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Intro to XD

¢ Compactification of internal dimensions always involve a scale R or 'volume’,V

¢ Two equivalent descriptions

(A) At distances large compare to R
4D langage is more more appropriate — KK modes

(B) At distances smaller than R
Higher dim language is better — Takes into account of all KK modes

@ Use the KK langauage since it is more relevant to phenomenology.



The KK decomposition

Quantum fields in 4 + n dimenions
®(zH,y'Ju =0,1,2,3; y*  parametrize the compact space i =1,-,n)
We can always expand any function in any complete set of functions £, (y*) via

. 1 .
P Ji“, 1y — n a,;/,l, . 1
(@9 = 7= anqﬁ (@) fn(y*)
d™ — n*? KK mode
Choose f,, to be orthonormal (basis)functions

We allows us to think of ¢™ as independent d.o.f



KK decomposition 11

How to choose the basis is model dependent.
In general assume perturbation philosophy

Understand the ’'free’ part of the XD Lagrangian

Add interactions later



Scalar Fields

The action of a free scalar field is
S = /d4xd”y %(aNcpaNcp — M?®?) = — /d‘*xd“y%cb(m + M?)®
and
O+ M? = 9,0" +0,0" + M?
Use the eigenfunctions of the XD part
(8;0" + M?) fn = m2 fn

This is linear partial differentail eqn we can solve

Choose appropriate boundary conditions which is part of the definition of the
theory



Scalar fields 11

Use the KK expansion of @ insertinto S
1 4 _n 1 m(, ) ) wam' (o m’ ) 2 )
o [ dady 3 @ ) [T (610,07 8™ (@) + 6™ (@)(0:0° + M) f (4
We get
1 : . 1 /
v ([ vt [ dagom@)(@,00 + m2,)om @)

Implies

1
— d"” mm’:(smm’
- [ dusnt ,



Physics of KK decomposition

The theory can be written as
4 1 n 2 n
—E /d x§¢ (00" +m;)¢

A free XD scalar is equivalent to an infinite tower of 4D scalars with masses m.,
If mg = 0 we have a massless 4D field
For 1 XD the eigenfunctions f,, are circular functions

Need to impose boundary conditions to specify these functions.



Boundary Conditions

lllustrate by considering 5D or 1XD examples.

Compactification on a circle S'
(A) Impose periodic b.c ®(y) = ®(y + 27 R)
(B) If M? = 0 the KK masses are

N
mn—ﬁ

Compactify on an interval i.e y extends from y = 0 to y = R. They are called fixed
points where branes are situated. At the fixed points

(A) Dirichlet b.c

fn=0
(B) Neumann b.c.

0f =0

(C) or a mixture



Bulk Gauge Fields

Use 5D QED compactify on a circle as an example to bring out the physics

The action is

27w R
S = /d4x/ ) —lFMNFMN + gaugefizing; Fyn =0 AN —ONAM
4
0

KK expand the gauge field as in the scalar case. Look at the A, term

A~ Y AT () fn(y)

Becuase of bulk gauge invariance the zero mode is by

Oy fo(y) =0

The zero mode has a constant profile — 4D gauge invaraince.

Other KK modes similar to scalars



Bulk Fermions

Again consider a minimal 5D Lagrangian for a fermion W. The action is
S = % /d% (M 0y ¥ — 81 ITM @ — T W)

Notice a bulk mass term is included and sign of m is not determine.
The bulk field ¥ is a 4-component Dirac spinor.

Decompose under 4D Lorents subgroup into a pair of Weyl spinors

v = | X2
(5%)

Bulk equation of motion from .S gives

—igHOux — Oy +mip =0
—ioh ) + Oyx +mx =0



Bulk Fermions 11

KK expand the 5D wavefunctions
X = 9n(y)xz()
n

These fermions obey the 4D Dirac equations
—ia“‘@,,,zﬁn + mpXxn =0
Substituting back into 5D EOM we get a set of coupled eigenvalue equations

aygn + mgn — mnfn =0
8yfn — mfn + Mngn =0



Bulk Fermions Boundary Conitions

Consider the fix point y = 0 and the field takes the b.c. Dirichlet
x = Olo
The other component must satify
(Oy + m)x =0

l.e. the Neumann condition
For the zero mode the eigen equations decouple:

8y90 +mgo =0
any — me =0

If we choose ¢/|p = 0 — fo = 0 then

1 — 6—2mL B
go = ol © mY (L =27mR)



Introduction to the Randall-Sundrum Model

There are more than 4 dim. Indeed RS assumes 1 + 4 dim with a warp or
conformal metric. AdS

5D interval is given by

ds? = Gapdr?dz® = e_2kTC|¢|nuyd:c“’da:” — r2d¢2

Two branes are located at ¢ = 0 (UV) and ¢ = = (IR).

Metric is

—7T§¢§7Ta JEkTC|¢|7

6—2077 y 0 e+20n;w 0
GAB — g o ’ GAB — 1
0 —’I"C 0 -



RS model as 5D field theory

The action is generalized to 5D e.g. the bulk scalar field we have
1 7T
o 5/d‘lgc/ dpvVG(GMN 9,3, 0P — m2d?) 1)
_ 1 4 " —20, pv 1 O —40’8 2 —40'(1)2
= 3 d*x B redod |e n*" 0,20, P + T—2<I> b (e ¢<I>) — m-e

Integrate over ¢ to give a 4D effective theory

Do KK decomposition.

®(z,¢) =

Jre ; P (z)yn(9)

One recovers the canonical 4D scalar field [®,,] = 1 and the KK eigen-mode
[yn] = 0. yn, is normalized by

/ " ddyn ($)ym (@) = Smn



RS:Scalars

The y, (¢) satisfies the eigenvalue eqn

— % By (67404 (c"yn)) + mPe 27y = 2y

The 4D effective action becomes

1 4 v 2 12
S = 5 ;/d T [n“ 0uPn0,Pn — mnCIJn]

m., = 0 are the zero modes. ldentify them as SM fields.

The solutions are exponentials

ekrc¢

Ny

Yo = [e—ykrcqﬁ_'_boe—l—vkrcqﬁ] (v = \/4+m2/k2)



More RS

After integrating out the extra the dimension the 4D effective action is

1
5= zn:/d‘lx [0 8 P10y B — m2 2]

For m,, # 0 the solutions are given by Bessel functions of order v = v/4 + ";"’—22

9n(9) = o [Ju(n) + baYo (2n)]

n

my, and b,, are determined by boundary conditions at ¢ = 0, 7. The derivatives
are continuous.



Gauge Fields In RS

Take QED as the toy model. The action is
1 T
Sy = -7 /d4m/ dovVGEMN FyN
Choose the unitarity gauge A4 = 0 and KK decompose the gauge field
1 n
AM ($, ¢) — \/—T_c ; A,LL (x)xn((b)
with a normalization

/ d¢ XnXm = dmn

—Tr

The 4D Lagrangian is

6—20

2
m,n - Ur:

1 v n Am T



RS Gage Fields 11

The zero mode has a flat profile

1

O p—
X V2

This preserves charge universality

The solutions for KK excitaions are Bessel functions of order unity

mne®

kNy

Xn = [J1(2n) + anY1(2n)]

an and m,, are determined by b.c.c at the fixed points ¢ = 0, 7«



Fermions in 5D Bulk

5D fermions are 4-component spinors i.e. vector-like fermions
xH,
T(at ) = Yr(z",y)
wL (w,u,, y)

The Dirac matrices in 5D are v = (y#, iy®)

Project out the L,R chiral states by boundary conditions or orbifold parities ,i.e.
how the field transforms under Zs : y — —y



Fermions in Warp Space

5D action for fermions is

/ d4xd¢\/5Ea4 U2 DA

where E2 = diag (e", e?,e’, e’ L)

Do the usual KK decomposition:

U r(z, @) = > R (@)nF(e) (2)

| dodlr @@= [ dp R 6)3R(6) = b

The profile of the wavefunction is controlled by m = ck. Enters into the order of
Bessel fn.



Bulk Fermions 11

The equations are

(m _Ey i%) SR = mpe® Pk 3)

The zero modes which we identify as SM fermions c = v =

L _ 0 kred(1/24+v) A0 _
Po Nre » VI, \/e2krc7r(u+1/2) _1 4)

‘R
®0

_ kre(1/2 —v)
0 Jkregp(1/2—v) 0 _ ¢
Nge » Nr = \/eZkrcw(1/2—y) 1

Since both solutions are Z5 even at ¢ = 0, only one of the two is allowed by the
Za.

The RH chiral zero mode lives near the UV (IR) brane if v > 1/2(v < 1/2).
LH zero mode resides close to UV (IR) brane for v < —1/2(v > —1/2)



Profiles of bulk fermions

=3[ v =(1/2 - 0.05) *@/(55 =3y = (1/2+0.05)
_4 1 1 1 1 1 1

o-Tap
¢§I¢2

0 0.2 0.4 . 0.6 0.8 1 0 0.2 0.4 ; 0.6 0.8 1

The thick red lines are the zero mode wave function of RH chiral fermion.

t = e_k"r'c (7T_¢)



Fermion Masses in RS

The coefficients c; r control the zero modes i.e peaks at UV or IR
Localize the Higgs at the IR brane

Have the zero modes i.e. the SM chiral fermions localize near UV brane
The overlap after SSB will be very samll

No need to fine tune Yukawa’s.
Quark masses are naturally small.

If all the fermions both LH doublet and RH singlets are localized near UV then
t-quark comes out too light

t-quark or (t1,br ) must not be too far from IR brane



Quark Masses Iin RS

The quark masses are given by

f f

5,’1/ — 577/
(MF%)i; = ow o ;fg(mci)f%(ﬂ,cg) =vw o ;FL(CJJ_?Z.)FR(C?J.% f=u,d,

where the label f denotes up-type or down-type quark species. v,, = 174 GeV.

FLr(@ c.r) = ¢ rertimre T AT
where the upper (lower) sign applies to the LH (RH) zero mode
The Yukawa couplings A;; are not necessarily symmetric in ¢, j
fr,r shows that the masses are control by values of c, r
The task is to configurations that fits the CKM matrix.
Added bonus : both LH and RH quark configurations are given for each solution

Both LH and RH rotations are given for each solution

In the SM only LH rotations are detectable. Vo = V;fTVLd.



General Configurations

In general quark mass matrices are not symmetrical in RS. Several configurations

found. One example:

cq = {0.634,0.556,0.256} ,
cuy = {—0.664, —0.536,0.185} ,
cp = {—0.641, —0.572, —0.616} .

The u and d quark mass matrices (at TeV scale)
8.97 x 10\*  0.040.767 (0.0019 0.017\ 0.0044
(IMy]) = 10.010.554 | 8.69|My|) = | 0.022  0.196.(050

0.166.0 142.19 0.3%2 3.200.813

where we have used ke k7™ = 1.5 TeV,

(5)



RS Quark Masses contd

The CKM matrix elements for the above

VL =0.16(14), VL =0.009(11), Vgl =0.079(74),
us ub cb

Vel = 0.42(24) Vil = 0.12(10), V| = 0.89(13), (6)

Note the RH rotations are larger than the LH ones.

Appears to be true from the numerical searches we found

How to test it?



Symmetrical Mass Matrices in RS

Most of the 'constructions’ start from conjecture assuming that they are
symmetrical

Put zeros ( 1 to 3) in appropriate places to fit CKM and the observed mass
heirarchies.

Can RS accomodate these without fine tuning the Yukawa couplings
Only ONE texture zero structures are allowed.

By construction Uy, = Ugr



All Is not well

The main problem is that the new KK modes will modify EWPT
The S, T parameters will receive tree level corrections

It is known that p = 1 is protected by a custodial SU(2)symmetry
Promote that to a bulk gauge symmetry.

Tree level KK gauge effects are suppressed

The gauge symmetry is now SU (2);, x SU(2)r x U(1) x

Take X = B— L



Custodial RS model

Break SU(2)r — U(1)g by orbifold b.c.
Uv IR
Wu1,2 B 4
othergauge fias  + +

U(l)r x U(1l)x — U(1)y by vevon UV brane. We have a Z’ and B,

~ 3 ~
95 W, _géBu

A
w
\/ 95 + 95
and
1 i 3 5]
B — 95Wu +95Bu
by =

B, is the SM hypercharge gauge boson and broken with SU(2) 1, on IR brane by
Higgs.



Quark Representations

Zero modes have parity (4+)

Usual assignment

SU2)L SU(2)r
tr, t%
br, br

because t g is a zero mode and SU (2) r is broken on UV

dr and t g must have their own (- +) partners

SU(2)L SU(2)r

7\
’7 N\

b)) ()

They don’t affect the quark mass matrix.




FCNC in the Minimal Constrained RS Model

Besides the direct production of the KK Z > 2.5 TeV is tree level FCNC
FCNC Z — Zk i and Z — Z7, K mixing

KK-fermion mixings

f Ik fxx f

Going to the mass basis the unitarity is broken — FCNC



t — Z + jets

The BR is

Br(t  c(u)2) = —a-— (1Qz(tr) Ay I + 1Qz (tr) £,y 1) (

cos? Oy
= 1.8677 x (1Qz(t1) Al 2 + Q2 (tr) Al )

2 2
where z; = =4 and ys = ~%-and Qz(f) = T3 (f) — Qsin? 0,Q;
mt t

m

LH and RH decays are different becuase x® > «’ in the config we found

Ry = (U sk + 5000 Usy, Q" ={u, ¢, )

BR(tR — 7 + C(U)R) > BR(tL — 7+ c(u)L) by ~ 20.
The BRis ~ 107° ¢.f SM ~ 10713,
Compare the decays in ¢t vs single tW channels.

1 — x4
11—y

) (

1+ 25
1+ 22




Conclusions

We have found that the RS model can have good quark mass matrices without fine
tuning Yukawas

It can accomodate symmtricall mass matrices if there is only one texture zero and
not more

For asymmetrical conf Ur > Uy,
Tree level FCNC best probe int — Z + jets
BR is ~ 10~ makes it very exciting at the LHC

Predicts RH decays are dominant.
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