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» Symmetry breaking?

Higgs mechanism cannot work unless M;><0.
Why does Nature take M;* to be negative?

» Chiral theory?

Why do all fermions acquire masses only through
Yukawa interactions?

» Fermion mass hierarchy?

Why do the fermions acquire hierarchical
masses?
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Purpose g

In the context of 5d gauge theories on an
interval, we clarify whether the mysteries
of the Standard Model:

» Symmetry breaking?
» Chiral theory?
» Fermion mass hierarchy?

can be explained naturally or not.
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Setting g

» 5d U(1) gauge theory on an interval
0 y L

» All fields live in the bulk.
» No boundary term

» No fine tuning with 7,7>0
» General boundary conditions

compatible with
* 5d gauge invariance
* the action principle
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» The boundary condition for the 5d U(1) gauge
fields Is unique.

» The U(1) gauge symmetry cannot be broken
by the boundary condition.

» The gauge-Higgs unification scenario
does not work In this framework.
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Our Results - fermion sector- G

» There are only 4 possible boundary conditions
for.a fermion.

» 4d spectrum
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4d'low energy effective theory at £ < 1/L
will be described by a chiral theory,
irrespective of the bulk mass.
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Our Results - fermion sector- @

» Localization

HEvery chiral zero mode is localized at one of
the boundaries.

W) ()

‘ / bulk mass

~ eMF.V

profiles of chiral zero modes
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Our Results - scalar sector- @

» Possible boundary conditions for ®(y)
two-parameter family:

D(0) + L+0yP0) =0
D(L)— L_0y®P(L)=0

» Higgs mechanism without Higgs Potential
<®(y)> can be non-vanishing even when M;*> ().

» Hierarchical fermion masses
If <®(y)> #£0, <D(y)> inevitably depends on y.

L
miy = NP | dy ) <O )>

| | localized fermion
profiles
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for —co<Li<o0




Higgs Mechanism without Higgs Potential in an Extra Dimension’
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» Non-trivial phase structure
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Our Results - scalar sector- @

» Non-trivial phase structure
®(0) + L. 0yD(0) =0
D(L)— L_0y®(L)=0

for —co<Li=<oo
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Classification of B.C. T

We first clarify all possible boundary
conditions on an interval to require any
boundary conditions to be compatible with

quantum mechanics
» the action principle ‘

» the 5d gauge invariance ‘
unitarity
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» 4 possible boundary conditions
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B.C. for a Fermion U3

» 4 possible boundary conditions

0 e | (Oy+Mp) ¥ (0) = Y (0) =
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| ] I:I><¥I' ' I’
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y=L* ¥.(L)=0 oI (=0y+Mp)¥(L)=0 } QM SUSY

Talk at EXTRA DIMENSION 201 1 @ Osaka Univ., 201 1/01/25, Makoto Sakamoto



Higgs Mechanism without Higgs Potential in an Extra Dimension

B.C. for a Fermion

g

m .

» 4 possible boundary conditions
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B.C. for U(1) Gauge Fields C

» The 5d gauge invariance restricts the boundary
condition for the U(1) gauge fields uniquely:

ayAﬂ(X,y) — 0,
Ay(x,y)=0, aty=0,L
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B.C. for U(1) Gauge Fields C

» The 5d gauge invariance restricts the boundary
condition for the U(1) gauge fields uniquely:

OyAu(x,y) =0,
Ay(x,y)=0, aty=0,L

» 4d spectrum
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U 08 =0: action principle
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B.C. for a Scalar €

S = fd4x fo fly{ O* (9 +0y)® — V()]

U 08 =0: action principle

eq. of motion & |constraint on b.c.

O (y) Oy P () — (0yP () @ () =0
at y=0,L

U No momentum flow outside the interval

2-parameter family of b.c.

D) + L+0y®(0) =0
D(L) - L_6y<l>(L) = ()

for —co<Li<o0o

y
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How to determine <&()> ?
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L
E@®) = fo dy{ (=070 + M7 101+ L 10/*)

N — —
with the boundary conditions. V(D)
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Vacuum Expectation Value <&()> &€

How to determine <&()> ?
Minimize
L
E(®) = fo dy{ (=070 + M7 101+ L |0/*)

N ——— —
with the boundary conditions. V(D)

0

Find solutions to 0E(®)=0, i.e.
—0700) + My ®() + S100)D() = 0

with the boundary conditions.

Talk at EXTRA DIMENSION 201 1 @ Osaka Univ., 201 1/01/25, Makoto Sakamoto
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O
The existence of any non-trivial solution to eq. of
motion implies that ®=0 is nor the vacuum but

<®(y)> = non-vanishing & y-dependent
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'Vacuum Expectation Value <®()> &

0,

The existence of any non-trivial solution to eq. of
motion implies that ®=0 is not the vacuum but

<®(y)> = non-vanishing & y-dependent

6E/§<I> 0 D£0

A 4
> E(q)) f dy < 4 IPO)I* < 0= E(O|)_ trivial

solution
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'Vacuum Expectation Value <®()> &

0,

The existence of any non-trivial solution to eq. of
motion implies that ®=0 is not the vacuum but

<®(y)> = non-vanishing & y-dependent

6E/§<I> 0 <I>=#0

A 4
> £@) = - [dy o)t < 0= EO ivial

solution

> E(®) =0 for constant @
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Vacuum Expectation Value <&()> ©

The problem turns out to be equivalent to
solve ye 1, Oy o xd)
1-dim. classical mechanics

x@) = oUX) Ux) = —V(x)
iz — 2 32— %

0xX = —-MgyXx
with the "Initial” conditions UO

x(0)+Lix(0)=0 atr=0 -
x(L)-L_x(L)=0 att=L

y

x4

Talk at EXTRA DIMENSION 201 1 @ Osaka Univ., 201 1/01/25, Makoto Sakamoto



Higgs Mechanism without Higgs Potential in an Extra Dlmen5|on

'Vacuum Expectation Value <®()> @

No non-trivial solution for
Dirichlet b.c.: x0)=xL)=0 (&L+=0)
Neumann b.c.: x(0)=x(L)=0 (& L+=c)
U
0
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'Vacuum Expectation Value <®()> @

No non-trivial solution for
Dirichlet b.c.: x(0)=xL)=0 (&L+=0)
Neumann b.c.: x(0)=x(L)=0 (& Li+=o0)

U AN

0 ‘ x() =0

Talk at EXTRA DIMENSION 201 1 @ Osaka Univ., 201 1/01/25, Makoto Sakamoto



Higgs Mechanism without Higgs Potential in an Extra Dimension

'Vacuum Expectation Value <®()> @

No non-trivial solution for
Dirichlet b.c.: x(0)=xL)=0 (&L+=0)
Neumann b.c.: x(0)=x(L)=0 (& Li+=o0)

U AN

0 X)) =0

- X
Y

<P>=0
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'Vacuum Expectation Value <®()> @

No non-trivial solution for
Dirichlet b.c.: x(0)=xL)=0 (&L+=0)
Neumann b.c.: x(0)=x(L)=0 (& Li+=o0)

U AN

0 x x(t)U= 0
<P>=0

U

symmetry unbroken!
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Vacuum Expectation Value <®@)> &

|

x(0) + L+ x(0) =0
x(L) - L_x(L)=0

=0

two possible
motions
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‘Vacuum Expectation Value <&()> &

Li >O>L$

x(0) + L+ x(0) =0
x(L) - L_x(L)=0

L—>0>L+/

“71=\)
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‘Vacuum Expectation Value <&()> &

Li >O>L$

x(0) + L+ x(0)=0
x(L) — L_x(L) =0

e motion \ 7=0
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‘Vacuum Expectation Value <&()> &

Li>0>L$ I:

x(0) + L+)27(0) = |) U()
xX(L)—L_x(L)=0

L. +L_>0

U

sl —

e motion \ 7=0
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L+ <0

x(0) + L+ x(0) =0
x(L) - L_x(L)=0
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L+ <0

x(0) + L+ x(0)=0
x(L) — L_x(L) =0

No possible \
motion =L
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'Vacuum Expectation Value <®()> €

L+ <0

x(0) + L+ x(0)=0
x(L) — L_x(L) =0

— 6)

No possible M}
motion =L 0
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Conclusions and Discussions 2

» In the context of 5d gauge theories on an In-
terval, chiral theories with hierarchical fer-
mion masses and a Higgs mechanism, just

like SM, naturally appear as low energy. ef-
fective theories.
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Conclusions and Discussions 2

» In the context of 5d gauge theories on an in-
terval, chiral theories with hierarchical fer-
mion masses and a Higgs mechanism, just
like SM, naturally appear as low energy ef-
fective theories.

» The properties we found will hold for
non-abelian gauge theories with a wider
class of allowed boundary conditions.
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