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1.Extra dimensions, KK decomposition

If XD’s exist, there has to be a reason why
we have not seen them

Compactification
Localization of fields (will not use very much)

*Simplest example: scalar field on a circle




But XD compact, ¢ has to periodic iny
*Fourier decomposition (=KK expansion)

* ¢.: KK modes. One 5D field=an infinite

tower of 4D fields—KK expansion
*Dim of ¢, 1 (like 4D). Dim. of ¢:3/2 (like 5D)

D dn(z) + Lypn () = O




*Can get 4D effective action by integrating
explicitly over the y coordinate in KK exp.
just collection of massive 4D fields

Seff = d*x Y m=—oo (au(bv*za“(bn — m%\@z\z)

*General KK expansion:
*Take quadratic part of 5D action

6= on(x)faly), (00" + m3)pn =0



e theories in an extra dimension
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*Gauge coupling g has dim. -1/2 (nonren.)



*The mixing term
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*Chosen to reproduce normal gauge fixing
piece for A, and to cancel mixing
*Action decoupled

Gauge bosons
A, = — 37 + 505 AL05 AMG — 2 (8, AF)




Scalars
1, = 10,50 45— $(0548)]

‘Tower of scalars with mass m 2=¢ n?/R?

‘Unless n=0 unphysical (m— =)
*A; provide longitudinal components of massive




Fermions on a circle

-Somewhat tricky, 5D Dirac algebra contains .
*Theory will NOT be chiral (only Dirac fermions)

*Action:
S = [ doz (5(WTMopw — 9y U rMw) — mUw

)
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S = /d5a: (—i>_<5“3ux — ot O + 5 (YOsx — XO5%) + m(x + X)



KK decomposition

X = >on 9n(y) xn(x),
Y = > [n(y) Yn(x)

*The KK modes are 4D Dirac fermions

™ = 0




*KK spectrum:
Tower of massive KK modes

m,2=m2+n?/R?
*On circle: no chiral zero mode even for
m=0
Clearly circle is too simple to

*Reproduce SM




2. Orbifolds

*Next simplest possibility: instead of circle comapctify
on a line segment S'/Z,. Will look in two silghtly
different approaches (orbifold vs. interval).

Geometric construction

121y Of S'/Z,




Effects on the fields

* T, Z have to be symmetries of action
*Fields have to agree UP TO a symmetry
transformation T,Z (T is SS-twist)

(27R)¢(y) =T~ *¢(y + 27R)
Zo(y) = Zp(—y)

o(—y) = Zp(y)



A consistency condition
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A consistency condition




A consistency condition




A consistency condition

0 2nR 7 4R




A consistency condition
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A consistency condition

T

(ZT)2=ZTZT=T-'T=1



The effect of ZT
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A simple way to picture the orbifold BC’s
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The orbifold BC’s

*Assign parities under two Z,'s:

*Scalars: @(-y)=Pe(y). P=+1

*Gauge fields: A (-y)= PA“(y)p-1
As(-y)=-PA(y)P"

‘Fermions: x(-y)=Px(y)




*The KK spectrum

*Gauge bosons: If A, has zero mode,
A: will NOT (and vice versa)

LH (x%) and RH () fermions have
opposite BC’s: if one has zero mode,
the other doesn’t — theory CHIRAL




A simple example: GUT breaking via
orbifolds

(Altarelli, Feruglio; Hall, Nomura)

*Assume we have SUSY SU(9) in an extra D
5D fermions non-chiral, smallest SUSY in
5D: 8 supercharges (like N=2 in 4D)

*Need to use orbifold BC's to




*BC to break SUSY (parities for VSF)




Action of Z,” on adjoint:
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*Decomposition of SU(5) adjoint

H=3+234+2), H =@ +2 3 +2)




*The KK decomposition will be

(Z>,Z5) | mode | KK mass | wave function
2
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*Important difference from 4D theory:
doublet-triplet splitting automatically solved
*In 4D hard to understand why m;>m,

*Here parity assignments solve it

No dim 5 proton decay since no 3 3 mass




3. Interval vs. orbifold approach

*Could just start with field theory in line
segment [0,1TR] and specify some BC'’s
*For example scalar field

Shute = [ d*a [§T (50M p0y0 — V() ) dy

55 = J 'z [T [-0dMo — 55] 60| d*z0y059]




Oy®ly=0,~r = O

‘Neumann (flat) BC is natural
*How to interpret Dirichlet BC? Add a large
localized mass on boundary!

S = Sy — | d*e5MP¢?|y—0 — | d x5 M3¢?| —r R

0Sbound = —/5¢(3¢+M22¢)|y=7r}2+/ d*26¢(Oyd—M7d)|,—=0

Oyd + M5¢ =0 at y =R,
Oyd — Mip=0 at y=0




Interpretation of Dirichlet BC: limit of
M— [imit of localized mass term.

*Can repeat procedure for gauge fields on
interval. General BC with localized scalar
VEV on boundaries:

Gauge fields with v, , boundary scalar VEV




*Meaning: if v=0 {0yA,| =0, As| =0

lfvoe |A,| =0, 09yAs| = 0

*Just like in the case of orbifolds. Except:
symmetry used for orbifolding form a Z,
subgroup c Cartan subalgebra.

*Can NOT reduce rank with a single orbifolding




°|s there any advantage for using ONLY
orbifolds?

Yes! Localized VEVs vs. flat VEVs:

*Orbifolds: wave functions all orthogonal.

If Higgs VEV of A.: also flat, does NOT mix
KK modes. No tree-level corrections to EWPO




4. Basics of gauge-Higas unification (GHU

ldea: A; 4D scalar could be Higgs. How to
find a setup where A; is a doublet of
SU(2)xU(1) with correct hypercharge?
|ldeally, use flat space, and NO induced
Scalars, just orbifold BCs

History: 1979 Manton, use 6D with monopole in sphere
1983 Hosotani, “Wilson line” breaking: “Hosotani mechanism”
1998 Hatanaka, Inami, Lim: revive idea, no concrete model




*A: is in adjoint of gauge group, but Higgs is
doublet: need to enlarge gauge group.

*If we want to use simplest orbifold (does
not reduce rank): extended gauge group
would be rank 2

*Simplest rank 2 group SU(3)




Necessary BC’s
*The necessary projection (at both endpoints):
( 1 )
P= 1

SU(2)xU(1) gauge




e Action on A5: , \ Scalar doublet

- |4 / zero mode
-PAs(-y)P N /_/
*Picture:
0 R

SU(3)




*Why is this interesting? 5D gauge invariance:
Au — Au L aue(l‘a y) L fﬁ(a?a y)7 Auf
As — Ag + Ose(x,y) 4+ ile(z,y), As)

*¢. gauge transformation param., has its own
KK expansion (same as A ). For broken dir.
€(0,mR)=0, BUT 05e*0.




*Shift symmetry forbids tree-level potential
Also local radiative potential for Higgs
forbidden (formulation as SS theory)
*Non-local loop effects could still give a
finite Higgs potential (loop has to stretch from
one fixed point to other — does not shrink to
zero — result must be finite...)




5. The calculation of the Higas potential

*‘Need Coleman-Weinberg potential for Higgs
*Assume simplest SU(3) model for now
*Higgs VEV normalization:




*For Coleman-Weinberg need a-dependent
Mass spectrum. For example gauge KK:

cos(ny/R) sin(ny/R)

2 J§ " T (95 Ay — 95 + g5 [(As), Au])”



*TeXForm on the Mathematica output:
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*Unbroken U(1) after orbifolding: Tg
*Higgs quantum number:

Usual normalization:

*g—1/2 diag (1,-1), etc
g’ —Higgs quantum number 1/2




The Coleman-Weinberqg potential

(Antoniadis, Benakli, Quiros)

Vow (9) = 351 (- 1)1 [ (£Brlog(n? + MZ(9))

Can be rewritten in the form

VCW: 327.‘.2 Z]( 1>FIfO dlle

M2<¢>

M + Z (mz_l_az(qb))z




*Using a Poisson resummation

oap Som F(m/R) = ¥, F(27nR)
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*Expression for potential in general case in 5D:
_— F1 1 -
eff(ﬁ) 32ﬂ.2 (WR)4F(6) B—kd
*Where for no bulk mass term m_ 2=(n+)%/R?

F(B) = 32%;1 cos(2mwBn)

n5

Fu(B) = 3 5pe, o2 (£ ny
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Comments

'n=1 term most important in series *cos 21
For fermions min. for B=Y%.

*For bosons min. for =0
*For twisted fermions (will see later) spectrum

m 2 = M2+ (n+Ve+B)2IR2




6.The fermion fields & flavor structure

*Apparent problem: since Higgs=A,, Yukawa
coupling=gauge coupling. How to get fermion
mass hierarchy?

1.Use Arkani-Hamed Schmaltz idea of
localizing fermions at different parts of 5D




‘Every SM field—Dirac fermion in 5D W
*Arrange BC's such, that only one zero mode
°In order to avoid masses of order My, add a
second bulk field with same quantum # but
opposite parity assignments W’

*Two fields will marry up with bulk mass

ARV

Lioe = [_iQLa'ua,LLQL + \/Ej—RwdQL + h.c.| §(y — yL) +

. - €
—igrotougr + \/:—RCIRXS + h.c.| 6(y —yRr),




‘Here W4 is the doublet and ys is the singlet in
the bulk field. Depending on choices of parity
there is always a unique choice of which to add
*y, and yg could be either fixed points

4 distinct possibilities (same fp or opposite,
fermions twisted or not...)

In the a=0 limit still a zero mode (odd number




Example: down quark

*Use bulk triplets 3 and no twisting

(X
> - S +5+
a ( (e (0 25K ey

|/~ - =
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*Equation for spectrum for 3 with untwisted
fermions: _

2
V3(w) = (cosw — cos(2wa))2+2m sinw (cosw — cos(2ma)) +
w

w2—|—n2

2
z <cos 2w — 1+ 25 Sin2(27ra)> same brane.

w2

46%6% { (cosw+ 1) <c05w —-142 w? Sin2(7ra)> different branes,

2 2
= (cosw + COS(27T05))2—|—2m sinw (cosw + cos(2nwa)) +
w

w2_|_,€2

2 (cos Dw— 142w sin2(27ra)) same brane.

2 (cosw — 1) <cosw +1-2 o Sin2(7ra)) different branes
w2 +K2




Simple limits:

No boundary mixings (e_g —0)

[ (nta)? untwisted
my = M? 4 (nﬁ/%a)?
=2 twisted

derer

K
V(@2 +1)(2¢3+ 1) 2
derer

diff. branes e H/2

e—li

same brane

JeZ+ 1@ +1)




*Small bulk mass (k<1): if untwisted

there will be a mode with m=M,, Reason:
bulk mass couples two fermions, and only
one mixes with localized fields. Other light:

€LtR
\/(1 + 2)(1 + €%) — cos? ra

€ €ERCOSTCY

ldiff. branes — mgmR =

lsame brane — mgmR =

\/(1 + ¢2)(1 + €%) — cos? ra

Lessons:




Example: behavior of lowest eigenmode for
different (d) or same (s) brane, untwisted or
twisted (t) bulk fermions:

mt/m W




‘Mass given by y(m)=0, contribution to C\W:

4 .
Verr = %fc?o(gT’y In Y(ip)

°I[n our case
_ 1 rx V(2
Fe(r,0) = § [2°dCC(¢? = w2) In 378

bulk field multiplicity

gauge (adj.) 2F (o) + F(Ra)
down (3) Frg(o)
up (6) Frula) + Fru(2a)
lepton (10) 2F k(o) + Fr;(2o) + Fk,(3ax)




7.A semi-realistic model

*To fix sin?@,, we add an additional U(1)y
*Gauge group SU(3)xU(1)y broken by orbifold
to SU(2), xU(1)gxU(1)y, and U(1)s:xU(1),—U(1)y
on the fixed point (localized Higgs or anomaly)
*This last breaking distorts wave functions, we'll
have to pay the price for that...




*Reason: if assume (well motivated)

all mixings of same order
fermion hierarchy only from bulk masses

*Most bulk masses very large, contribution
to CW very suppressed. Basically top dominates
radiative potential, and minimum of top+gauge

a~ 0.3, mp~02—-03my
1/R~ 3 —5my ~ 250 — 400Ge

me < myy



*Fix Higgs mass and VEV: assume that some
light fermions light due to small mixing rather
than due to large bulk mass

*These bulk fermions will also contribute

*Take different representations and twist some
of fermions—get a much more versatile Higgs
potential

A successful example




*The Higgs potential:
V,

2 light gen.

1 light gen.

1light gen.




*Fix top mass: upper bound on fermion
mass actually depends on representation

my < kmyy

*k2: number of indices of rep. top is embedded
‘For m=2myy need a 4-index irrep...
Simplest possibility 15 dim rep:

(15)_5,3 — (1,2/3) + (2,1/6) + (3,-1/3) +
(4,-5/6) + (5,—4/3)




For EWSB third generation enough (twisted
fermions for b,t). Possible reps (choose them

as small as possible to not lower cutoff further)
bottom tau

model a (3, 3)o (1, 10)g
model b (3, 6)1/3 (1, 3)_2/3




*Results for a, my, my,, and fine tuning (f)
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*Some particular model points:

a 1/R f mg my my

0.08 | 1 TeV zéz//z gg GeV ﬁg GeV 122 GeV
0.05 || 1.6 TeV ELZ;S gg GeV 128 GeV ggé GeV
0.04 | 2 TeV ;ij gg GeV igj GeV gilti Gev
0.03 || 2.7 TeV 222 3{3 GeV 12-7/ GeV ‘7/22 Gev

4 TeV

2%
2%

134
L

159
159




8. Bounds on the model from EWPT

W,Z,<H> flat: no mixing induced among KK
modes, no correction to EWPO from these at
tree level, and loop should be small

*Only possible source: exotic zero modes that
mix with SM fields and pick up mass via
boundary terms (otherwise orthogonality OK)



Zbb from mixing with heavy quarks

-Light fermions mixing negligible. Only 3" gen.
problematic. Lowest order Yukawa by gauge inv.
V_1,3QLH'3_1/3+V>/3QrH35 /4

*General expression for corr. of Z-vertex:

__ 09 __ 1 2 2 mw 2
A= g 1—%sin29W(y2/3 y—1/3) (m3)




Effects of additional U(1 )_x

>
=
|
N
N\
®
&
N
=00
|
Q
=
N
T8
~

*X, gets a localized mass. After EWSB mixing
with Z induced, correction to T:

__ 4r A . _ Axn23—4sin?0y o 1A3 .2
T=%0p =055 ""a’ x1.2-10%a




Summary

In extra dim’s a possible solution to hierarchy
problem is via gauge-Higgs unification

*Need to extand gauge group and orbifold it

to SU(2)xU(1)

*Simplest (and most realistic) example in 5D
SU(3)xU(1)y

*Generically hard to get a large separation of
Higgs VEV and KK modes, and heavy Higgs, top




