"

Phenome ﬂO\Oglj O{

L xtra Dimensions

’ Large
* TeV

¥ *Warped - Dovoudias! , JLH, Rieo

PRL 00, PLB ‘00, “hep-ph/000LOY!
| p00 6 0A}

Consequences for :

Cosmo\ngg
Astrophysics
% Collider Physics
®  Precision measurements
Flavor physics
Gravity fests Hewett
I1CHEPQODOD



ngjag_Eme D imensions Arkomi- Hamed,

Dimopoules, Dvali
Meotivation: Solve the h’ncmrchg problem by removing i)

A GQHSS' LQUJ ‘
a o N n
mpl . Vn m* ; Vn = R
; Mg = Fundamental Planck scale

M n the bulk
5 = TeV

n= | R=10" m Excluded !
a O mm A= /R=5%\0 eV
4 10°% mm a0 XeV
6 30 +4m T MeV

n=d ¢ Low My disfavored by “s‘rro/Cosmo\ns“

(i) Suptran c°°““3 — muB3DTeV %:I:;;‘P::ﬁhm

Hanhast ctal
NN NN +Gq  con cool Supernove Yoo rapidly

(@) ¥-ray flux = My 3 10 Tev Holl « Smith

v¥ 2 Ga= XY produces too mony soft X's
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Bulk Metric:  Linearized Quartum Gravity

*Nag * Nag (x*, x) A20,.... 4+n
. m:’aﬂ “\‘ﬁtha‘la
Azl n

With 'm"l-'trov:‘l'ians

Siat = [A"x dhgg (1) Ty (x 1)

I'H"""

Loduced woll metric:  Guy (x™ x*=0)
SM on wall ¢ Tng,‘-“qﬂa Na Tay 6(x%)

Lrteractions on wall ¢ Decompese. hgg
impose. unitary qange
infegrate  Siar over d'x* via S(x®)

Bulk fields expond iifo Kaluza-Klein Towers upon compactificition

§ (*4 !‘3 2 a!‘“‘(xﬂ c||.l'rnl /R m

¥8 =0 gives massless mode in Yen D
($a+ 3 E = £[ 500" - (W) 8" ™78

t\mm Yerm with
m= “/R
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Fe yaman Rules Gindice, Rattazai,
Wells
C Han, LyKKen
_____ Gf "?'.3_ -5 [wm + w{f} ?.hnna
f (kg)
W) = (ky + Ka)u v (53)

Aplka)

Wils = %ﬂﬁv (Rygkaa = Ky - Katjop) + Naahrukae (54)
+Nper “‘71 r kﬁﬂvﬁ = ki.ﬁk‘h} _— ﬂ}-r#kluk:la

A

2!@'1 6Q (Xyye * Xy )

ﬂ“h.
el

Xjva = YPulle (55)

Massless O-mode @ all tower qravitons have
same C.ouplinss Yo malter
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Two Classes of Collider Tests

* (raviton Tower Emission iudice, Rattazei, Wells
Han, LykKKen,
e =Y +G, Mirabelli, Perelstein, Peskin
00% - q * Gn
2 $1 +G,

Gn appears as X
Model Indepent - Probes My directy
Sensitive To n

Paramelerized by effective density of states

d
Lo T A Gt e R,

Al R
ot Y Py L Y
N IR - ¥«
¢ —> & —y— " e./ ' )
¢’ ¥
:‘>§Gn
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2
= 10 | Rataazi,
& Wells
1
——
B 10
" Bkgd 90% Pol
:’ 100 .K...‘h.,,..h. = i - g
R iﬁl.fyp L=
QO & tb/kl’
" -1
® 10
% E, < 450 GeV
En, > 300 GeV
lﬂ—g i i | i I i | i i I i i | L i i i i
1 2 3 4 5

M, [TeV]

Figure 2: Total ete~ =+ ¥ + nothing cross-section at a 1TeV centre-of-mass energy ete
collider. The signal from graviton production is presented as solid lines for various numbers
of extra dimension (§ = 2,3,4,5), The Standard Model background for unpolarized beams
is given by the upper dash-dotted line, and the background with 90% polarization is given
Iy the lower dash-detted line. The signal and background are computed with the reguire-
ment £, < 450 GeV in order to eliminate the vZ — 7P contribution to the background.
The dashed line is the Standard Model background subtracted signal from a representative
dimension-6 operator.

29

Note : signal T o/ 3 7
background ¥ w/ {8 1
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ATLRAS  Simulation
Vocavant Rinchliffe

Figure 11: Distributions of the missing transverse energy in signal and in background events afver
the selection and for 100 f=! of integraved luminosity. Various cases (8 Mp) for the signal are

shown.
r : 17
n: 4 My = 4-$5 Tev
3 45-5.19
4 50-5.3
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* Graviton Tower Exc,hnnge. XX = G Y

Search for 1) Deviations in  SM processes
Q) New processes |

Graviton couples 1) universally Yo everything
) Vi Ty

P\ngu\ar distributions reveal massive spin-a exchange

Poor theoretical coritrol !
Z KK propagators is divergent
- Sensiﬂvi‘\'s To unKnown ulfraviolet phgsif.s

_RApproaches

*Naive cut-off TLH; Giudice €fal ; Hon éfal
* Brone {luctudtions  Bando etal

* Weakly Coupled String Theory Dudas, Mourad
Accomando etfal
Culen etal
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_E ffective Theory - Cul-off Approach

'Gmuii'b Decomes .5+rnn3 at My = need tull 'H\t.or.d‘.
* Work in weaK- fiedd limit seo m:

Examine leading dimension-§ operators
D contach nteraction limit for Gy exchanqe
=P Constn M, |

3 :”"“ﬂ‘"‘“"z'&"(ﬁ'ﬁ\}
M= my L Feaf T (p-p,5 (o - Y

e
!5; v All+2") + Ba 2 =cos &

% Ledd - D(\*Si"ﬂ

. %\%l E(\-3t‘+‘1i"ﬂ

* Unique signal for spin-d exchonge \



Hngu\or Distributions for e'e = £
_ Me=15TeV

(s =500 GeV

mon |~ (n) o%e"utu” E

M‘ (o) &'a"<bD

E (0) a*e"=aa

T

é ""‘ g d
- :
B - Vi S 7= u
=} =8 -] o ]

Figure 1: Bin integrated angular distribution and z-dependent Left-Right asymmetry for
e*e™ <=5 pt = bb, et In each case, tho solid histogram represents the SM, while the ‘data’
mﬂ;'_am lf-:':r M, = 1.5 TeV with A = £1. The error bars correspond to the statistics in
sach bin.
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957% CL Search Reach for Groviton Exchange

w0 — 0 _ | | 7
s e’ £

sooo - Large Exfra
Dims

Vs =

M, (GeV)

500 GeV

vl P S SIS

JLM

Present LEPTL
Bounds
2 900 GeV

T ot
L (fp™)

Confidence Level of fit of spin-ad dala

To spin-1  hypothesis

0.5 m e =y i
. "] Spin-d
0.4 = ~ —
E Astl) wesmr o disTinguishabl
! ¢ ]:: auo'ﬁ;" / 1 almost up to
U / 1 discovery
8 . ] liﬂﬁ+l
0.2 i .
01 : —:
! ' ..I i ’ . .
ﬂT%Oﬂﬂ 3000 4000 5000 6000
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Drell- Yon Production * 99, Yﬂ.l(rm 2
g9~ G-

2
i
o
8
Bvents (GeV™?)

LHC

Events (Ge=v*)

L

.F () pp 21" _
3 YW 2Te L
L 5 M| < 25, CTEQsM
5 3, = 600 e
:.Ir‘r
il"r
1'ﬂi-
:ui'F
P A4 [N OO IR PRSP Do
i O
My (GaV)
1
“‘.
ok
Ly .rl[t}f*ﬁ'
b = 1§ TeV
F o Lw o0
10t ¥} < 2.5, CTRQUM.
!h M, = 25, 40 TeV
RN ST
L o I )
My (GaV)

: b) pp + 1T 1
=0 = Ve 20eW, Lug ™t =
: i) <28, CTEQIN 1
AL, = 000 GeV
L, EHNPRIL (PURPPY, (PPN [ PP |
[ 1 ] o 00 e
e (Ge)

B | i i
o = .
ul .
o - H REER"

: W!"HTI? =
o4 3

. | | PR
L 0 AhoD 2000

Ny (6e9)

JLH

Figure %: Bin im‘f’gra.t,ed lepton pair invariant mass distribution and forward-backward asym-

metry for Drell-
by the solid histog

an production at the Main Injector and the L

: ( HC, The 8M is represented
ram. The data pointe represent graviton exchanges with (a) M, = 800

(eV and X = 41 or =1, (b) M, = 800 GeV and X = +1 and =1, (c) M, = 2,5 and 4.0 TeV
and N = +1 or =1, (d) M, = 2.5 TeV and A = +1 and <1

Qar

Tevafron @

LHC :

ac

ms“"' i TCMV
mg ~ 4-52 Tev
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m STDndm’d Model (Artoniadis €ta)

Do all n dimensions hove 1o be the same size !

Lt R :=RPRS"  with R~ \arge ‘
Ry ~ small ¥ ey ~ /m,

» ml’l § Rr m:-n m;m;
=R m with d€pkb

SM  fields can propagate in small Ra® dimensions !

5-nsm: | extra small dimension

Degenerste /W2 / 3 KK towers
LOI‘H'\ %(lﬁ = ﬁ a(b”)

Precision EW odta Me 2 3-Y4 TeV

( Rrz2o, thI\s)
/ Fat-branes

Modities ZT Sirjn{ﬂ‘urcs
/ by form factor = reduced siqnal
(De Rtiju\a etal)

Y~ ~TeV

E



24

_Search Reach:

Expesiment M, Reach (Tev)
LEP 1T 3.
Ttura'\'t‘nn o) ‘f'b" \-\
20 4% \.3
LRC 100 b b.3
NLC {s=0.5 Tev \3
.0 TeV 33
1.5 TeV 3l
de parated Fermions (Hrkmi-\'\nud, Schmatte)
f:';':.‘l'l‘%...mm
Wres a - \‘T cven
g 4 - et mdf—
= e Lp'r ﬂd‘d
v ==l mode
0 % am

KK aauge coupling Yo fermions :
= {39 [dy %y ¥ily) Gy
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do/dM (fb/GeV)

D = seporation of fermions in 5™ dimension

10—%

1074

Rizzo
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KK Excitation Pattern

Mim- —e’e

_ T 1 1 1 — T T 1 T — L B — T 1 1 — ™ 1 1 1

104 1, <
L 6%
e’

Mm.., 102 — ,, -
» , 5, g

100 — -

S/, M, =Y TeV
1|. - [ - - L " —— L i .__
2000 4000 8000 8000 10000
M (GeV)

Con deéfermine wmodel of compactification and ¥ of dimensions |
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Localized Grovity_ala Rondal\- Sundrum

i o
"/ i SM [ TeV - brane

Planck (R — L
brone| , O -
V As Ll
)
i‘:--—-—-'-'--._‘___
fe v ~

BulK = Slice of RAdS
Two 3-brones of S/, orbifold fived pointe

5D, non-factorizable gmme‘\‘rs

Solutiens Yo Einsteins Egn Lw 4-b Poincace’ |

~AX e \ P\
asi=e N dx™ dx” + e A’

(? otc\gléew
U)m'p + Oﬂ'ﬂf = Compach fication
rodius

where s =-3Y ﬁ'\i K
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-0 Effective Action:

.3 m;_(

— AR
Mp = 7k \

\'C ”K”ms”ﬁ:\p,

no additional hierarchies
Physical scales :
Aﬁ ) c—Kr.; \@l mm
For TeV-brane ot ¢ =r
Ne =€ Mg, ~TeV ¥ Ke -1

Stabilized via

= h'.grn.r;hv:s genem'\'td blj G-g\dberaer r LWJise

an exponential !
Phtnomno\na;s Qoverned blj

K/ﬁ_'\pl and An' - 0“\5 a free parnméfers

5-D curvalure :

2 & neglectin
IRs! = 0 k™ <« Mg i e et

curvature Yenams

Suggcs‘l's ’ymp < 0.1
|
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4-D  Effective ThtanZ

Linear expansion of $lat metric

Expond nifo KK Tower

(ny

< Xy (8)
h.;g(!,ﬁ) - én hi; (x) ,]%

Emp\os qauqe " o \'\,;':.‘I =0 &« 0 \'\:: =0
" ”
Demand /,-, dg eawm '}(;m 7(:'“ ¥ S

akr. |6l
e N %

—xf:\ (@) = ™ [ 3-;( 1‘:‘5 e.I'm-,llil o ‘1’; (ﬂ'\% eﬁt,_lﬁl Y]

For TeV-brane :

m'ﬂ = )‘n K f: wd'h 3\()(“\ = 0

® KK excitalions are nef evenly spoced !
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_Laferactions

L Tin T hyg Ly, B=n)
S

. <A (o) i (n}
S = y -7 (x\ hep (X)
. ﬁ?l (x) hag (x e 4p
\-Te_\*- suppressed
Zero-mode decouples ® can be directly
produced '.

phtmo menolo qu

* Groviton fesonance production

* Graviton contribulions o EW oblique paramefers

* ‘Light | sKinay' Gravitons K/‘ DOI]
Graviton emission

* Below resenance exchange

"Coritact iteraction” limits
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Groviton m_.n,?nrw:w Fractions
F.gm T T _ T T L T — T T ¥y 1 _ r 1 1 1
0.500 [— dijets

0.100 —

0.050 [~ \\

0.010 —
0.005 [—
Q-SH _ - - | —
200 300
m, (GeV)

wﬁ = mv-..ﬂi



KK Graviton Drell-Yan Spectrum

¥ ¥ T ¥ I i W = L I L Al 1 L F L] L] T L I 1 1 L

%%/93 " 6L - Tevotron

A—
;‘* 1074
S
~
g W
108 bt - —k ks
200 400 800 800 1000 1200

My (Ge)

|I 1T1||r1"|'l1"l"l"r

-
_ﬂ_h__ﬂ.‘.j.{'ﬁt!.‘ -

——

! ". . I-_ "-—-"'__‘*-\‘_\

L1500 Gev | -
5 {h) . | -

do/dM (pb/GeV)

~'\
in‘! l'u 4. 't I i A i i i '} i ]. VT —— J i 4 & " ] . I..||.-.|‘.dai'.

000 8000 000 4000 6000 6000
My (GeV)

Figire 17 Drell-Yan productionof o (a) 700 Ge\' KK graviton st tie Teviteon with &/ W =
P BT G 08, 0.2, and 001, respectively. frotd top to bottoms () 1500 GeV WIS graviton
ﬂlil‘! its snlsonuent tower states at the LHC. From top bo bottom. e corves are for &/ My =
o5, 0.0, 0000, and 001, respectively

{2



33

k/ My,

1.00

0.50

0.20

0.10

0.05

Dmﬂnmﬁ @Est m_mp_.nrnm » |_|m<n+ﬂo:
Drell- Yan ¢ Di-jets

m, (GeV)

l.- L] L L ¥ ._‘. L] 1 L L i 8 | L] o
u _ _ _ \ _ / A :
—  Excluded % 4 AL )
o / :
p..lq \.V.v f ~ -
57 B 1
Ay |
(a)
—1\# | L L — i | — L i 1 i _ 'l
500 790 1000 1250
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| Drell- Yan @ LMC

) i Ress Rk RS B i b Ak
0.50 - Excluded S -
0.20 - o xS ~
—Mm I/M\.. @x
=< ; ]
0.05 [ -
- \. 4 \\\x .
0.02 ../ (b) -
0.0H i - _ L1 _.&x.\ I B _ . _I. i i 3 — = == B8

2 3 4 9 6 7
m, (TeV)
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Narrow -width Graviton Resonance

Signal | Pllanach €tal

=

960 980 1000 1020 1040
Graviton Mass (GeV)

ATLAS search reach: m,~ 1830 beV Hor X/, = 0.0\
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1/N dN/dz

1.50

1.25

1.00

On - Resonance mﬂ..z Détermination

spin-d

Spin-0D
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Spin -2 Determination from Drell- Yan

Allonach etal
ATLRS Simulation

m, =1 TeV
100 $&'

10 |

0.5 0.5

cos(6*)
Figure 40 The angular distribution of data (points with ereors) in the test model Tor
g = 1000 GV and 100 " of integrated Tominosity. The stacked Kistograms show the

conteibutions from the Standard Model (SM); gg production (gg) and gg production (gg)
The varve shows the distribution expected from s apin- | resotatice,

dlistribaitions, dehned as

e = iy .}qu'g*lr 3 "IIE‘IH-H‘]:”U: 'I"” iy .ﬁui#"f' '11,1[1""-'~5'.|-“|"‘u| .H'l
+apy - fov (0% Apy (M. )/ Lpy (M) (.1

Wihewe e, w the fraction of the events from ench comtribating process, 007} i 1he
angilar distribution of the process, AQM 8 ) s the acceptance of the detector mxa
function of (e mass of the electron paic snd #*, and

1
(M) = [E_j',mw V(M) doos 6° (4.2

=g Y ey the processes g = 0 gy~ Goand gp = 21" respectively, Ouly
the shiape of the distribution s used 1 the statistionl tests, and the coefficionts ¢ are
conistemined suel that

Wy 4 @y b oy = | (1.3]

It areler ta evaluate the diseovery rench of the experinrent, in terms of 1t ghility
for revenl the spn-2 nature of the resomanee, the following procedure was followed
imtericledd 1o mimie an ensemble of possible experimental rons:
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Graviten Drell-Yan cross section

N | P = i I IR iR e I’ LSRR N et ¢ I i L e | | 1 r-
AN Tevatron
N (a) =
- 'n“.. \1“-"\\ - %‘ 35 ]
g e N Q) i
% \.\\'-‘.-
1072 |- ‘-Kgiﬂ \ ol
R T 1) TR SN e
to 280 606 T 1000 1@60
m, (GeV
L] ¥ ¥ T I e TH .y r I L L) L) ¥ I L L] T =
\ LHC
1o \ﬁ\ﬁ\ (b)
b\ \\\ g
102 |— l‘;“‘xl -
’B N g
i~ %
o] \
] . 1
1072 g =
' e
m" | Gm -\--\-"-.__%- d
ERETIRET A 1

2000 4000 4000
m; (GeV)
Figire 18 Cross sections for Drell Yan production a1 the (a) Tevatron and (b) LI of the

fiest twe greaviton Wik stades conpling to the SM on the wall ws o fanetion of my. The wpper
(et ) curve in each case bs for the fist (second ] KK state, Here, we bive set &/ 8 = 0.1

io
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Lonsteaints  from Precisien  Mensuremests

COFPC.C.TEGM Yo C‘!'D.uat BGSO"I 5&“'&“&1‘3‘1&6:

] G.H'i ‘G.t\
1 f:? N
2 \i
\‘ I \/ AL UASSNANNAAAN

For \uﬂsc, extra dimensions : M, >13-1.5TeV
(Hon, Morfatia, '%hume:l

For RS, XX sum must be performed explicitly

eri‘\'l_j becomes strone for p>Ap
=¥ infroduce: cut-off f\tut =AgA

2 g (AT(y. g emd, omty, O
M = ygu NS R AL \+%

Dot constrains  ehlique poromeles ¢ glchal £

S=-0.00 % 0,\0

T=-00b% 0\
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KK Graviton contributions Y6 oblique paramelers

I T L 'I' G AL L) 1..- -L_!“_Il‘l J

0.0

05

-1.0

AT

b e T AT F
l'E:M (] 0 0 0 [T Y] 'im 0.08 0

K/ Mg h;;n

| S| | | [
(F ] o 10

Figwee 12: Shifts in the oblique pacamoters S, T, and 1 as fanctions of &/ W p wlen

the SM resides on the ToVobrane, From bottom to top the cnrves cortespond 1o m§™ =
200 300, 400, 500, 750, and 1000 Cel

an
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P. esent ﬁoﬁﬁ..n._:._w on RS Model
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k/ Mp,

mﬂ.ﬂ_.ﬁ v |_|7nb...u Constraints
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0.10F
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L

L Tl — v 1 ¥ L — L ¥ i LJ — 1 i

Tevatron
IRs|<Mg

Allowed Region
A,<10 TeV

Oblique Parameters

b | i i i ~ A i i i _ i i

1 |-

0.01
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= No-lose Scenario for LWC!

4
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Egel‘mﬂ _the SM O +the Wall
) Gauae bosons in the bulk (MR

Pomaro |
Sa Yy [dx G GG Fyo Frw

. xtﬂ (w\
KK expond s P, 8)=Z A (x) ==

l.

Yq (6) = [I("“‘ ) o Y, (e

3?1’“9[ Ala. () *Jamke, f; A (t\]

Keefr —

For Av=e = My ~ Tev
3" =2k, q° g ~ (¢-9) Srn) |

=» Ti:ugh constraints from Precision EW Data !
Data constrains  m > 23 Tev

For Ayp~1TeV violates curvalure constroint
IRs| = 20K < TH';‘-,

<oR>
For IRs\<Mg Ay > 100 Tev
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Yok
) Fermions in the bulk L (’m:'m“hi

herghefa, Pomare
S.‘: = rds)( J-(-;‘.ﬁ‘g: %E'&nbmy *\\'n.\ 'Sgn(.lﬁm E'\"-l

Nete: fCud=*¥ k(u) & B ¥ is odd under £
do
KK expond: i ated)* & Wi & 45 (0)

(4

infeqrate over @ ¢ impose orthonormality

T/a
- 4.:': (#) = '%Ei‘ [ Jy, 5y (1';") * ﬁt{'a Y, (%k“ﬂ

I %Y

v

Choose. -Fam +,-0dd R

£ Fo-even = '({m =Nk ® SM frecmions
Find v 2 -0.9/-0% *o reproduce SM Yukawa's
* Lefroduces on additiona\ parameter

v~ &)

m'bu\\( =v K }

Find 2ero-modes couple more weakly than
Wall Felds

=¥ Serious reduction n collider sengitivity
Yo RS phenomena !
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KK Gauge Tower couplings to zero-mede fermions

n =1




COUPLING IN UNITS OF A, "~}

KK Groviton Yower no:t::mu o 2ero-mode fermions
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| e
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mcwwoﬁw O..m._-:..&. ﬁrnaanzo?J.ﬁp_ mnw..n:h

No Limit from V
| Il m v
<——— Light KK States Allowed ———
Fermion- 3
All KK Production
Tum On
Y
| i | /A _ | ! I ' |
—1.0 0.8 7T 086 04 02 0

- * -~
ConsTrainl +rom YuXawa's
¢ g9-2),



Constraints from Precision EW Data

m,™" (TeV)

d-_-_—-_-_.—,—.-lq.-—d--‘-q-ﬂ.—.--.-IJ

fermion

-l

graviton

\

gauge

N\

]_ i i i i ] Ll i I i i

lower Yound on

1" excitation mass -




3'“/& ¢ Dominaat Contributions

™ _(n)
{ , 2
//M\‘\ |
A ‘_ - At mA
(@) S!'.- BJ A‘j‘ |
M.a R L % ¥ B l"ﬁm
- -h- -
i & ‘- i \\
- ‘: ~Ma vy R
AR 0L S A0 Mg |- (E""'")Tn‘ l
¥ s
tlows up
for ¥<-05

Rl other contributions further suppressed by m"‘/m'lu
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—Aa,
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i $n| \Hiaas l
3
10-8 — A ..
- - - -
4 —

1078 | o=

lllll vl __Ept M|

f i3 -

10-10 |— Vector -

1 1

H.al.—y“ i i __ A A — - — i __1 i _ i % 1 i — A__ 41 4 i} — it 1 1

-0.9 -08 0.7 -0.6 -0.5 -04 -03



anglg,ﬂ ons

y Ex“\'To. Dimensions Provide novel approach To
hierarchy pfoblcml-

* Two classes of +hesries - each with distinctive
phenomenclogical Tests of the weak scale

Large Extra Dimensions : predict
t‘.hm\ﬁe " Ftrrw of d& | mm
chonge in  §F productien & K. dists ot colliders

warpcd Extra D'nme.nsionsl pred‘nci

(Jf'o.uH'or\ Tesonances o[\' Cnl\'uclﬂs

No-lose +theorem € LHC!



