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» The KK modes: Hosotani, 1983
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» The fermion Lagrangian

ﬁ?b_zwzn[zvua — M; +Z'75Nzn]¢zn_ezqz'¢zl(1f{l n"_ZAl n 5 )¢%n

i,l,n

With i = @in +eq; a , e = es/vV L = 4-dim gauge coupling.

CP violation in 5D QED - p.5/1¢



Fourier expansions and all that

—_

» The KK modes: Hosotani, 1983
vi(z,y) = Z Vi (2)e Y, Win = (2mn + ;) /L
1 — |
AM (z, = — AM()e™mY + a 6 wp = 2mn/L
@y = = RZZ_OO (2) i /

» The fermion Lagrangian

ﬁ?b_zwzn[zvua — M; +Z'75Nzn]¢zn_ezqz'¢zl(1f{l n"_ZAl n 5 )¢%n

i,l,n

With i = @in +eq; a , e = es/vV L = 4-dim gauge coupling.

» Diagonalize the fermion mass matrix

wi,n — eXp(i’YSHi,n)wi,n; tan(29i,n> = /J]L\Zna ’91,n| < 7T/4

7
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Fourier expansions and all that (cont.)

» Physical fermion masses:
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Fourier expansions and all that (cont.)

» Physical fermion masses:

Min = \/M22 + /,L,in

» Interactions:

Lay = Z { Z¢zk7 ¢1k+ZAuk z%krzkﬂ“%l}

=

Loy = Z { Z%k F((P) ¢zk‘|‘ZA4k mkFﬁiﬂlwi,z}

k£l

© = Asn=0 = physical scalar with (naively) CPV couplings

A, = A, 0 = 4-dim. photon

and
FE? — _,I:,y5€2i750i,k 7 Fq(;slzl — _i,y5ei75(9i,k+9i,l), ngk)l — o175(0i,k—04,1)
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Fourier expansions and all that (cont.)

» Gauge fixing:
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Fourier expansions and all that (cont.)

» Gauge fixing:

Lop= —g (0" Ay — €719, A4)"

LatLop=5 3 {46 [@+R)gm — (- 8,0, A%, — ALO+w2/OAL,}

then
» A%, (n # 0) willeat A,
» A* = AP, remains massless
» o = A2 _, is gauge invariant.

» is a gauge singlet: cannot choose the A4, = 0 gauge (similar tfo
finite temp. case).

» U(1) gauge invariance remains unbroken.

» There is no symmmetry that forbids () # 0
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The effective potential

\ _‘J‘?
» Standard evaluation Z Z Q
= n M
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The effective potential

'l
» Standard evaluation Z Z Q
=2 n 3

» Result for one fermion:

V(M: Liw) = 32;6 - [(LM)2Li3(u) + 3(LM) Lia(u) + 3Lis(u) + H.C.}

where wu =exp[L(iw — M)|, w=a+ eqyLa
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Effective potential (cont.)

Full potential: V.s; =)

i=1,2

Vet (1078 TeV?)

2 a=0
1
ea(TeV)
75 -5 £25 25 5 7
-1
Vet (1078 Tev*)
3
2 0=TT
1
ea(TeV)
-75\-5 -25 25 5/ 75
-1

V (M;; Ly w;)

Vet (1078 Tev*)

AV

25 5 75

a=1v2

-75 -5 -25
-1
a=3m2 -2}
-3

ea(TeV)

a1 =0, ag = o

L—1 =o0.3Tev

Ml = 0.2TeV, M2 = 5GeV
q1 = 2/3, g2 = —1/3

\ 7 / ea(TeV)
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Effective potential (cont.)

Full potential: Vojy =% _  V(Mi; L;w;)
Vet (10 8 TeV?) Vet (1076 TeV?)
2 a=0 \ /\/
ea(TeV)
1 . . 25 5 75
ea(TeV)
a1 =0, agp = o«
L—1 =o0.3Tev
My = 0.2TeV, My = 5GeV
Vet (10" TeV*) Verr (10 Tev*) qllz 2/3, qg = 31/3
3
11
2 0=Tt \/\ /
- o ea(TeV)
1 75 -5 -25 5 5 7
_1 [
ea(TeV)
-75\-5 -25 25 5/ 75 0=312 -2
-1
_3 L

For a« = 0,7, CP-invariant
bound conds. = sponta-
neous CPV
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Effective potential (cont.)

o

Full potential: Veys =), , V(Mi; L; wi)
Vet (10 8 TeV?) Vet (1076 TeV?)
2 0=0 \ /\/
ea(TeV)
1 . . 25 5 75
ea(TeV)
a1 =0, agp = o«
L—1 =o0.3Tev
My = 0.2TeV, My = 5GeV
Vet (1078 Tev*) Veir (107°TeV?) qllz 2/3, qo = z1/3 )
3
2 o=Tt /
ea(TeV)
1 5 5 7

ea(TeV)

-75\-5 -25 25 5/ 75

For a« = 0,7, CP-invariant
bound conds. = sponta-
neous CPV

For a # 0, 7w, bound conds.
contain explicit CPV
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No CPV with one fermion

» V(M; L;w) absolute minima: w = nxn/L, n =0dd
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4 No CPV with one fermion
*

» V(M; L;w) absolute minima: w = nxn/L, n =0dd
» With the field redefinitions:

o — T

,(pnew = ei(W_Oé)y/L,(p Pnew = P +
65(]¢L

» View NAS a MIiNIMuM aft {ppnew) = 0 = NO spontaneous CPV

» Ynew (T, Yy + L) = —tnew(x,y) = NO CPV from the boundary
conditions.

» EqQuivalently at the minimum, m,, = m_,,—1, This allows a generalized

definition
T

Yn = C('Yow—n—l)

under which the couplings are invariant.
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Phenomenology

» Electric dipole moments

» Definition:
e (p'|Jgalp)y = d w(p)o" vs(p — p)ou(p)
J A
(GQi)BC(_) ™ m
Aﬁ : dquz _ 7,M 1,M J(’U) (3% s Ui n) —- —
’ 472 m?}o §
33 () Ay
> - o (g0 sy, 2, o !
o dio 167T2mi,0J (mep/mi0. 1)
33..(+) .
AL d's) = _(eqz) Cin Min J(S)(x' Yin) tP:A:\
n i,0 1672 m?,o i,y Yi,n ’/ \\
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Phenomenology

» Electric dipole moments

» Definition:
6</|Jp, |>_d_(/ [92 % I
plJgylp) = d a(p)o" vs(p —p)ulp)
(cai)’el) m,
AF 4\ = b 0 TN (@ Vi
n i,m A2 m?,o (33, » i, )
3 (+)
) . o (egi)”c; o (8) (1on2 /o2
@ dq,,o 167T2m7;,0 J (mcp/mz,07 1)
(eq:)°ci) m,
A4 : d(s) _ 1,Mm 1,Mm (s) . -
n i,0 1672 m?,o J (x’ » Yi, )
» Where
> C’Ei) = ﬂ:Mi(Mi,n + Mi,o)/(mi,nmi,o)

> 2 = (Wn/m; 0)% vin = (M pn/m;o)?
> T (@, y) =1+ (@ —y+DIny/y/o+ (2z/p—p)©
DJ(D)(w,y):—l—f—(y—x)ln y/x + (p — cot ©)O

Dp254wy—(m—|—y—l)2 tan® = p/(x +y — 1).
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Phenomenology (conft)

Results

dy (107%ecm) d, (107%*ecm)

W2 Tt 3ﬁ/2

L=15Tev?!
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» Other observables (e.g. T — )
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Comments

» Other observables (e.g. T — )

» m, was included as the dominating 2-loop effect, needs
quantitative verification.

» Non-Abelian extension...in progress
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Kaluza Klein

In a 5D cylinder ~ R* x S* with coor-
dinates z™ = (2*,y) the metric will be
periodic in y...

(return)
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Kaluza Klein

—_

In a 5D cylinder ~ R* x S* with coor-
dinates z™ = (2*,y) the metric will be
periodic in y...

...and can be expanded in a Fourier series

k zk: L
gMN(QJ y —gMN +Zg( ) v/

k40

o

(return)
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# Kaluza Klein
=

In a 5D cylinder ~ R* x S* with coor-
dinates z™ = (2*,y) the metric will be
periodic in y...

...and can be expanded in a Fourier series

k e 0 Juv A,u
gun (2, y) = g\ @)+ gin(@)e™ 't gl = ( )
k=0

The Einstein-Hilbert action reads:
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Kaluza Klein

=

In a 5D cylinder ~ R* x S* with coor-
dinates z™ = (2*,y) the metric will be
periodic in y...

...and can be expanded in a Fourier series

k e 0 Juv A,u
gun (2, y) = g\ @)+ gin(@)e™ 't gl = ( )
k=0

The Einstein-Hilbert action reads:
/d5z /—gMNR(5) _ 27TL/d T/ Grw (R(4) -7 Fu Foug'fg”® + )

k # 0 modes have masses ~ 1/L

Gauge couplings suppressed by 1/Mp;.
(refurn)
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Non-Abelian Kaluza& Klein

» Space = R* x B, coordinates=(z*, ¢*)
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Non-Abelian Kaluza& Klein

» Space = R* x B, coordinates=(z*, ¢")
» Symmeftry group G acting on B, generators = {7,}
» Under G: ¢" — ¢' + e“KL(¢)

(return)
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Non-Abelian Kaluza& Klein

» Space = R* x B, coordinates=(z*, ¢")

» Symmeftry group G acting on B, generators = {7,}
» Under G: ¢" — ¢' + “ K (¢)

» Metric:

(0) _( Guv () ZQAZ(@K?>
D,

g p—
w CAT@DKS yi(9)

(retfurn)
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Non-Abelian Kaluza& Klein

» Space = R* x B, coordinates=(z*, ¢")
» Symmetry group G acting on B, generators = {T,}
» Under G: ¢" — ¢" + €K' (¢)
» Metric:
g](\Sf)N _ ( gW(a:) Za AZ(C’?)K? )
Do AL(2) K Yii (¢)
» Then A7, is the gauge field for a gauge theory with group ¢
ForG = SU(3) x SU(2) x U(1),dim(B) > 7

(return)
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Localizing matter to a brane V@)

Imagine a 5D scalar field with potential
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Localizing matter to a brane V@)

Imagine a 5D scalar field with potential

V(@)

"Bounce” solution: &(y = +00) = tw
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Localizihg matter fo a brane (conft)

» Fermions coupled to this scalar field: y®

(return)
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» Fermions coupled to this scalar field: y®

» Have a mode with a zero effective mass at y = 0
» This mode gets a mass ~ v outside the brane
» All other modes have a mass ~ M also

» Boson couplings: |Dx|* — V(x, ®)
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Localizihg matter fo a brane (conft)

» Fermions coupled to this scalar field: y®

» Have a mode with a zero effective mass at y = 0
» This mode gets a mass ~ v outside the brane
» All other modes have a mass ~ M also

» Boson couplings: |Dx|* — V(x, ®)

» Can use the above field to induce SSB only off the brane
= Gauge fields become massive outside the brane

(return)

CP violation in 5D QED - p.18/1¢
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