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Qutline

« Warped extra dimensions

-- A solution to the hierarchy problem
-- A theory of flavor

 The stringent tests from precision electroweak observables
-- Corrections to Z and W boson self energies from mixing with their KK modes
-- Large corrections to gauge boson couplings to heavy fermions: Zbb coupling

—» custodial symmetry to the rescue!

« The search for the messengers of the extra dimension at colliders

-- Light new KK quarks -- exotic decay channels
-- new Higgs physics opportunities -- KK gauge bosons within LHC reach

e Conclusions



Warped Extra Dimensions

Space is compact, of size 2 L, with orbifold conditions X,y == x_-y

Braneaty =0 (UV or Planck Brane) Braneaty =L (IR or TeV Brane)

Non-factorizable metric:ds* = ¢™'n, dx"dx" + dy* solution to 5d Einstein equations

Newton’s law modified: 5d Planck mass relates to Mg, a2 = (M"Y’ (1= et
2k

=> Natural energy scale at the UV brane: Fundamental Planck scale = M];?nd'
At the TeV brane, all masses are affected by an exponential warp factor: e <<1

UV~ Mg, .’ Assuming fundamental scales all of same order:

Mpl ~ M}])‘;md ~ k
Solution to Hierarchy problem :
Higgs field lives on the TeV brane
v~k =ke™ =M, e* ~ TeV

with kL ~30
Randall, Sundrum’99



The Randall-Sundrum Model of Warped Space:

— an elegant solution to the hierarchy problem

RS With Bulk Fermions and Gauge bosons:

= Higgs field must be located in the IR brane, but SM fields may live in the bulk.

= Fermions in the bulk: —» suggestive theory of flavor

-- SM fermion masses related to the size of their zero mode wave_function at the IR
Localization determined from bulk mass term: L,, = ¢ k'Yt
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c=0.6

KK mode expansion:

LPL,R(X’y) = 83@21//23(76)]?13()’)

Boundary conditions for f(y) at the branes
(UV, IR) = (+,+) —» zero mode
If b.c. (-,+), (+,-) or (-,-) = no zero mode

-- The KK spectrum is defined in units
of k= ke of factors that depend on c;
and is localized towards the IR brane



The Gauge bosons in the bulk

» |f fermions in the bulk, since they are charged under SM interactions
—» gauge fields in the bulk as well

KK mode decomposition: A* (x,y)= ZA;I X)) f"(y)

» KK masses are quantized in units of k = ke of factors 2.5, 5.6, 8.7...

oy | n=1 / — KK gauge bosons also localized
4t towards the IR brane
JZ_ Strong KK boson couplings to fields
ol " e ot yiL ] localized in the IR brane
I f"(L)=~N2kLf(L)
~EL n=2

f°(L) = constant gauge coupling

" SM (zero mode) gauge bosons have flat wave functions
—» couple to SM and KK fermions equally : gauge invariance



Hierarchical fermion masses from localization

FCNC and higher dimensional operators
suppressed for the light fermion families

l// eayv
Many KK excitations of bulk SM fields
—» rich phenomenology

UV brane IR brane
Higgs + KK modes

Does the original RS model pass the test of precision measurements
and allow for new excitations of SM particles at the reach of the LHC?

All KK modes are localized towards the IR brane — large corrections to the SM
gauge boson masses and couplings due to mixing induced by the Higgs

Stringent bounds on the scale of new physics Ay 210 TeV



Effects of KK modes on Z pole observables
SM in the bulk

Large mixing with Z and W zero modes through Higgs

X« XX Large corrections to the M,/M , ratio
AANANANN T paremeten
i M, >5-10 TeV

KK —

 Top and bottom zero modes localized closer to the IR brane
Large gauge and Yukawa couplings to Gauge Bosons and fermion KK modes

Large corrections to the Zbb coupling
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How to obtain a phenomenologically interesting theory?

1) Extend SM bulk gauge symmetry — custodial symmetry

Agashe, Delgado, May, Sundrum ‘03
Bulk gauge symmetry : SU(2), x SU(2)g x U(1)y

Broken by Boundary conditions to SU(2), x U(1)y in the UV

(+,#) zero modes
Wi, ~(+) B, ~(+,+) ==> Unbroken gauge symmetries

Wlé),u ~ (_9+) Z'LL ~ (_a+) (_1+); (+1_); (_7_) no zero modes
==> pbroken gauge symmetries

a=12,3, b=12 Bu and Zl'l are orthogonal l.c. of WR3M and Xﬂ
Y )
Hypercharge : 5= T, +Q, Electric charge: Q=T,+T, +0Q,

Violation of custodial SU(2): splitting in masses and couplings
— small net impact since KK gauge bosons are near the IR brane

XX Xx XX XX
|‘\ ." ‘\ ." ‘\ ." ‘\ ."

T o< \AANVWVW — AVYVVVWW ~ O
W' B’ Wy, zZ"

L>"u



2) The custodial symmetry together with a discrete P,z symmetry: (g, =gg)

and a specific bidoublet structure of the fermions under SU(2), x SU(2),

XX X X Agashe, Contino,
1 Ve DaRold, Pomarol ‘06
09h; X NN\ — N\ NN\ ~ 0
SU(2)r
< = U(1)g

Xy (—=+) tp(+,+) 5/3 2/3
SU@), t(XL<—+> bL(+,+>>X”(2’2)2/3” (2/3 —1/3>

tr(+,+) ~(1,1)3/3 with Q=2/3 ‘T;%(bL)fo(bL)‘

The Higgs is also a bidoublet withQx =0

Reduce tree level contributions to the T parameter and the Zbb coupling
that allow for lightest KK gauge bosons with M~ 3 TeV

Alternative to the above: Sizable brane kinetic terms
M.C, Delgado, Ponton, Tait, Wagner ‘04-05



How light can the KK modes be?

Corrections to the M,/M,, ratio and the Zbb coupling:
At tree level:

« T and Zbb protected by custodial symmetry only broken by b.c. at UV brane:

— Governed by KK gauge boson mixing with gauge bosons
— mixing with fermion KK modes affecting Zbb naturally reduced by bidoublet structure
« Contributions to S are less model dependent and always positive § = 0,15(1,5Tev/12)2

At loop level.
* One loop corrections are important

3
%

Quantum corrections are calculable (finite)

-- Bidoublets contribute negatively to T o

-- Singlets contribute positively to T (need singlets) 4 a

-- Vector like contributions to S are small and positive W Wy
-- Large positive T leads to large positive 8g, =0, at

M.C, Ponton, Santiago, Wagner, ‘06-'07



T-S fit to Electroweak Precision observables

e o ' M.C, Delgado, Ponton, Tait and Wagner
- ' LEPEWWG T-S global fit
2 “ my &= 300 GeV |
036 S
+ 200 GeV
022
Solid lines: 68% C.L
. Dashed lines: 95% C.L. contours
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For m, ~ 120 GeV: Positive S ~ 0.1 <«—» positive T



Correlation between corrections to T and Zbb

T < 0 in most of the parameter space. M.C, Ponton, Santiago, Wagner, ‘06-'07
Positive T requires:

T, not too close to IR 1 '

and t,, b, not too far from IR 6 A

o= -.55 c, —(t,,b)) . 20 experimental bound
k=15TeV ¢, 1,

_______________ + € =02¢=06

e Y €;=0.2 ¢5=-0.3
¢=0.2¢3=-06 e

0 =02c=03

0 0.1 0.2 0.3 04 0.5

T
-04 -03 -02 -0.1 CO 0.1 0.2 0.3 0.4 S'Zeable posi-‘-ive T leads 1-0

. ° larger deviations from allowed
Uy (singlet localization) | IR experimental values of Zbb

light fermions: If near the UV ==> universal shift in fermion couplings
If close to conformal point ==> protection of down-type sector does
not protect up-type sector couplings — S,T,U analysis insufficient



Global fit to Electroweak Observables

= Compute tree level effects based on the effective lagrangian up to dimension six
operators, by integrating out heavy gauge boson (and fermions).

Han, Skiba ‘06

= Add leading one--loop effects on T and S parameter and Zbb coupling

2
= Performa X fit to low-energy meas.,

LEP1, SLD, LEP2 and Tevatron as a
function of the fundamental parameter
of the theory: k = ke ™ and the

fermion localization parameters:

C,CyyCy &1, ,1,,b,

Ciignt»Crn < LH and RH light fermions

* Localization of light fermions near
conformal point decouple effects of SM
KK gauge bosons, but W, remains

 Shift in up and down couplings different
* T>0 preferred —» constraints on
top/bottom localization
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k>1TeV (95% C.L) & m% > 2.5 TeV




How well does the model fit M

m,,(GeV)
80.5

top @Nd M,,?

ILC/GigaZ
LHC+TeV
LEP+TeV

SM correlation for
IVlt'l\/lw'mHS|\/|

' .

Precision measurements of
M, and M, may exclude the
SM at/above the TeV scale

80.45

M.C, Ponton, Santiago, Wagner in prep.
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160 165 170 175 180 185
m, (GeV)

Q 68% C.L. values based on new CDF/DO top mass (170.9 £ 1.8 GeV) | EPEWWG ‘07
plus the newest combined LEP and Tevatron TEVEWWG 07
measurement of the W mass ( 80.398 + 0.025 GeV)

Green: Obtained by using lower bound on k from a 2 sigma fit to Electroweak
observables, scanning over fermion localization parameters, for a Higgs mass 120 GeV



Fermion KK Spectrum and collider searches

Third generation KK quark excitations * Depending on b.c., 1st and 2nd
with mass below 1 TeV generation KK quarks can be light
m, ~a few hundred GeV
q Q | my (GeV) decay
g1 — Zt, (20%) _
a1 | 2/3 369 q1 — Ht, (60%) q'q' Production
g1 — Wb, (20%)
g2 — Zt,  (9%) 7 k
e | 2/3 373 go — Ht, (70%) gmz
g2 — Wb, (21%) 2
up — Zt, (13%) g 10
uoy — Ht, (40%) @ r
up — Wb, (41%) o 1F
uz | 2/3 504 us — Zq1,  (1.5%) ° %
us — Wq's,  (2.5%) 107 X Pt FE
U3 0 = .:" ; . e
5 'U/2u3_) WXQ ) (2 /:) 10-2;: ._._;-..-}‘. Tevgtrqn i
X2 5/3 369 X2 — Wt, (100 A)) S % | | R
g% | —1/3 369 ga3 — Wt, (100%) 200 400 600 800 1000 1200 1400
g Mass

 Light KK quark singlet u,
a solid prediction of the model (<==> T parameter)

» Light KK quark doublets can be light but in specific models of gauge-Higgs
unification tend to be disfavored by precision electroweak data



Searches for new quarks from warped space at the Tevatron

pp—q'q —>2W+2j (CDF note 8495)

PP GS2ZER2) in events with 2 leptons + >3 energetic jets (CDF note 8590)

==> |ook at the tails of the jet energy distribution for an excess over SM

4.5

Tevatron lower bounds on KK quark EW fit -

1 4 | Tevatron W] --—-----
of 1. and 2. Generations (~1fb") 4 Tevatzon Wa 8 b
35 | Tevatron Z+j -
> 325 (410) GeV, ==> W+ 5 | ALLOWED
1= 300 GevV, —=> 74 sl
k
. . . 15 F
Combined lower limit on
k from EW fitand ==> e
. 0.5 pomsmmmmmis i |
direct Tevatron searches %> M.C, Ponton, Santiago, Wagner ‘07
0 1 1 1 L
0.35 0.4 045 . . 05 0.55 0.6
light

If KK modes of light quarks exist, Tevatron searches disfavor
strong localization of such KK quarks towards the UV brane



KK Fermion Signatures from Warped Space at the LHC

« 3 generation KK fermions with masses ~1TeV can be discovered at the LHC

with high luminosities ~100 fb-1 Aquilar-Saavedra ‘05;

— N - . . Skiba, Tucker-Smith’07;
pp — tt "> W bW b with one W decaying leptonically  Holdom07

For smaller masses ~500 GeV < 10 fb-1 suffice + observation in Higgs decays viable

* Exotic quantum numbers of the KK fermions ==> spectacular new signatures
Quarks with charge 5/3 and -1/3 have similar decay channels:

op—d7 — WITW tHf — WTWTW W bb

Non-negligible BR of KK fermion of Q= 2/3 decaying into KK fermion of Q= -1/3
==> pp =iy, —>W'd  Wd,,—4W +1f — 6W +bb
Channels with 4 or even 6 W’s may allow early discovery of q’

Dennis, Unel, Servant, Tseng ‘07
* More interesting phenomenology under study: MC, Ponton, Santiago, Wagner ‘07
-- Single KK fermion production,
-- Deviations from Wtb coupling of ~ 10% (within the reach of LHC)



Interesting new possibilities for Higgs searches at the Tevatron

* New Higgs production mechanism mediated by q’ pair production
o(pp — QICY/ — 2H2j) ~ 0(gg — H) = Light Higgs, Mq" ~ 300 GeV

Top mixing with KK modes

E ¥ T - T T T T '
E ggh (SM) ==> reduced top Yukawa
E LF pp—>hhjj (2q 300 GeV) 7 . . . - '
)
)
b fV ) ik 4
01 pr gg—h Y i
qgh e /
............................ 01f
001 L bb—h Zh
e tth 2
0.001 L— . . T : : .
120 130 140 150 160 170 180 190 200 g 1
myg (GeV) .

Sizeable enhancement of inclusive Higgs signal
Also some backgrounds (WW/ZZ +jets) enhanced
pp—>q'q'>2H+2j—>4b+2j
New chan_nels may allow tq > 0P q'q —2H +2j—2b+2W +2
explore different mass regions PP —q'G —2H+2j—4W +2j



The search for the SM Higgs from Warped Space at the LHC

New possibilities for early discoveries: o(pp — q'q' — HHjj) >100(pp — ttH)

Recent results: PP — TT — W_l_bHLT/HtW_E — WTbW bH|

pp — TT — HtHt — W"'bW_BHH Aguilar-Saavedra’06

T is a vector-like singlet = BR(T — Ht) ~ 25%

Both channels contribute to the same final state [vbbbbjj (or same plus 2 jets)

as the SM ttH process ==> only channel to search for H to bb at LHC
shown recently to need at least 60 fb-?

Kinematics and high b jet multiplicity, plus m; mass reconstruction help against

tt+nj background

50 discovery for m:=500 GeV and m =115 GeV with 8 fb-"

Our case: multiplicity of KK 3.generation fermion doublets with same mass
+ enhanced BR(t'--> Ht) ~ 40 --70 % ==> Very promising!




Enhancing the potential of early Higgs discoveries:

o(pp — ¢'7 — 2H2j) ~ o(gg — H) (for Mg’ ~ 400 - 500 GeV)

« H-->ZZ decay channel
o(H — Z7)

incl.

B=BR(H — 727)~0.02-0.25

~20(q'q"\B(2- B)+0(gg — H)B for m, ~120 — 200 GeV

Enhancement of the inclusive H -> ZZ channel on the order of a few

Also, larger background due to new KK quarks decaying to Z+j
Probably Higgs mass reconstruction sufficiently precise to cut this background

« H —7yy decay rate slightly enhanced + advantage of enhanced production.

Backgrounds in this channel are not increased by other q' decay modes

12 . . . '
F W cy=-0.60 ——
R €3=-0.55 -eeeeee

C3='0. SO ceevenrenns

L1s | c3=-0.45

m, =120 GeV

0.35 0.4 0.45 0.5 0.55
Clight

I'"=T(H — yy)/T(H > YY),

0.6

« If 3 generations of light KK fermions are present
==> many sources of enhancement of Higgs

production mediated by these light new fermions

'

Discovering the Higgs boson
from KK fermions decays implies
the discovery of the KK fermions



Gauge Boson Signatures from Warped Space at the LHC

e KK gluons decaying predominantly to top pairs ¢gq — g —
==> must efficiently identify energetic tops:

gain detailed information from top jets to improve fake jet efficiencies

M ~ 4 _—5TeV. 100 fb_l Agashe, Belyaev, Krupovnickas, Perez, Virzi'06
g9(1) ’ Lillie, Randall, Wang'07

These studies assume KK gluon couples mainly to R.H. top, but realistic
models may imply a very different L-R hierarchy of KK gluon-top couplings

A concrete example: Gauge-Higgs Unification

« Gauge sector enlarged in the bulk: SU(2), x SU(2)x~S0(4) ==> SO(5)
» Extra Guage Bosons have the quantum numbersof the Higgs

SO(5)/50(4) — A% —, — - ‘_W Contino, Nomura, Pomarol 03

( )/{ ( ) 'u( ) @ Agashe, Contino, Da Rold, Pomarol 05-06
* No tree-level Higgs Potential ==> Induced at one-loop level ... shan wagner 07

* Dynamical EWSB: Driven by the top Yukawa



Gauge-Higgs Unification and Precision Measurements

Medina, Shah, Wagner 07; M.C, Ponton, Santiago, Wagner, in prep.

Green regions: EWSB, correct m, m, and m, above LEP bound, linear approx holds
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Conclusions

There are many reasons to believe that the SM must be superceded
by a more fundamental theory at the TeV scale
Theories of Extra dimensions offer a very intriguing alternative

Custodial protection of T and Zbb: new opportunities for warped space models

Quantum corrections calculable and relevant:
-- Constrain some features of the model ( top/bottom localization)

— Help accomodate new M., M,,, measurements when fitting precision EW data

top?
Very rich,interesting and new phenomenology
— Light ( 2-3 TeV) gauge boson KK modes, KK gluons in top samples
— Light (~ 0.4 -- 1 TeV) quarks, some with exotic charges
— Spectacular signatures: multigauge bosons, LS leptons, ...

— Major enhancement of Higgs signals

At the LHEC. we expect to make discovenies which will nevolutionize



EXTRAS



The complete model
Bulk gauge symmetry : SO(5) x U(1), X P

Broken by boundary conditions to

SU(2), x SU(2)s x U(1)x x P g inthe IR brane
and
SU2), x U(1)y in the UV brane

The complete quark sector ==> 3 SO(5) multiplets

- ; Xiz(=+) ar'(+ + . : : Xor(+: =) qr'(+,—) z.
& ~ Qi = }f( V) 6 i 4), Ga o~ Qha = ® ul(+,+) ,
Xiz(—+) qr'(+,+) Xar(+,—) qr'(+,—)

=

B

Pi(—, +) YR (=, +) (= 4) g (=, )
‘ng ~ Tig = Up(—+) | © Tir = Ug(—+)| & Qsp = o ﬁd | ’
" : X;R( ,+) dr ( ,+)
Dg(—, +) Di(+,+)

In the absence of mixing among multiplets, the SM fermions arise as zero modes of fields with
(+,+) b.c. The remaining b.c. are chosen to preserve the SU(2), x SU(2)y in the IR brane and
to allow for mass mixing terms in the IR to obtain fermion masses after EWSB.



Fermion Spectrum

KK excitations of the first two quark families with mass below 1 TeV
All bidoublets of SU(2), x SU(2),

Electric charge, typical masses and decay channels

q Q my (GeV) decay
gt | 2/3 ~ 200 — 500 g1 — Zu, (100%)
af | 2/3 ~ 200 — 500 g7 — Zc, (100%)
g3 | 2/3 ~ 200 — 500 g3 — Hu, (100%)
95 | 2/3 ~ 200 — 500 g5 — He, (100%)
X5t | 5/3 ~ 200 — 500 X5t — Wu, (100%)
X52 | 5/3 ~ 200 — 500 X352 — We, (100%)
¢% | —-1/3| ~ 200 - 500 ¢ — Wu, (100%)
¢%2 | —-1/3| ~200-500 ¢%2 — We, (100%)

Light 1st and 2nd generation KK quarks: a possible prediction of the model



Observables used in the global fit

Bottom considered independently

Standard Notation

Measurement

I ? I,'j.i,"'["i,"'[ L

Atomic parity

Qw (C's)

Wealk charge in Cs

21]

violation Qw (T1) Wealt charge in T1 [22
DIS _r,rf_._r,.'ff vy,-nicleon scattering from NuTeV [23]
RY vy-mncleon scattering from CDHS and CHARM]| [24, 25]
. v-nucleon scattering from CCEFR [26]
ar . gl 1-¢ scattering from CHARNM II [27]
Z-pole P Total Z widih 0]
fTIJj ete™ hadronic cross section at Z pole [20]
HL;*[ (f=e pu,7.bc) Ratios of decay rates [20]
1?;; (f = €., T, b, ) Forward-backward asymmetries [EH]
sin” H:‘}F; (Qrp) Hadronic charge asymmetry [20]
Ap(f = e, p.7.h,e) Polarized asymmetries [20]
Fermion pair aelf =q.p.7) Total cross sections for ete™ — ff [20]
production at -"1";-_;3 (f =p.7) Forward-backward asymmetries for ete™ — fT [EH]
LEP2 de./dcost Differential cross section for ete™ — eTe™ [28]
W pair doyy /dcos Differential cross section for ete™ — WHI— [2!}]

My

W mass

[jl I3 |]

TABLE I:

Helevant measurements




Higgs production at the LHC

100

~ gg—h(SM)

M\ - Gluon fusion production
) reduced up to a factor 0.65
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% Lhzhe
3- ."'... Wh I'Iqq
5‘ tth "
° ol -
) Major enhancement of Higgs
- ," | production by new
0.01 } ~nnl mechanism associated with g

bbh "

' : . . . . (for Mg’ ~ 400 - 500 GeV)
150 200 250 300 350 400 450 500

myy (GeV) l

o(pp — q'q — 2H2j) ~ a(g9 — H)

» Important distinction:

-- light 1. and 2. generation KK quarks can be avoided by changing boundary conditions
-- light 3. generation KK fermions are a solid prediction of the model tied to the
mechanism of top quark mass generation



