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@ Motivation for extra spacial dimension(s)

@ Warped Extra Dimension ( Randall-Sundrum )
© Something unexpected

@ An unusual 2HDM in RS

© Summary
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Free Parameters and problems in SM

@ There are 27(+2) free parameters in SM

@ Roughly speaking, one group of free parameters involves
gauge interaction and how the symmetries are broken.

4 ay,00, 3, G
+2 Mw, mpy

@ The second class ( will be referred as general flavor problem )
involes fermion masses and mixings.

+6+6 : me, m,, m:,3m,s, my, me, my, My, Ms, My
+1+4+4+4 : Ogcp, Uckm, Upmns
(+2) : Majorana phases
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We are arrogant!

The ultima dream of HEP theorist is to reduce the number of free
parameters as many as possible.
@ Prominent problems: gauge hierarchy? Electroweak symmetry
breaking?
For example, GUT makes three couplings to one
@ Prominent problems: Why 3 generations7 Why
me > mg, m; > m,? Why 082, > 02, > 037
For example, flavor symmetry to reduce the 21(+2) flavor
parameters to only few

@ ... etc
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Mass and gravity

(Pictures stolen from Fritzsch's talk)

ey god GR

F

@ S
| ~
g =X s
Equivalence principle Einstein Eq
Eotvos exp, < 10~° Need unify concept of mass.

Gravity and mass &= Quantum Physics
Planck Mass

M, = ,/%C = 1.2 x 10" GeV ~ 0.02 mg

Our ultimate goal: All physical quantities be calculated in terms of
Planck units.
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RS Model is one of the promising candidates

e Randall-Sundrum (PRL83, 3370 ) can explain the hierarchy
between EW and Mpjanck

EW ~ ke k<™ kr. ~ 11.7

where k is the 5D curvature ~ Myjanck and re is the radius of
the compactified fifth dimension.

@ Due to the special profile of bulk fermion in RS, the hierarchy
among fermions can be achieved without fine tuning in
Yukawa couplings.

@ And the number of free parameters ( in flavor sector ) is
smaller than in SM
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Introduction to the Randall-Sundrum Model

RS assumes a 1+4 dim with a warp or conformal metric, AdS.
5D interval (51/2>) is given by

ds? = GagdxAdxB = e 2kreldly | dxtdx” —r2d¢?, —m < ¢ <m

Two branes are localizes at ¢ = 0(UV) and ¢ = 7(IR)

The metric is

—20
e 0
Gag = ( Omw 2 ) , 0 = ke[|

c
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Randall-Sundrum Model

Due to the metric, matters tend to stay near the IR brane.
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Introduction to the Randall-Sundrum Model

@ 5D action for fermions is
/ d*xdopV' G [Ef\DyaDAw — ck sgn(¢)Vw

where E7' is the veilbien, and a dimensionless bulk mass c.

\UL,R(Xv ¢) =

3
ez’ LR LR 20\
ﬁzw ()85R(9), (Dnldm) = Omn

spectrum determined by B.C.’s (+: Neumann /-: Dirichlet ).
@ Desired chirality for zero mode set by orbifold parity.

@ The coefficients ¢, g control the zero modes peak at either
UV or IR

@ SM chiral zero modes localized near UV brane = small
overlap after SSB. No need to fine tune Yukawa's. Fermion
masses are naturally small. (except 3rd generation quarks)
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Fermion Masses in RS

@ The fermion masses are given by

AL vw
(Mf) = S0 R, cf)

where viy = 174 GeV, and

L r(0, cLr) o exp [kred(1/2 F c1,R)]

@ The Yukawa couplings \j; are arbitrary complex numbers with
Al ~O(1).

@ The task is find configurations that fit all the known fermion
masses and the CKM/PMNS matrices.
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Bulk Wave Function

Usual spacetime
directions
gravilon
Higgs boson
Z boson /
fop quark
electron
Extra-dimensional
= e boundary

Wicroscopic extra dimension
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Surprise 1: Problem with gravity

@ Generally speaking, gravity does NOT respect any global
symmetry, like U(1)., U(1)3, etc.

@ Therefore, one expects that gravity will generate the Mojorana
mass term anyway

— 1
MnvSvg, or A—(LH)z
14

@ That will ruin the hard earned Dirac neutrino configurations.
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Another serious problem: Proton decay-1

@ We also expect that gravity will generate the effective proton
decay operators.

duQcL, Q°Que, Q°QQCL, d°uue, uudce, uddn
@ For example, consider the 4 SU(2) doublets operator. In RS,

1
2 3
AP M Planck

~ 2/ do (krc(cL—|—1/2)> explkred(2 + 3CLQ + CLL)]
0

re

19210304
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Another serious problem: Proton decay-2

@ No problem if all fermion zero modes are at UV. However, we
have all the ¢'s fixed by fermion masses and mixings.

—krem

Ap ~ Mpjapcie

@ The realistic fermion configuration is not UV enough.

@ The warping factor not only brings down the EW scale from
the Planck scale. It takes the proton decay scale down to
~ O(100’s) GeV as well.
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Gauged discrete symmetry

@ Similar problems occur in the study of black hole.

@ In 1989, Krauss and Wilczek (PRL62,1221) proposed a
mechanism such that a Z,, discrete symmetry will remain after
the SSB of a U(1).

@ Arrange the SSB Higgs to carry a proper (higher) U(1)
charge.

@ The SSB vacuum does a 2w U(1) rotation to return the same
configuration.

@ However, the other filed with smaller charges are not able to
complete a full rotation.

o If the charge is 1/N of the SSB Higgs, the Lagrangian possess
a Zy symmetry.

@ Gravity has to respect the Zy due to its gauge origin.
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Surprise 2: KK fermion masses

@ In general, KK excitations of gauge boson and fermions ~ few
TeV.

@ The couplings to SM fields are suppressed.
@ Very hard to test at LHC.

e However, [-+] KK fermion ( g )can be relatively light.
(Agashe et el, JHEP0308, 050)

Jep+1/2(mp/k) _ Jeg—1/2(mpe*™ k)
Yeer1/2(ma/k) YCE,1/2(m,,ek’c7r/k)

We-Fu Chang Surprises from Warped Space



Light KK [-4] Neutrinos

For the five representative configurations, we have an e—like
neutrino 71 ~ (175 — 222) MeV, a pu—like neutrino o, ~ (16 — 24)
GeV, and a 7—like neutrino i3 ~ (168 — 180) GeV.

102 E ™ T
Z § 17
ST (- [
AR

100 E

o1l

10—2'\ TN I T T T Y Y B

-08 —-0.7 —-06 —0.5

CE

Bottom up: 3, 5, 10 TeV 1st [++]KK gauge boson.
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Surprise 3: An Unusual 2HDM

@ Today, mainly on our recent finding of another unexpected
outcome.

@ We found that a composite Higgs could emerge from the
condensation of third generation quarks.

o | will discuss the resulting 2HDM.

Plus
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Nambu-Jona-Lasinio term

@ In the gauge (weak) eigenbasis, the coupling of the nth level
KK gluon, G(", to zero-mode fermions is given by

A
G, (n)

S (&) Fu T+ (L — R)] R

i
where gf' is proportional to the fermion-KK gauge overlapping
and can be determined by their profiles.

@ For small exchanging momenta, tree-level exchange of G,1<K
leads to 4-Fermi interactions between zero mode fermions

given by
8i8j
_Mf(; <QILTA ”QIL) (_/RT ”mﬂR)
= 2 (Qufr) (FrQu) + O(1/Ne)
Mk
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2HDM at Mgk

@ In addition to the elementary scalar field H, below Mgy, the
condensate can be viewed as a composite Higgs doublet.

@ It has the same SU(2), x U(1)y quantum numbers as the
SM Higgs. (p OK at tree levell)

o At Mkk, ® ~ gt < Qt > /Mf(K is a static auxiliary field.
1
L = |D,H? -~ miH™H — 5AO(HTH)2
A QrtrH + g QLtr® — MZ,dTd + hoc.

where H = ioo H*, ¢ = iop®*, Q = (t,b)., and mg, Ao are
the parameters in the brane Higgs scalar potential.

We-Fu Chang Surprises from Warped Space



Bubble diagram

@ At scales u < Mgy, quantum fluctuations generate a kinetic
term for ® as well as kinetic and mass term mixings between
¢ and H.

e Fermion bubble contribution to scalar (a) 2-point functions
and (b) 4-point functions. The dashed lines can be either ¢
or H fields.

(a) (b)
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Effective 2HDM

The effective Lagrangian takes the form
L= [1+ M| |D,H” + Agse (D H)'D*® + h.c.] + g7e|D, D
— [mg = NA*| H'H + Mg A [H'® + $TH| — [Myy — g/ A%] D'
- B,\U + /\f&} (HTH)? — 2)\2ge %(HT@ +O¢'H)? + HHD'®
2\ e H'H(H'® 4+ ®'H) — 2)\,9)c D' O(H' & + &' H) — gle (BTD)?

+ )\t@iﬁg + 9:@&*&’ + h.c.

Looks so complicated...
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Effective 2HDM

@ Here,
N, M?2
€ = C2 In < ’EK> :
167 W
2N,
2 c 2 2
A = 167T2 (MKK - lu’ )7

are calculated in the 1-loop approximation.
@ € O(O.].) and A ~ O(O.3)MKK.

@ We have also taken the cutoff to be Mgy, above which the
4-Fermi condensate approximation is no longer valid.
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Effective 2HDM

@ However, the transformations

A ~ 1 .
H=H,o=-"tH4 —&

8t g€

will cast the kinetic terms into canonical diagonalized form.

@ The resulting Lagrangian of the scalars is delightfully simple:
L > |D,H? 4 |D,®)? — V(H,d)

with

o L BT Meamat MR .. ek Kk
V(H, &) = (m.g 2 —_g;‘\.-fﬁ-ﬁ-) AV — M2y (H@ " @H)
Gt GivVE

% 2- - 2 A A ] A, Ak A A
+ (—Mf;‘f‘ — —\‘—) o'd + iAc.(HTH)Z + 1(@*@)2
gre € 2 €
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Electroweak Symmetry breaking of 2HDM

@ Define tan 3 = vy /v, and minimizing the potential yields:

2 M A ‘ Al ;

2 e z 2 0 2
(L M U — M v+ —v v = 0,
(m“ % “) gy Trxte + 5 ol v =0,

M2, A2 At 2. .
( gﬁ N _) Vo — = ”ﬁﬁlh’ + - ‘“@P'ﬁe =0.
gi € € giVeE

We require that v} + vg = (246GeV)2.
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Spectrum of Physical Scalars

@ Charged and pseudoscalar sectors have the same mass matrix:

Ao, ,2
2 2 a—{—?vH (o
Mi_MA_< S pig)

where
A2 M2 At
2 t v KK 2
a = mO =+ K y b = < A > ,C = M
gtz € gt gt 7V/e e
o detM?2 = 0, the states with null eigenvalue are the Goldstone
bosons to be eaten by W= and Z°.

o At tree level, we have ( H¥ = cgh® — sgop™, A® = cshy — sz,

)
2)
Mao = M} = —— Mj;
A° HE " g2\ fesin2p KK

and mixing angle 3 = tan™1(vy/vo).
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Degeneracy and Symmetry

e Without mass mixing term, ® and A have individual
symmetries SU(2)4, x SU(2)gr and SU(2)4, x SU(2) g
and their cross product is a subgroup of SO(8).

@ SSB yields

SU(2)4, % SU@)er — SU(2),
SU2)p, x SUR)pr —= SUR)p

SU(2)p are analogous to the SM custodial SU(2).

@ The mixing term in V(&D, Fl) further reduces the symmetry to
SU(2)v C SU(2)p4 x SU(2)pp-

@ Three Goldstones form a triplet under this SU(2)y,. The 2
charged Higgs and the pseudoscalar form another triplet. The
remaining two scalars are singlets. 3+3+14+1=38

We-Fu Chang Surprises from Warped Space



Neutral Scalars

@ The mass squared matrix for the two scalars is given by

a+ 3hgv2 c
M§:< 27 3,2
C b—l—;vqs

o TrM3 = M? + kyv? and det M3 = koM2v?, ky are ratios of
O(1) parameters. Therefore one of the scalars
My ~ O(TeV), while the other has mass ~ O(v)

@ It can be diagonalized
Ho \ [ cosa —sina Ar
ho ) \ sina cosa b )

and )
tan2a = — ¢

3 3 ’
3+§)\0VEI—[)— EV¢2>
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Top quark mass

@ With the redefined scalar fields,

_ ~ _ ~ 1 — =
Ly = MQrtrH + gt Qtr® + h.c. — TQLtR(D + h.c.

N

@ Top quark gets its mass from coupling to ®, which after
symmetry breaking gives

vcos 3

N

@ tan (J is determined by top mass!! cos 3 ~ /e

mg =

We-Fu Chang Surprises from Warped Space



O A

3.5¢ J

g 3.0F B

251 B

2000 v
00 02 04 06 08 10 12 14
A

Allowed region in the {\:, g} parameter space that satisfies m;
and 2nd Mini. Cond. Mgy lies between 1.5 to 4 TeV and m; from
169.7 to 172.9 GeV.
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{ Ao, mo}

mg (TeV)

Allowed region in the {\g, mg} parameter space that satisfies 1st
Mini. Cond. The ( blue, red, yellow) correspond to

Mgk = {1.5,2.5,3.5} TeV. The lines (solid, dotted, dash)
correspond to g = {2,3,4}.
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SM like Higgs mass (Numerical)

450F
400F
350f
300}
250}
200f
150f 7

100f

my, (GeV)

The mass of the lighter Higgs boson v.s. Ag. The black line is for
Mgk = 1.5 TeV and the red line is for Mk = 4 TeV. The shaded
regions are the LEP and Tevatron exclusions for the Higgs mass.
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SM like Higgs mass

@ The mass matrix for neutral scalar sector can be decomposed

into )
Aovesing 0
2 _ a2 0
MO_Mi+< 0 4m%>'

@ Since the second term is much smaller than the first one, one
expects taht the heavier My ~ My+, and a ~ (3.

@ By using a ~ 3, it can be derived that
I\/Ifz70 ~ \ov?sin* B + 2e m?.
@ Also, the R0 is very SM like. For example,

h°Z°Z° coupling : cos(3 — )
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Scalar Mass Splitting

Lope ]

1af :
12} ™~ ]
10k ]
m/Mgx C p ]
0.8F = 9
0.6F L .

0.4f i 3

2.0 23 3.0 33 4.0 4.5 5.0

e

Ma, My, and Mo as a function of g; and relative to M.
M = My at tree level and are shown by the blue line; the
heavier scalar state is the red dashed line.
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@ An alternative way of obtaining m; is via the gap equation,

A N W T
me = “LvsinB—i CgégR/ dt r(ﬁ—i—rg)
V2 M2, | 2n)t 2 —m
At NcgLgrm: [ m% m%
= —V Sin + —_— 1 + In
VAt e M2 " e,

e (a) Contribution from the brane Higgs (dash line) and the
cross denotes the VeV. (b) The fermion bubble contribution.

(a) (b)
X o

° s i + NS
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Comparison

@ The solutions for tan 3 v.s. Mgy in the 2HDM approach and
from the gap equation.

3.8I--|||-"|""|""|""_

3.6 -

ﬂ: 34 [ Gap Eq _
E 3.2 5

3.0 2HDM ]

28| i

g.ﬁ-l||||||||||||||||||-|..|.|.|-.|-

2 3 4

Mycx (TeV)

@ This is consistent with the approximation of dropping
O(1/N.) terms.

We-Fu Chang Surprises from Warped Space



Cl, Cr in 2HDM

1.0 ] ] T M
AR |

Contours of g; in CE, c,3? plane for Mk = 1.5 TeV. The solid lines
are g; contours for g = {4,3,2,1,0.125} from top-left to bottom
right. The dark regions are inconsistent with the condensate
scenario. The small red region gives a good fit to Z — b, by,
without the additional P g symmetry.
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location, location, location

0.6 ———— T

04F 5"

02

00F °

—-0.2

The solution for bulk mass parameters cf and c,3? with two
representative 5D Yukawa couplings. The KK mass is varied from
1.5 TeV to 4.0 TeV. The shaded areas are excluded by the

Z — byby.
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Flavor Changing Neutral Current -1

@ The full Yukawa sector, including light quarks,
Ly = A} QuidirH + g Qs tr® + AﬁmujRﬁ + h.c.
@ After the rotation to go to canonical kinetic term, we have

1

7t$ h.c.
\EQ3LR + h.c

Ly = MNQuidirH + (X4 — Ny3) QuujrH +
o After SSB, the up quark mass matrix is
M1VH  AaVH Af3vH

u u u

_/\/[Z = _—ﬁ )\21 VH )\1212 VH )\%3 VH
u

)\31 VH )\32 VH % V¢
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Flavor Changing Neutral Current -2

o After little algebra, we can rewrite the Yukawa sector as,

Vamé V2MY ~
- Y0, . . _ 0. 1
Ly = vsin 8 LidjrH vsin 8 Qi ujrH
+71 @3LtR (EIA; cos 3 — I?/sin 6) + h.c.
Vecos 3

@ It's clear that FCNC comes solely from the last term (no VEV,
physical H* or A%). And because a ~ 3, it is mainly Hg in
the combination.

@ The light quark FCNCs are suppressed by

o Myx suppression if through Hy, H*, and A°
e sin(8 — «) suppression if through hg
e Flavor structure of RS.

o From the first two terms, the h® Yukawa coupling is

—V/2(M;;/v)(sin a/ sin 3), very close to the SM.
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Conclusions

@ RS model provides an interesting framework to address both
the gauge hierarchy and flavor problems.

@ However, unexpected outcomes: proton decay, very light KK
fermions.

@ Moreover, an unusual effective 2HDM could emerge from the
Qs t3 condensation below Myk.

@ The 2HDM is very predictable: tan 3 ~ 3, close to the
decoupled limit, no FCNC in down sector.
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