Unification of Gauge Symmetries ...
... Including their breaking
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Unification of Forces
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The Hierarchy Problem
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Composite Higgs Models

Kaplan, Georgi, Dimopoulos,. . .

* Higgs is composite at small distances .
= Hierarchy Problem solved """ ll&

» Higgs = (pseudo) Nambu-Goldstone Boson = m<<m|

of spon. broken global symmetry **
N . . 1500- ] Eg_;;Q
@ like pions 5 e
(gq) # 0 20 el
SU(2>L >< SU(2>R H SU<2)V 500_: il ;ve:g;riment
= + aco Naturally address
0906.3599 ‘. N

Flavor Hierarchies
* Dynamical EWSB

o MCHM (SO(S) - SO(4')W Contino, Nomura, Pomarol, ph/0306254 \' Tiny Neutrino Masses /

Agashe, Contino, Pomarol, ph/0412084 * Dark Matter

minimal: 4 Higgs dof (SO(5)/SO(4)), custodial sym. _* Baryogenesis ...
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I SO(5) - SO(4) Composite Higgs

M, p -

TeVNf

— — h’ SM

elementary
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SCroyy seecor
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I Coupling to SM breaks SO(5)

SCrong seecor

resoyayces

explicit
SM,_, 5 | @h,, pe
SU(2?><U(1)Y ) SO(5)—SO(4)
&O@

>V (h)#0

See Contino, 1005.4269, Azatov, 1212.1380, Bellazzini, Csaki, Serra 1401.2457,
Panico, Wulzer, 1506.01961 & Goertz, 1812.07362 for comprehensive & condensed reviews



'Calculable’ Realization of Strong Sector:

Extra Dimensions

strosy szctoy\
A\

resopnayness

4D CH Model SM__ e, pes
A V2T 80(5)— SO(4)

4D\‘ h

ds? = e 28y, dotds” — r2de?

SO(5)

]
(]
A &

D Dual: slice of AdSs _

(weakly coupled) UV brane.
elementary sector composite sector

Randall, Sundrum, hep-ph/a905221

AdS/CFT correspondence

‘Maldacena conjecture’ & Gubser, Klebanov, Polyakov,Witten....
EPS-HEP 21 Adv. Theor. Math. Phys. 2,231 (1998)
) Int. J. Theor. Phys. 38,1113 (1944) F. Goertz




Kaluza-Klein Decomposition and Boundary Conditions

(——) Dirichlet-BCs: f,(0) = f,(R) =0

(I)(CC, y) = Z §bn(x)fn(y)

5D field 4D fields  ‘profile’

(++) Neumann BCs: f/(0) = f/(R) =0

y =0 y==nr
o
e 1
. . 1
R T :
) - KK resonances ra v /I my, =nm/R
4% = compositesin —~  — ~—
= dual picture Masses fixed by
o N i =1 geometry, calcu(ab{e’
B | B
2% | N
=
0 N :

T. Kaluza, Sitzungs. Preuss. Ak. Wiss. Berlin, 966 (1921) neglect curvature of XD for simplicity

O. Klein, Z. Phys.37, 895 (1926)
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Kaluza-Klein Decomposition and Boundary Conditions

(——) Dirichlet-BCs: f,(0) = f,(R) =0

b(zy) =S a@faly) L\

5D field 4D fields  ‘profile’

(++) Neumann BCs: f/(0) = f/(R) =0

my
5% | N D
% KK KK modes
az | N D CaDiciIceS flavor structure !
3% e N D .
br
2% | N L N —
- o i with AdSs metric
% -+ m():O 77777 (before EWSB)

T. Kaluza, Sitzungs. Preuss. Ak. Wiss. Berlin, 966 (1921)

neglect curvature of XD for simplicity

O. Klein, Z. Phys.37, 895 (1926)
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Holographic pNGB Higgs

Contino, Nomura, Pomarol, ph/O306254

d nggS — 5th Comp. Of gauge fleld - pNGB Agashe, Contino, Pomarol, ph/041208 49
- Gauge_HiggS Unification Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim... map A complex field
charged under

5th momentum

n=44 —_
n=34 —_—
= 2.1 — —
4D n=11 _—
uv bmme: IR bV‘aV\@I effectiveI
elementary sector composite sector theory n=0L — —_—

50(5)

. A A
sD vector field Ay = / T /ﬂ
4D vector 4D scalar»H:ggs Z Z—"\‘) i@/

Massless pNGB: 4D shift sym. <> 5D gauge sym.
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SO(5)— SO(4) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

sD vector A4, = (AZ‘, AL SO(5) x U(Al)X

HT / 4D vector  Higgs
Hypercharge
Z M—Q if-]_)/ Y =0 Y=R

UV brane: IR brane:

elementary sector composite sector

a
L O (i D:~° 4+ ..U
(-{Dﬁ @ S

nnnnnn

$ (% 5D fermion
SO(5)XU(1)X DSU(Q)LXSU(Z)RXU(].) X‘SO (5)/SO(4 )J
Dar = Oar — igsTEWS, — igsTLRE, — igyY Bar — 25; Zh (TS — $2Y) —igs T"HY

b=1,2 2, 2
M =p,5 and gy = g59x/1/95 + 9%



SO(5)— SO(4) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

sD vector A4, = (AZ‘, AL SO(5) x U(1)x

H/
SRy 0w/ e !

UV brane: IR brane:
Yukawa elementary sector composite sector

LOT (i) + D5’ +...)0 | )
Dy = Oy — igsTEW Sy —igsTORS, — igy Y By — Zy (T — s3Y) —z'g5Tdﬁ
Y 50(5)/50(4)

%%
SOB)xU((1)x D SU(2), xSU(2)gxU(1) ZK,E

(_7 +) Rg(""_v _)
¢ M(+7 —|_) B5(_7 _)
(_7 +) Zé(“"? _)

B < TeV: Grw = SU(Z)L X U(l)y D




I Symmetry Breaking by Boundary Conditions

SErOpL S2ECOr

SU2)L xU(1)y

W B
gauged symmetry
SSB by condensation
SU2) L xU(1)y SO(4)
SBC80(5) ¢ Wo (4, +) We(—, )
1. 55 1) B
SU(Q)LXU(l)y Zg(_:_|_) Z?(—F:—)
A (++) a
UV brane: o IR brane: b(“(_’ _) <+’ —l_)v\

elementary sector composite sector SO( 5) /50(4) GB



One Step Further:

Unification of all forces & EWSB (Higgs)!

Gauge-Higgs Unification y Gauge-Higgs Grand Unification

SO(5): Apy = (47 @?/l L8/ Af = (A2 ALY Gour
Ul)x: Xy = (X, X5)
SUB).: Gy = (G4, GE)
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Gauge-Higgs Grand Unification

/-

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

G

a;

A

Gauge-Higgs Grand Unification

Aty = (@A A2 G

(] my & N PL
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Gauge-Higgs Grand Unification

/-

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

/

* Two considered setups:

S0(10)-"50(5) SO(4) x SO(7)
Hosotani, Yamatsu, 1504.03817 ‘ SO(11)
SO ( 1 1) Furui, Hosotani, Yamatsu, 1606.07222
Hosotani, 1606.08108
(see also Agashe, Contino, Sundrum, hep-ph/0502222,
Frigerio, Serra, Varagnolo, 1103.2997,...)

S

SU(3)C X SU(?)L X U(l)y

Dyv

SU(5) x X1) SU(2),xSU((4)xU(1)4
Burdman, Nomura, hep-ph/0210257
Lim, Maru, 0706.1397

SU(6)

EPS-HEP 21 F. Goertz 16



Too Good To be True?

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Severe phenomenological challenges:

SO(11) * (too) light exotic states due to large
irireps of bigger symmetry
* Difficult to obtain correct EWSB/my
SU(6)

* Degenerate/massless quarksé&leptons

EPS-HEP 21 F. Goertz 17



Too Good To be True?

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Severe phenomenological challenges:

SO(11) g

* go to 6D Hosotani, Yamatsu, 1706.03503, 1710.04811

* abandon bulk SM & introduce new BSM 5D
SU(6) multiplets + addtl. mirror fermions

Mavru, Yatagai, 1903.08359, 1911.03465 ...

EPS-HEP 21 F. Goertz 18



Too Good To be True?

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Minimal Alternative

SO(11) <k
SU(&) In warped space with different
breaking pattern and brane masses

SU(6)

EPS-HEP 21 F. Goertz 19



Original SU(6) Breaking

SU(6) () () [ () (=) @) )

| () (D) | () (+-) () ==

* a-| 0

e +-) () | (+H) () (+H) | (—+

SU(3)ex SUR2)xU(1)y (+=) () [0 () () | ()
UV brane: IR brane: \[(__) (__)J (_+) (_+) (_+) (_+))

elementary sector composite sector

A5Z—|—H—

(16 — 12) = 4 GBs — Higgs 9
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Original SU(6) Breaking

SU(6) () () [ () (=) @) )

| () (D) | () (+-) () ==

* a-| 0

e +-) () | (+H) () (+H) | (—+

SU(3)ex SU2)LxU(1) (+=) () [0 () () | ()
UV brane: IR brane: \[(__) (__)J (_+) (_+) (_+) (_+))

elementary sector composite sector

A5Z—|—H—

. . . RH O-mode
Fermion irveps (min. attempt): "

201, — (3,2), )4 & (3",1)_ 2/3@6R(1 1)] élﬁ —q1(3,2)) 5 © (3, 1)1, , @ eR(1, 1)
(3*72)_1/6@UR(3 1)2/3 ®(1,1)°;" D dr(3,1) 3,59 (1, 2)1/2

- c —y— c s +,—
6L — (37 1)_1/3 @ lL<172)1/2 EB VR(]., 1)0 1L — (]-7 ]-)O me<:mu) :Oé
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Novel Breaking Pattern

SU(6) () ()| () () () [

| () () | (=) (=) (+=) | (=)

! SRR

e +-) () | () () () | (—

SU(3)ex SUR2)xU(1)y (+2) () [ () () | (=)
\[C 1) 9 1))

A5Z—|—H—

(23 —12) = 11 GBs — Higgs + singlet + (3,1)_; 5 LQ

* Scalars want to

DON'Z be heavy ... )

PANIC

e Could use them ...
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Novel Breaking Pattern

() (1) [ (=) (=) (+=) [

| () () | =) =) () [ (=)

4 a0 e

e +-) () | () () () | (—

SU(3)ex SU2)LxU(1) (+2) () [ () () | (=)
" \ O 9 [ (— ()]

A5 o —

Fermion irreps:

201, — (3,2)1—/;@ (3", 1)—2/3@ (1, 1) 15 — qL(3,2)1+/’6+ D (3%, 1)+’273@€%(1 1)

(3*72)_1/6®UR(3 1>2/3 @ (1,1)° i+ ®(3,1)_ 1/3@(1 2)1/2

6L — dr(3,1) "1, ®15(1,2)/, @ va(1,1)5" 1y, — (1,1)7 (e e
Mag — me # mq

M, = lightv |

V{ab{e spectru m \

+EWSB!
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SU(6) GHGUT

Original Model New Pattern
SU(5) SU(2)p xSU((4)xU(1)a SU(5)
SU(6) SU(6)
bulk matter bulk matter
M, Mz a0
SM at low energies? X Reproduces SM at low energies! 4

(incl. EWSB, my, ...)

EPS-HEP 21 F. Goertz 24



Phenomenology

SU(5) Gsm
SU(6) |

bulk matter

Mu Mﬂ,d,l,u

Reproduces SM at low energies!

* Extended Scalar Sector (incl. Higgs Mass)
* New XY Gauge Bosons

* (Fermionic) resonances

EPS-HEP 21 F. Goertz 25



The Model is True!

Higgs + singlet + (3,1)_, , LQ [Rtaas?

=

PANIC

* The mode Is true....
. well, because 20+15+6+1 =

PANIC

THE ANSWER

EPS-HEP 21 F. Goertz
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Scalar Potential

N, >
VI"<U7C7 S) — (47_(_>2/0 dpp3 log(pT(_p27U7c7 S))

SN

Higgs LQ singlet

Hiégs + singlet + (3, 1)_1/3 LQ

140 - Spectral function:
L o .' - 2
i, pr(Mip.ps v, ¢,8) =0
120
=gl Tty
' .
< 100" e e
8 & ‘. e o o .':o. ..
= s -
€ 80 e .
[ ° ° Py s 3
Lo °3 LY °
60F . vt e T :
I TR e wsp Covrect quartic
[Tt R4 predicted!
40 I I I | | I I I | | I I I | I I I I | | I I I | | | 1 I |
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v = 246 GeV e [GeV]

: 1
mp (), me(p), with p~ f R~ =10TeV
~ My 2
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Scalar Potential

Higgs + singlet + (3, 1)_1/3 LQ
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1% order Phase transition 00
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address (CC) B anomalies
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Vector Leptoquarks

() () (=) (=) (=) | (=)

(++) (++) | (=) =) =) [ (=)

4 | GGG G G ()
g (+=) (+=) | (++) (++) ) [ (=)
(+=) () | ) () ) | (=)

\—) (D ) )/
M4 —) = . ~0.25/R" ~m,/10 < m,

/ RN _
R \/2 log( R ) 1 (m(_,+) ~ 2.5/R/ ~ mp)

—1
R =m,/2~10TeV = mxy~2.5TeV ok with di-lepton searches...

Same ba((park as EWPT and Flavor in GHU! e.g. Crivellin, Miller, Schnell, 2101.07811

EPS-HEP 21 F. Goertz 29



Conclusions

* Embedded GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Gsm SU(5)
SU(5) Gsm
. ‘e : SU(6)
Modlified symmetry breaking solves all
problems of earlier models bulk matter
M, Mz a0

* Minimal fermion realization (cf. MCHM,) leads to fully viable spectrum

* KK modes of GUT gauge bosons at TeV scale
H UE)

S - — s~

* Lots of directions to explore

Top partners & tuning, Flavor anomalies,

o

Unification, Baryogenesis, ...
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Kaluza-Klein Decomposition

« Additional Dimensions compactified to escape detection

0
3th Dimension ﬁf\
A o
Compactification
; Ti
Time /}',meﬁl ””””””””” > I |
> sy { y :O y:ﬂ'?“
3.§pace 3-Space Q/"
74

oA
e Particle in extra dimension

— tower of (4D) Kaluza-Klein excitations W\I

o | l/\om/l

S(z,y) =) ¢n(2)fuly) Mn=nmR B -1
n ¥

\ Masses fixed by geometry, calculable! Composite

_ _ _ _ resonances i - .
4D fields  ‘profile’ along extra dimension dual picture -7 =

T. Kaluza, Sitzungs. Preuss. Ak. Wiss. Berlin, 966 (1921) neglect curvature of XD for simplicity
O. Klein, Z. Phys.37, 895 (1926)
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Unification: different options

M, Mz a1
H U0,
— Su@ s m, ~ 10 TeV
.:' WAy — % /;ﬁ‘h <
u é.': 4’“-’:%)1;’; ________________________________________________ / / 2 ng; a,é; %;rror/\_:/j sgctor/‘
v S
my SU(5) SU(G) — GsMm

+ gauge kinetic terms

(FF) £0
gauged symmetry

SSB by condensation
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Unification: different options

(] e
' —
] _ _
N - -
|
] 1 -
uﬂ, : i .{ ——————————————————————————————————————————————— H /
- " : SErONg SLETOL

SU(6) — SU(5)

Mpr, GSM

* KK modes of XY gauge

bosons at TeV scale (FF) #0

gauged symmetry

SSB by condensation
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Unification: different options

Pyv

SU(5) = Gsm Gsm
Qa; |
) SU(6)
Mu Mﬂ,d,l,u
i Su(2) &
N SUQ).
: Uy = ,,sﬁm .
U £ T A strang soetor
y = K SU (5
Maur~10% GeV i( ) SU(6) — Gsum
Gsm

* KK modes of XY gauge

bosons at TeV scale (FF) #0

gauged symmetry

SSB by condensation
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Proton Decay?

Fermion embeddings help: no p — mo +e™ e u
201, — (3,2) /0 & (3%, 1) 4@ (1,1); " %
(3,2) 71 ®ur(3,1)35 ® (L, 1) . ’
151, — q1(3,2) /g @ (3", 1)1, ;@ ex(1,1)]7 p y
® (3,1, e (1,2);
61 — dr(3,1) 1,3 ®17(1,2),/, & vg(1, 1)y )
[ q

& secret baryon symmetry:

SM-fields with usual charges + charge new fermions and vectoré&scalar LQs

EPS-HEP 21 F. Goertz



Symmetry Breaking by Boundary Conditions

’HOCQ’

gauged symmetry

SELONL SLECOr

SSB by condensation

(—)BC (—)BC
g — H() Q — Hl
. A9
G: AY,
C(AHNTT
H:(A])
y=0 =R
UV brane: IR brane:

elementary sector

composite sector



I Symmetry Breaking by Boundary Conditions

SErOpL S2ECOr

gauged symmetry
SSB by condensation

SO(5)— SU(2), xU(1)y SO(5) — SO(4)
SO(5): AY,
LZ(+’ +) Lg(_a _)
SU(Z)LXU(l)YI %(—74-) Rg(_|_7_)
++ o
rane: rane: ~ 7 5A »
Z\e/vfentary sector lclzm[iposite sector QZ(‘; _) ‘C5a ("‘7 )1




I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

5D vector Aﬁ — (Aﬁ) A?) ds? = a?(2) (uwdztz” — sz)

SO(5) x U(1)x
HT /’ bulk symmetry

R! T a’
oo 3 Joe [ sestfa s () -]

k=12

AdSs
A<0

Dy = Oy —igs T LYy — igsTHRY, — igy Y By — z‘cg‘:’; Zh (T — $2Y)
950
—ig5TaC?\'/[

R’ B
——» Yukawa S D — Z z'g5fd43:/ dz a*Cp(x, 2)7V°T*C(z, 2)Cs (2, 2)
k=1,2 R

=



Novel Breaking Pattern

Fermion irreps: . . -
201, — (3, 2)1_/’6+ @ (37, 1):’273 @ (1, 1)1‘k~+/ 151, — qr(3, 2)1/’6 ® (3%, 1)_’2/3 ®eq(1,1)]”

¥ o\ =+ -9 -, —+ —,+
(3 72)—1/6 © uR(gv 1)2/3/ D (17 1)—1+ b <3’ 1)— /3 D (17 2)1/2
6L — dr(3,1) "3 @15(1,2) ), GvR(1,1)]" 1, — (1,1)~
SU(5) Gsm
+ boundary mass terms! SU(6)
Suv = /d4$(Mu¢2o,10X15,1o +h.c.)
M, Mgz a1,
RY
SIR :/d4$ (ﬁ) (Mﬂ¢15,(3*;1)XZO,(3";1)"’MdX15,(3,1)¢6,(3,1) C My — my

T + Mix1s,(1,2)%6,(1,2) + My Xe,1%1 + h.c.) Mg — me # my

M, = light v

viable spectrum \

Breaks SU(4), but crucial to get spectrum (and correct EWSB)!
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Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

d /Ow'gina{ ldea:

—

J

unify gravity and electromagnetism, by merging the

photon vector field together with the 4D Minkowski

~__metric into a 5x5 metric

y=0 y=R

Simple Example: Scalar field in 5D

)

/
1 R

S5 =5 [ ' [ dy on(e.)0" (ay) ~ mE* .y

L 0




Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

_—

/
J/

bw’gina( ldea:

unify gravity and electromagnetism, by merging the
photon vector field together with the 4D Minkowski

~__metric into a 5x5 metric

Y 0 Y R

Simple Example: Scalar field in 5D

~

4 R
S5 =5 [ ' [ dy on(e.)0" (ay) ~ mE* .y
L 0

e

KK decomposition into complete set of orthonormal functions fn(y) on interval

() = 3 dn(@) fuly) / 3y ful) fn (4) = bme
n \ 0

4D scalars



T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

Kaluza- Kleln Decomp05|t|on

O. Klein, Z. Phys.37, 895 (1672@)
VAV
M
Ly >
M=0,1,2,3, 4 m
n=1

1 &
—5 [t [ dy e )0" (o) ~ mie(a.)

| nun = diag(l, =1, -1, ~1, -1) \( Y)=2_pn ¢n(2)f ()

1 fo dy fr(y)fm(y)=
S5 =3 [ @2 310,00 (2)06n(x) ~m2é? (x)}

R
+s / diz / 13 6 (@)0(2) Fi 1)1 )
_% / B0 $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))



T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

Kaluza- Kleln Decomp05|t|on

O. Klein, Z. Phys.37, 895 (1672@)
VAV
M
Sy >
M=0,1,2,3, 4 m
n=1

1 &
—5 [t [ dy e )0" (o) ~ mie(a.)

| nun = diag(l, =1, -1, ~1, ~1) \( Y)=2_pn ¢n(2)f ()

1 fo dy fr(y)fm(y)=
S5 =5 [0 Y {0000 (@000 (w) ~ 0263 (0)}

R
+s / diz / 13 6 (@)0(2) Fi 1)1 )
_% / B0 $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))



T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

Kaluza- Kleln Decomp05|t|on

O. Klein, Z. Phys.37, 895 (1672@)
VAV
M
.y >
M=0,1,2,3, 4 m
n=1

1 &
—5 [t [ dy e )0" (o) ~ mie(a.)

| nun = diag(l, =1, -1, ~1, -1) \( Y)=2_pn ¢n(2)f ()

1 fo dy fr(y)fm(y)=
S5 =5 [0 Y {0000 (@000 (w) ~ 0263 (0)}

R
+3 [ate | 153 6n(@)0n(@) LR
_% / B0 $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))

IBP



Kaluza-Klein Decomposition
‘/\
,~

O. Klein, Z. Phys.37, 895 (1926)
\/ »
H\ y

M=0,1,2,3, 4

oT

o Y=R

1 &
S5 =5 [ ' [ dy w10 0(e,y) - Mt (a,y)
0

et = ot RIS S RCIAD
1 J¥dy fu(y) fn(4) = 8m
S =3 / d*z Y {8,9n(x)0" P (x) —mEeh(x)}

+3 [ate | 153 6n(@)0n(@) LR

IBP

_% / 0" $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))



Kaluza- Kleln Decomp05|t|on

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

O. Klein, Z. Phys.37, 895 (1926) W\/I

e,y =Y, @) fuly) N
ICEAOIOEU W
y=R -l

“‘Matching’ or variation of S

S5 =+ /d‘*xz{amn )0 () —m2 2 ()

= /d% /0 Ay om(@)6n(x) fu)O2fuly) == 02 fu(y) = —a2 fa(y)

= / &2 G (@) bn (@) (fun(R)fo(R) — f(0).£(0)



Boundary Conditions

\/ Oz, y) =2, ¢n(x)fn(y)
Jordy fa(y) fm(y) =

nm

o

Y=R

“‘Matching’ or variation of S

S5 =+ /d‘*xz{amn )0 () —m2 2 ()

= /d% /0 Ay om(@)6n(x) fu)O2fuly) == 02 fu(y) = —a2 fa(y)

5 [0 6n (@) (@) (i BULR) ~ Fn(0)12(0)) = Fuly) =0V f1(4) =0
m,n y=0,R



I Kaluza- Kleln Decomposition

(z,y)=>_, Pn(®)fn(y)
fo dyfn fm(> Onm

o

y=R

“‘Matching’ or variation of S

55 /d%Z{%% 0" $u(2) g2 (x)}

+§ /d4x/0 dyZ(—ai¢m($)¢n<x)) fm(?/)fn(y)



I Kaluza-Klein Decomposition

( y)= Zcbn() ()

o

y=R

[‘Matchi’ng’ or variation of S

5 /d%z{mn aqbn()/m%qsi(@}

’_,

1 ;
— S:§/d45’32{aﬂ¢n )0 fn(x) — miqbi(:c)} {\mi:mg"'_ai



I Kaluza-Klein Decomposition

(z,y)=>_, Pn(®)fn(y)
fo dyfn fm() Onm

y=R

[‘Matchi’ng’ or variation of S

5 /d%z{mn aqbn()/m%qﬁi(@}

,

i

Scalar in compact. XD = infinite tower of 4D scalars with different masses




Kaluza-Klein Profiles

Ty
Z cbn N A
fo dy fn Onm m

/d%Z{@u% )0 G () = mign ()} m2=md+ a2

2 fuly) = —a2 fu(y)
|

fn(y) = cn cos(any) + dy sin(any) fn(y)=0V f(y)=0
y=0,R

m) Mass spectrum from boundary conditions (BCs)



Solution =» Randall-Sundrum Scenario

Randall, Sundrum, hep-ph/aa05221

« Non-trivial metric such that (4D) length scales get contracted
differently along fifth dimension — ‘warp factor’

ds? = e~ ¢y dxtdz” — r2dg?

/ 2
A V2
S>> [ diar / 16 Y& [6m(D, )1 (D,2) - V(@)](le] — m) V=7 (v0-F)
. = \/ 23/ A5 ~ Mpy
V2

— /d4$ _g 6—4kr7r {€2krﬂggy(Du(I))T (qu)) A5 ((I)TCI) B ) } _
2 2 gl'“/(x) = 77;4,1/ + h;.l,i/(aj)

V- As v2\? d — P

/d4x 7" (D, (I)) (D,®) — > (Q)TCD _ p—2krm 55)

,

v=¢e """ ~TeV — HP solved

(gravitational
redshifting)



Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

 In complete analogy to flat case = 5D SM

(just different metric)

¢

e Light Fermion fields can be localized differently along XD

S = ]d%/dgb VG {Ef [% U (04 — 02)T + B U {~°, abc}\P] — msgn(¢) \TJ\I/}

8

e Profiles f&(¢) oc e?1?
(RH)




Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

 In complete analogy to flat case = 5D SM

(just different metric)

¢

e Light Fermion fields can be localized differently along XD

S = ]d%fdgb VG {Ej‘ [% U (04 — 02)T +

wlg‘q U {~°, abc}\Il] — msgn(o) \TJ\I/}

e Profiles fg'(¢) oc e*1?!
(RH) c=-m/k

1+ 2c
0 () o \/1 — cl+2c

mass hierarchies

f

¢y s —1/2 & m—=1p

br

s i i e o s o s s e




Solution to Flavor Puzzle

Uus |
Uz
ui |

00 05 10
Cui,Qi,di ~u 0(1) Goertz, 1112.6387

e Profiles ff”(gb) o eckridl < ) iass Wierarchies KK IW\odes
(RH) c=-m/k f

14 2c¢
Fm) o e




RS - Partial Compositeness

i
Addresses the flavor puzz(e:} . Copnposite

y%,R ~ (A/AUV)’YL’R 3 YL,R = [OL,R] — 5/2 Qright
— Hierarchies generated naturally

y <1

X L =yqO + h.c.
Yr=|cr —1/2| -1

Overlap with Higgs — mass

O 8 () ~ (1 — +20)71/2

Dual picture:

Extra Dimension Slice of AdSs

——w Froqgatt-Nielsen-like
mass matrices

&=l 8y B2
UR

The Quark Masses

UV brane:
elementary
sector

DR

|
i
1
|
|
|
|
|
1
1
1
|
1
1
|
|
|
|
1
|
|
|
|
|
|
i
1
|
i
1
s 8 B 8
§

S £ 2 = E &=

1 A BE
Anomalous Dimensions y <> XD Localization ¢ <> FN U(1) charge Veru N( = _ Az)
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