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WHY EXTRA DIMENSIONS?

Hierarchy Problem: Why is the scale of electroweak symmetry
breaking so much smaller than the Planck scale?

Solutlon: wa rped extra dimensions rRandall § Sundrum '99
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WHY EXTRA DIMENSIONS?

space-time metric: ds® = e_%ynwdx“dx’/ + dy? = gpnde dloeh

, \/ on the IR brawne
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S canonical normalization e FTRIT s [T

= effective Higgs vev v "warped down": ¢ = ¢ Ty,

Vo ~ MPlanck :ZCR s 0(10)
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DIMENSIONS

[5D gauge couplings] = mass™/?
= non-renormalisable
=> effective field theory (EFT)

=> other operators [coupling] = mass™

Mass scale that suppresses higher dimensional operators Ls also
warped dowwn!
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SOLUTION: F

-RMIONS IN TH

- BUTN

"'SPLIT FERMION MODELS"

ln 5D

chiral mass terms (Yukawa couplings):
LID @YuuRH—F@YddRH

vector-LLke mass terms
LD CoQrQr + Cyurur + Cydrdr

qrossmanwn § Neubert '00
ArkRani-Hamed § Schwaltz '00

Huber § Shafl ‘o1

Gherghetta § Pomarol '00
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FERMION PROFILES IN THE BULK

Awnsatz for fermion wavefuwctiow separation of variables
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Expertmental bounds mainly from light fermions

=> overlap with higher dimensional operators on IR
brane suppressed
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zero-mooles = parthLes without momentum Lin x-dim
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Kaluza-Klein (KK) states = particles with momentum

L X-dime => appear as "KK tower" of heavy particles tn 4B
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-R: FCNCs

Flavowyr Chawgiwg Neutral Currents (FCNCs) = neutral

processes that change the flavour of quarks, L.e. u<>c

SM: om,ng at Loop Level
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Experiments: meson-anti-meson mixing, rare deca Ys =
tight constraints
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GLUONS

Bulk wmasses L D CQQLQL + Cyugup + CddeR
dLﬂ@DWaL C = dlag (Ca:1 » Cxo s Cﬂcs)
Zero mode wave function on IR brane:

# f(()) mR) _ pl3—ca; )knR
Fy = diag. (f3817f51327f$3)

| 4> effeotive Yukaawa couplings:
Y2 b Ly B

| L mass basis:

i (Y%d)mass — ‘/(u,d)LFCEYuS,Ei)FU d‘/(Jr Jd)R

ur — Varur urp — VuRUR

coupling of fermion zero mooles
to KK gawge bosowns:
£>G"™ (QrQr +UU +DD)
i el
diagonal but not universal!
G = diag.(...) # const. - 1

1 .
G:(C()R = ng(R,L)FJ;LFxVJ(R’L) Lt okiEah)




RS GIM MECHANISM

KK gLu.owsﬁ Live near
IR brane = overlap
with light quarks

suppressed

Gherghetta § Pomarol '00
Agashe, Perez § Sonl '05
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SM without Yukawa couplings: symmetric under tnterchange
of particle flavours

ldea: Yukawa couplings = fields that transform under the

flavour group => complete SM Lagrangian formally invariant
under flavour symmetry

SU(S)Q X SU(3)U X SU(S)d

Q(B3,1,1) Y,(3,3,1) u(l,3,1)

sPuriow awaLgsls

fany s QQuYuQL Flavour
— Q — Qo,Qu symmetry
e broken when |
YukRawas get vevs|
Mintmal Flavour Violatton (MFV): only sources of flavour
violation = Yukaawa oovq:Lw»gs
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- PAmbrosto, Gluwdice, Istoort, Strumia '02 |




ALIGNMENT MODELS

ldea: Have bulk masses and Yukawas diagonal in the
same basis (aligned).

Use: MFV + Flavour symwmetry SU(3)q x SU(3)q

iil T
CQ 3 3 aQ]l i ﬁ Q Yde Fitzpatrick, Perez,
Cd e 2 Oéd]]_ _|_ ﬁdYJYd randall 'OF

Csakti, Perez, Surujon,
[Ssués: weiler '09

— -7

§ no alignment Ln up sector
¢ radiative corvections: QY, Y, YqdH spoils alignment
§ Approx. alignment: FCNC suppression Less than
expected
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OUR MODEL

Bulk gauwge group: SU(2)r x SU(2)1, x U(1)x

ldea: split @ to two doublets:

Qu(2,2)% Qd(2,2)_% u(1, 1)% d(1, 1)_% IgH( 2l
flavour group: SU(3)g, X SU(3)g, X SU(3), x SU(3)4
s O UH Oy DH

/588y @C@u (R @CQde @ TR @)

N | Scalar potential = alignment of Ys and Cs

$ Up and down sector aligned :)
€ no CKM matrix : (
® two left-handed doublets :(

| Braewninger, Gedalia, Perez, to appear

.
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MIXING ON THE UV BRAN

SU(2)r x U(1)y
Qa, Qu same gquantum numbers = mixing

(Q., Qo) M@ = (Q,, Q) (?\2) Q

3 massive (Planck-scale) + 3 massless gquark doublets :)
alignment spoiled : (

To maintain suffictent alignment:
Assume small (o(o0.1)) hiemrohg between UV masses:

AZTR 0 0 mq, 0 0
Mu = 0 Ty, 0 Md = € 0 md, 0 X VX
3 3

0 Oigstiet 0 %= 8400



FLAVOUR PHYSICS IN OUR MODEL

fé, fo.fo.€8  fo,fos.€ ffgl JoiJoy “ie e
G ~ (fczlf@2€2 e f@Qf@362> Gt~ farfes: o el
f@lfQ3€2 fQQfQ3€2 fg?g fQ1fQ3 fQ2fQ3 f223
fc%l fdlfd2€2 fdlfd3€2 31 fulfu2 fulfug
Gglll% %7 (fd1 fd2€2 fc%g fded3€2 GELljl)z 4 fu1 fuz 52 fUqug
T fd1fd3€2 fdgfd3€2 f§3 ; fulfU3 fugfu;), 33

Addittonal vqrpressiow L

RS GIM L up sector
doww sector “ P

7CKM fQ ’/ Stable under radiative corrections:
' Higher dim. operators cannot feed Y.
lnto Ya due to flavour symmetry

‘q.



CONCLUSIONS

warped extra dimensions: elegant way to solve hierarchy problem

KK tower of heavy pa vtieles

Fermions L the bulk:

wo proton decay, fermion puzzle solved :)

FCNCs due to KK gluon exchange :(

alleviated by RS GIM myy ~ 10 TeV

alignment models my ~ 3 Tev




BACK-UP SLIDES
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MIXING ON THE UV BRAN

SU(Q)L X U(l)y

Qd, Qu same quantum numbers = mixing

_~

(Qu, Qo) M@ = (@, Q) <]\J\§Z) .
VMV] = diag.(...)

(@:)=v (&)= 5) (&)

2 massive (Planck-scale) + = massless quarka doublets :)

o (A bt +AchdAT) Qb= Qrclok
diagonalized by: Qp — UcQL
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To maintain suffictent alignment:
Assume small (o(o.1)) hiemrohg between ULV masses:

My,
LS — 0
0

Adw(
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LZY
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OUR MODEL: YUKAWAS & CKM

144 42 e ¢ € €
2 2
quark wave- digy v 51 12 61 g% e quark wave-
: € it € € € j
functions on SR _ functions on IR

brane | —— N ——" b
N _ @\ g A, S A7

4D 5§ T 5D T ] :
(Yu )mass ¥ uLQ M (VuL)z’j i d f@z/f@y (Z < ])
i (VUR)ij s fuz/fu:, (Z < ])

all entries OC €

(VP mass = Var FQUOANI FaVan | (v,1)0F 9 £/ o,
d'ngm/\,aL; l'L""s"‘PPre':ss:s Fros

| V) O diae il 2 |
off-diagonal: X - ( dR)Z] fuz/fuj

| Vexku = VuLVJL V;,SKM ™~ fQi/fQj (Z < ])




1,0 a6 A4 1 e S SR B
SEBLU Ll SRl i B LT (S

ENE ... FTUC(AdA + Ay AT )UTFQV’r GAT) = e Wl

(Ad UT FQ VdTL

== uwu’cmatn)(
“FiG :

— u.vu,t matn)(

42 corvections '}

corrections |

~ fQifQj with €
suppression for off- |
diagonal elements |

(Vup)ij ~ foi/foi |

suppression for off-
| diagonal elements

(Vaw)is Nf@i/ fai!

f61 = ifonlasetit o biones

16, folasti oo Gyl ~ leng€§ 13, : fQQéQ3€2
Gfgbll)/ &4 fQ1fQ2 fc?gg fQQng s lefQ3€ fQQfQ3€ fQ3

fQ1fQ3 fQQst fg)g

) Addittonal uppressiow Ln
RS GIM Ln up sector doww sector
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COUPLINGS: RH QUARKS

GY = g VurFIF, V1 G\ = g, VarFIF, V1,

" fl2bl fu1fu2 fulfu3 1 fc%l fd1fd2€2 fd1fd362
Gq(JJ}?}N fulfuz fig qufu;), GEZR)N fdlfd2€2 fc%z fdgfd3€2
fulfug fung3 f53 fdlfd3€2 fd2fd3€2 fc%g

— /;

Additlonal swppressiow LA
dowwn sector

RS GIM i up sector

Stable under radiative corrections:
Higher dim. operators canwnot feed Y. tnto Yy due to
flavour symmetry
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