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Large Extra
Dimensions

M, =1TeV

Gravity gets strong at TeV
missing Energy signatures

Arkani-Hamed, Dimopoulos, Dvali hep-ph/9803315
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Little Hierarchy

Leﬂ" — Z %Oz

c=+1| c=-1

H'o*HW,B* | 9.0 | 13
|H'D, H| 4.2 | 70
(Ly o L)? 4.1 | 4.4
iLYLH'D,H | 14 | 8.0

Barbieri, Strumia hep-ph/0007265



Precision Tests

new physics changes vacuum polarizations
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Precision Tests
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Perturbative Estimate

degenera te fermions

L L
W“VVVVC>N\NBM T T7Y, =Y, TrTp =0




Perturbative Estimate

non-degenerate fermions

§ =& (Vo (2Z) +1)
:




Non-Perturbative

L, = L=TvD,xtDrS
Ly = LioTvXTFp YFR + ...
measure Lig In m — yev
Snon—pert. 2 X Spert.
for one doublet and NV = 2
S ~ 3%1303% = 0.1t00.2

Holdom, JT Phys. Lett. B 247 (1990) 88
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Custodial Symmetry

SUR2)L xU(l)y = U(1)em

custodial symmetry can forbid T

what symmetry can forbid S7



Little Higgs

5D gauge boson has an extra polarization
in 4D it is a scalar
5D gauge invariance keeps it massless

can we use this for the Higgs?



Kaluza-Klein Modes
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Little Higgs

The "little hierarchy” problem is why is the Higgs
light compared to a 10 TeV cutoff

If the Higgs is a Pseudo-Goldstone boson it
should have a suppressed mass

If symmetry is restored when either of two

Interactions vanish

2 2 9
Mg X g1 99

No quadratic divergence at one loop
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Arkani-Hamed, Cohen, Katz, Nelson hep-ph/0206021
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Low Energy Effects
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272
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Csaki, Hubisz, Kribs, Mead JT hep-ph/0211124



T-Parity

SM — +SM
WH72H7AH7¢ — _(WHazHaAH7¢)

bonus: dark matter candidate

Cheng, Low hep-ph/0308199



UV Completion

one generation:

a) | SU() SU(2); U()s| b) |SUB) SUR)s U(l)s| ¢) | SU(B) SU2)s Ul)s
Q.| O 1 +2/3| Q] | O 1 —2/3|[ L, | O 1 0
Q, | O 1 +2/3| @, | O 1 —2/3| L, | O 1 0
q3 1 O —1/61 q5,q5 1 O +1/61 /3 1 O +1/2
4 1 O —7/6| q, 1 O +7/6| {4 1 O —1/2
s 1 ] —7/6| 4t 1 O +7/6| s 1 O —1/2
Ui | 1 1 —2/3| U, | 1 1 42/3|| Ep | 1 1 0
Ups | 1 1 —2/3| Uhy | 1 1 42/3|| Epo | 1 1 0
UR 1 1 —2/3 €R 1 1 +1
dp | 1 1 +1/3 (ve | 1 1 0)

then add SUSY or
Warped Extra Dimensions

Csaki, Heinonen, Perelstein,
Spethmann hep-ph/0804.0622




Warped Throats
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Randall-Sundrum
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Planck TeV

hep-ph/9905221



Randall-Sundrum
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Stabilization

Planck

Goldberger, Wise hep-ph/9907218



Stabilization

Goldberger, Wise hep-ph/9907218
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Maldacena Conjecture
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Maldacena Conjecture
3-dimensional
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SU(N) gauge theory
Low Energy >ame

universality

2
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weakly coupled

Supergravity on AdS; X S5




Anti-de Sitter x Sphere

S5 R’ =uai+a5+ a5+ 3]+ a5 + g




An'rsi-de Sitter x Sphere

5. R*=ux7+ x5+ x5 + 2] + 28 + 75




Gauge KK Modes

@ — Lo, 4 @)e(z) = 0

Z

Vi (2) = 2 (axJ1(qrz) + bpY1(qr2))

Fsldnck TeV



Gauge KK Modes

Planck TeV



Bulk fermions
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Fermion KK modes

X = Zgn(z)X’n(m) P = Z fn(2)Yn ()

n

fqlv,"|'mn9n Jn =0,

g;z_mngnl - gn = 0.

Zero modes:

fo=0o(2)".

go = Ao (%)2_67



Fermion KK modes

coefficient of zero mode kinetic term

X" 8, x

R/
/ dz Z—Zc N R/l—QC o RI—ZC
R R — oo R—0

converges: c>1/2 c<1/2

localized on localized on
Planck brane TeV brane



Randall-Sundrum
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Drell-Yan graviton production

Davoudiasl, Hewett, Rizzo hep-ph/0006041



Randall-Sundrum
S: \W/\SA/\‘\/\/\/\B

make gauge resonances heavy, but then
doesnt solve the "little hierarchy” problem

)\2
Ams = > ——(10TeV)

872

~ 3.8TeV?
m2, ~ 0.01TeV~

0.3% fine tuning



Gauge-Higgs
Unifhication

SO(5) x U(1)

SU(2)L x U(1)y| gauge bosons |SO(4) x U(1)

Planck TeV

Agashe, Contino, Pomarol hep-ph/0412089



Minimal
Composite Higgs

O(5) x U(1)

SU(2)r, xU(1l)y * SO(4) x U(1)

Planck TeV

0.(As/z) =0, zero mode ~ 40of SO(4)

Agashe, Contino, Pomarol hep-ph/0412089



New Custodial Symmetry

to protect Zbb

0(4) ~ SU(Q)L X SU(Q)R X PLR
Ty, = TR, T3 =1T7

()1 +r charge is protected

0Qr +0Qr =0, 0QL =0QR

0Qr =0

Agashe, Contino, Da Rold, Pomarol hep-ph/0605341
Carena, Ponton, Santiago, Wagner hep-ph/0701055



New Custodial Symmetry

SU(Q)L XSU(Q)RXU(l)X
Y=Tp+X,Q=T,+Y

Uy ~ (2,2)y3
Vp ~ (173)2/3
tR ~ (171)2/3

1
t T -
\PL:(b?’E)/ \IJR(t):tR
L
bR

T has charge 5/3



Custodial t Partner
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Contino, Servant hep-ph/0801.1679
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Fine Tuning for EWSB

Csaki, Falkowski, Weiler hep-ph/0801.1679



Decoupling the Higgs

3Z¢(2) — 95; (Z)
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Decoupling the Higgs

D.1p(2) = — S0 4p(2)

My Y(z)
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Higgs decouples from scattering as v — o0



Going Higgsless

SU(Q)L X SU(Q)R X U(l)B—L
\'A

L

SU(Q)LXU(l)Y W >SU(2)DXU(1)BL
Te

S

Planck V

hep-ph/0305237, hep-ph/0308038



Model Landscape

scaling .
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dimension 93
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coupling suppression



WW Scattering

amplitude grows like E*




WW Scattering

5D gauge invariance:

k

cancels E* and E? terms



Precision Electroweak

fermion localization

elementary
y

— —

Planck TeV



Precision Electroweak

fermion localization

S too big
S too negative

[ — —

Planck TeV

hep-ph/0308036, hep-ph/0203034



Precision Electroweak

S just right

— —

Planck TeV

Cacciapaglia, Csaki, Grojean JT hep-ph/0409126


http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Cacciapaglia%2C%20Giacomo%22
http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Cacciapaglia%2C%20Giacomo%22
http://www-library.desy.de/spires/find/hepnames/wwwhist?lab.id=INSPIRE-00075131
http://www-library.desy.de/spires/find/hepnames/wwwhist?lab.id=INSPIRE-00075131
http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Grojean%2C%20Christophe%22
http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Grojean%2C%20Christophe%22

Fine Tuning for Small S
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Why Build the LHC?

WW Scattering Amplitude

Re(AO) 05 SM without Higgs
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Why Build the LHC?

WW Scattering Amplitude

too heavy,
| | too late
Re(AO) 05 SM without Higgs .
0.4 \ 6
0.3 ,\
0.2
. "Higgsless” with

Resonances

500 1000 1500 2000
E (GeV)



LHC Signal
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Birkedal, Matchey, Perelstein hep-ph/0412278
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Drell-Yan
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Gauge-Phobic Higgs

AdS/CFT: a localized Higgs — O with d|O] = o

d|O] finite — Higgs profile in bulk, finite VEV

Higgs profile in Bulk, finite VEV
Higgs has suppressed couplings

Cacciapaglia, Csaki, Marandella, JT hep-ph/0611358
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G-Phobic Phenomenology

Production: tt (bb) associated production and Drell-Yan
tb

Z/ Z/

AVAVAV,

t,b
o (pp -> Z1 or A1 -> W*W-) = 420 fb
O (pp -> Zior Ar-> ete’) = 6 fb
WW: rescale Higgs studies, ~50 significance after 10 fb-!

Leptons: fewer events but clean

Cacciapaglia, Marandella
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Gaugephobic Signal
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Conclusions

all the proposed solutions to the
hierarchy problem are fine tuned

probably are other ways to
address the hierarchy problem

luckily Nature is smarter
than us, and will soon tell

us the answer

if we ask the right questions
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Toy-Model of EWSB

SU(2)sc | SU2). SU@2)r U(1) U(l)g
T 1 1 0
T'r 1 —1 0
H 1 0 1
St 1 1 1 —2 2
Sr 1 1 1 2 2

W = A SLTiTrL + ArSrRTRTR + A\ HT TR + suHH

U(l)y C SU(Q)R, Y «xm3p

Two colors with Two flavors



Confinement

=

SU©2), SU@2)r U(1)
I ~ (T Tx) 0
By ~ (T Ty) 1 1 y
Br ~ (TeTr) | 1 .,
H 0
Sy 1 1 9
Sk 1 1 y

Weg = f [)\LSLBL + ApSpBpr + )\HHH] -+ %/LHH

oo o= O O O



Confinement with XSB

det(H) — BLBR = %fQ
f = A
A4
Weg = f [)\LSLBL + ApSrBRr + )\HHH] —+ %/LHH
ij — %(Holg -+ iHATA)jk

det(II) = & (II§ + IT4Il4)




Confinement with XSB

equations of motion:

Hy = /\Zf II,
JAglla = —pHap
Holly, = Haplly

3 linear combinations of 11, and H4
are undetermined: Goldstone Bosons



Far Higgs
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Luty, JT, Grant hep-ph/0006224
Murayama, Harnik, Kribs, Larsen hep-ph/0311349



