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Gauge Hierarchy Problem:

Standard Model prediction:

o= Quadratic dependence
t ' ~
, , I/Sh% é\\/ on cutoff scale, A
e.g. top quark HOH my = —mg + 2A !
i 1§7T L’

What is the value of the cutoff scale A7

Inverse hypercharge

strength of
fundamental
forces

:> A~ 1019 GeV
—> my > (100 GeV)? ||

strong

10 GeV ~ 106 GeV

Why is my < A ~ 10'° GeV?
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Possible explanations:

Cancellation or No Cancellation

omi ~ A* — A%+ ... A ~ TeV

e.g. supersymmetry, global symmetry e.g. strong dynamics, low-scale string theory

or just fine-tuned!
(A~ Mp)

e.g. string theory Landscape!

Warped Extra Dimension B> New framework....
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Warped Extra Dimension
=) Can explain hierarchies!

5D spacetime : (x",y)  [anti-de Sitter = AdS]
Uv IR

“Slice of AdS;”

[Randall, Sundrum ‘99]

k = AdS curvature scale

¢ = size of 5th dimension

0 y /

5D metric : ds® = e M dz? + dy2
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® Gauge hierarchy problem: Higgs mass
[Randall, Sundrum ‘99]

Uv IR

Asar = Agye ™

» Mg ~~ ASM — O(TGV)
(AUV ~ Mp, kl ~ 35)

Assuming a stabilization mechanism [Goldberger, Wise '99]
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® Fermion masses: e.g. electron, top [TG,Pomarol 00]

C = bulk mass parameter

uv IR
Sy = /dSZC\/ —(d (\IJFMDM\IJ -+ M\I;\IJ\IJ)
—_
=ck

—0.5 5 ¢; < 0.64  explains fermion mass hierarchy  71e — 114

Y

Neutrino masses [Grossman, Neubert ‘99]
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Remarkably, warped
5th dimension encodes AdS/CFT e
4D strong dynamics!

Ad S/C FT d icti O n a r’y [Arkani-Hamed, Randall, Porrati ‘00; Rattazzi, Zaffaroni ‘00]

5D AdS uv
E
l Large N,
“ 4D energy scale strongly-coupled
Y 4D CFT
—_—
UV 5th coordinate IR IR

P ’ strongly-coupled CFT
“Slice of AdS <= ST

+ elementary sector

L4 = »CUV[(I)i] + £C’FT[O7,] + \D;0;
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UV localized
field “ elementary state
TR
IR localized
field “ CFT bound state
0 3:/ TR
Kaluza-Klein tower Tower of resonances
* [e.g. large N QCD:Witten 79]
[ ] m 2
>
2 2
(1 — p* +m;

(0)
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5D warped bulk SM

[Davoudiasl, Hewett, Rizzo ’99; Pomarol ’00; Chang et al ’00;

Grossman, Neubert ’99; TG, Pomarol '00; Huber, Shafi ’00;
Agashe, Delgado, May, Sundrum ’03]

A

w

Uv IR

4D Partially Composite SM

AdS/CFT

g

[D. B. Kaplan ‘91]

Composite: Higgs, top quark
(AH ~ At ~J A[R)

(Aa S Ay ~Apv)

Analogy: QED + hadrons

electron = elementary (QED)
(Ae ~ MP)
D, N = composite (QCD)

(Apn ~ Agep)
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Signature of a warped extra dimension:

Kaluza-Klein or
resonance spectrum } ~ ke Rt~ O(TeV)

o KK graviton (spin-2 resonances) [Davoudiasl, Hewett, Rizzo ‘9]

Most analyses assume original RS |--fermions on IR brane (e.g.-D0 : mga) 2 560 — 1050 GeV)

BUT, with bulk fermions:

1 Reach up to |.5-2 TeV
e.g. g9 — G —trtg » at LHC with 100 fbA-|

[Fitzpatrick, Kaplan, Randall,Wang *07;
Agashe, Davoudiasl, Perez, Soni ‘07]

® KK gluon (spin-1 resonance)

(1) (1) » Reach up to 4TeV at
mg’ = 0.64mg LHC with 100 fbA-|

[Agashe, Belyaev, Krupovnickas, Perez,Virzi ’06;
Lillie, Randall,Wang *07]
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What about the Higgs boson?
(Big) hierarchy problem solved!

mg X A[R < AUV

~ TeV ~ Mp
BUT want mpg < AIR Little hierarchy
~ TeV problem!

Solution: Use symmetry!

Spontaneous symmetry breaking (¢ — ¢ + ¢)

OR

Supersymmetry!
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I. Higgs as a pseudo Nambu-Goldstone boson

[Contino, Nomura, Pomarol ‘03; Agashe Contino, Pomarol ‘04]

5D gauge field: Ay = (Ay, As)
—

Scalar component--ldentify as Higgs!

Elementary SM gauge bosons
AdS/CFT

@ 50(5)/50(4) = 2 of SU2),,

—>» Composite Higgs!

Uv IR
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Fermions tr tR
N N

e.g. top quark: D = 27/6 + 21/6 + 12/3
——

Exotic states of charge 5/3!

LHC: q@, g9 — qg/gq;/g - W+tW—£ up to TeV with 20 fbA-1
same-sign dilepton

SO(5) broken by top-quark (m2;,, > my)

2

v %+ T2 (ke )

shift symmetry (5D gauge symmetry)

Obtain:
myg <160GeV S <0.3 T ~ 0
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Can even have no Higgs! Emergent EWSB  cutcweis o)

composite
SU(Q)L XU(].)Y ‘

AdS/CFT Composite W, Z bosons

Obtain:  ¢pk ~ 1000, ok ~ 1700, (yk ~ 0.2 5> S~0.1, T ~0.02
mrr ~ 1.8 TeV

W.,Z boson-fermion couplings: [Cui, TG, Stokes: arXiv:1006.3322]

3rd generation: nonuniversality at 15%-25% level =~ €= Anomalous top couplings lead
to tension with EWPT

{ Light fermions: nonuniversality at the per-mille level!

> Wtb: 20% ISYEI @ Tevatron arinv:0903.0850
ingle top production

Ztt: 40% level @ LHC with 300 fbA-1
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2. Partial/Accidental SUSY
Use supersymmetry to keep Higgs boson light!

SUSY broken at UV scale I::> Partial SUSY  romaroro3

elementary = composite
b |
t
t

( g )  elz—0)ky

Fermion mass spectrum
determines sparticle spectrum!

uv IR

~

Low-energy SUSY spectrum t.H (fi2, A decouple)

KK spectrum m;n) ~ m}n) n=1,2...

Friday, 21 October 2011 16



BUT:

® Potentially large D-term contributions to soft masses L D ng

2

® No |ight gaugino » Am%[ ~ 1693 QA%R —> Limit to increasing AR
70

Sundrum: arXiv:0909.5430 [hep-th]
® Embed SM gauge group in Pati-Salam to avoid linear D-term

Ag®

® Keep gaugino light with R-symmetry ~ Amj ~ —=5Ajp

=> Implement in 5D model

Friday, 21 October 2011
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5 D M Od el [TG, von Harling,Setzer arXiv:1104.3171]

(@,

A

=

SWsY
-+

“R-symmetry”

light fermions +
superpartners

uv

FEATURES

top, stop

X ﬁ,H,S,S

SUSY

® Approximate R-symmetry

® Extended Higgs sector (S, .5)

AdS/CFT

~

® Stabilizing bulk hypermultiplet (o, ®)

SM + composite H,
Higgsino, t, stop
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AdS I-loop Higgs mass contribution:

Consider bulk fermion — 2 bullkhypermultiplets 5 © (3 —c)ry
with same c value

_____

uv IR

Ig-{\fl/?( ) KC+1/2(mIR) K}:J'IYI/Q( ) IC+1/2(mz:R)
T 1% (o) K o) = 120(8) K2 o)

where I;(a:) =xl, (x) — 6 I,(x) with oV = (m50§)2/2k2

5D propagator:

Grg(p) = —

3 2
Am3, = YD / dpp® [G2(p) — G5 (p)]
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Bulk hypermultiplet correction to Higgs mass

(m[R =10 TeV, mgjo‘;t = 1000 TeV) [TG, von Harling,Setzer arXiv:1104.3171]

Am(GeV)

<€ |R localized uv

localized =—>»

| (NN NN TN NN WU NN NN U (NN (NN SN SN SN SN SN SN G G SN G S 1 llc

g 0.1 02 03 04 05 06 07

At most 20% tuning if exclude 0.3 < ¢ 5 0.53

Friday, 21 October 2011 20



TeV
1000

100

10

0.1

Accidental SUSY spectrum:

(A[R = 40 TeV, mMmrr — 10 TGV)

-~

1.2, ﬁ'iﬂ’ df’2’3, Li2a3. é‘l"2’3 SUSY flavor problem \/

(n) ¢(n) (n) (ﬂ) ec™ W (n) B Gn)
Ql 23 %123 dc 1,23 L €123 W B*™, G RS flavor problem \/

(ﬂ) ~'c(n n n ~c(n 7(n n n
Ql73’ 12% dC():)ng(l))y 1(2% Wm B G
W, B, G

Qs, t°, w

h SUSY little hierarchy problem \/

N,
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LHC 3rd generation limits:

ATLAS-CONF-2011-130 17 August 2011

3-g + t-t production, § — t~1+t, ?1—> b+if J' Ldt = 1.03 fb'\'s=7 TeV
L 600 i I UL I L I UL I LI I LI l UL l LI I LI I LI I
% ~ L. e CL_ Observed limit -
5 s50 — ATLAS Preliminary ... CL, expected limit =
— m e — Expected CL_limit 1o -
é~“ 500 — 1-lepton, 4 jets —— Observed ATLAS (35 pb')
— 5= 1 btag, m ,>600Gev Expected ATLAS (35 pb') 3
— e _
450 :_ 0 + 0 /" \\\\\ ‘ _:
— m(x)=60GeV,m(y)=2m() Rt y -
400 :_ N N “““““ \>~“ : _:
- m(q, ;) >>m(g) _ 6&?}»\’ o ' =
350 | OV ey : —
— eSO e ' : -
— /,\%”: \\\\\ o -
300 — "g/ ‘‘‘‘‘ ‘/ i —
- s S, =
250 |— et ; K —
Y D T ; -
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- L ¢ -
— H —
150 . _ F : —
» - :l l Ll E 1 l L1 1 1l l lE L1l l Ll 1 1l I | .
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m; [GeV

mg > 500GeV  m; > ?

Friday, 21 October 2011



Alternate possibilities:
Use strong dynamics to break SUSY!

€.8. Warped MSSM [TG, Pomarol 00]

AdS/CET MSSM + dynamical
supersymmetry breaking
sector

uv IR

Asusy = Apve ™ ~ O(TeV)

Naturally explains SUSY breaking scale!

Friday, 21 October 2011
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MSSM Higgs mixes with strong sector: e remiuxiviioraesr)

Uuv

IR

[See also:Azatov, Galloway, Luty arXiv:|106.3346; 1106.4815
Heckman, Kumar,Vafa, Wecht arXiv: | I08.3849]

/ d26 ngzOz

_) Amg ~ efA%R Higgs mass

1672
AN; ~ €
67, N

where €; ~ gi(AIR)
" 4ar/VN

AdS/CFT

Higgs quartic

> Can increase lightest MSSM Higgs mass!
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Lightest MSSM Higgs mass

400
350
300

my, 2%

Solid (dashed) = tan 3 > 1 (tan 8 = 3)
Upper (lower) = ¢ =~ 1(0.3)

07

08

Oblique parameters

P e LI B B A

68%,90%,99% CL ?

1

N =6 '
0.008 — —

A
T 0.006 — -
0.004 — —
0002
0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
A

Solid, dashed, dotted = Ajp = 1, 2,4 TeV
Dotsstart at e, = 0.1 and increase by 0.1.
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LHC signal:
LSP = Gravitino => Sizeable invisible Higgs decay

514
(™=
mp,

- 5
~ L my

Distinctive signal

0.05 N . —> photon + MET
AIR:1T6V
0.02 m g = 100 GeV
110 120 130 140 150 160
Mp
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Summary

Warped dimension provides new ways to
explain hierarchies

AdS/CFT s equivalent to 4D strong
dynamics (EWSB or SUSY breaking)

Models leads to distinctive collider signals

Will be tested at LHC
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