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|l. Introduction

Gauge theory in higher dimensions; new approaches in high energy physics;

Presence of the extra dimension = Compactification on “topological’ manifold
(S',8Y )25, T%,T%) Zs, - - -)

Boundary Conditions of fields for the compactified direction: Twisted B.C.
* New mechanism, origin of symmetry (gauge, SUSY) breaking

e Spontaneous SUSY breaking from extra dimensions, ¢(y + L) = e"¢(y)
(61) = ivV20P£0;(Pvac(y)) + V2E(F) # 0 [Sakamoto, Tachibana, K.T.,"99]

e Gauge-Higgs unification, A; = (A4,,4,) [Hatanaka, Inami, Lim, '98]

Dynamical gauge symmetry breaking through the Wilson line phases,

(Hosotani mechanism)

Important to understand consequence, feature and nature of the mechanism



Il. Gauge symmetry breaking through the Wilson line phases

[Y.Hosotani '83]
space-time; MP~1 x 1 xf = (z*,y), L = 27R,

gauge potential, A; = (A,, A,), A,--- component gauge field for the S* direction

Ay = AT ~ a scalar field belonging to the adjoint representation
under the gauge group from D — 1 dimensional point of view

(Aéo)> ------ cannot be gauged away, physically meaningful, reflecting the topology
of the extra dimension
le.g.] 5 dim., P.B.C. for matter field

U(1) gauge trf. in 4 dim. gLAg(JO)(a:) — gLA?SO)(x) + 2nm. (U = e2mmy/L)
(A) §L<A§0)> = 27N <> <A3(,0)> = 0; gauge equivalent

(B) gL(A?(JO)> = 0(# 2mn) < <A:,(JO)> = 0; inequivalent
AN /

physically distinct configuration (6; mod 27)

generalize to nonabelian gauge theory



If <A?§0>> # 0, then, tr(F},)* ~ g2tr[<A§,0)>,Au]2 = gauge symmetry breaking

Effective potential for the Wilson line phases gL(A4,); W = Pexp(ig ¢ dyA,)
(t'Hooft-Feynman gauge (£ = 1))
MP=1 x gt

G = SU(N), fermion contributions (P.B.C.)

V()=

(D N o0
Vo) =N D 3 S eln00

& V(0); radiatively induced potential, (0V (68)/06 = 0 = 0; determined dynamically)

2
% ?391/3(99]) ~ mass term for A?(JO) (the Coleman-Weinberg mechanism)
vac

5 dim. (R — oo <= 5-D Lorentz inv.) gauge invariance(massless A),

no 5-D Lorentz invariance by the compactification 1/L (only the 4 D Lorentz inv.);

not necessarily massless A, (the mass scale 1/L)



e The order parameter for gauge symmetry breaking

For <A?J> — g%dlag(ela 927 T 791\7) (: ?ZVT(?@/V) ’

Ww=Pr exp (ng dy<Ay>) B diag(ewl’ ei927 T 7e7;9N>7 (927 mod. 27T)7
Sl

Then, the residual (physical) gauge symmetry; H ={h € G | hW = Wh}.

different values of 6; = different theory

e summing up all the K-K modes, n

(original gauge invariance, quantum correction in extra dimension)

e no dependence of V(6) on g at one-loop level

(V(6) < gauge interactions (gA; — Az). Two loop ~ g°)



o Fip(0)=>"", n%cos(n@).

=1 -1, ,
D=4, Fy0) = ;mcos(nﬁ) =00 —2m)*+ o (0<0<2m)
Fy(0) v.s. cosf
b, é 0
—  Fy(0)
— — — cosf (N Flo(e))

The minimum is located at § = 7 (irrelevant to D)



lll. Higgs mass in gauge-Higgs unification

S' compactification — Ag(,o) adjoint Higgs scalars at low energies
the Higgs field @ in the standard model; an SU(2) doublet
® ~ a part of the zero mode in A?(JO) — S1/Z, (orbifold), (y ~ y+27Rand y ~ —y)

Specify boundary conditions of fields for the S! direction
and at the fixed points;

T o symmetry degrees of freedom = twisted B.C's.
R 0y ™R L 2R
ey Ty St Az, y+ L) = UAy(z,y)U",
PO y:(),ﬂ-R; ( “)(m,z@-—y) — Pz( M)(xazi+y)PiT
A,y —Ay
l J l 2z0=0, z1 =7R, U, P € G, PO2,1 =1, P(;r,l = o1,
0 the consistency condition yields U = P P,.




G = SU(3); Take Py, =diag(1,1,—1), (Py, Py) = parity under Py ;

< (+7+) (+7+) (_7_) > _
AM — (+7 +) ("’7 _|') (_7 _) ) [Ta_1’2’3787 PO,l] =0,
(_7_) (_’_) (+7+)
(_’_) (_a_) (+7+) -
Ay — (_7 _) (_7 _) (+7 _I_) ) {T _4’5,6’77 Po,l} = 0.
("_7_'_) (+7+) (_7_)

A,(LO) - SU(2) x U(1) by the orbifolding, Py and P;
Aéo) .-~ an SU(2) doublet = the Higgs doublet, & (= the Wilson line phase)

o 2rR ! (Ag_iA2> — (D) 2R ! ( 0 ) here (AS) ¢
= V2rR— = V2rR— , W = —
V2 \AS —iAT V2 \ (A9) Y gR

Defining g4 = g/Vv27 R and denoting v ~ 246 GeV,

() = e



ag << 1 for E>U

What we want to study is that

ifoldi Vet o
su(3) OPIMNE ooy (1) VLY
T

Hosotani mechanism

Depending on the values of ag (mod 2, 0<a <1),

SU(2) xU(1) for ag=0,
gauge symmetry breaking patterns = (~](1)’ xU(l) for ag=1,

U(1) for otherwise



Field redefinition by Q(y) s.t. (A,) = Q((A,) — é(’?y)QT = 0 with Q(y) = exp(i%—ORAfiy)
Accordingly,

1 0 0
P, = Q(—y) P (y) = Py, P = Q(rR—y)PiQ (rR+y) = (O cos(mayp) —isin(wag)>

0 isin(mag) — cos(map)

The residual (physical) gauge symmetry; {7} such that [Py, T~ "% = 0.

[eg] SU(6) — SU3) x| SU(2) x U(1) |xU(1) — SU) x| U1)" |x U(1)
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[An example in SUSY models}

SUSY models, Ve¢¢(a) = Vioson(@) + Viermion(a) = 0, a; the Wilson line phase
A framework(B.C. of fields); the Sherk-Schwarz (SS) SUSY breaking,

supermultiplet, (Ap, \); Az, y 4+ 27R) = e*™ P \(x, y)

— ‘/eff(a’a 5) — %080n<a) + er’rmio’n(aa 6) 7& 0 [K.T., ’98]

SUSY breaking mass 3/R, then,

B a
— > —=(~m — 0 > a

7 R( w) =0

* 5D vector multiplet, (A, 3, Ap);

(32); order parameter for the gauge symmetry breaking, Vess((Ay), (X))

(32) = 0 in many cases [Haba, K. T, Yamashita,'04]
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Introduce (N.s), Ni) N NiD), () — n = nom = £1;

ady

(6@, —y) =m0 Pod(@, )P, 6w, 7R +y) =m Pio(e, xR —y)P|)

Verr(a)

2CV.;¢(a) C = 3/(647 R®)
=1
2C —(1 — 2
>~ 01— cos(zmni)
[(NC(L;Z) —1) <cos[27rna] + 2 COS[T("I’LCL]) + NJ(C;F) cos|[mnal

NO(L;J,) (cos[an(a — %)] + 2 cos[mn(a — 1)])

N{,) cos[rn(a — 1)]] ,
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‘/eff (N(+) N( ) N(‘i‘) N( ))_(2 2 O 2) 6_01

-2.052¢

-2.054+

-2.056

-2.058¢

adj ’ “adj ? " fd

= ag = 0.0891

“extra” matter, Néfl}), N};)

-2.062¢

-2.064 ¢

0.02 0.04 06 0.08 0.1 12 for SU(Q) X U(l) — U(l) Wlth CLO << 1

The second derivative of V.¢s at a = ag
—> the Higgs mass (tends to be light; the Coleman-Weinberg mechanism)

1
™myg -~ \/§ (82‘_/6]0]0)2

IN.

g; 4w da? ag

~ g1 X (2.8 ~ 6.5) (TeV), m!'” 0.5/R, m?Y ~ay/R~mpy

77——1— my—1 =

B] 1

., 95 (GeV) for ag = 0.0891, B = 0.10,
<—> = 117 (GeV) for ap = 0.0574, (3 = 0.13,
ag 130 (GeV) for ag = 0.0379, ([ = 0.14.
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a<l<p
a¥

a<<p
a¥

Mg

ni[l — cos(2mn )] cos(mna) (n = +1 type)

o 4(3 9 4 25 1 a 4
— B <§—ln(27r6))a + 7 <288 — 24111(26))& + -

S
I
—_

ni[l — cos(2mn3)] cos[rn(a — 1)] (n = —1 type)

Mg

3
I
p—

2 2
+8°7*(In2)a” — =* <%> at 4 -

(Higher representations, 6, 8,10 under SU(3), cos(mna) — cos(mmna), m € integer)

* small VEV, ag << 1; Almost cancellation of the quadratic terms,

ady adj

3
NG — 1)+ N (—5 + ln(27rﬁ)> + 6N, + N;)JIn2 ~ 0.

B~ 0.14866 - - - (0.141533- - )
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* Larger 3 and smaller VEV ag = large values for —ln(%o) = large mpy

mi V3 | 4 +) (+) (CL%)
~ v [ (18N — 1)+ N ) in (22 t
oty () e

[Haba, K. T, Yamashita,'04]

* The adjoint matter is important for larger my (overcome the loop factor)

Enhancement by the bulk field with the higher representation and with bulk mass
[C.Scrucca, M.Serone and L.Silvestrini,’03]

* Smaller ag by fine tuning, 8 — 3. = 0.14866 - - - — larger my

le.g.]

B ~ 0.14865, ap~ 0.000872, mpg/g; ~ 208 (GeV), 1/R ~ 2.8 x 10° x g4 (GeV)
B ~ 0.148655, ag ~ 0.000588, my/g; ~ 234 (GeV), 1/R ~ 4.2 x 10° x g4 (GeV)

B/ag ~ O(10%)
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& Two Higgs doublets, M* x T?/Z,
Two extra dimensions —> A; = (A,, A.)

/ y= (y Y ) = (v, 2), ll = (27 R4, 0), = (0,27 Ry)
Four fixed points:
Zy = 0, 212 = —1,2/2, Z3 = (l_:l + f2)/27
Boundary conditions;
Ty~ vyl 4 2mRy Au(e, §+1) = UdAu(z, DU, (a=1,2)
Zy: y' ~—y' A, . A, L o ot
<AI>($ Zz_y> - PZ(_AyI>(xvzz+y)Pza

o 1 cos 6
9ii = \ cos6 1

One can show that [Uy, U] =0, P’ =1, U, = P,Py, Py = PiPyP, = P,PyP,.

The vacuum structure depends on 6.
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G = SU(3) and choose orbifolding boundary conditions as,
PO = P1 = PQ = diag(l, 1, —1)

The zero modes;

Ag(,OM . iA?(JO)5 )
A, = A AT | =
c.c. C.C. CIDI
A _ 5 A0)5 P,
A, = ADE 407 ) =
c.c. C.C. CI)E

The two Higgs doublets = the Wilson line phases, (®,-12); dynamically determined.

SU(3) — SU(2) x U(1) — 7
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The scalar potential at the tree-level,

‘/tree — tI‘(F;Z)

2 2

(no quadratic terms, less numbers of quartic couplings, (c.f.) MSSM, two Higgs doublet models)

Quartic couplings at the tree level, but
[(Ay), (A2)] = 0= (P1) x (P2); flat direction.

Then, we parametrize

0) 0 oY o
<(I)1> = 1 oq , <(I)2> = 1 a9 , where V1 = . , V2 = 2 .
V2 9Rq V2 9Ro gR gRs
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H

Pa = (Pa) + Pa = (2—1/2(va + ¢ + iXa)

) (a=1,2)

* a charged, a CP-odd Higgs (massive at the tree level)

2 2 2 2
g R (D — V102 H, g (O — V102 X1
Vree = —(H 7H S ’
i 4 (Hy, Hy) <—U1”Uz v} > (HQ) + 2 Oaas xz) (—”01’02 vy X2

()1 (8) (s
.. , . ,
Hy $(vi + v3)2 = mw, X2 g(vi + v3)2 = 2myw

_— 9 @2
(01 = 3 v2 = 37;)

* two CP-even Higgses (flat direction, massive at one-loop level)

O Veys

ECP—even — ~4d"9 iau . .Mjk , Mjk: = 2RR = Verr
ef f 29 u@i0” @; 2¢‘7 Pr g kaajaak

min
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U(3). X U(3)y (NonSUSY) model [Antoniadis, et.al.,'01]

UB)e XxU((B)y = (SUB)exU(1)3)X (| SU(3)w |[XU(1)2)

{
SU(2), X U(1)1 | by the orbifolding, Py 1.2

—> SU(3). X SU(2)y X U(1)y (one anomaly free combination among U (1);'s)

)

2
—> SU(3). X U(1)em by the Hosotani mechanism (sin® 6, = 1/(4 + 35;15

Quarks and Leptons (+ Mirror fermions)

12,3 l 123 [
L R
12 (g 3 [ q° 12 [ q 3 [ q°
@r _<a>L,QL_<uC>L,QR _<U>R,QR_<QC>R.

B.C. ¥z, 2 — §) = n;Tlp,;] (a0 T°)p"=(z, 25 + )
n-parity (+/—); (nom1, nom2) = (1,1),(=1,1),(1, —1), (-1, 1)
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U(3)e X U(3)y (NonSUSY) model [Hosotani, Noda, K.T., '04]

(NSTD, NG NP NG NG ) = (3,3,3,3,1)

min.; (a1, az) = (0, 0.269), (SUR2),xU(1l)y — U(1)em)

N
R

\\\Q&\\\Qt\\\\‘“‘éssé\q — —_— _1
&s::\\\\&\\\\\\fs:‘” Rl = R2 = R ~ (06 TeV) ,
Veff AR 3 1 The CP- Hi 2 _ 9w
0 NN e even Higgs mass (g; = 5 2R2)'
- NN U
2 0.871 2 1/2
2 My ( 506 | % (g;/4m)"" " X mw (GeV)

Another example, (N};“Jr), };’_), N};’H, };’_), NCE;J.’JF)) =(9,9,9,9,0)
min.; (Oél, 042) = (032,032>, (SU(Q)L X U(].)Y — U(l)EM>

Ry =Ry =R~ (0.35 TeV) !
The CP-even Higgs mass

2 0.799 2 1/2
M = (1.174> X (g,/4m)"" X mw (GeV)
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* The location of the absolute minimum depends on 6;

( (£0.013, +£0.224) for cos® = 0.1,
&1, 2) —
' (0,0) for cosf > 0.133.

For cos § = 0.133, (£0.0135, £0.158), (0, 0) are degenerate.

The electroweak symmetry breaking, SU(2)r X U(1)y — U(1)em, for cos @ < 0.133
with (N30 N N EH N N = (3,3, 3,3,1),

* two CP-even Higgses;

,
(0'871> % (g2/47)% X myw (GeV) - - cos B = 0,

eigenvalues 3.26
Veigeny,

2
My
4.01

(L) % (gh/4m) /% x . (GeV) -+ cos6 = 0.1,
\
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& Effects of bare mass (m?|¢|%)

where z = mL; m bare mass

the Boltzmann like factor, e™"* = {

[E.G.] For fixed flavour number, (N}), N{) N1+ N

(nz

[K.T.,’03, Haba,K.T,Yamashita,'04]

)2e

gauge symmetry breaking patterns

effects on the Higgs mass

) =(2,1,0,2), 3=0.1,

adj >~ adj ? 7 fd
+ _
(zad]’ adj’ }d)7 fd)) — (0)07070>7
mu/g: =~ 42 (GeV) (ao = 0.2362)
(28, 25) 200,20y = (0.1,0.1,0.0,1.0),
my/g; ~ 150 (GeV) (ao = 0.0097)

cos(2mn3)] Z cos[n(0; — 0;)],
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IV. Summary

e The Higgs doublet ® can be embedded in A?(/(E)Z)

the EW symmetry is broken to U (1) by the Hosotani mechanism.

by the orbifolding. Introducing extra matter,

e The Higgs mass (the Coleman-Weinberg mechanism).

m? 2 A4 2 7 2
V:—Tqb +§¢, m” = V" |g=0 = Av", X---loop effects

* a few adjoint matter is important to cancel the loop suppression factor.
x the small VEV (ap << 1) and large 3(SUSY breaking)

= large In(ag/B) =-larger my (fine tuning of 3 — 3.)

* higher dimensional couplings, (g4 R)"™* (n > 6) ~ (a few TeV)_1

* two Higgs doublet model, flat direction in the tree-level potential,
the light CP-even Higgs masses << myy, the other Higgses ~ O(my)

* introducing the bare mass (z = m/L) also plays a role to enhance my
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e the Weinberg angle,

2
3
= sin” 6, = 1 > 0.22

1 @ Al
2 / dy1F55Fau5 == ‘ (a/i ‘|‘ ZQ4AZ% ‘|‘ Z\/§g47ﬂ> ()

* The model by Antoniadis et.al. U(3). X U(3)y -+ sinf, = 1/(4 + Lg)

2

- m; m;
[NB] p=— Z (1 — (12—
W

+ Q13
mé gy mégq

cos? 0w

—1
)> # 1 at tree level

e Fermion mass spectrum et.al..

‘ Realistic model I
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& Fine tuning of 3,

(NG NS NS NG ) = (2,2,0,2) B = 0.14866 - - -

adj ? = "ady ?

6] ao

mp/g; (GeV)

0.1486 0.00234917

190.88

0.14865  0.000872472

208.012

0.148655 0.000588083

234.158
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No' Nog' Npwd Npa | 8 2] 2ag)  Zia Zpan | 90 ma/g;
2 3 0 4 0.05 0.01 0.01 - 0.045 || 0.0040 164
2 4 2 6 0.05 0 0 0.05 0.05 | 0.0037 176
2 4 0 6 0.025 0.025 0.025 - 0.025 || 0.0066 129
1 1 0 2 0.01 1 1 - 1 0.0196 125
2 1 0 2 0.1 0.1 0.1 - 1 0.0097 150
2 2 0 2 0.14 0 0 - 0 0.0379 130

(GeV)
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G = SU(6)

(+)

(=)

(+)

(=)

Notd Nogd Npws Npa | B Zon) Zos) Zpoa Zpaa | 90 ma/g]
2 0 0 10 0.1 0.05 - - 0.05 || 0.0207 139
2 0 0 6 0.15 0.1 - - 0.1 || 0.0268 139
2 0 0 16 0.04 0 - - 0.03 || 0.0021 173
2 0 0 4 0.07 0.5 - - 0.5 || 0.0366 138
2 0 0 2 0.32 0 - - 0 0.0594 135

(GeV)
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® G = SU(2) case, (X) = diag(v, —v), M = bare mass for A

3 > 1
Verr(v, 0;) = —4 o ;@[B(v,n) — F(v,n, M) cos(nB3)] 2 cos[2nb)].

2 2n2L2

where B(v,n) = (1 + 2guvnl + 49%) e 2ovnt,

2 2 2
Fv,n, M) = (14 nLy/2g20” + M7 + 225502 [2) o= VMEHghinl,

B/27r =0.1, ML = 1.0

29



