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Motivation I: The Gauge Hierarchy Problem

The Gauge Hierarchy ProblemJ

@ Large Hierarchy between the electroweak and the Planck scale,

V/Mp| ~ 10716

@ Naturally, radiative corrections drag lower scales towards higher scales

Is there a natural way to stabilize the EW scale?

@ Supersymmetry
@ Large Extra Dimensions

@ Technicolor

o (..)
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Motivation II: The Flavor Problem

The Flavor Problem )

@ Quark masses range over five orders of magnitude,

| my ~ 5MeV while m; ~ 172.5GeV

@ CKM matrix elements are vastly different,

| Vua| ~ 1 while |Vys| ~ 0.226, [Vey| = 0.041, [Vyp| ~ 0.0038

Is there a natural explanation for these hierarchies?

Widely used: flavor symmetries.

But: Many choices for the symmetry group, explicit breaking or multi-Higgs,
auxiliary symmetries necessary (...)
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The Randall-Sundrum (RS) Model

ds? = e~ 2 l,dX”dXV —dy? Randall, Sundrum, hep-ph/9905221
N

y=0 y=L

5D space-time with a warped,

" non-factorizable metric

UV brane IR brane

@ Metric solves 5D Einstein equations
@ Energy scales warped down from UV — IR
@ Higgs localized at IR brane + proper choice of geometric parameters

= Explanation of EW-Planck hierarchy
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Particles in the Bulk

In the original RS setup, only the graviton propagates into the bulk,
now allow also for gauge bosons and fermions to do so.

Chang et al., hep-ph/9912498
Grossman, Neubert, hep-ph/9912408
Gherghetta, Pomarol, hep-ph/0003129

@ Gauge zero modes are flat

@ Fermion zero modes depend on 5D bulk masses (— next slide)

@ All Kaluza-Klein (KK) modes are strongly localized towards the IR brane
@ All KK modes have masses O(ke ) ~ O(TeV)
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Fermion Localization

Zero mode localization depends exponentially on the 5D bulk mass
parameter c = m2P_ /k:

ec>1

NI

°oc<}

@ C=

NI

Dirac

f(o)(y’ c) o< e(%—c)ky

— localized towards UV brane
— localized towards IR brane

— conformally flat

y=0

c>1/2

UV brane
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Effective Yukawa Couplings

Arkani-Hamed, Grossman, Schmaltz, hep-ph/9912265
A Froggatt-Nielsen-like Scenario

Yukawa matrices Y;j are anarchical
+

IR-brane values F; of quark wave functions are hierarchical

Both are natural assumptions:
@ Yj are input parameters and expected to be O(1)
o slightly different c-parameters of O(1) lead to a large hierarchy in F;

Example :
(CQ1 = 0.66, Co, = 0.59, Co; = 041)
= (Fg, =0.0017,Fq, = 0.017,Fg, = 0.42)

@ Resulting effective Yukawa matrices are very hierarchical

@ Hierarchy of quark masses and mixings is explained by a purely
geometric approach

Flavor problem is solved!
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EW Precision Tests: S, T

Higgs VEV repels W, Z gauge zero modes from the IR brane
(Alternative description: Zero modes mix with KK modes after EWSB)
Csaki, Erlich, Terning, hep-ph/0203034

— Corrections to EW observables

S parameter
Bound on KK mass scale Mgk 2 (2 — 3)TeV Agashe et al., hep-ph/0308036

T parameter
Bound on KK mass scale Mgk = 10TeV

Agashe, Delgado, May, Sundrum, hep-ph/0308036
Csaki, Grojean, Pilo, Terning, hep-ph/0308038
Enlarge gauge group toSuU (2)|_ X SU(Z)R X U(l)x
= With this custodial symmetry , the model is consistent with EW
precision data for Mgk as low as 3TeV
Carena, Ponton, Santiago, Wagner, hep-ph/0701055
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EW Precision Tests: Zbb

Gauge zero modes are distorted near the IR brane,
fermion zero modes mix with KK modes after EWSB

= Non-universalities in gauge couplings arise

@ Third generation is affected most
@ Naturally, corrections arise at the (1 — 2)% level

In particular Zbb is measured very precisely:

~2-1073 < 6gz 5, < 6-107° (95%C.L.).

— Corrections to Zbb are in general too large
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Discrete Parity

Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341

Pattern of EWSB in the presence of a custodial symmetry:

|O(4) — 0(3) ~ SU(Z)L X SU(Z)R X PLR — SU (2)V X PLR

Consider Zb, b, coupling:
gaLBL = COEGW (QE -Q Sin2 '9W> Z”BL'Y;LbL
@ Before EWSB, Q2 = T2, after EWSB Q2 — Q2 + Q2

@ Electric charge U(1)y is conserved, 6Q = Q3 + Q3 =0

@ If P.gr symmetry is imposed, Q2 = 6Q3

= |0Q2=0Q3=0 = Zb b coupling is protected
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A Realistic Model: Particle Content

@ Higgs transforms as a (2,2) of SU(2). x SU(2)gr
@ For by, T3(b.) = T3(b.) must hold
= Left-handed SM quark doublet is embedded into a (2, 2)
@ Right-handed SM up-quark is embedded into a (1, 1) singlet
@ Right-handed SM down-quark is embedded into a (1,3) @ (3,1)

Possible (gauge-invariant and P g symmetric) Yukawa interactions

(2,2)(2,2)(1,1) (2,2)(2,2)(1,3) (2,2)(2,2)(3,1)

Contino et al., hep-ph/0612048, Carena et al., hep-ph/0607106

@ Necessity to implement P r leads to new particles of electrical charge
—1/3, 2/3, and 5/3 with masses possibly < 1TeV

= Smoking gun signature
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Gauge Structure

UV brane IR brane

SU(2)LxSU(2)rxU(D)x

SU@)LxU(D)y SU@2)vxU(D)x

@ Symmetry breaking on the UV brane by boundary conditions
SU(2)r x U(1)x — U(1)y
@ Symmetry breaking on the IR brane by the Higgs vev
SU(2). x SU(2)r — SU(2)y
@ Low energy symmetry structure
SU(2)L x U(1)y — U(L)em
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Flavor Physics
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Parameters in the Flavor Sector

Agashe, Perez, Soni, hep-ph/0408134
Sources of flavor violation in the RS model are...

Hermitian 3 x 3 bulk mass matrices cq, Cy, Cq 3 x 6 real parameters
3 x 3 complex phases

Complex 3 x 3 Yukawa matrices \y, \g 2 x 9 real parameters
2 x 9 complex phases

36 real parameters
27 complex phases

U(3)? flavor symmetry -9 real parameters
-17 complex phases

Physical flavor parameters (SM + RS) 27 real parameters
10 complex phases
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Flavor Violation
@ 4D gauge couplings are determined by overlap integrals

L
1
~ m -/jy fferm (y )fferm (y )fgauge (y)
0

@ Couplings of SM fermions to SM gauge bosons are universal
@ Couplings of SM fermions to KK gauge bosons are non-universal

y=0 y=L

UV brane IR brane UV brane IR brane
@ When going to the quark mass eigenstate basis:

Non-universalities = Flavor off-diagonal couplings
@ Analog of GIM is active: “RS-GIM”
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The RS-GIM Mechanism

@ Both KK gauge and Higgs profiles are localized close to (or on) the IR
brane

@ This suggests that KK gauge couplings and quark masses are related

y=0 y=L y=0 y=L

12 KK gluon

UV brane IR brane UV brane IR brane

Small mass <= small KK gauge coupling
Large mass <= large KK gauge coupling

@ The flavor off-diagonal couplings are proportional to the mass splitting:
Ajj ~ (m; — m;)U;
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Impact on K and B Meson Mixing

AMK: €Ky AMBd,s’ Silidﬂ S"/)KS’ A;L’ AdSL J

SM: AF = 2 processes proceed
through boxes

5 e~~~ d

d —— A~~~ b—— §

Q}-/LL

Particles exchanged at tree level:

@ KK gluons
@ KK photons
0 Z,Z4,2'

RS: AF = 2 processes already at

tree level
s d
g
d s
VLL AVRR LR LR
1 » ¥1 » N1 oy 2

Operators:

Q' = (§7,PLd)(57"Pod)

QVRR (57.Prd)(57*Prd)
= (87,,PLd)(57"Prd)

QLR (SPLd)(ngd)
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AF = 2 Issues

KK gauge bosons contribute to AF = 2 processes at the tree level.

On the other hand, the RS-GIM mechanism protects most observables from
large corrections very efficiently.

But e is special:

@ In the SM, ¢ is accidentally suppressed by a factor 102 by CKM
elements (Re(MX,)/Im(MK,) ~ 0(102))

@ In the RS model, new operators contribute to ex

@ These operators are chirally and RG enhanced

Csaki, Falkowski, Weiler, 0804.1954

= Tension between anarchic Yukawas, e, and a low KK-scale

(M KK = 21TeV)
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Fine-Tuning in  ex

Ags(Obs.) = max ‘7‘1 n(Obs-) | — max
I I

ainex)

Xi dObs.

Barbieri, Giudice

Obs. dx;

M. Blanke, A. Buras, BD, S. Gori, A. Weiler, [arXiv:0809.1073]

10 100 10*° 10* 10° 10°

1600

1400

10 100 103 10*

|€K/(EK)exp|
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AF = 2 Summary

@ There is a generic tension between anarchic Yukawas, small RS
contributions to ex and LHC-reachable Mgy

@ But: The structure of the RS model is rich enough to still achieve all of
the above for small or moderate fine-tuning in sizeable areas of
parameter space

@ All other AF = 2 observables, in particular in the B system require
nearly no fine-tuning at all

@ EW gauge bosons contribute significantly to AB = 2 processes
@ Large effects inthe B system are possible

@ Use the data sets that fulfill all constraints for the analysis of rare
decays
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Plan for Rare K and B Decays

@ Investigate impact of custodial protection
@ Estimate relative sizes of NP effects in the K and Bq s Systems
@ What would happen if the custodial protection was removed?

@ Are there correlations between observables?
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Loop Functions X,Y,Z

s L

@ Tree level contributions from Z, Zy, 2/, A®) M
d 14

@ Effective Hamiltonian (e.g. for K — 7o)

HeF]© o Vavia D0 [Xew+ X 1] (Bd)y_a (Bevedy s

l=e,p,

+ ViV Z X}l/iA(gd)v (Zeve)y _a

l=e,p,

@ Coefficients of SM operators are modified, new operators are present

Modified properties of the loop functions X,Y ,Z:

loop-induced — tree-induced
flavor-universal — non-universal
real — complex
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Anatomy of X,Y,Z

S v
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EW Gauge Bosons and Custodial Protection
M. Albrecht, M. Blanke, A. Buras, BD, K. Gemmler, [arXiv:0903.2415]
M. Blanke, A. Buras, BD, S. Gori, A. Weiler, [arXiv:0809.1073]

(]

Z,Z’, Zy are linear combinations of Z(©, Z(1) and Z>(<1)

Coefficients enter couplings to quarks accordingly

z~70 _

9%V,
4L.2M2 cos? v)

AL(Z),AL(27)

~

zW — coscos pzY

0 (d) — r1(d) cos 1 cos

@ The above linear combination of coupling constants is zero
= Suppressed flavor off-diagonal couplings

» of Z,Z’' to left-handed down-quarks
» of Z,Z’ to right-handed up-quarks

UV brane

e ©

Zy couplings are unsuppressed

Cancellation is not complete due to symmetry breaking effects on the

Cancellation is weaker in the case of Z’
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Summary: Which Quantities are Protected?

@ T-Parameter Agashe, Delgado, May, Sundrum, hep-ph/0308036

Csaki, Grojean, Pilo, Terning, hep-ph/0308038
*) ZbLBL Agashe, Contino, DaRold, Pomarol, hep-ph/0605341
o Zdli_alj_ Blanke, Buras, BD, Gori, Weiler, arXiv:0809.1073

Blanke, Buras, BD, Gemmler, Gori, arXiv:0812.3803
[~ Zukﬂ{q Buras, BD, Gori, arXiv:0903.soon

Unprotected however are

zdidl,  zuid, wtdid,  wtuidh
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Impact of KK-Fermions

An effective Lagrangian approach Buras, BD, Gori, arXiv:0903.soon

@ Derivation of general formulae for SM gauge-fermion interactions

@ Explicit demonstration that custodial protection is not spoilt by mixing
with KK-fermions

@ Brute force calculation of above SM couplings and validation of general
formulae

@ Study violation of CKM unitarity

End of Intermission
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Off-diagonal Z Couplings and Custodial Protection

Compare the situation with custodial protection (blue points) to the situation
without custodial protection (purple points)

@ With custodial protection:

§ 107 s oot (Ar(Z)) ~ O(10%) (AL(Z))
107
ool @ Without custodial protection:
oo . (ARr(Z)) ~ O(107) (AL(2))
ot 10 107 107" 10 107
A7)l
For Z’ and active custodial protection: (AR(Z")) ~O(10Y) (AL(Z"))
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Relative Contributions of Z,Z’ and Z

AF = 2: Suppressed quark couplings enter twice in processes with four
external quarks

= Z,Z’ hardly contribute, Zy clearly dominates

AF = 1: Several effects have to be considered:

@ Custodial Protection for some quark couplings z,z2"
@ Mass suppression (Zn, 2"
@ Volume-suppression for some lepton couplings (Zy, 2"

Upshot: In rare K and B decays...

Couplings of Z to right-handed down-quarks dominate
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Estimate for NP effects in K and B Systems
With custodial protection: Coupling of Z to RH quarks dominates
@ Hierarchy between meson systems in couplings is (roughly)

A‘;"(Z) : Agd(Z) : AEf(Z) ~1:5:10
@ Hierarchy between CKM factors:
A ND A~ 10251100

Size of NP effects expected to be largest in the K system, by factor 4
smaller in By system and by another factor of 2 smaller in the Bs system. J

Without custodial protection: Coupling of Z to LH quarks dominates
@ Hierarchy between meson systems in couplings is (roughly)
AS(Z): APY(Z): APS(Z) ~ 1:15:100

Size of NP effects expected to be similar in the K and Bg s systems . J
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Breakdown of Universality in X,Y,Z

...in moduli ...as well as in phases

140 2 . . .
0.0 05 10 15 20 25 3.0 ~100 —s0 0 50 100

e ALl
blue points: arbitrary fine-tuning, orange points: moderate fine-tuning

Where e.g
Xk = Xsm + X¢ 7 + XY = [Xg| el

As estimated:

CP-conserving and CP-violating effects in the K system can be much larger
than in the Bq s Systems
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Rare K Decays
e.g. Br(K. — 7%v) vs Br(K+ — ntuvi)

With custodial protection: Without custodial protection:

2.x10710

=t T T 2.x10710
15%x107° 1 1.5%x107%°
= =
= 2
% 13 i
T, 1x107° o Tixw0r
2 - X
5 .t E
4
sx107 | v B sx10™
; ..,
.
yofts, B L} 3 .
5.x107" 1.x107°1.5x 1070 2.x 1071 2.5x 1070 3.x 107" 5.x107" 1.x107°1.5% 1070 2.x 107 2.5x 1070 3. x 1070
Br(K*-ntvy)

Br(K*>atvy)
@ Br(K_ — 7% ): Enhancement by @ Enhancement by another factor of
factor 5 possible 2 is possible

@ Br(K™ — 7Tvi): Enhancement
by factor 2 possible
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Correlation between Rare K and B Decays
e.g. Br(Bs — utu~) vs Br(Kt — ntuvi)

With custodial protection:

T ;
1
115 I ]
= |
2 1
L 110 . ]
7
~ i
T 105 L, . ]
»:z 1o
) .
E ?. ey
; | . .
i | k|
= 1 ,
T = le e
& 090F : ]
& o .
085} 1 E
. |
0.80 !
0 sx107 1 xlo’10 1. ixlo’“’ 2; ><10"° 25><10"” 3 xw"“

BrK*—»ntvv)
@ Br(Bs — pp7): Deviation from
SM by 15% possible

@ Much larger effects in
Br(K* — ntwp)

Without custodial protection:

Br(By— (4 BB 1 ey

0 5107 1 xlo’“’ 1ix10"” 2.x107%° zsxlo"O 3.x107"
BiKt-1tv)

® Br(K*™ — 7Tvi): Enhancement
by another factor of 2

@ Br(Bs — ptu7): Large
enhancement

@ Effects in K and B have roughly
the same size
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MFV Correlations between Decay Modes

Buras, hep-ph/0310208
Correlations between decay modes  arise because...

@ ...they are based on the same universal loop functions,

0

e.g. KL= 7vi < B — Xqsvi

@ ...they are based on different loop functions, but in which NP is
expected to enter in a similar manner,

e.g. KL — %0 « Bs—putp”

Besides that there are correlations between ratios of observables that

arise because universal loop functions cancel out,
e.g. Br(Bs — utu™)/Br(Bg — putu~) <« AMs/AMy

In the RS model, we expect these MFV correlations to be clearl vy
broken.
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KL — ptp~ and Bs — putu

4.x107° T 4.x107°
5
v e <
.
x0T . 1 3.x107° «
2 O IR . 35 . <l L I =
= . 2 . B =
e Ui R oA T2.x107
> <
& a
1.x107 1.x107° :
3§ 5 e DN .
ey L e Oy
ol e ..".u {30 9 . L
0 2x10°4.x1076.x1078.x10° Lx 10°1.2x 108 4x 107

3.8x107°

35%10°  3.6x10 3.7%107°
Br(Bs->u u”)

@ Effects in K are larger than in B

3.4x107°
BrB,— )

@ Effects in K and B similar in size

@ Large effects in K and B not

@ MFV correlation is strongly broken
simultaneously

@ MFV correlation broken even
more strongly
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Br(K,—n'e*e™),Br(K, »n’uy7)

K. — 7%, K — v and K — putp

10

1.x107

v P
- .
.
8.x107™" et
o
P
6.x107" .
- Lo
4x107" PT I
P LR -
/,,.t"/

2.x10™"

="

0 1x107°2.%1073.x 107 4.x 107 5.x 107"

Br(K;-»n"vv)
@ Constructive interference
assumed

@ Br(K_ — 79%*¢~) enhanced by at

most 60%

@ Strong correlation

6.x107"

0

5.x107° oo T I T
e . !
%
4><10’9*:;§ ‘
: <O | .
- Sy | .
2 3 o .
5 3.x10° ] c X
3
e R /R i IICOTOR—— oo
1 5
22x107 . .
z I 5 PeT
[ o 3
1.x107° i . % 5
.. 2 3
| . 3ot
I o o LT
o i ol L o &5
0 1x107°  2.x107° 3.x107° 4x10™°  sx10™°

Br(K*—r*vy)

@ Only short distance contribution

shown

@ Both CP conserving decays

@ NP enters with opposite sign due
to different operator structure
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The Golden MFV Relation

Br(Bs — utu~)  Bg, 7(Bs) AMs

Br(Ba — ptu~)  Bg, 7(Ba) AMg
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Rare K Decays and Mixing in the B System

" : . @ S, can be strongly enhanced
25%107° [

vy

@ Simultaneous large effects in both
observables unlikely

12T

Br(K

= Clear experimental signature!

Bjorn Duling (TUM) Rare Decays in RS

March 27th 2009 39/40



Conclusions

@ The RS model addresses the gauge hierarchy as well as the flavor
problem

@ Contributions to AF = 2 processes can be consistent with
experimental data

In rare decays, significant enhancements in the K system are possible
Effects in the By s systems are more modest

Clear distinction from models of MFV is possible

e 6 ¢ ¢

Simultaneous effects in K decays in S;4 are unlikely
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Backup Slides
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Explicit Multiplets
@ Higgs transforms as a (self-adjoined) bi-doublet of SU(2). x SU(2)r

_ 7t /2 —(h% —ix%)/2
"= ((h" Li0)2 V2 )

@ Left-handed SM quark doublet is embedded into a bi-doublet

¢ _(XE'(—+)5/3 CLE'(‘F‘F)z/s)
i Xo (=23 a4 (H+)-1/3 2/3

@ Right-handed SM down-quark is embedded into a singlet

&g = U:?('H')Z/?:
@ Right-handed SM down-quark is embedded into a (3,1) @ (1, 3)

. Q_(—-F)s/s éé‘_(—+)5/3
§r = | Ur(=+)z/3 ® | UR'(—+)2/3
DIRl(_+)—l/3 2/3 DIR(++)—1/3 2/3
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Froggat-Nielsen Equations

e
me = v /\gs)‘zz —MaNg e Lfozd
V2 A5 kL 2
d KL
mg = v det()\ ) e € tord

V2, — A, kLT

wijf;_ (i<i) Pﬁ# (i <)
Do)y =41 . (i=1]) (Dr)j = {1 ) (i=10)
W) A ()
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Apg(AMk)

|AMK/(AMK)exp |
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100

ABG(EK )av.
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Explicit Expressions for X,Y,Z

V-A 1 AW(Z-)
K _ - =L 1 sd(7.\ _ ASd(7.
(Xzi>  AdMZgd, [AL S (Z')}
v 1 A (Z:)
K _ - =L 1 sd (.
(XZi> - )\t 2M§,gé|\/| R(ZI)

1 [Afé(zl) - Ag(zl)] [Aid (ZI) _ A;d (Z|):|

V—-A
(Yg ) X AMZ g2,
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Ranges for X,Y,Z

X(%) =148, Y(x)=094, Z(x)=0.65

Xk | X

0.60 < <130, 0.90< <112,
T X(x) T X (Xt)

Y Y

0.45 < [Yi] <160, 085< [Yal <120, |,
Y (Xt) Y (%)
|2 | |24

0.35 < <205, 0.80< <130, |,
T Z(x) T Z(x)
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