Extra Dimensions
for TeV Physics

Parma International School of Theoreftical Physics

"Theoretical Tools for the LHC"
Parma, August 31-September 4, 2009

y CM% Grojear
7 CERN-TH & CEA-Saclay/IPhT

( christophe.grojean@cern.ch )



Why Extra Dimensions?
@ Why not? Or actually, why only 4 dimensions?

(may be: Gauss law for gravity and e.m.; renormalizability;...)

@ Extra dimensions can actually be quite useful

@ unification of fundamental interactions:
@ old Kaluza-Klein idea: 5D gravity=4D gravity + U(1)em ?

® quantization of gravity: superstrings need extra dimensions

@ hierarchy problem, i.e., why is gravity so weak
@ large (mm size) extra dimensions
@ warped extra dimensions

@ symmetry breaking by orbifold compactification or boundary conditions
@ dynamical generation of fermion mass hierarchy + flavour structure
@ dark matter particles; inflation; accelerated expansion...

@ Tools to study strongly coupled systems
@ technicolor/composite Higgs models
8 QCD
@ plasma, condense matter systems (superconductors, vortices...)
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Extra Dimensions for TeV/LHC Physics

@ Hierarchy problem, i.e., why is gravity so weak
D large (mm size) extra dimensions

D gravity is diluted into space while we are localized on a brane

(st ox |g4+,,|/w2+"7z_ a*x  |gs| M3R

zM V,,M2

P/

]

Mp; = 1019 GeV M=l TeV 6— (2 mm)2
@ warped extra dimensions
@ gravity is localized away from SM matter and we feel only the tail of the graviton
f“‘ ..
t  graviton wavefunction is exponentially v = M*e_”RMj}

localized away from SM brane
M, =10"° GeV @SN R ~ 11/M,

@ Fermion mass hierarchy & flavour structure

fermion profiles:
the bigger overlap with Higgs vev, the bigger the mass

@ EW symmetry breaking
Orbifold breaking, Higgsless
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Disclaimer & References

I will introduce the notion of Kaluza-Klein decomposition but
I won't describe in details the various incarnations of extra dimensions
nor present the collider signatures and discuss the constraints

D Flat @ Curved/Warped

@ small (MPlanck/GUT size) @ Randall-Sundrum
@ Kaluza-Klein @ RS,
@ string/sugra compactications @ RS>
® GUT orbifold breaking @ Susy RS

D intermediate (TeV size) WA i
@ universal extra dimensions (UED) @ Higgsless
@ constrained standard model @ Composite Higgs
@ gauge-Higgs unification @ Gaugephobic

@ large (mm size)

@ Arkani-Hamed Dvali Dimopoulos
@ infinite

@ Dvali Gabadadze Porrati

D discrete
@ Little Higgs
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Disclaimer & References

(Partial) list of references to learn more about extra dimensions

@ Csaki hepph/0404096 @ TASTI'02
@ Gabadadze nep ph/oz0s112 @ ICTP'O2
@ Rattazzi neppn/os07055 @ Cargese'03

@ Kribs nepph/0605325, Sundrum hep-th/0508134 @ TASI'04
@ Rizz0 nepph/0409309 @ SLAC Summer Institute'04

@ Gherghetta nepph/0601213, Grojean, Hewett, Rubakov hep ph/o104152
@ Les Houches'05 (slides at http://lavignac.home.cern.ch/lavignac/Houches/)
% Agashe @ TASI'06 (slides at http://quark.phy.bnl.gov/~ dawson/agashe_1.pdf)

@ Dobrescu @ TASI'0O8 (slides at http://physicslearning?.colorado.edu/tasi/tasi 2008/tasi_2008.htm)

@ Dvali @ Zuoz'08 (slides at http://ltpth.web.psi.ch/zuoz_school/)
@ Cheng, Gherghetta @ TASI'09

(slides at http://physicslearning?.colorado.edu/tasi/tasi 2009/tasi_2009.htm)

@ Shifman hep-ph/0907.3074
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Compactification on a Circle: real scalar field

%
circle = R/ T2,z
TR 0

the fields at y and y+27R should be equal

y=coordinate along the extra dimension
x=usual 4D coordinates

ot0) = S ;G o (0 + N
the 5D fields can be decomposed n

in Fourier modes /A \/\ /j
S KaluohoKlein Fodes wavefunction = 4D

localization of KK mode
along the xdim

Kaluza-Klein modes

the coefficients Nf are fixed by requiring a canonical normalization of the 4D KK modes
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Compactification on a Circle: real scalar field

A ZNJ. ot (2) + Nn—. 63 ()

5D Lagrangian < 4D Lagrangian for KK modes

, (+----) metric
/d4 /_ Rdy< 0,90" p — —(5’5¢) = ——m5ng ) [6]=mass3/2

oy

4D kinetic ’rer'ms 4D mass term

TR |
/_WR dy cos (%) cos (%) LI URORRIE R L e e S [./\/‘ni]:mqssl/z

/_z}; dy sin (%) sin (@> 3 R ok oy N = I [¢n]=mass

i R
1 2
( 1B 0 — = (mED + %) ¢;2)

= d4l‘§: ~ 0,05 0m6% — = (m? 1 6% ) +
N 2 HYn n 9 5D R2 n
n=

=N

mip+9/R° 5D field=infinite tower of massive 4D fields
mip +1/R° —— — depending of the energy available, you can

Men probe more and more of these KK modes
+ states - stafes
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Compactification on a Circle: real scalar field

let us introduce a complex notation that will simplify the computations once interactions are introduced

1!
complex linear V2 s
A C qb—’fl 5 ¢n
combinations
D=0 — il

1 1 — 2
L= 50up00" b0 — SmEpd] + ) (%abna“qb_n - (ng - ﬁ) qbncb_n)
Tl
KK humber conservation = conversation of momentum along 5™ dimension

Let us introduce 3

dy \
7 5D¢ [Asp]=mass!

/”R 4. [®]=mass®/?

27 ROm+n+p+q

Z )%—qum( )0 (T) Dp(T) Py () = )\5D <¢0 + 2 Z ¢0¢n )

m+n+p+qg— 0
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Compactification on a Circle: gauge field

complex z Ay (z,y) = 1 = iny/R 4(n)
| = e AT R= 0 R ;
hotation i i V2R n;oo 0 (h ) .

1
/d4ill' dy (—ZFMNFMN)

1 ki
= /d4$ dy (_ZFMVF/W s 5 M5Fu5>

focusing on “kinetic piece"

1 1
= /d4ZC dy (—ZFILWF’“V 5 ‘2‘ ((‘9“145 S 8514“) (6”145 i 8514’“)) (+____) me-‘-r-ic
e 1 1: (n) m (—n) m
4 n —n) pv n n —n, B
:/d:c Z (_ZFL(W)F( ) 1 +§<3MA5 _EAL)) (8“A5 +§A( )u))
gauge ), ) Sl B D)
transformation # ' ’ SR
(nz0) Py — F =)

| 1 ST T o A
-y 4 0 0) pv (0) (0) E n —n) uv n —-n
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Compactification on a Circle: gauge field

complex z Ay (z,y) = 1 = iny/R 4(n)
_ M= e A et ese 3 5 ;
notation i o V2TR nzz_:oo g G ) .

1
/d4ill' dy (—ZFMNFMN)

1 1 i R,

= 4 0 0) pv © © n —n) pv n —n

_/d$<—ZFp(w)F()M +§auA5 O Ar _|_2§ :(F/,(LI/)F( ) 1 ‘|‘_A,S)A( )u))
=

- 2R?
ﬁ?‘“.'-——-—vm..w—_wl.
f 9/R? ; massive KK Ag"’)
‘4/}%2 ol are eaten
j /R,  —— = longitudinal Agm |

O :
L 4D vectors 4D (adj) scalars i
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CompachflcaTlon on a Circle: gauge field

— |let us turn on some hon-trivial non-abelian interactions =

o0

1 - £
Anplipanie — Z €Zny/RA§W)(£U)

n=—oo

[Am]=mass3/?

Dy = 0Oy + 995D A
[g50]=mass/2

2
dap

A— NKK i 167’(’2
R QEDR

5D cutoff
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Compactification on a Circle: gauge field

~——— -

- e KK UnNi O s

massive KK gauge boson
non-linear realization of the gauge symmetry
W\ are Goldstone bosons ~ pions of QCD

2

o e Lussas = Tr (D, 21D,7)
__________________________ s Y SCaTIoP ampli‘rudes
Kl E k W Ww-
€] = <]\]2|, Vi ﬁ) L L . E 2
scattering of W, My
scattering of QCD pions loss of perturbative unitarity
WI:r WLJr A~ 47t Mw/g < Asp

y
a
e,
ol
&y
o ]

"
.
.
.
.
.
a®
e
et
Y
at
at
at
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sun®
ann®
annnt®
munt®
----

uy
by
Ny
Ny
Ny
Ly
L
Nagy
Nagy
Nmgy
e
Emggy
........
-----
-----------------------------------
---------------------------------

the growth of the (elastic) cross section is cancelled
by the exchange of KK modes (see Higgsless' lecture)
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Compactification on a Circle: fermion

4.D..D..nmc:,.mqtr.|..c:..e_.s ........................................................................................................................
i 146 g) £ =7 0 —2 e ()
BEEERE et ey
" G40
SUgErl g 7 SR o es
i - W(’W%g—(b 3 check: {7*,7"} = 20"  (+--) metric

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

....................................................................................................................................................................

5D Dll qc QC|IO'l .............................................................................................................................. .
.

w 2 vector-like 2-components spinors

8 /d4:pdy (—ixd"0ux — 1ot 0, + 5 (Osx — Os¥x — X0t + T5x) + m(Yx + X¥))

oD {—if?“@ux — Ost) +mip =0
eqs of motion | —i0"0,9 + Osx +mx =0
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Compactification on a Circle: fermion

5D Dirac action 5D egs of motion

{ —ig"9,x — 05t + mip =0
—ia“@uzﬁ + 05y +mx =0

/ d4a:dy(2( U TMOy U — 0y, ¥ TMW) — m\TJ\I!)

KK decomposition - N i
{ X =D 9n(y)xn(@) < Xn ) 4D Dirac spinor {—z‘c‘r“%xn + My p =0
z, i b ss m, — i 0,0y, + My Xn = 0
7= SOl (o v A /\/“ BYR LR
5D diff. eqs for gqlz+mgn_mnfn:() = 97/1/_"( 127,_777?) =4
eqs of motion wavefunction  f, —m fu +mpgn =0 ooy ) f, =0
7 =N icosE g — oV sin - 02
Frislni (mﬂncosn—}%— . sm"—Ry) ( el = sm"—Ry
m2 = m? + n?/R? m2 = m? + n?/R?

remark: there exist zero modes iff m=0
Vector-like spectrum: cannot describe chiral theory as SM
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Compactification on a Circle: fermion

= KK mode BDSNaRENSSE S
Contrary to scalar/gauge cases, in general KK modes don't have a definite parity y < -y
Y U(y) — [°T(—y) U(y) — C(—y)I”

@ the kinetic term is invariant:  ¥T'"0y ¥ — ¥ (—y)I° (T#0, — T°0_,) T°U(—y)
— \P(—y) (F”(?u + F50_y) U(—y)

@ the mass term is *not™ invariant: YU — U(—y)I°T°W(—y) = —U(—y)¥(~y)

definite parity iff m=0, then y and i have opposite parities

'———‘..—-—-‘\——-»' —
e

— KK mode normalization —— - ——

x» and ¥, have separate kinetic ferms = a priori 2 independent normalization conditions

the 2 normalization conditions are equivalent provided that the quantization eq. holds

N, =1/V7R

TR TR 2
] . . 2 PRk, 0
/ Rdycos "—é/:/ Rdy (mﬂncos%—ﬁsm%y) =R gnifiem: = m- +n°/R
0 7T
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Compactification on a Circle: graviton

massless graviton in D dimensions seen from 4D

D=4 < 10
gmn=mn+thmn DxD symmetric matrix < D(D+1)/2 components /{szé ;51
@ diffeomorphism invariance: hun—hmn+ImEN+INEM
< D(D-1)/2

can eliminate D components: e.g., dnh™N=140Nh

@ residual invariance: Jév=0 keeps damh"N=160Nh D(D-3)/2 {D-wz

D=5<5
can eliminate D more components D=6 = 9

— —

massless level Juv

4D graviton 4D vector 4D scalar
5 dof 2 2 1

massive level g,uv

4D massive graviton

| 5 dof
| g
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Compactification on a Circle: graviton

massless graviton in D dimensions seen from 4D

D(D-3)/2 degrees of freedom

massless level Juv Jui gij |

4D graviton h 4D vectors n(n+1)/2 4D scalars |

| (4+n)(4+n-3)/2 dof 2 2n n(n+1)/2 |
massive level m, G i Gi;

1 h-1 n(n-1)/2 Jx

4D massive graviton 4D massive vectors 4D massive scalars ]I

(4+n)(4+n-3)/2 dof 5 |

for the explicit KK decomposition

of the (4+n)D graviton, see e.qg. v/ 1 scalar is ea‘réh by

v/ 1 vector is eaten the graviton
by the graviton v/ (n-1) scalars are
eaten by the vectors

Christophe Grod'ean EXCra Dimensions for e p/?}/S/CS Parma, Septenber '09



Compactification on a Circle: graviton

5D graviton = massless 4D (graviton + vector + scalar)+ massive dof

IgMN =NuN + hyuN

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

. o
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

h,ul/ S5 i:L,U,V I %nuvgb hM5 3 h5M = AM h55 55 Qb

[7,,,, ]-mass® [A,]=mass® [¢]=mass®

i \/572 10 ¢aﬂ¢+ 1(0uAy — 0,4,)(0" A% — 0¥ A¥)

— ————

s s

7R e R
/ dy M2\/gR = fR \/a PO" P + L T -ﬁ}
T, —— —

M2 = 27R M? b= 1Mo A, = MuA,

the result also holds at the full non-linear level
which legitimates the identification of the Planck scale
(at the quadratic order, one cannot identify the proper noramlization of the graviton)
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Compactification on a Circle: graviton

5D graviton = massless dof + massive 4D graviton

As in the previous cases, the derivative along the 5™ coordinate gives rise to a mass term
let us look at the Lorentz structure of the KK graviton mass term

(95 —>m/R

VIR = 2aphdMh — 10y hn pd™M KNP 4 103 BMP oY p — L00hM N Onh + O(R®)

o W

2 -
2 n

N 152 P B non contribution to the mass

—  hlenzPallssRuSRE S —————

—_—— -

only structure (in flat space) which doesn't give a ghost/tachyon
My = By + 0,0, ¢
¢ drops out from the graviton kinetic term (gauge invariance) +gR = \/§R
but appears in the mass tferm m2(h2 + 2h0¢ +@LEGR- b, h*Y — 2h,,,0"0" ¢ LG P)

the Fierz-Pauli combination is the only one where the four derivative terms cancel out
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Compactification on a Circle: graviton

kinetic mixing
scalar-graviton

Fierz-Pauli mass term: m®(h® — i + 20009 (2

Weyl rescaling to ; - . [ 710 JFmass®
y . ATl hV:h 1/""881/ :hu+aay Nnc2 1T v 3
undo the kinetic mixing ® R g~ WOy P v [¢]=mass?

M D Sl ( VIR — m2(h? — b, h*) (6
v i
¢° =m"Mpp healthy scalar
canonically normalized Thed
nor I AR R Vg [¢¢]=mass Inetic Ter_'rn ““““
Golds’rone .................

M2m?2(h? - b B = M2 (m*(09)° + m*(0%p)3t . . )
self-interactions

1
_— N Asr NS
83 83 35 . 5
A amplitude becomes strong at A ~ /m*M,
m* Mo, m4 Moy, mSMP%l )
1 analog of A ~ m/g in gauge theory
S

(partial) unitarization by KK dynamics? no explicit check!
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Compactification on an Orbifold

orbifold = (R/T2,r)/Z>

il y~y+ 2R Ueg="51

oy, x) = ¢y +2nR,z) ¢(—y,z)=Ugp(y,x)

the fields at y and -y
should be equal
up to sym. transformation

a1
U=+1

S ny ny

Oy, &= nz:% ST COS ( R> sin ( R)

3/ R —— —— 3/R

2t iy s Y e RN

it e —— — — Ty v

U s S 0
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Orbifold Symmetry Breaking

orbifold y~ —vy

Ho Ho

Ay (—y) = UA, (y) U?

: As(—y) = <UAs(y)U"
ge. \M - signs are compensating

Breaking of gauge group at the end-points of the orbifold A, (0) = UA,(0)UT

at the end-points, the surviving gauge group commute
with the orbifold projection matrix U

KK effective theory
zero mode: A, is independent of y

A, =UA, ! As = —UA;UT

» gauge symmetry breaking

(+ chiral fermions)
EXTra D/AmenSI‘onS £or 7?2\/ P/;ys/cs

3
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SU(3) — SU(2)xU(1) 5D Orbifold Breaking

|
U( ) ) U € SU(3) EFizald
1

....................................................................................................................

massless vectors AR v o i
_‘ / A3 4+ AB/+/3 Al — A2 \
[ALUI=0 =G|l i A48/ SU(2) x U(D);
massless scalars A- |
: S
As, UY =0 gl g SU(3)
53 Ass il SU(2) x U(1)
\PAL 4642 A8+ AL )
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Orbifold Projection as Boundary Conditions
(7 — H by orbifold projection

H subgroup
Al (=y)=A/(Y)  whichis equivalent to the BCs 85145 = U
A (—y) = —A(y) at the fixed points e —
G/H coset
A7 (—y) = = A7 (y) which is equivalent to the BCs .~ 0
ASTE (—y) = ASTH () at the fixed points )
\
TR 0
N
N
I
BC/ BC

o

Christophe Gr?/'ean Extra Dimensions for TV /9/75/5/45 Parma, September '09




1D Orbifold

can we have different breaking pattern at the two end-points?

W, S

0 7R
this extra freedom would be needed if we want to reduce the rank of the bulk gauge group

In usual compactification...

P(TR —y) = ¢(—7TR—?J)? P (R + y)
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/>xZ > orbifold

P2TR+y)=P'éd(—y) = PP o(y)

el

m non-trivial compac:’rn‘uc:a’rlon‘j
y+27 R 5\/ ) T

} a la Scherk-Schwarz
}
& L o8 BETRAN) = PRV
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Wave-functions for flat space Z2xZ orbifold

assuming Z and Z' commute

KK tower *
with a ny -
massless ; ("',"') ST GO s = — W, = — =l Y
: R R
mode | \
B R e
(-,-) states: SlIlR = Mn = 2 = TS
: 2n + 1 2n + 1 :
(+,-) states: cos( 5 )y = Mn=—z— n=0...00
C(2n+ 1 e 2n + 1
(-,+) states: Sm( ¥, )y T S i U ) iy OO
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Two Examples of Orbifold Breaking

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

SU(2)xU(1) ,  SU(2)xU(1)
0 7 R

? ?g SU(2)xU(1) E+ ))# SU(3)/SURXU(1).
L% massless Higgs doublet

---------------------------------------------------------------------------------------------

EEEEEEEEEEEEEEEEEEENEEENEEEENEEEEENEEEEEEEEEEENEEEEEENEEEEENEEEEEEEEEEENEEEEEEEEEEEEEENEEEENEEEEEEEEEEEEEEENEEENEENEEEEEEERN LN BN
g

SO(5)XU(1)X
SU(2).xU(1)y , | SO(4)xU(1)x
TR

(-+),, . SO(4)xU(1)x
(+, )5 SU(2).xU(1)y

f’ ?g SU(2)xU(L)y E ++++++ )) .50(5)/50(4)

massless Higgs double’r
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Fermion on Orbifold: Chirality

Xo
V= ( &d ) 5D spinor = 4D Dirac spinor' = 2 vector-like 2-components spinors
flat space...

Sy /d% (—i}‘(&“@ux — oD, + L (105 x — X 05 ®) + m(hx + W))

variation of the action = bulk egs. of motion
—ig* 0, x — G5 + ma) = 0
—iO“@MQE + Osx + my =0
Boundary conditions:

the bulk egs. evaluated at the boundary couple the two fields:
need to impose BCs only on one field

o =R =R 0

different BCs also means chiral spectrum and there should exist a massless mode

massless mode wi—0 el et o 00 o — 0
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Fermion on Orbifold: Chirality

0 7R P —ig",1p + Osx + mx =0

x Zero mode iff ¥ is (--) i.e. =0 at y=0 and y=7R

unlike scalar/gauge cases, the zero mode wavefct

m2 = m? + n?/R?

is not flat in general
&, ) % 8

s \/1 — e—2mmR S
3/R. Ll kL m>0
2/R — == s 2/R m<0 ¢n_\/731nRy
/R, — i

i ny y

0 R 1./ e 0 Xn—\/%( RCOSR—I— SIHR>
Xn

Uy
i zero mode iff yis (--) i.e. ¥ =0 at y=0 and y=nR
: : - 2m 235

3/ T = oy ) m<0 : wO:\/l—eQmﬂRe

2k X LG k- X

VAR . o Fy

e N
Un

m2 =m? + nQ/R2

Xn
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Anti de Sitter Background

So far we have assumed a flat extra dimension. Let us now move to a curved space

AdS is maximally sym. sol. of Einstein eqs in presence of negative vacuum energy

/d5x\/§ (—MgR — A5) & Gun=Run - %RQMN = —2]\1/_,; As gun

Look for a 2 9 9 5 |
: ds*.= Q2 (z)(dui— dz Q(2) is the "warp" factor
conformally flat solution (2) ( 4 ) (2) p* f
Q// A5 3
g T _3—77 v = — ) m;
P A 2 Rt
R? |
ds? = —— (dxi — dzz) |

MSE~PRERy < RO Teyie:
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RS solution to the Hierarchy Problem

Higgs on the TeV brane = its vev gets redshifted o a TeV scale

d4CU 1Y 9 h@,/h SHer) h2 e ’U2 % br‘ane IOC-G”Zed C(C'I'ion
/ V(90 ( _ ) (the Higgs lives on the IR brane)
R2 R4 s e
= /d4x (ﬁ(ah)Q - ﬁ(h2 s ’1}2)2)

R

h® =+ is canonically normalized

= /d% ((ah0)2 =5 (th o 02)2>
R/2
E . s . §
effective vev: v° = il > TeV even if v ~ Mp|

W
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Scalars in AdS

AdS ds® = ?(d;ﬂ — dz?) z2=R...R
b sl T2
L::/dz L—g (5(@@) 0 0 >——§M2¢}

‘ O 2= W(J,/(mnz) -+ bnYV(mnz))k

Vd
i v? =4+ MR’ i
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Scalars in AdS Z>xZ > Orbifold

assuming Z and Z' commute

22

A — W(Jy(mnz) +b,Y,(m,2))

(= (-,-) states: ¢|Z=R,R’ = = }{Zézgi = )J/ZEZ;;

discrete spectrum Mny ~ (n+v/2—1/4)7/R

@ (++) states: (9:9) |z=R,R’ — 0
(2—v)J,(mR)+mRJ,_1(mR) 2—-—v)J,(mR")+mR J,_1(mR)

= -

(2 —-v)Y,(mR)+mRY,_1(mR) (2—-—v)Y,(mR')+mR'Y,_1(mR’)

discrete spectrum My, ~ (n+v/2—3/4)n/R'
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Gauge Fields in AdS

AdS e f—j(dmz ol z=R... R
1 MN 1 R 2 2
Ll 272 dzFynF = 67 dz; (B4, — 0, AL)" — 2(0,A,)°)
ol =0 =5 | 040, A, — O A~ %az (gazAu) =
0\6 : n <
A0 YA = FEmas) £ baYi(mnz)

@ (+,+) states:

0. A7 ,—pr =0 = =

mR ~ 2.44, 5.56, 8.70, 11.83...

Christophe Grod'ean EXLra Dimensions For 7?2\/ /p/7y5/65
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Fermions in AdS: Partial Compositeness

Grossman and Neubert, '00
Gherghetta and Pomarol, ‘00

< e | LI TR :
S = /d5.fE_ <_i)_((_7“aux e iwaﬂﬁmﬁ % (%D Os X — X 05 w) E(wx )Zw))
DSt ~'

5D mass term in AdS unit: ¢ ~ O(1)

3 wavefunctions
e R VAT

/X et (mz)5/2 (anJ1/2+c(mZ) <5 an—l/Q—c(mZ))/
Q e (mz)5/2 (anJ_1/2+c(mZ) ¥E bnjl/Q—C(mz))>

-

fermion zero mode:)
. 5 2—c ZUV > 25
X = ag (—> X4p  With / dz ag (—) L |
20a% S UV

c > 1/2: the zero is normalizable when ¢ < 1/2: the zero is normalizable when
zIR is sent to infinity (ho IR brane): UV localized z%V is sent 1o O (no UV brane): IR localized
Elementary fermion Composite fermion
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Masses from IR overlaps

[Grossman and Neubert, '00]
[Gherghetta and Pormarol, ‘O0]

fermion zero-mode has [Huber, ‘03]
an exponential profile e = T ( 2 )2 (i) —c
in the bulk VR \R R’

fc is the "value" of wavefct. on the IR:

c < 1/2: heavy fermion
N =
&\ 1 —ERyE 2

fc B 0(1)

~_ ¢>1/2: light fermion
E~(RIEY <1

light fermion exponentially localized on the UV brane
> overlap with Higgs vev on the IR tiny
> exponentially small 4D mass

zero is mixture of elementary and composite fermion
f. is the amount of compositness

Christophe Gr?/'edn Extra Dimensions For e /’%ys/cs Parra, September 09



Partial Compositeness: Yukawa Couplings

Higgs part of the strong sector: it couples only fo composite fermions
H Yukawa couplmg
= / in the strong sector
* -
‘ fCL\ Yx =
/ |
| light) | light) R *

when the Higgs gets a vev, the light dof will acquire a mass prop. to

Yeﬁ: Y* fCLfCR

Yukawa hierarchy comes from the hierarchy of compositeness
~ the 5D picture gives a rationale for hierarchical fc ~
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Anarchy: mixing angles from mass hierarchy

[Froggatt, Nielsen '79]

---------------------------------------------------
. 3 SN NN EEEEEEEAEEEEEEEEEEEEEEAEEEEEREEEEEEEEEREEEEEEEEEEN,
*

*

*
---------------------------------------------------------
---------------------------------------------------------

Yu, Yd ~O(1): anarchic structure fi: hierarchic structure: fi«fa«fs

Not only, it leads to a hierarchical spec’rrum

--------------------------------------------------------------------------------------------
* *

muz OCszfuz mdz OCszfdz
It also gives hierarchical angles
Uy YHUT ., = diag Uar, Y7 U = diag

with (for i< j)
ULdLquZ/fQJ UZ] Nfuq,/fuj U;]RNfdz/fdj

and ’rher'efore we also ge’r

----------------------------------------------------------
*

-
----------------------------------------------------------

2 alignment angles/masses nicely explained C

Christophe Grod'ean Extra Dimensions for e P/7y5/cs Parria, September
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FCNC from KK gluons/rho meson

Agashe, Perez, Soni’04
Contino, Kramer, Son, Sundrum ‘06

light)% )

KK gluon
rho meson

kel g
Afr ™~ — Je Jei Jek et
P

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

: Built-in GIM supression :
smaller' the mass 2 smaller the compositeness 2 smaller the ampln‘ude

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

structure similar to the general set-up recently proposed by Davidson et al.
“Solving the flavour problem with hierarchical fermion wave functions”, 0711.3376
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RS-GIM suppression of FCNC

[Gherghetta, Pomarol '0O0]
[Huber, ‘03] | e
[Agashe et al. '04] KK pr'oflles.

KK profiles: 2
: — L)
V22J1(zp2/R') : COS Sts)

Ji(wn)VRE l KK gluon l

KK gluons are flat in UV 2 flavor universal
flavor violation are coming from IR
FCNC are suppressed for light fermions

O(1)
gﬁKKQiLQZ Sl (10g R//R 7] 0(1)f027’L>

KK gluons are spread along the extra-dim.
feel all differences in fermion profiles
maximal flavour violation

Ginncol & GuTa0 "high" KK scale required

"low" KK scale allowed

Christophe Grojean Extra Dimensions for TeV P/zysics Parma, September '09
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Holographic Approach to Strong Sector

"AdS/CFT" correspondence for model-builder

Jsm 9o

proto-Yukawa
auge

ggM/gP

/' exponential red-shift } @
KK modes { };UV ~ 10_16 i vector resonances (0 mesons in QCD)
motion along 5th dim Lo s Eaga RG flow
UV brane UV cutoff
IR brane break. of conformal inv.
bulk local sym. global sym.

Christophe Gr?/'ean Ol DEers ions sy el p/[yéfc\f Parrma, September ‘09



Holographic Models of EWSB

Original Randall-Sundrum proposal: ‘99

in
| the bulk

e —

/ All SM fields

@ cutoff ~1 TeV

@ conflict with EW precision data

»

‘ @ problems with flavour

Christophe Grojean Extra Dimensions for 7V Physics Parma, Septesber ‘09



Holographic Models of EWSB

Bulk gauge fields: Pomarol, ‘00
Holographic technicolor=Higgsless: Csali et al., ‘03
Holographic composite Higgs: Agashe et al., ‘04

or
Gauge breaking by
oundar'y condi

s :

@ UV completion: log running of gauge couplings

@ Custodial symmetry from bulk SU(2)r

6=5SU(2)xSU(2)rxU(1)e-L : @ Dynamical ‘explanation’ of fermion masses

G=S0O(5)xU(1)x
G=50(6)xU(1)x @ Built-in flavour structure

Christophe Grod'ean EXtra Dimensions Ffor TeV /9/7y5/c5 Parma, September ‘09
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Higgsless Approach

Gauge symmetry breaking

In orbifold compactification, we have seen that we can break
gauge symmetry by appropriate boundary conditions

Why can't we break directly SU(2)xU(1) to U(1)em by orbifold?
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Dynamical Origin of the BCs

TR
) — /d4x/ dy (% 3M¢6M¢ —V(@) _/ Rd4$ %Mg,wR(PQ
A\ 0 N e’ y=0,m

\/ integration by part
S0

"3

o5 4
’ y=0,mTR

¢~ Bulk Part

( bulk eq. of motion ff

Dirichlet BC: @ = cst.

it do.xr =0 Dirichlet BC

M
Mixed BC- 85¢0,7TR =iy _MO2,7TR¢O,7TR /

}0‘ 35% R =0 Neumann BC
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Higgsless Models
mass without a Higgs
m® = E° —p3° —p°

momentum along extra dimensions ~ 4D mass

quantum mechanics in a box

-

boundary conditions generate a transverse momentum

Is it better to generate a transverse momentum than introducing
by hand a symmetry breaking mass for the gauge fields?

ie how is unitarity restored without a Higgs field?

Christophe Grod'ean EXCra Dimensions for e P/yy&‘c\s Parma, September ‘09



Unitarization of (Elastic) Scattering Amplitude

Same KK mode (|17‘ Ep )
4 2
...“‘ ..."‘ E
—> A (M) +>

inand 'out’ fL T

n n \:

Innk Innk Séjg E

gnnnn Innk Innk |
gnnk Innk i

contact interaction s channel exchange

P — e e =, — e e e =

_________________________________________________________________________________

A(4): ] (ggbnnn il Zgnnk> (fabefcde( 6cy — Cg) 2(3 i Cg)facefbde)

k

. M2 o x S i
A(Z): ¢ (497217172,77, -3 Zg?m,k M2> (f fbd o S@/Qf 4 f 2 )

Christophe Grod'ean Extra Dimensions for e Physfcs Parma, Septenber '09



KK Sum Rules

il 2 M;;

In a KK theory, ’rhe effec’rlve couplmgs are given by overlap m‘regr'als of the wavefunctions

: e A )
\mnpq g5D dyfm q( )) @p 95D /O dy fm (y) fr (W) fp(y)

,;—e——\\\’_/

d E4,Sum Rule -
e e

TR
k

D () fi(2) = 8y — 2)

Completness of KK modes
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Postponing Pert. Unitarity Breakdown

Is it a counter-example of the theorem by Cornwall et al.?
i.e. can we unitarize the Theor'y without scalar field?

2

the sum rules canno’r be satisfied with a finite number of KK modes
(to unitarize the scattering of massive KK modes, you always need heavier KK states)

Pushing the need for a scalar to higher scale
With a finite number of KK modes

New Physics
(Higgs/strongly coupled Theory')) not directly set by the weak scale
flat space
M () A My /94 A5D = 247° /g5 = (31/94) Asp

cutoft a factor 15 higher than the naive 4D cutoff
thanks to the non-trivial KK dynamics

cuToff
My (94 =95/V2TR § Mw =1/R)
47TMW/g4 Naive

Christophe Grod'ean EXLra Dimensions For e P/;ysfcs Parma, September
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Warped Higgsless Model

Csaki, Grojean, Pilo, Terning ‘O3

UV brane
Z = Ruv ~ l/N\PI

IR brane
Z)LxSU(Z)R z =Rk~ 1/TeV

R\ 2
ds® = (;) (nwdx“d:c” — dz2)
g-LXSU(2)p q— PR 1016 qey
Ryv

U(I)B L

SU(2).x
A=)
g5B —g5AR3 AL AR == ()
85(ALa_|_ARa) i

a5 95B 2 95AR3

b A e s ORI
,/ - 2 . PSS
£ o el (’&2 95 +2g5 L
R%RlOg(RIR/RUV) Y ‘ijw& R%R 10g(R]R/RUv)>

cst of 6rder unity
MKK 3 \\

(\¢ \
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SM Fermions in Higgsless Models

(Z)LXSU(Z)R
SU2)x U(L), (D 'U(Z)DxU(l)eL

Chiral bmne vector-like brane
no possible mass term isospin invariant mass only

(same mass for the top and bottom or electron and neutrino)

The fermions have to live in the bulk
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Fermion Masses

U)X U<1>v SU2)oxU(De ¢
isospin splitting _— _ vector-like mass

—i/ﬁ:wdRJ“(?u@ZdR RirMp (Xup%ur + Xdy¥dr + h-c.)

F
,
W

8¢ brane operators will modify the BCs

fic ecTor' ik e )

\; ‘>‘“ . MD

NI e f»; discontinuities

‘ ¢L|Te\/’ = in ¢L|Tev = —MpRiRr ¢R|TeV
Q o & Un XR|rev = MDRIR XL 7oy
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Collider Signatures

unitarity restored by vector resonances whose masses and
couplings are constrained by the unitarity sum rules

WZ elastic cross section ; . gwwzMi W T
WW'Z = xs £ 2
"y Ml Mo ! | |l e = 3 | I \/§MW, MW 1448121)MW
 10f ( : a harrow and light resonance
iy Higgsless 3 .
N i no resonance in WZ for SM/MSSM
T ; ' .
N : W' production
ot | w discovery reach
oL Higqasles 1'] : Lm;a'lwﬂ't b 3100 T
e e g s g
et i , pri> 30 Gev
SVAN(GEY ) T R L S ,_j 2-?<|’7|<4~5 - (10 evenTS)
S ] <25 :
2 i 1.
ﬁ M : i
S - 1TeV — 60 b~ "
10779 :
IS00.: ‘mforh) " ':00 " 2000 7_5100 3000 Should be seen
miyyz (Gev)

within one/two year

VBF (LO) dominates over DY since
couplings of q fo W' are reduced

Number of events at the LHC, 300 fb!
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SM Higgs as a peculiar scalar. resonance

A single scalar degree of freedom with no charge under SU(2).xU(1)y

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

L hTr (D, 21D +b4h2 Ir (D, >'D, 5}

'a’ and 'b’ are arbitrary free couplings

M | growth cancelled for
ng; A—i s a® s° a=1

10 V2 s —m3 restoration of

+

perturbative unitarity

.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

e TGy ‘0:1' & ‘b:].' define The SM nggS e A ———
Lmass pls EEWSB can be rewritten as DuHTDuH

1 ot 0
PR Yo e
H= \@6 ( ., 1 )
h and n*(ie WL andZ_.) combine to form a linear representation of SU(2).xU(1)y
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Deformations of the SM

@ Why a single Higgs?
@ why not? Simplicity argument.
@ more Higgs doublets could be dangerous:
@ more complicated vacuum structure
@ possible Higgs-mediated FCNCs
@ triplet Higgs etc: custodial breaking © small vevs only

@ A composite Higgs seems a "soft" deformation of the SM

Christophe Grod'ean EXCra Dimensions for e P/;ysfcs Parma, September ‘09



How to obtain a light composite Higgs?

iggs=Pseudo-Goldstone boson of the strong sector
MHiggs=0 when gsm=0

to-Yuk
Gt gt Vibane g,
M @ Strong global 5 G
’ BSM symmeftry / H residual
-+ Y O o global symmetry
3 scales: UV completion
47 f A10 Tev
: not directly
accessible to LC
m, = g,/ # usual resonances of the strong sector

‘ indirect
v = 246 GeV Higgs = light resonance of the strong sector probes

m p = mass of the resonances
m
0.

9p

Christophe Grojean Extra Dimensions for TeV Physics Parma, September ‘09
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Continuous interpolation between SM and TC

k. (weak scale)?

f?  (strong coupling scale)?

)
o*
.
A 3
.
A
.
*
.‘
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouplex",”’ vector resonances like in TC
................... Dilaton
........................... b b=(12
) T on - e
[ (] 1-- 7
Composu‘re nggs Lowen = (a g h +b i h2) e D2 DY)
VS. \
] Composite Higgs
Shhl&tiggs |

,@ universal behavior for large f
1 a=1-v/2f b=1-2v/f
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Testing the composn‘e nature of the Higgs?

J if LHC sees a H|ggs and no‘rhmg else*: X
'f_ is it elementary or composite?

e ——— e —————— 4’)

¢S evidence for fine-tuning & string landscape ???

CCC Higgs forces have a secret hidden gauge origin ???

@ Model-dependent: production of resonances at mp

@ Model-independent: study of Higgs properties & W scattering

strong WW scattering
strong HH production
Higgs anomalous coupling

@ 0 0 0

anomalous gauge bosons self-couplings

* a likely possibility that precision data seems to point to,
at least in strongly coupled models
Christophe Grod'ean Extra Dimensions for 7?2\/ P/yysfcs Parria, September 09



What distinguishes a composite Higgs?

2 2% o" (|H|?) 0, (IHI?)  eg ~ O(1)

U:;( o H/f )

F2tr (0,UTORU) = |0, H|? + ji (8]}]\2) ]H\ OH | + \HT0H|

Uo

Christophe Grod'ean EXCra Dimensions for e P/yy&‘cs Parma, September ‘09



Anomalous Higgs Couplings

2 2% o" (|H|?) 0, (IHI?)  eg ~ O(1)

2

)@ T % <1+6H;2> (O*h)2 +

2

Modified Higgs couplings v

. a2
Higgs propagator rescaled by \/1 tents 2f?

Christophe Grod'ean EXCra Dimensions for e P/yy&‘cs Parma, September ‘09



SILH Effective Lagrangian

(strongly-interacting light Higgs)

@ extra Higgs leg: H/ f @ extra derivative: 9/m,,

i3 G, G
m2 167T gp :

-
N,
“a
e

@/, Sloplie Grojean Extra Dlmen\fl ons Ffor 7;2\/ p/?}/S/CS Parma, Septerber '09



Higgs anomalous couplings

Lagrangian in unitary gauge

L=LsM & <_n;—?(06 — 3cu/2)h° + %ff(cy +cu/2)h — CH@]%WJW_M = CHmTQZhZuZM) ;_z+
f/\ f WJJ\V%"@,WJr
gs M (1 S (cy+cH/2)02/f2) gs M (1—ch2/f2)
Y 74

L (kS f D= F (s p (2, - ) %/ )]

I (H=— 90 Qe b Tt e dl) <t [1 S RE e vz/fz]

Note: same Lorentz structure as in SM. Not true anymore if form factor ops. are included
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Higgs anomalous couplings for large v/f

The SILH Lagrangian is an expansion for small v/f
The 5D MCHM gives a completion for large v/f

:—g 2f2sino/f = gwww = V1 - EgGnww

Fermions embedded in spinorial of SO(5) Fermions embedded in 5+10 of SO(H)
mys = Msinv/ f mys = Msin2v/f
y y
JrFf e SQ;SL% Gnff = \1/% 921}4]0

universal shift of the couplings

no modifications of BRs BRs now depends on v/f

(E=v/1")

Christophe Grod'ean EXCra Dimensions for e P/;ysfcs Parma, September ‘09



Higgs BRs

Fermions embedded in 5+10 of SO(5)

m,=180 GeV

Higgs BRs
o
8

»
C
(08)
»
()
D
I

0.00001
0

h—>WW can dominate BRs remain SM like except
even for low Higgs mass for very large values of v/f

Christophe Grod'ean EXCra Dimensions for e p/?}/S/CS Parma, Septenber '09



Higgs anomalous couplmgs @ LHC

A (0BR)/(0 BR)

Ir I | I 8 bl I T L y
[ cn 112 / f = 1 /4 o(VBE) BR(h—>WW,2Z) -
RO TR 5o SUMN e 1y | Sewess o(tth) BR(h—>yy,
[+ Gl 2/f2 =1/4 = U;h))BR(h(I—Hi)))?) -
T'(h— fNepn =T (h = ff) oy [1— ey + ca)v’/F] 0.5 I =onee o(VBE) BRI—> 1)
['(h— 99)sien = T (R — 99)sm [1 20y S U2/f2] % s _
8 :
RN S, o J
S R i S ;
observable @ LHC? 05 | e T A e -
_____________ :
2.0 :_ agq;ﬂi))%?}h_’n)) 1.0 |; l ik PR RO l g _pictp o) l Futd Nl F l T Rl {
- g 1=y, g T 140 160 180 200
S P A A e e e s o(h) BR(h—>yy,
o A TLAS e oty Bfevil g (GoV)
e vy s s SRRl Lt o(Zh) BR(h—> yy)
L / oz LHC can measure
: " >
1.2 == 2)2 U2
1.0 - CHﬁa Cyﬁ
0.8 =
o up t0 0.2-0.4
04 F- l.e.4rf ~5— 7 TeV
0.2 = b ; =
0.0 Bualicealasealo . P otE SR (ILC could go to few % ie

110 115 120 125 “130° %35 130" 108 e test composite Higgs up to 4rf ~ 30 TeV)
mygy (GeV) Duhrssen ‘03
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Triple gauge boson couplings (TGC) @ LC

Ly = —igcosOwglZ" (W“L”WM_V — W_”Wj,/)—ig (cos Owkz Z"" + sin Oy ky AMY) W:W;

TGC are generated by heavy resonances

Z mZZ m%/v gp \? 7 2
91 = —S5Cw Ky = 5 ( ) (CHW I, CHB) Kz = g7 — tan ‘9W/ﬁ3'y
ms ms 47

sensitive to resonance

-1 L ~ ~
@ LHC 100fb gi ~1% Ky~ Kz ~ 5% up to my~800 GeV

not competitive with the measure of S at LEPIT

@ TLC ....... + ................................... : *e»W*'W .................

: € -
v 2
1073
e W

* *
-----------------------------------------------------------------------------------------------------------

I l 0.1% accuracy SN sensitive to resonance

‘ ‘ . up to mp~8TeV
LHCc  LC LC LC T. Abe et al, Snowmass ‘01

500 1000 1500

10°*

1072
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Strong WW scattering

2 2% o" (|H|?) 0, (IHI?)  eg ~ O(1)

0 1 v?
H:(jih> £:§<1—|—CHF>(8'LL}L)2—I—...

. P . T 2
Modified Higgs couplings 1 Loyt =12

Higgs propagator 7 rescaled by \/1+cus 25
.................... e R e S S
i ] 52 no exact cancellation
e = ~(1-@g° =+ - -
e M2, of the growing amplitudes
+ w*

u
an®
anns®
anns
-----
-----
------------
-------------
-------------
................
-----------------
............................................................
.........................................
-------------------------------------

Even with a light Higgs, growing amplitudes (at least up tom )
A(WEWE — WEWE) = A(s,t,u)66 + A(t, 5,u)6%°6% + A(u, t, s)§46%

S
ALET(S,t,u) = 2 q
LET=SM-Higgs

Christophe Grod'ean Ntra Dimensions For e P/yysfcs Parrma, September 09
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Strong Higgs production
O(4) symmetry between W\, Z, and the physical Higgs

strong boson scattering & strong Higgs production

A(Z929 — hh) = A(WFW, — hh) = 7—2‘9
q . h :
wh, sighal: @ hh — bbbb
WS . %
B ~h @ hh — 4W — 3[73v+ jets

More complicated final states than for WW — WW,
smaller BRs,
but no T polarization pollution

Christophe Grod'ean EXCra Dimensions for e P/;ysfcs Parma, September ‘09



Strong Higgs production: (3L+jets) analysis
Contino, Grojean, Moretti, Piccinini, Rattazzi ‘in progress
strong boson scattering & strong Higgs production
CHS

?

A (Z}Z3 — hh) = AW maethil) —

myp = 180 GeV

fermions in spinorial
cH=1

Dominant backgrounds: Wil4j, ttW2j, tt2W, 3W4j...

forward jet-tag, back-to-back lepton, central jet-veto

wer 1 R < iy /A5
significance (300 fb=1) | 4.0 | 29 | 1.3 | .
luminosity for 5o 450 | 850 | 3500 = good motivation to SLHC

Christophe Grojean Extra Dimensions for TeV P/zyéz'CS Parma, September '09



Goncl B0

"theorists are getting cold feet”

"they have done their best to predict the possible and impossible”

I guess, during these lectures, I gave you a flavour of what the impossible could bel

k=S

LHC is prepared to discover the "Higgs"

collaboration EXP-TH is important to make sure
e.g. that no unexpected physics is missed (friggers, cuts...)
and in this regards, approaches like "unparticle" or "hidden valleys" might be useful.
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