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Outline

Why search for Extra Dimensions (ED) ?
Motivation & different models: ADD, RS, TeV-1

How are ED detectable at accelerators?
Signatures

Where are searches being performed?
Accelerator facilities

What searches are being performed?
Search channels

What are the results?
Analysis descriptions

What are the future prospects?
LHC MC studies
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Extra dimensional Models

Alternatives to SUSY for solving the hierarchy problem:
I\/IEW (1 TeV) =< I\/IPIanck (1019 GeV)’?

AD

Arkani-Hamed, Dimopoulos, Dvali,
Phys Lett B429 (98)

Many large compactified EDs
In which G can propagate

:

Mp? ~ R"Wpi44m @™

Effective My, ~ 1TeV—> If
compact space (R") is large

RS

Randall, Sundrum,
Phys Rev Lett 83 (99)

1 highly curved ED
Gravity localised in the ED

Planck TeV brane
An: Mple-chﬂ:
A~ TeV

If warp factor kR, ~11-12
kK/M,,, k: curvature scale

TeV?

Dienes, Dudas, Gherghetta,
Nucl Phys B537 (99)

TeV-1sized EDs

S SM Gauge
SIS Bosons
2 W, Z v, g

See Extra Dimension
lectures for more
details on the theory &
models!

What are the experimental signatures at colliders?
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Experimental Signatures for.A/)D

> Direct Graviton emission in association with a vector- boso

Signature: ME; + jet(s), ME; + V
c depends on the number of ED

i

»Virtual Graviton exchange

Signature: deviations in o and asymmetries of SM processes

e.g.qq — I*lI, vy

Or new processes e.g. gg — I*I-
o independent of the number of ED*

New Parameters (*Hewett formalism)
MS;-_ MD~. Mei(a4ny: String scale
A: dimensionless parameter, +1

P é(/
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Virtual Graviton exchange

Signature: an excess of events in
dilepton/dijet/diboson channels
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Graviton Mass (TeV)

New parameters:

1st graviton excitation mass: m,
A= m;M,/7kx, , m, =kx eker(J,(X,)=0)
Ratio: k/M,

[ = pmy X2 (k/l\Wpl)2

Tracey Berry

0-?K.  excited individually on’]
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KK excitations can be |[K/M,

_resonance |

e = —

' Dilepton channel
Tevatron 700 GeV GKK

"1500 GeV Gy,
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Experimental Signature
forTel-! iz EDand KK Gauge Bosons ==

From 4-d point of view:

Mass of SM gauge bosons (M,) that propagate in the ED are equivalent
to towers of KK states with masses : M. = V(M 2+n2/R2) where (n=1,2,...)

Potentially detectable consequences:

1) Mixing among the 0t (SM gauge boson) and the ok
nth-modes (n=1,2,3..) of the W and Z bosons.

(Since the entire tower of KK states have the same quantum numbers as their
Oth-state gauge boson)

2) Direct production and virtual exchanges —
of the Oth-state gauge bosons, AND both direct
production and virtual effects of the KK states of the
W, Z, y and g bosons at high energies

-1

—_
o

Events/50 GeV/100 fb

_r
=]

10

New Parameters

R=M:" : size of the compact dimension
M : corresponding compactification scale
M, : mass of the SM gauge boson

Tracey Berry XXX SLAC Summer Institute 6
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2= ED Search Facilities D)

—,

Tevatron, Fermilab, USA HERA, DESY, Hamburg LEP, CERN, Geneva

s CERN: world"s
§ largest particle

§ physics laboratory

AN 51 i }.i" }

. i LEP | Vs =91 GeV
Tevatron: Highest 27.5 GeV 920 (820) GeV LEP Il Vs = 136-208 GeV

energy collider , .
Operatingyin the world!  World’s only ep collider

Run | Vs =1.8 TeV Run | Vs ~ 300 GeV LHC ~2007
Run Il Vs = 1.96 TeV Run 1l Vs ~ 320 GeV Vs = 14 TeV
Tracey Berry XXXIIl SLAC Summer Institute I
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General Particle Detection

» Both e and y: deposit energy In
the EM calorimeter (—EM object)

e However, y are uncharged, photors
so leave no track in the et

Tracking Electromagnetic Hadron Muan
chamber calorimeter  calorimeter chamber

tracking chamber -
Muons
e Whereas e*’- leave a track |—
: nt,
» Muons: leave a track in the i g
tracking chamber n
° depOSIt mlnlmum energy In Innermost Layer... P ... Outermost Layer

the calorimeters

e |eave tracks in the muon
chambers

Tracey Berry XXXIII SLAC Summer Institute 8
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3¢ Tevatron Experiments: CDF & DO£5

Herml_tlc calorlmeter (ce_n_tral & plug)/muon Coverage , . .ajjent oarticle 1D
Precision tracking and silicon vertex detectors

n=0

Cer_1tra| Muon Scintillators
Calorimeterg e T
Plug Il H -
Shieldin e
Calorimeter . ; _ : >, .
1< |T]| ........... . . ------- = q/" \I‘ : . . “ f Calorimeter I
\ e ' R i E p— v =
Solenoid ‘ -
Time-of-Flight — |
Silicon Tracker ——
Tracey Berry XXXIIl SLAC Summer Institute 9
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HERA: H1 & ZEUS

H1 is a finely segmented calorimeter
ZEUS has a compensating calorimeter
Both have good hermetic muon coverage

Tracey Berry XXX SLAC Summer Institute 10
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LEP Detectors
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Summary of Searches performed

Model

Signature Experiment Emission
Graviton | y+ME; LEP, CDF LED e
Emission | jets+ME; | CDF, DO S
Graviton | pp CDF,D0  |LED,RS || (gp iv&.
Exchange o CDF, DO
ee+yy DO Exchange
e*/-X H1 LED , /g <
Boson ee Tevt
Exchange LED RS TeVt!

Tracey Berry
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ED Searches

Signature

Model

Experiment Emission
raviton (y+ME; > |CEP, CDF > (LED S
. . g,
Emission /| iets+ME, | CDF, DO Zﬁﬁ// |
S " jet(s)tE,
Graviton | CDF,DO0  |LED, RS ep v
Exchange oo CDF, DO
ee+yy DO Exchange
G
vy CDF gvvvg o
g, T YY
e+/-X H1 LED Z
Boson ee Tev-1

Tracey Berry
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~Z_~

o G emission: LEP y+ME;

LED Search Signature: ete-— yG
G escapes detection: enhanced rate of y+ME; events

o T T

" s-channel ~ t-channel y exchange * 4-particle |
y exchange contact interaction
d’o o a?? V'E e :
dz.dcosf., ~ 32s T'(n/2) (JID) F(2r, cosy) :g
X,: ratio of y energy to b_eam energy <
0,: polar angle of y relative to beam line g
>dcs depends on My and n _ S
»do increases raplgly at low y energies (Ey) | &
and angles
Tracey Berry XXXIII SLAC Summer Institute
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G emission: LEP y+ME,

LEP- ALEPH, DELPHI, L3 L3 DELPHI Preliminary

Vs= 189-208 GeV 1998-2000 ‘

—_ -1 i . 1 *  Data
0.6 fb-'/experiment: 1.9 fb! Total - T e’ vy

Search Selection " Other Background

1 cluster in the EM calorimeter with |3 [ ]e'e»1G

No matching charged track P \ M, =1TeV,n=2

P> 0.02V's — 0.04V's 2

No other significant detector activity | . \I

Principal Background \ﬁﬁﬁrﬁw
ete— vvy > ’ =

Other Background g - NEN S
ere—e'er(y) B Epan |

In low P, region: SM bkgd enhanced _

due to e*e—e*ey(y),where both e Good agreement Wltlh SM

have low 6 and cannot be detected observed by all experiments

Tracey Berry XXX SLAC Summer Institute 15
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o G emission: LEP y+ME;

~Z_~

Lower limits on the gravity scale (M) derived individually by each
experiment as functions of number of ED (n)
o o (L/Mp)"+2

Results are combined

ALEPH DErléﬁn';'ing n | Mp (18V) ] R (mm)
1.5 2 = 1.60 < 0,19
] . 3| >120 | <26x107°
= e'e -G 4| >0094 | <11x10°8
ST 5| >077 | <41x10710
< -\% LEP 6 >0.66 | <4.6x1071
LEP: best limits on
0.5 . . .
T Excluded at 95% C.L. dlreC.t G emISSI_On
ISSSSSaS—aSSSS=———— from collider experiments
2 3 4 5 6
Number of Extra Dimensions fOI’ n<6
For n>6 .....
Tracey Berry XXX SLAC Summer Institute 16
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&5

G Emission: CDF: y+ME;

CDF also search for G emission: y+ME;

Search Selection

- ME; > 45 GeV

- No jets with E;> 15 GeV
- No tracks with p;> 5 GeV

Main backgrounds

87 pb1Run |
- One y with E; > 55 GeV and |n|<1

—ev (

(vy)

Results

Expected background: 11.0 + 2.3

Observed:

qq — vGyk
mic Rays
kground
Limits

n=4 My > 0.55TeV
n=6 Mgy > 0.58 TeV
n=8 M, > 0.60 TeV

Data in good agreement with SM

Limits not as restrictive as LEP




ED Searches

Emission

<
/ S et/
8.9 7 ety

LED \"*

Signature Experiment | Model
. y+ME, LEP, CDF  |LED
MISSION @ CDF, DO

Graviton ee+yy DO LED, RS
Exchange CDF, DO

LLLL CDF, DO

1Y CDF

e*/-X H1 LED
Boson ee TeV-t
Exchange

Tracey Berry

XXXl SLAC Summer Institute
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Exchange

ee
Hp

yallkv4

LED RS TeVt!
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# Real G Emission: jet(s)+ME;

Better limits on G emission at the Tevatron from the jets + ME; searches
Tevatron Vs=2 TeV M =1.2TeV

Search Signature: pp — jet(s) + G

G escapes to detection into ED a
—Events with large ME;
Recoil jet very energetlc jet,
qa_>gGKK dominate sub-process for n>2
g g q 9 04— g
e ] af .,
q GKKHWGKK% Gyk
qg—>QGKK q 4 g .
\\+4; 9 Qf
G W"WGKK 9 Gk

99—>gGKK

g g 9 g 9 g ' ]
g gHHLG g gW\"NGKKg gLLL%lHG 100 =200 '300'_' T 400
KK KK - — — from Pythia P, (GeV)
n+2 - diction f Giudice, Rattazi and Well
o falls as 1/M,"*2 for all sub-processes et ogy e Rattazt and Wells
Tracey Berry XXXIII SLAC Summer Institute 19
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Real G Emission: CDF: jet(s)+ME-

. g ‘

Search Selection 84 pb1Run Ib Z><“yf g N g
jet E;1st>80 GeV, |n| <1.1 and ME;>80 GeV [¢ A "G
a second jet is allowed if E;?"d > 30 GeV

CDF Preliminary

no isolated tracks in event (p;=10 GeV) T
Main backaround o - Predicted Data
i 9 ] = Predicted invisible Z
Irredu0|bI§.Z(—>vv)+ jets, + Observed (84pb?)
W(—1v)+jets
§ 10
Results e
Expected: 274 + 16 € =
Observed: 284 events R |
Relative uncertainty on the signal acceptance 25 % - =
::. s fg.__ri;r.;:-%éégf f :
— i o e

80 oo 120 140 1e0 180 200 220 240

E; (GeV)
DO have/also search for G emission (Run | & I1): Monojet +ME;

presently their limits are not as restrictive as CDFs

Tracey Berry XXXIII SLAC Summer Institute 20
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G Emission Summary

LEP and Tevatron results are complementary

For n<6:

LEP limits best
y+ME;

LEP use y+ME-,
which is cleaner &
has lower
backgrounds than
jet+ME; (Tevatron),
so the precision of
their experiments
wins out for lower
values of n

Md (GeV)

Tracey Berry

1.5

ALEPH DELPHI L3

1

Preliminary

e e -,YG

==

LEP

L —

For n>6:
Tevatron limits best
jet+ME;

e )

_§ Excluded at 95%&

2 3
Number of Extra/Di

1000

900F
800
700F

600

500F

j — D@ prelim.

« D@ Run |

---------- CDF Run |
L3

Tevatron better at large
values of n,

because of the higher
energy, which is a bigger
effect at larger values of n.

c o total number of possible
modes in the KK tower Ny,
o o Ny o V(s-hat)
But this is true for each ED,
so & a (V(s-hat))"

—the difference in energy is
a bigger effect for n=6 than
n=2
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ED Searches

Signature Experiment | Model Emission
Graviton | y+ME; LEP, CDF LED e
. . g,
Emission | jets+ME. | CDF, DO Zﬁﬁ// |
] = " jet(s)tE,
Graviton ee+yy DO LED, RS LED L
Exchange /o CDF, DO
up CDF, DO @
G
1Y CDF g gvvvg o
et/-X H1 LED ’ A\
Boson ee TeVv?
Exchange LED RS TeV-!
Tracey Berry XXXII SLAC Summer Institute 22
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ED Searches

Signature Experiment | Model Emission
Graviton v+ME LEP, CDF LED
.. T g,
Emission | jets+ME, | CDF, DO =4 —
E jet(s)+HE;
Graviton "\ y€e+yy ™\ | DO D, R LED o
Sxchangel /e \|cor, D0 |
e J|coF Do | CErchange >
G
N CDF AN e (m
e+/-X H1 LED /ﬁ 7\
a.q f
Boson ee Tevt
Exchange LED RS TeV1

»Many different channels in which G exchange could be detected
»G exchange sensitive to several ED models
- similarities/distinct features of their search strategies....

Tracey Berry

XXXIII SLAC Summer Institute
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# Search for G Exchange?

Similarities

Search Signature

Deviations in (ee, uu, yy) cross sections (o) and angular distributions
from SM processes caused by G exchange

Dilepton Channel Diphoton Channel
S I+-lll" - = P i~ ¢ 1 ' 35-F7 7 o kL I.'a"'\-l'='
N 5{3/{’ Standard W a fﬁ o b
§ R I— - e
x';*: ~ Model S I YT — N L Bl
W o |+ .~ iy, 9 |+‘#I_.f " - _— "
'\"!_h\} Kl nl:::i!r. P . {\:‘" Extra \‘“\} 7 i .‘_!LI"‘ ﬂ_‘r% o :_.-h ‘; -
& ) o3 «)" | Dimensions Ty -8 "1,
s 9 e ¥ g - & q i ol - i

v'Clean experimental signature (ee,up) even in a hadron collider
v'Low backgrounds & Z° peak used as a calibration point (ee,up)

Distinguish New Physics Models
Resonance in RS model and broad change in ¢ in ADD model
Spin 2 graviton — used to distinguish between other new physics

Tracey Berry XXXl SLAC Summer Institute
July 25-Aug 5, 2005
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CDE Search Strategy: ee, up, vy

» Perform signature based searches
Compare data to expectation
1D fits in invariant mass performed
(and angular distribution studied)

» Determine spin dependent acceptance
and then ¢.BR

> Interpret data & set limits
on many new models!

E.g. (ee & up): Spin-0 : RPV sneutrinos

Spin-1 : Z’, Technicolor p, ® | » X? {_; 33) X? ¢

Spin-2 : RS G, LED, etc..

Angular distribution and therefore acceptance of decay products
depends on the spin of the decaying particle.

‘ o

"l spin-0 { spin-1 - } spin-2 |

mmmmmmmmmmmmmmmm

DO Search Strateqy: ee, uu, vy

» Perform more ED specific searches
» Optimise for specific search:

ADD case: combine ee+yy to gain in efficiency
» 3D fits in angular distribution and invariant mass performed

Tracey Berry XXXIII SLAC Summer Institute 25
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ED Searches

Signature Experiment | Model Emission
Graviton | y+ME; LEP, CDF LED e
. . g,
Emission a5+ ME CDF, DO Zﬁ&// |
jet(s)+E;
Graviton \ fee+yy | DO N\ RS ED Ut
Exchange ce CDF. DO\
G
B 12/DF/ - s
+-X 1 LED / AT
° = Xz
Boson ee TeVv?
Tracey Berry XXXII SLAC Summer Institute 26
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ADD: many Large ED in which gravitons can propagate

Search for spin-2 broad o change

= study invariant mass
& angular distribution

Since DO doing a ADD specific search,
not searching for any new physics...

& G couples to both yy and ee
DO combine ee+yy = diEM search

diEM Mass Spectrum | DJ Run |l Prel
frrrrprTrT T T T T T T T T T

iminary

Events/10Ge

iz
0 100 200 300 400 500 600 700 800 900

diEM Mass, GeV

This maximises reconstruction efficiency....

Tracey Berry XXXIII SLAC Summer Institute 27
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e/y 1d/Misid-entification in Detectorsi

S| m | Iar|t| es Tracking Electromagnetic Hadron hIuon

chamber calorimeter  calorimeter rharmber

 Both e and y deposit energy in | photons
the EM calorimeter (—EM object) ’

Differences —
e However, y are uncharged, so | _™4gns
leave no track in the tracking 7t p
chamber —

e Whereas e*’- leave a track —

Innermost Layer... P ...Cutermost Layer

Inefficiencies arise if:
Y et

- v ID requires no track, but y converts (—ee) T TT— o

e e ID requires a track, but loose track due to
iImperfect track reconstruction/crack

To maximise reconstruction efficiency: DO combine ee+yy = diEM search

Tracey Berry XXXIII SLAC Summer Institute 28
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Search selection 200 pbt
2 two isolated EM objects, E;>25GeV

2 central (CC)
or 1 plug and 1 central (EC)

¥ v
NITER Sch_@rs /_,,,,,
Muon Chambﬁ€ Eml "’ it
- o %nd Plug

.....

Events/10 GeV

10° 2
0 100 200 300 400 500 600 700 800 900

diEM Mass, GeV

MC studies show adding EE degrades
the sensitivity slightly, due to the
large background in this channel

Tracey Berry XXXIII SLAC Summer Institute

diEM cosé* Spectrum | D Run | Pre||m|nary

500

400[

1 1
300

Events/0.02

200[

100}

0
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DO ee+yy ADD LED

DO perform a combined fit of the invariant mass and angular information
and cos6* spectrum to extract limits

Fit combined M.,

|SM Prediction | D@ Run

uniformly
in cos™

0 200 400 600
diEM Mass, Gev

ED Signal

SM events expected g
to be distributed , 4

Signal events are accumulated
at low cos6* & :

Data |

Il Preliminary

€10°%] 4
I%‘;1021 f 1; tl I
10‘ '-'... i H 0]_8
100 106
4 5
10724 29

0200 400 600
diEM Mass, Gey

| QCD Background

2 : Z
£10 high mass £10* *
510 z 10%] 4 0s6
10 1 101 H: o 1
0068 1 1[I 0068
-1 6, 1] .
10_2 04 D 10_2 4 <*b
10 0.2 10 5

0 200 400 9o
diEM Mass, Gev

Tracey Berry

- 200 400 600
diEM Mass, Gey

XXXIII SLAC Summer Institute

»Parameterise o in terms of
n=xr M3
G = Ogy T NO N7+ N Okk + Opg
] SK/I \Intérfe?enc\e rEDAtean BacAkgrdund

» 3D templates used to set limits
»Bayesian likelihood fitting
used to set 95%CL on ng

» 1 translated into a 95% CL
mass limit on fundamental
Planck Scale (M,)

30

July 25-Aug 5, 2005




e DO’s highest mass events
Hints of New Physics?

8 events with M>350 GeV
» 6 form a bump around 400 GeV
/'—ee resonance?
eNo: have 1 or O tracks AND S

*Bump twice as narrow as expected | |
from a narrow resonance smeared with L

. . . 0 100 200 300 400 500 600 700 800 900
typical DO EM calorimeter resolution

diEM Mass, GeV
» 2 highest mass events:
have very low cos6* (0.01, 0.03)

One is a e*e” pair and the other yy

= excellent candidates
for new physics beyond the SM!

diEM Mass Spectrum | DO
—_—

Run Il Preliminary

Events/10 GeV

l.e. possess kinematics
typical of signal from large ED.
(Very high scattering angle:
close to n/2.

Intriguing events — but consistent with the SM

Tracey Berry XXXIII SLAC Summer Institute
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DO’s highest mass event

Run 177851 Event 28783974 Thu Dec 4 18:34:18 2003

E scale: 224 GeV

DO0O'’s highest-mass DY candidate ever observed!

“Event Callas”

| diEM Mass Spectrum | DQ Run I Pre||m|nary

Events/10 GeV

Run 177851 Event 28783974 Thu Dec 4 18:34:19 2003

180 £ 5tQe: 228 Gev

ml .
500 600 700 800 900

diEM Mass, GeV

Looking forward to results with more
data from Run Il (higher statistics)!

Tracey Berry XXXIII SLAC Summer Institute”
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CDF Run |1 Preliminary (200 pb ™)

10
CDF perform a similar search ol E' Brell =Y

Differences: ee channel only S Wz
fit invariant mass only 8"
% 10
Search selection 200 pb™? :
2 two isolated e, E; > 25 GeV )
10

2 central e (CC)

100 200 300 400 500

or 1 central and 1 forward e (CP) Dielectron Mass (Gev/c %

1q" . CDF Run i Preliminary (200 pb D)

« Data

Nexp=11.1 Ny,=14 for M>300 GeVi/c? ’ 0] S Background
Neyp= 4.6 Ngps= 9 for M .>350 GeVvic?

=
Sy

Interference

Central - Central

[N
==
—8—p—

Events/ 5 (GeV/c )

ol \L;UlLF Ll - E

— 2 o
G =0Ggu+ MOt + N% Okk —> Sl

NIl

200 400 600 , 800
Dielectron Mass (GeV/c ) 33
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DO uu ADD LED

DO up search performed in a similar way to the DO ee+yy search

Search Selection 250 pb

pHine=>15 GeV 3D fits to extract limits
ISOIated traCkS Standard Model MonteCar|o| | Data |
M, >50 GeV
Cosmics removed
- 2500 DY Run Il Preliminary 'ilf; . Lill; .
2 ] ® Data %30005_ 250 pb-l 10 _0%7&'*’\\ 10 '-'67;9@\
P === SM Monte Carlo - L 107 "()0 10 9‘300
107 r 400 600 300 (AN 400 600 ado M
. K i Mass (GeV) K1t Mass (GeV)
10 : |SM + ED terms (ng=3.0 Tev ) D@ Run Il Preliminary
Cbimuan Invariant Mase ety °  OF °4 0 o8 ul Ly "l""||“I"|""||’|||'|'|'Illi; 003231)"0’
— — > U u Mass ?eV) v
Nexp=6-4 Nyps=5 for M >300 GeVvic ——
Nexp=1-3 Ngp=1 for M, >450 GeVic? No deviation in data from SM
Tracey Berry XXXl SLAC Summer Institute 34
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3¢ Tevatron ADD LED limits

Both DO and CDF have observed no significant excess

95% CL lower limits on fundamental Planck scale (M,)
In TeV, using different formalisms:

GRW HLZ for n= Hewett
2 3 4 5 6 7 | A=+1/-1
DO Run Il: pp 1.09 | 1.00 | 1.29 | 1.09 | 0.98 | 0.91 |0.86 |0.97/0.95

DORun Il: ee+yy | 136 | 156 |1.61| 1.36 | 1.23 | 1.14 |1.08|1.22/1.10
DO Run I+11: ee+yy

143 | 1.61 | 1.70 | 1.43 1.29 1.20 | 1.14 | 1.28/NA

CDF Run Il: ee 1.11 1.32 1.11 1.00 0.93 0.88 0.96/0.99

DO Run Il pp result: tightest limits DO combined ee+yy Run | & Run 11
on LED from a single measurement result is the most stringent limit on
In this channel! LED to date!

Tracey Berry XXXIII SLAC Summer Institute 35
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ED Searches

Signature Experiment | Model Emission
Graviton | y+ME; LEP, CDF LED ] e
Emission a5+ ME CDF, DO Zﬁ&// |
_ jet(s)+E;
Graviton \l€e+yy  |D0 N\ |LEDGED ED U
S CLEL ) P CDF, DO\
G
B 12/DF/ - s
/- ’ T7 A\
e*/X 1 LED /‘S <
Boson ee TeVv?
XXXIII SLAC Summer Institute 36
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DI G Exchange: DO RS ee+yy

RS: 1 extra compactified/warped ED in which G can propagate

> TT | rTTT | TTTT | TTTT | TTTT | rTTT | TTTT | TTTT | T I_
) $ 108 1 .
Search for spin-2 resonance g D@ Run I, 275 pb™  a)
in invariant mass spectrum NS O mackground
= SM Background ]
(<5} I QCD Background
i 1300 GeV RS Graviton
. k/M,,=0.05
Search Selection 275pbt i
2 isolated €M object®with E;>25 GeV 10 3
2 central e (CC) i _=
or 1 forward and 1 central e (EC)

N, =22 786 10°

100 200 300 400 500 600 700 800
DiEM Mass (GeV)
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Do G exchange: DO RS uu

Search Selection 246pb™t |> T
2 high Pt (>15 GeV) pn 0107 D@ Run Il, 246 pb*  b) 3
Minimum ionising particles S ok o Data i
Match a track in central tracking chamber) £ ¢ 200 Gov 26 Graviton -
Signal in the p drift chambers (if fiducial) | g 102L k/Mp=0.05 ]
No opposite charge requirement, as 10¢ 5
determination of efficiency degrades B 1 JF

. 1 E
fast at high p; ; -

10" rL__LI-I" :
Cosmic Rays reduced by requiring p HHH"%

arrival times at the p detector consistent | 107%g4 260300 400 500 600700 800
with those from beam collisions Dimuon Mass (GeV)

— Good agreement between
Nops=17128 data and expected background
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G exchange: DO RS

1D fits used to extract limits
Different search windows are used for the ee+yy : uu channels
because of the different detector resolutions

%104 ) i 3104HIHHIHHII”IIHHIHHIH_IlIIHHIIé
o D@ Run Il, 275 pb a) Q DJ Run Il, 246 pb~ b)
Ay 5 o Data __ d 3 © Data
o 10°k —— Total Background = «n 10 =—— SM Background E
= c SM Background 3 = ) E
3 mEm QCD Background 3 1300 GeV RS Graviton 3
0102 — 3&7 '\Tv R(')s c(s)rgvuton N 3102 k/Mp=0.05 4
pI=Y- 3
10 E
1
10 10"
10 102

100 200 300 400 5p0 600 700 800
Difhuon Mass (GeV)

DIiEM Mass (GeV)

ee+yy: EM energy determined
using calorimeters

up: pr measured in tracker
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Do G exchange: DO RS

1D fits used to extract limits
Different search windows are used for the ee+yy : uu channels
because of the dlfferent detector component resolutions

%104 5 %104..,....,....,....,....,....,....,....,.q
O D Run II, 275 pb* a) 3 o D@ Run Il, 246 pb* b) =
S 3 J 3
— o Data 1 hy D
n 10° . 6 = Total Background = n 10° i Sl?/ltaBackground =
c 2 G SM Background 3 = ) E
3 EE QCD Background 3 1300 Gev Es Graviton 3
51102 — 3|2(;|\(;|eV—R8 (argvnon . @ 102 k/Mp=0.05
pI—Y-
10 }
1
10" 10*
10 1072

100 200 300 400 5p0 600 700 800
Difhuon Mass (GeV)

DIiEM Mass (GeV)

ee+yy: EM energy determined
using calorimeters

up: pr measured in tracker

= Asymmetric windows
only lower mass bound used
(due to long high-mass tail)

Tracey Berry XXXIII SLAC Summer Institute 40
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DU G e_xchange DO RS ee+yy

DD Run I, 246 pb* b) 7§

Events / 10 GeV
Events [ 24 Ge

significance
of upward
fluctuation at

400 G&'V = 20- 107386366306 400 500 600 700 800
0000 500 a0 g 0 o0 0, Small excess in p channel
Gramton DiEM Channel Dimuon Channel Combined
Mass ~ Window Background Data Limit _ Window Background Data Limit Limut
00  190-210 31552 53 702 51600 901 =117 96 437 0.8

W?E‘Q >0 W l=a4i 178 40
0 350-420 240 =033 305 >0 AT 219 144 |

N
M0 620780 030L0% 0 @ S300\02 213 13/ 117 @
500 700-000 D]S"uw 0 \& =300 102 =T 3 115

Combined limits slightly less restrictive due to the

overall small excess of observed events in the uu channel
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G exchange: DO RS

~ 1r — o AT T T
a - \ —¥— 95% CL pp Limits IS .
£ B ‘\ - A - uu Sensitivity ~0.09 \‘
— L . —o— 95% CL ee+yy Limits X YR
+ L - © = eetyy Sensitivity -
N 008
go —-—k/Mp|:0-05 0.07; N\
x C
01074 0.06F
X N C
o - DZ Run Il C
[ 246-275 pb™ ‘ 0.051
i 0.04F
0.03[
1021 -
- 3 002j
\ N -
l | l | ‘L | T l | l | l 11 | l ) I~
200 300 400 500 600 700 800 0.01E

Graviton Mass (GeV)

Excluded mass limits:
785 GeV for k/M;=0.1
250 GeV for k/M,=0.01

T T T

My

{ T
D@ Run 11:246-275 pb*

C \~\RS Model 95% C.L. Excluded Domain

TY{YIII'IIII'III:

ee+yy & combined

/

IIII|IIII{IIII|IIII|IIII|IIII|IIII|IIII|

500 /ef 200

600 700 800
Grawton Mass (GeV)

Below excluded
from precision
electroweak data

A,>10 TeV which
requires a significant
amount of fine-tuning

Most restrictive limits on the RS model parameters to date!

Tracey Berry

XXXIII SLAC Summer Institute
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G exchange: CDF RS ee (PP)

CDF also performed a Run Il RS search in the ee (& yy separately) channel
e include CC + CP (same as ADD ee data)
e add PP ee events

CDF Run Il Preliminary (1?3pb'1)

>

010° ee (PP) = SM prediction
Search Selection 'Eﬁxv |fi):r gmz Il aco dijets
2 forward EM clusters (PP) increase o & L] ::u;g;;t:mwz,zz,
isolated with E; > 25 GeV | \acceptancel/ § 1

w

New tracking algorithm developed for P
photons — require a silicon track 10"

1 [ .

g 100 20 300 400 50 600 700
QCD dijets (misidentified jet) M. (GeV)
background larger in the plug
region than in central

Neyp=2.7 £ 0.7 N;,=8 for M,>300 Gevic?

Neyp=1.4 £ 0.3 N, =3 for M>350 GeV/c?
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% G exchange: CDF RS yy

Search Selection

2 isolated y E;>15 GeV Lo e e s i
100
2 Central y (CC) E — Total Background *+ 1o
- SM vy (Diphox NLO)

Backgrounds

e Standard Model diphoton production —:‘;;-1;»/;’_
(dominant at very high masses) /’— o

e Fakes: y-jet and jet-jet, I
where jet fragments into a hard n®—yy | +

Y T S T T Y I T I
40 60 80 100 120 140 160 180 200
m(yy) (GeV/c’)

GeV/c”

3
10 CDF Run Il Preliminary, 345 pb™'
Data, E>15GeV, [n|<1.04

Total Background

Neyp=4.2£1.0 Nyps=1 for M,>300 GeV/c?
Neyp=1.5+0.5 N, =1 for M ,>350 GeV/c?

Entries/5 GeV/c?
>
T I\IHH| T \HIIH| T \IIHH‘ T IHHH‘

| | | [N PR
[n] I5(2!I I I1I(II(IIII I1|5(III 2|00 250 300 350 400 450 500
m(yy) (Gev/c?)
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G Exchange: CDF RS pu

CDF RUN Il Preliminary (200 pb )
o— Data
S A”
DY Z-=pup
QCD+cosmics
DY Z->11. WW. WZ, tti

Search Selection

2 isolated p P>20 GeV

In.1l<1, N, ol<1.5*

Veto cosmic rays using
track-timing cuts

Events /5 GeV/c ©

10 |

10"

-2

10

100 200 300 400 500 600 7O 80
Dimuon Mass (GeV/c 2)

Neyp=2.2 £ 0.3 Ngps=6 for M>300 GeVvic?

\
\

Solenoid

Neyp=3.2 £ 0.2 N =1 for M ,>350 GeV/c?
Time-of-Flight O
Silicon Tracker “u, may include tracks w/o p—chamber information
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CDF RS Graviton Limits

Setting 95 % C.L. upper limits on c.BR(c—vyy/Il):

e vy: Like DO ee+yy, CDF use +3c windows around Mg, but in 1D only
e ee+pu: CDF use a binned likelihood method to fit 1D M, spectra

0.1

Channel | Luminosity | Mg (Gevic?) Me (Gevic?)
(pbY) | KIMn=0.01 | K/

Decay mode
- dimuan {200 |:|b'1]|

B diclectron (200 pb™'| 210F
[ diphoton (345 pb™) E . .
I3tl!0| . I4l.l!0| - ISI.l!DI I 2| Iﬁl.lnﬂl . ITI.l!ﬂ E i
Graviton Mass (GeV/c™) E‘H} Lo w
* ee has largest acceptance at low mass ; ;57;.:#—
* vy has largest acceptance at high mass S €
e BR(G—yy) = 2 * BR(G—ee) —
CDF limits not as exclusive as DO’s -
wJ...JI:..;I..“I“..I,.“I..L.I,.H

0.5 1 15 2 25 3 3.5
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Events / 0.02

L W iy
L & 3
Y ST
kT a
b5

[ Lwell- Yan

m | LT B ackgroand
a00t Central - Coeniral
200 t

1
100¢

0 02 04 OB
Esm

ee =
gmﬂ
L

100 F

i]
1]

Tracey Berry

= Daia
D el - Yan

o T Bachgnound

02 04

Ewants / (.02

0.8

C-C and C-P

O el - Yun
D Backgrodind

0.8

\cosel
XXXIII SLAC Summer Institute

0.4 0.8 0.8 1

teosal

ICDE Fll..lll\l L1 F:retin:linall'y (2?0 pbr'-')

- -
s —e— Data
3 _:_ [ oy z-=pun (PYTHIA)

,!l,. - w® g E

400

Events/0.05
N
(=]
o

0o 0.1 0.2z 0.3 0.4 0.5 0.6 0.7 OB 09 1

lcosol

Diphoton RS Graviton Search, Collins-Soper Frame cos 06*

CDF Run Il Preliminary (345 pb™)

e Data

—— Total Background
----- v + Fakey

7Y

== Pythia vy

150 =~ R OIS
b T
100 0 Tre— TR
L
i |
50
P = T D I B I B I -« S
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1

Collins-Soper Frame cos 6*

Good agreement with SM prediction

July 25-Aug 5, 2005

47



ED Searches

Signature Experiment | Model Emission
Graviton | y+ME; LEP, CDF LED e
. g, _
Emission  |iets+ME. | CDF, DO ZﬁJ\et// |
7 jet(s)+Er
Graviton ee+yy DO LED, RS LED v B
Exchange /e CDF, DO
up CDF, DO _Exchange >
G
Ty CDF g g\fvvg o
/- ' r7 \v
Lex H1 lED /‘S X%
Boson ee TeVv?
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@ H1 LED Searches

p— ~ e —
) - H1 op data

EF oo — Staoswlasd Modal
= CTEGQSD pdf

=

H1 Search Strateqy
Perform signature based searches

i
 Measure inclusive c's e*-p—e*-X overa | 3
huge range in 4-momentum transfer (Q%)| ™

e Compare data to expectation .

T 115 o

* ;_1_0_: _ ; +'H'+ K '*"‘Ii e 10 107
e U +++ l' g a2 (Eewd)

B
10

= Fix the SM and its parameters, in
: + particular the parton distributions,

R using experimental data at low Q?,

TReT T et where the theory is well established.

2 |-

o

* Interpret data & set limits Then extrapolate the prediction towards Q2,
on many new models! (where distance scales down to 1/1000 of the
E.g. Contact interactions proton radius are probed), where deviations

Lepto_quar_kT . y due to new physics are expected to be most
gégfgﬁﬂgrloeagrng gﬁgstrrusctur o prominent & could indicate the presence of
quark substructure or new particles

(Form Factor Analysis)
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In DIS, G-exchange may contribute to the e-q subprocess, but the new
Interaction also induces e-g scattering which is not present in the SM.

do(et et X do(e™
( f;{; ) _ /’dm{q(m) (dttI)Jrq

. L arge Extra Dimensions
To Set Limits ey 3 AL IR UL B L BN R AL BN AR
. . S [ e e pNCdata \s=319GeV | @ e’pNCdata Vs=319 Ge
»Parameterise o In terms of A N — w—r7ocevies1 |
n=»au Ms4 ° M,=610 GeV A=-1 I M,=730 GeV A=—1
Noa 2 - combined limits: — combined limits:
do(etg + etg) _ do®M do% do™  do?" |3T -~ M_=820 GeV A=+l - M,=820 GeV A=+l
& = @ T T e e |8 b M=7800Gevi=1 R M_=780 GeV A=-1
— — r ) B
SM + ED + Interference I
1_
»>Fit the differential ¢ to the : [
formula above treating A/M* ¥ | 1yq A= constructive of | 4q
as a free parameter / [, Jestjuctive inteference [ | |
. . 0 IIIIII“3II”““4III IIIIIIII3II”““4III
»Extract limits on M 10 e 10 S
> Q" (GeV?) Q° (GeV)
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ED Searches

Model

Signature Experiment Emission
Graviton y+ME; LEP, CDF LED e
.. g,
Emission jets+ME, |CDF, DO Zﬁ&// |
= " jet(s)tE,
Graviton ee+yy DO LED, RS LED S
Exchange CDF, DO
m CDF, DO _Exchange >
G
Yy CDF SV m
/- 9: 4 YY
e*/X H1 LED e

Boson

ExchangQ<

ee

o0~

(Tev-D

LED RS TeVt!

Tracey Berry

XXXl SLAC Summer Institute
July 25-Aug 5, 2005
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L TeV-1 ee Search

First dedicated experimental search for TeV-! ED at a collider

Search for effects of virtual exchanges of the KK states of the Z and y

Search Signature: Signal has 2 distinct features:
»enhancement at large masses (like LED)

»negative interference between the 15t KK s&iof the Z/y and the
SM Drell-Yan in between the Z mass and M. \

Search Selection 200pb diEM Mass Spe\ru

Same as LED diEM search except:
at least 1 EM cluster has to have a
matching track & no track isolation
requirement

Events/10 GeV

Data are in excellent agreement
with Drell-Yan production,
SO proceed to set limits...

D
A)
\ O
: =2
-, .
i
: . - 7
! - = ]
. e L XTI E
' - -t g
. . R
1 1 I III 1 1 11 I 1 b I lllll

1 I 1 1 1 1 I
0 100 200 300 400 500 600 700 800 900 1000

diEM Mass, GeV
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SM Prediction

Data

DG Run Il Preliminary

% 102 ; 102
2 10 S 10
0 1 1 7 1
1 0.8 1 % 0.8
10 0.6 10 7 0.6
102 04 & 107 0.4 «
-3 02 % 10'30 % 0.2 3
0 2004006008001908 © 2004006008001008 &
diEM Mass. Gey diEM Mass, Gev
ED Signal . QCD Background
b 103 1= 103
102 2107
1 1 1 e 1
1 0.8 -1 0.8
10 0.6 10 7 0.6
1072 04& 107 0.4 &
-30 02 % 10'30 Py 7029

diEM Mass, Gev

XXXl SLAC Summer Institute
July 25-Aug 5, 2005

diEM Mass, Gey
Tracey Berry

TeV-1 ee DO

Extract limits on M. by
fitting 2D distributions to
the sum of the SM,
Interference, and the
direct gravity templates

Lower limit on the
compactification scale of
the longitudinal ED:
M.>1.12 TeV at 95% C.L.

World Combined Limit
M. >6.8 TeV at 95%C.L.

Better limits come from
precision measurements
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Summary of Present Limits
But what of the Future...?

»Present limits are up to ~ 1TeV
»Future: More data to be analysed and to come:

Delivered HERA: ~220pbt Tevatron:> 1 fb!
Analysed ~80pb! ~400 pb?
Goal >700pb1 (2007)  4.4-8.5 fb! (2009)

Promising observation potential, hope to discover ED if they exist!
Or extend limits: Tevatron Run lla (2 fb'') extend limits:

ADD: up to about Mg = 2 TeV

RS: m, from 0.5 to 1 TeV for k/M;, 0.01 to 0.1

And after that.....?
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What limits can we reach in the future? sk

» Next generation of detectors being built ;-j
LHC (2007): Vs = 14 TeV |
» What limits can we expect to reach?

. . ESs
SN | ;'l
e HHEAE L CERN ‘
. e Y it
MC studies - AT Barir
already on u A -
their way! o 0

Point 5 5——% |

4
S
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LED ADD: G Direct Emission

v+ ME; jet+ ME;

M MAX (TeV) | §=2 ATLAS

MgMAX (TeV) | §=2 §=3 5=4

LL 30fb-t | 7.7 6.2 5.2

HL 100fb-1

HL 100fb-t | 9.1 7.0 6.0

Evonts [ 20 GaV

To characterise the model need to measure My and o

Measuring ¢ gives ambiguous results Disentangle 6 and Mp:

Run at two different Vs

(=2, Mp=5TeV very similar to 6=4, M,=4TeV) e.g. 10 TeV and 14 TeV =>

va =14 TeV I |}W{E\'].jw{?"" R r nppd 50 fh-l

100 fb-

| JWTv) 0.18
| JE(vw)
= total background

o ® signal =2 M= 4 TeV

a signal i=3 Mpg=5TeV

m signal i=4 My=5 TeV 0.1 |

TEN o S o S (e o S e S S o S iy L N s Y | Pt - . H H H H H H
250 500 750 1000 1250 1500 1750 200 Covv o by by v by v v b v by v g v by wy

?GHDTCV]JG{"[“TEV} ,E“erq;-ITEV
N . A S T o Lo

signal i=2 MD =8 TeW 012 :— e "":.I." F"""'-;‘"""l'lﬂh.:u [T i.i;.'.'j.f;j:.ii,ﬂl.l“ :-nn mawi iilt:-lloiiltliu R R

* 0.08 :_ .......... ............ .............. . .............. ..........
: 0.06 :_ .......... ............ .............. _ .............. ..........
0.04 :_ .......... ............ .............. .L .............. ..........

EIEET I A A - ;

0
Epmiss (GeV) 1 2 3 4 5 6 T

Tracev Berrv XXX SLAC Sum
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LED ADD: Virtual G Exchange

channel | Luminosity 0=2 6=3 0=4 0=5
10 fb-t M. m(TeV) 6.3 5.6 5.1 4.9
S/B 36/18 36/18 39/25 34/13
7 100 fb-! M max(TeV) 7.9 y 6.7 6.3
S/B 50/53 62/96 5572 51/53
10 fb-! M;"#*{TeV) 6.6 5.9 5.4 9.1
rf S/B 3311 31/8 30/6 30.6
100 fb-! M;"*{TeV) 7.9 1.5 7.0 6.6
S/B 45/48 38/21 36/16 29/6
10 fb1 M. m(TeV) 7.0 6.3 5.7 5.4
vy + tt
100 fb1 M max(TeV) 8.1 7.9 7.4 7.0

ATLAS extends reach up to ~ 6/7 TeV with 10 fb-1/100 fb-!

Tracey Berry

(n dependent)

XXXl SLAC Summer Institute
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RS constraints

Tevatron — 110 pb?1---2 fb!

Dijet and dilepton data S
95% CL exclusion limits for discovery

0.20r | | RERRG ] gw
K/MPI [ \/ Curv?lgjrf <of I\?th dlmen3|on d g PYTHIA + CHSIET
Olof , Allowed E o CMS, 100 fb! "
0.072 | [ Region E 7
0.05-| 1 . e
— = ._/:_-,{_a
0.03E E "5
X ] _E',MUEN E!ectrons pr SR
0.02; B " A= 10TeY —r”:" o 4
o A /A I i | /,’ | | | me.(GEV),
l O O O 2 O O O 3 0 O O 4 O O O 5 O 0 O 1000 1500 2000 2500 000 1500 000 4530 i Ia_;ﬁ
m, (GeV) BR(G—yy) = 2*BR(G—ee)

LHC completely covers the region of interest

(hep-ph 0006041)
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RS constraints

Distinguish RS model from other new physics

»Distinguish Z’ (spin 1) /G (spin »1f many resonances observed:
2) from e*e- 15t resonance by study separation: is it
studying angular distribution characteristic Bessel spacing?
ATLAS, 100 fb!l, mgs=1.5 TeV do/dM
%tt‘r . . “data” | (pb/GeV) 7 """"""" I '7
Em spin 1 i | / 10_2 Dilepton _

-
)

K/M,,

[ 10 | 1

10

106

o - LHC |
107 F1500 GeV Gy, e
10-10 'ar|1d sutl)sequlent tolwe | teS'O'Ol
1000 3000 5000
M, (GeV)

10.1
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TeV-1Sized ED & KK Gauge Boson

Fermions are open strings excitations

with ends stuck to our brane but gauge

Bosons could also propagate in the bulk.

ATLAS M_=4 TeV

Y O/ZO—ere/pt

mm) Search for KK excitations of Z, v, ...

2k 1°F | . .

v ?hH._ Mc=4Tev = & n Worse | [*2 TeV e in ATLAS:
o[ M2 i } wews Sl resolution: AE/E~0.7
2t LV b vt T ~2006 for
E om0 N 1, 1 | =Acceptance for

R N P ]_1-1 - leptons:

hJ—J] i . 2 e'e " HE g
ol o SMT g e e e L T, In[<2.5
2000 4000 GO0C 2000 4000 00 8000
m, (GeW) m{€+e_) m, (GeV) m(|+|_)

Reach: Possible to detect resonance up to 5.8 TeV

In absence of peak a 95% CL of 13.5 TeV can be achieved

G. Azuelos, G. Polesello (Les Houches 2001 Workshop Proceedings)
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TeV-1Sized ED & KK Gauge Boson

Distinguish RS model from other new physics

7 or 7' or RS Graviton? Forward-backward asymetries:

s 2y i m++:+‘+h+w++++|

0 1% -
{ g : G
e i - HH" I
P s TS o +++H H }++|| ’ : r +|+.,Jr
10  Hh
2000 A oODD - : ] il S : it
. i By 5irled a0 jluil] 2HH) i e
l;:l'ev A el 100 D.b 1 Rlime)
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Concluding Remarks

»No significant sign of new physics!

»Increasing number of channels being used to search for EDs
Many searches underway:

e.g. pp—rtr, pp—jet jet, pp—>G—->ZZ
»Existing analyses being refined & improved
Updates imminent e.g. pp—ee, pp—jet+ME;,
»Present limits are up to ~ 1TeV
»LHC will enable searches probe up to ~ 5-6 TeV

Will HERA/Tevatron discover new physics before LHC?

Tracey Berry XXXIII SLAC Summer Institute 62
July 25-Aug 5, 2005



	Searches at Accelerators
	Outline
	Extra dimensional Models
	Experimental Signatures for
	Experimental Signature for          Model
	Experimental Signature for               and KK Gauge Bosons
	ED Search Facilities
	General Particle Detection
	Tevatron Experiments: CDF & D0
	HERA: H1 & ZEUS
	LEP Detectors
	Summary of Searches performed
	ED Searches
	G emission: LEP g+MET
	G Emission: CDF: +MET
	ED Searches
	Real G Emission: jet(s)+MET
	ED Searches
	ED Searches
	Search for G Exchange?
	Tevatron Exchange Search Strategies
	ED Searches
	G Exchange: D0 ee+gg ADD LED
	e/g Id/Misid-entification in Detectors
	G Exchange: D0 ee+gg ADD LED
	D0’s highest mass events
	D0’s highest mass event
	D0 mm ADD LED
	Tevatron ADD LED limits
	ED Searches
	G Exchange: D0 RS ee+gg
	G Exchange: CDF RS mm
	CDF RS Graviton Limits
	G exchange: CDF RS Searches
	ED Searches
	H1 LED Searches
	G exchange: H1 LED Search
	ED Searches
	TeV-1 ee Search
	TeV-1 ee D0
	Summary of Present LimitsBut what of the Future…?
	What limits can we reach in the future?
	RS constraints
	RS constraints
	Concluding Remarks

