sin? B 16kL

8L ~ 8w (3.1)
Here kL = Inz;. The W couplings of right-handed quarks and leptons are negligibly small.

Yukawa couplings of quarks and leptons, and WWH, ZZH couplings are well approximated
by

SM
g Yukawa g Yukawa
M
gwwH | ~ gs’VWH X cos Oy (3.2)
SM
877ZH 877H
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Table 2: Gauge (W,Z) couplings of quarks and leptons. WWZ coupling is also listed at the bottom. The
values in the SM are listed in the last column.

Oy = 0.115 0y = 0.0737 SM

(Ve,e) 1.00019 1.00009

(i, 1) 1.00019 1.00009 1
gV /gw (Vi,T) 1.00019 1.00009
(u,d) 1.00019 1.00009

(c,s) 1.00019 1.00009 1
(t,b) 0.9993 0.9995

Ve, Vi, Ve | 0.50014 0 0.50008 0 05 0

e,u,T -0.2688 0.2314 | -0.2688 0.2313 | -0.2688 0.2312
(8%,8%)/gw u,c 0.3459  -0.1543 | 0.3459 -0.1542 | 0.3458 -0.1541

t 0.3449  -0.1553 | 0.3453 -0.1549
d,s -0.4230  0.0771 | -0.4230 0.0771 | -0.4229 0.0771
b -0.4231  0.0771 | -0.4230 0.0771
gwwz/ 8w cos By 0.9999998 0.99999995 1

SM
Yukawa

amounts to only 0.5%. Larger deviations are expected in the cubic and quartic self-couplings of

where g on the right side, for instance, denotes the value in the SM. For 6y ~ 0.1 the deviation

the Higgs boson. They are approximately given by

7LSHiggS ~ 156.9 cos Oy + 17.6 cos” Oy (GeV),
2488~ —0.257 40.723c0s 26y 4 0.040c0s 46y . (3.3)

In the SM, A}"825M — 190.7GeV and A} #2*™ = 0.774. In the 6 — O limit A} *° and A, &°
become 8.5% and 35% smaller than the values in the SM. 7LSH 885 can be measured at ILC.

GHU gives nearly the same phenomenology at low energies as the SM. To distinguish GHU
from the SM, one need to look at signals of new particles which GHU predicts.

4. New particles — KK excitation

KK excitations of each particle appear as new particles. The existence of an extra dimension
is confirmed by observing KK excited particles of quarks, leptons, and gauge bosons. The KK
spectrum is shown in Table B. Z is the gauge field associated with SU(2)g, and has no zero
mode. Z(, 91 and Z,(Ql) are called as Z’' bosons. Clean signals can be found in the process
qG —7Z — ete ,utu~ at LHC. So far no event of Z’' has been observed, which puts the limit
6y <0.11.

The KK mass scale as a function of 8y is approximately given by

1.36 TeV
mgg (O ) ~ (

__ 4.1
sin 9H)0‘778 ’ 4.1)
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Table 3: The mass spectrum {m,} (n > 1) of KK excited modes of gauge bosons and quarks for 6y =
0.10,nF = 4, where ng is the number of dark fermion multiplets. Masses are given in the unit of TeV. Pairs
W zmy (w ZW), (¢ M)y, (™ s™), @™ d™) (> 1) have almost degenerate masses. The
spectrum of Wx tower is the same as that of Zr tower. The gluon tower has the same spectrum as the photon
() tower.

6 = 0.10, np — 4, mxx — 8.144TeV, 7, — 3.56 x 10*
7(n) y0 Zl(f) 1) cm u®
nl) | my, n’ZIl("K my my my, n’g{”K m, m,
1(1) | 6.642 | 0.816 | 6.644 | 6.234 || 7.462 | 0.916 | 8.536 | 10.47
2 9.935 | 1.220 - - 8.814 | 1.082 | 12.01 | 13.82
3(2) | 1476 | 1.812 | 14.76 | 14.31 || 15.58 | 1.913 | 16.70 | 18.76
4 18.19 | 2.233 - - 16.99 | 2.087 | 20.41 | 22.37

irrespective of the other parameters of the theory. In GHU many of physical quantities such as
the Higgs couplings in (B22) and (B3), the KK scale (B, and KK masses of gauge bosons are
approximately determined by the value of 6y only. This property is called as the 8y universality.
Once the Z(!) particle is found and its mass is determined, then the value of 6 is fixed and the
values of other physical quantities are predicted.[H]

Although Z' bosons are heavy with masses around 6 — 8 TeV, their effects can be seen at
250 GeV ILC (eTe™ collisions). (Fig. @) The couplings of right-handed quarks and leptons to Z’
bosons are much stronger than those of left-handed quarks and leptons. This large parity violation
manifests as an interference effect in e*e™ collisions.[I]

> o
+ + ot +
e ~, Z 24 e 7(1)’ AON Zg) 24

Figure 2: Dominant diagrams in the process ee™ — utu~

Left-handed light quarks and leptons are localized near the UV brane (at y = 0), whereas
right-handed ones near the IR brane (at y = L). Wave functions of top and bottom quarks spread
over the entire fifth dimension. In GHU both left- and right-handed fermions are in the same
gauge multiplet so that if a left-handed fermion is localized near the UV brane, then its partner
right-handed fermion is necessarily localized near the IR brane. KK modes of gauge bosons in
the RS space are always localized near the IR brane. Z’ couplings of quarks and leptons are given
by overlap-integrals of wave functions of Z’' bosons and left- or right-handed quarks and leptons.
Consequently right-handed quarks/leptons have larger couplings to Z'. Typical behavior of wave
functions is depicted in fig. B.

Gauge couplings of quarks and leptons to Z ), }/(1) and Zl(el) are summarized in Table B. Except
for b and ¢ quarks, right-handed quarks and leptons have much larger couplings than left-handed
ones.
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Figure 3: Wave functions of various fermions and gauge bosons for 6y = 0.1. Only some of the relevant
components in SO(5) are displayed. Wave functions of light quarks and leptons are qualitatively similar to
those of (ur,ug). Wave functions of (by,bg) are similar to those of (¢7,2g). Z boson wave function is almost
constant, whereas Z (1)°s wave function becomes large near the IR brane at 7z = z;.

Table 4: Gauge couplings of quarks and leptons to Z(!), (1) and Zl(el) for 6y = 0.0917 and sin® 6y = 0.2312.
Couplings are given in the unit of g,,/ cos Oy . The Z couplings in the SM , I3 — sin? 6w Ogm, are also shown.

SM: Z z() zV Y

Left Right Left Right Left Right Left Right
Ve —0.183 0 0 0 0 0
vu 0.5 0 —0.183 0 0 0 0 0
Ve —0.183 0 0 0 0 0
e 0.099 0.916 0 —1.261 | 0.155 —1.665
u | —0.269 0.231 0.099 0.860 0 —1.193 | 0.155 —1.563
T 0.099 0.814 0 —1.136 | 0.155 —1.479
u —0.127 —0.600 0 0.828 | —0.103  1.090
c | 0346 —0.154 | —0.130 —0.555 0 0.773 | —0.103  1.009
t 0.494 —-0.372 1 0985 0.549 0.404 0.678
d 0.155 0.300 0 —-0.414 | 0.052 —0.545
s | —0.423  0.077 0.155 0.277 0 —0.387 | 0.052 —0.504
b —-0.610 0.186 | 0.984 —-0.274 | —0.202 —0.339

5. ete™ collisions

The amplitude .# for the et e~ — u* ™ process at the tree level in fig. B can be expressed as
the sum of two terms .#y and .#z .

M = Mo+ My
=Mete »y, Zutu )+ Mete =7 —utu). (5.1

For s = (250GeV)? ~ (1TeV)?, we have m% < s < m2, so that the amplitude can be approximated
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by

M~

af aff
Z ]a p.p {KSM KZ/ }év)(k k/) (52)

2
COoS 06/3 —LR N

where J((f‘z (p,p') and J 1(3 v) (k,k") represent momentum and polarization configurations of the initial

B B

and final states, respectively. KgM and Kg, are found from Table B to be

(i, kiR cBL kBB = (0.25,0.1156,0.1156,0.2312) ,

(kGE kR kBE kBR) = (0.034,-0.158, —0.168,4.895) . (5.3)

Compared with the value in the SM, kR is very large whereas k5 is very small.

Although direct production of Z’ particles is not possible with s = (250GeV)? ~ (1TeV)?,
the interference term becomes appreciable. Suppose that the electron beam is polarized in the
right-handed mode. Then the interference term gives

Moy KRGS a6 S
|| KSM + K& m, - m,
~ —0.017 at+/s=250GeV . (5.4)

This is a sufficiently big number. As the number of events of fermion pair production is huge in
the proposed ILC experiment, 1.7% correction can be certainly confirmed. One recognizes that
polarized electron and/or positron beams play an important role to investigate physics beyond the
SML[I], [T, [22]-[25]

5.1 Energy and polarization dependence

In the eTe™ collision experiments one can control both the energy and polarization of incident
electron and positron beams. First consider the total cross section for ete™ — utpu—;

olete — ptp)CHU

Fl = 6(64’6* — u‘l"u*)SM

5.5

Both the electron and positron beams are polarized with polarization P,- and P,+. For purely right-
handed (left-handed) electrons P,- = +1(—1). At /s > 250GeV, e™ and e~ in the initial state may
be viewed as massless particles. The ratio F] in (B3) depends on the effective polarization

P — P

Pgp=—-«—. .
eff 1 _Pe—Pe+ (5 6)

.+ < 0.3 so that |Pegr| < 0.877.

The /s dependence of Fj is depicted in fig. @ (a). The deviation from the SM becomes
very large at /s = 1.5TeV ~ 2TeV for 6y = 0.09 ~ 0.07, particularly with P ~ 0.8. For
P.ir ~ —0.8 the deviation is tiny. At the energy /s = 250GeV the deviation might look small. As
the event number expected at ILC is so huge that deviation can be unambiguously observed even
at /s = 250GeV. In fig. @ (b) the polarization P.; dependence of Fj is depicted for /s = 250GeV
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and 500GeV. As the polarization P varies from —1 to +1, deviation from the SM becomes sig-
nificantly larger. The grey band in fig. B (b) indicates statistical uncertainty at /s = 250GeV with
250fb~! data set in the SM. It is seen that the signal of GHU can be clearly seen by measuring the
polarization dependence in the early stage of ILC 250GeV.

10}
5,
S
;
=
=
%
2
5 1r
o)
05|
100 500 1000 0.90L ‘ ‘ O A
-1.0 -05 0.0 0.5 1.0
s [Gev] Pes
(a) (b)

Figure 4: F; = o(utu™)%1Y /o(utu~)SM in (E3) is plotted. (a) The /s dependence is shown. Blue
curves a, ¢ and green curve e are for Oy = 0.0917, whereas red curves b, d are for 6y = 0.0737. Curves
a and b are with P = 0. Curves ¢ and d are with Per = 0.877. Curve e is with Per = —0.877. (b) The
polarization Per dependence is shown. Solid (dashed) lines are for /s = 250GeV (500 GeV). Blue lines are
for 6y = 0.0917, whereas red lines are for 8y = 0.0737. The grey band indicates statistical uncertainty at
/s =250GeV with 250fb~! data set.

5.2 Forward-backward asymmetry

Not only in the total cross sections but also in differential cross sections for eTe™ — u* =
significant deviation from the SM can be seen.[D3, 4] Even with unpolarized beams the differential
cross sections do/d cos 6 becomes 8% (4%) smaller than in the SM in the forward direction for
6y = 0.0917 (0.0737).

Forward-backward asymmetry Apg characterizes this behavior. In fig. B(a) the 1/s-dependence
of Agp for eTe™ — uu~ is shown. As /s increases the deviation from the SM becomes evident.
Again the deviation becomes largest around /s = 1.5 ~ 2TeV with Pegr = 0.877 for 6y =0.0917 ~
0.0737. The sign of Agp flips around /s = 1.1 ~ 1.5TeV.

Even at /s = 250GeV, significant deviation from the SM can be seen in the dependence on
the polarization (P) of the electron/positron beam as depicted in fig. B(b). With 250 fb~! data
the deviation amounts to 60 (40) at Pgr = 0.8 for 6y = 0.0917(0.0737), whereas the deviation
is within an error at P.gr = —0.8. Observing the polarization dependence is a definitive way of
investigating the details of the theory.
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Figure 5: Forward-backward asymmetry Apg(t* (t™). (a) The /s dependence is shown. Blue curves a, b, ¢
are for Oy = 0.0917, red curves d, e are for 8y = 0.0737, and black curves f, g, h are for the SM. Solid curves
a, d, f are for unpolarized beams. Dashed curves b, e, g are with P,y = 0.877. Dotted curves ¢ and h are
with P = —0.877. (b) (A%{U fAIS:gI) /A]S:I];A( 1t ™) as functions of the effective polarization Pegr. Solid and
dotted lines are for /s = 250GeV and 500 GeV, respectively. Blue and red lines correspond to 6 = 0.0917
and 0.0737, respectively. The gray band indicates the statistical uncertainty at \/s = 250 GeV with 250 fb~
data.

5.3 Left-right asymmetry

Systematic errors in the normalization of the cross sections are reduced in the measurement of

5 G(ff;Pe*:+F7Pe+:0)

Rf7LR(P) = G(f_f;Pe’ — _F7Pe+ = 0) 6.7

where the electron beams are polarized with P,- = +P and —P. Only the polarization of the

electron beams is flipped in experiments. Let 6/, (67,) denote the e; ef; (egei ) — fF scattering

cross section. Then the left-right asymmetry A{R is related to Ry 1 g by

f f
A== % _ 11=Rpe (5.8)
ol.+ol, Pl1+Rpk

The predicted Ry g(P) is summarized in Table B for P = 0.8. Even at /s = 250GeV with
Lin = 250fb~! data, namely in the early stage of the ILC experiment, significant deviation from
the SM is seen. The difference between R, 1z and R, 1 stems from the different behavior of wave
functions of u and b in the fifth dimension.

6. Summary

Gauge-Higgs unification predicts large parity violation in the quark-lepton couplings to the Z’
bosons (Z(V), y(l),Zl(el)). Although these Z’ bosons are very heavy with masses 7 - 8 TeV, they give
rise to significant interference effects in e™e™ collisions at /s = 250GeV ~ 1TeV. We examined
the A-model of SO(5) x U(1) x SU(3) gauge-Higgs unification, and found that significant devi-
ation can be seen at 250GeV ILC with 250fb~! data. Polarized electron and positron beams are

10
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Table 5: R/ ;x(P) in the SM, and deviations of R71x(P)HY /R 1(P)SM from unity are tabulated for P =
0.8. Statistical uncertainties of R}, is estimated with Ly, data for both 6(ff;P,- = +P) and 6(ff;P.- =

—P), namely with 2L;,, data in all.

f VS o Lim SM GHU
R§{VL’R (uncertainty) | 8y =0.0917 6y = 0.0737
i | 250GeV, 250fb~! 0.890 (0.3%) —3.4% —2.2%
500GeV, 500fb~! 0.900 (0.4%) —13.2% —8.6%
b | 250GeV, 250fb~! 0.349 (0.3%) —3.1% —2.1%
500GeV, 500fb~! 0.340 (0.5%) —12.3% —8.3%
t | 500GeV, 500fb~" 0.544 (0.4%) —13.0% —8.2%

indispensable. All of the total cross section, differential cross section, forward-backward asym-
metry, and left-right asymmetry for e*e~ — ff processes show distinct dependence on the energy
and polarization.

We stress that new particles of masses 7 - 8§ TeV can be explored at 250GeV ILC by seeing
the interference effect, but not by direct production. This is possible at ete™ colliders because the
number of e"e~ — ff events is huge. Although the probability of directly producing Z’ bosons is
suppressed by a factor (s/m2,)?, the interference term is suppressed only by a factor of s/m%,. This
gives a big advantage over pp colliders such as LHC.

In this talk the predictions coming from the A-model are presented. It is curious to see how
predictions change in the B-model. Preliminary study indicates the pattern of the polarization de-
pendence is reversed in the B-model in comparison with the A-model. The B-model is motivated
by the idea of grand unification, which, in my opinion, is absolute necessity in GHU in the ulti-
mate form. The A-model cannot be implemented in natural grand unification. Satisfactory grand
unification in GHU has not been achieved yet.[[[d, 0, U], [Z8]-[B2]

There are many other issues to be solved in GHU. Mixing in the flavor sector, behavior at finite
temperature, inflation in cosmology, and baryon number generation are among them. I would like
to come back to these issues in due course.
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