Searches fm*%

Extra Dlmgnsmns'and
Black Holes at Colllders o

ahl w0 'I.
“’PG rég’EL

- ‘!

'||||:.|

aﬁ&sﬁe{g




* |ntro. into Extra, Dimensions

» Gravity Measurements at: Short; Distances
* Limits from Astrophysics and Cosmology
* Collider. Searches for: Extra, Dimensions

* Black Holes at Colliders

 Conclusions

* Not in this talk (but | have slides, anyway):

— Universal Extra Dimensions

— Experimental Challenges

— Randall-Sundrum Black Holes

— Black Holes in Cosmic Rays

— New Physics in Black Hole Decays
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Measurement

w B s

Beauty

Omeas Of'1|/(5mea5

|td

&

.

m,[GeV] 91.1875+0.0021 91.1874
I,[GeV] 24952400023  2.4957
ol Inb] 4154040037 41477
R 20767 +0.025  20.744
A 0.01714 £ 0.00095 0.01640
R, 0.21629 £ 0.00066 0.21585
R, 0.1721+0.0030  0.1722
AP 0.0992+0.0016  0.1037
AY 0.0707 +0.0035  0.0741
A, 0923£0020 0935
A 0670+0027  0.668
A(SLD)  0.1513£0.0021  0.1479
my [GeV]  80.392+0029  80.371
NylGeVl — 2147£0060  2.091
m[GeV]  1714+2.1 171.7
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-~ Standard Model: Beauty & the Beast

Beauty and the Beast

Measurement Fit dOmeas oMjjgmea
‘ =
m,[GeV] 91.1875+0.0021 91.1874 RGE evolution
T,[GeV] 24952400023 24957 .
ol [nb]  41540+0037 41477 Gravitational %
R 207670025 20744 :
b — Force
A 0.01714 £ 0.00095 0.01640 S
o
O
+
R, 0.21629 + 0.00066 0.21585 L EM/Hypercharge
R, 01721400030 01722 N F
< orce
I 0.0992 00016  0.1037 )
0c (0]
A 0.0707 £0.0035  0.0741 o
A, 0823£0020 0935 O | Weak Force
A, 0.670 +0.027 0.668 =
A(SLD)  01513+£00021  0.1479 Strong Force
m, [GeV] 80392+0029  80.371
rw[eevl 2.147 £0.060 2.091 vev IVIGUT; IVIPI
w BRLE -
m, [GeV] 1714+ 2.1 1717 | | R
‘ 2 16 19
0o 1 2 3 10 10%° 10% [GeV]

Mcurr Mp » vev
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4+~ Standard Model: Beauty & the Beast

Beauty

Measurement Fit dOmeas ot|jgmeas

&

m,[GeV] 91.1875£0.0021 91.1874
I,[GeV]  24952+0.0023 24957
ol Inbl  41540+0037 41477

R 20767 +0.025  20.744
A 0.01714 £ 0.00095 0.01640
R, 0.21629 £ 0.00066 0.21585
R, 0.1721+0.0030  0.1722
AP 0.0992+0.0016  0.1037
AY 0.0707 +0.0035  0.0741
A, 0923£0020 0935
A 0670+0027  0.668

c

A(SLD) 0.1513+£0.0021 0.1479

my [GeV] 80.392+0029  80.371
I, [GeV] 2.147 £ 0.060 2.091
m, [GeV] 1714+ 2.1 1717

Extra spatial dimensions may get rid of the beast while preserving
SM’s natural beauty!
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£ nggs mass receives corrections
from fermion loops:

e The size of corrections is ~ to the
UV cutoff (A) squared:

%?
AM? = + M?
Ar° Q\ )
¢ |n order for the Higgs mass to be
finite, a fine tuning (cancellation) of
various loops is required to a
precision ~(M/A)?~ 1034 for A ~ M,
®* Higgs mass can't be too light or the
potential won't have a Mexican hat

shape and will turn negative at large
values

® For the SM to be valid up to Planck
scale, My > 135 GeV

August 27, 2007

- Naturainess and Triviality

e Triviality: if the Higgs mass is too large,
the Higgs self-coupling drives the
mass to infinity above certain scale

¢ |f one wants the SM to be correct all
the way up to Planck scale, 135 < M,

<175 GeV is required

BDD T T T T T T T T T | T [ T

M, < 144 GeV @ 95% CL

(Combined EW fit)
M, > 114.4 GeV @ 95% CL

(LEP2, up to Vs = 209 GeV)
Triviality 7

500

300 EW
Precision

My, [GeV/c2]

3 5 7 9 11 13
log g A [GeV]

15 17 19
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+ - large Hierarchies Tend to Collapse...

%)
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= And Keep In Mind...

E . Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions
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~ » Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)
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* Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
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E . Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)
— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 (!!)
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* Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()

— Numerology: 987654321/123456789 =
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E . Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()

— Numerology: 987654321/123456789 =
8.000000073 (1!!)
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E . Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()
— Numerology: 987654321/123456789 =
8.000000073 (')
(Food for thought: is it really numerology?)
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E . Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()
— Numerology: 987654321/123456789 =
8.000000073 (')
(Food for thought: is it really numerology?)

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions



| ———
——
—
—

- __ |
T NN

E . Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()
— Numerology: 987654321/123456789 =
8.000000073 (')
(Food for thought: is it really numerology?)

 Alternative: the anthropic principle
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.= And Keep In Mind...
* Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()
— Numerology: 987654321/123456789 =
8.000000073 (1)
(Food for thought: is it really numerology?)

» Alternative: the anthropic principle

— Properties of the universe are so special because we
happen to exist and be able to ask these very questions
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~ + Fine tuning (required to keep a large hierarchy

stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as the
angular size of the moon within 2.5% (pure coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 (!!)
— Numerology: 987654321/123456789 =
8.000000073 (')
(Food for thought: is it really numerology?)

» Alternative: the anthropic principle

— Properties of the universe are so special because we
happen to exist and be able to ask these very questions

— |Is it time to give up science for philosophy? — So far
reductionist method worked very well!

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions



« But: what if there is no other scale, and
SM model is correct up to M,?

— Give up naturalness: inevitably leads to

anthropic reasoning
— Radical new approach

— Arkani-

Hamed, Dimopoulos, Dvali (ADD,  Gravity is fundamentally strong force,
1998): maybe the fundamental Planck but we do not feel that as it is diluted

scale is only ~ 1 TeV?!!

by the Iarge vqume of the bqu space

» Gravity is made strong at a TeV scale . =1/(M ]) = 1/Mp? ~1 TeV

due to existence of large (R ~ 1mm —

1fm) extra spatial dimensions: (I\/lg+2 o« M |/R )

—SM particles are confined to a 3D “brane”
—Gravity is the only force that permeates

“bulk™ space
* \What about Newton’s law?

1 mimgy 1

» More precisely, from Gauss’s law:

8 x 102 m,n=1

po L (M ) 0.7 mm,n =2
_\/47TMD Mp 3nm,n =3

M2 6 x10712m,n=14

(r) = E
M2 rnt+l 34n] n—+2 rnt+l
Pl ( MEB )

e Ruled out for infinite ED, but does not

apply for compact ones:

1 mim

« Amazing as it is, but as of 1998 no one
has tested Newton’s law to distances
less than ~ 1Tmm!

* Thus, the fundamental Planck scale

V(r) ~ 2 for > R could be as low as 1 TeV for n > 1

n+2
3+n JRilis
()

August 27, 2007
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TeV' Extra Dimensions

« Simultaneously, another idea
has appeared:

~ \ Gravitational — EXplore modification of force
\ ' Force behavior in (3+n)-dimensions to
\ \ achieve low-energy grand
Real : \ unification [Dienes, Dudas,
GUT Scale \ Gherghetta, PL B436, 55
| \ (1998)]

\ Virtual \ — To achieve that, allow other
'Image force carriers (g, v, W, and Z) to
' propagate in an extra

dimension, which is
“longitudinal” to the SM brane

Strong Force and compactified on a “natural”
My My EW scale:
; = | . ‘R~1TeV'1~10"1"m
Mz Ms Mgyr Maur IogE

EM/Hypercharge
Force

Inverse Strength

Weak Force

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions 10
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471999: Randall-Sundrum Model
* Randall-Sundrum (RS) model [PRL 83,

3370 (1999); PRL 83, 4690 (1999)] /\

—One + brane — no low energy effects A\G

—Two + and — branes — TeV Kaluza-Klein Aﬁ

modes of graviton —feeee —

—Low energy effects on SM brane are 8
given by A : for kR ~ 10, A_~ 1 TeV and W
the hierarchy problem is solved naturally

Ji

k — AdS curvature
Reduced Planck mass:

SM brane Planck brane —
(=) (¢=0) M, EMPI/\/S:rc

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions
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471999: Randall-Sundrum Model
* Randall-Sundrum (RS) model [PRL 83,

3370 (1999); PRL 83, 4690 (1999)] /\

—One + brane — no low energy effects A\G

—Two + and — branes — TeV Kaluza-Klein A& ::'_‘_’_':__:
modes of graviton

—Low energy effects on SM brane are " N e
given by A_; for kR ~ 10, A_~ 1 TeV and W o

the hierarchy problem is solved naturally

Anti-deSitter space-time metric:

—krm
A =M,e
7T Pl
Reduced Planck mass:

SM brane Planck brane —
(=) (¢=0) M, EMPI/\/S:rc

k — AdS curvature

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions
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4-1999: Randall-Sundrum Model
* Randall-Sundrum (RS) model [PRL 83,

3370 (1999); PRL 83, 4690 (1999)] /\

—One + brane — no low energy effects AG
—Two + and — branes — TeV Kaluza-Klein Aﬂ ~——

; = - BN
modes of graviton
—Low energy effects on SM brane are PR N e ¢
given by A_; for kR ~ 10, A_~ 1 TeV and W o

the hierarchy problem is solved naturally

Anti-deSitter space-time metric:

k — AdS curvature

Reduced Planck mass:

SM brane Planck brane —
(=) (¢=0) M, EMPI/\/SJ'C

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions 11
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= ADD Paradigm:

* Pro: “Eliminates” the
hierarchy problem by
stating that physics
ends at a TeV scale

* Only gravity lives in
the "bulk™ space

» Size of ED’s (n=2-7)
between ~100 um
and ~1 fm

* Black holes at the
LHC and in the UHE
cosmic rays

» Con: Doesn’t explain
why ED are so large

August 27, 2007
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RS Model:

* Pro: Arigorous solution
to the hierarchy
problem via localization
of gravity

 Gravitons (and possibly
other particles)
propagate in a single
ED, with special metric

* Black holes at the LHC
and in UHE cosmic rays

« Con: Somewhat
disfavored by precision
EW fits

TeV-1 Scenario:

* Pro: Lowers GUT
scale by changing the
running of couplings

* Only gauge bosons
(g/y/W/Z) “live” in ED’s

* Size of ED’s ~1 TeV-!
or~10""m-i.e.,
natural EWSB size

» Con: Gravity is not in
the picture

A : . New 1 Usual

Hypercharge;  Scale i Scale
Force ' : '

25 1
5 5 Weak Force ' S —

- T T/ e —— RN M
£5

Strong Forcei: ?\6(\0\6 5\“ o q)
L P o (o©
17eV 20 TeV 10" GEV
Energy
Greg Landsberg, Experimental Signatures for Extra Dimensions 12
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= ADD Paradigm:

» Winding modes with

energy spacing ~1/r, i.e.

1 meV — 100 MeV

» Experimentally can't
resolve these modes —
they appear as
continuous spectrum

« Coupling: Gy per mode;

compensated by large
number of modes

Elk

~1 TeV

August 27, 2007

v

TeV-1 Scenario:

» Winding modes with
nearly equal energy
spacing ~1/r, i.e. ~ 1

TeV

» Can excite individual
modes at colliders or
look for indirect effects

» Coupling: ~g,, per mode

M, =~M?+ /7

E A
~Mgur

Greg Landsberg, Experimental Signatures for Extra Dimensions

>

RS Model:

» “Particle in a box” with

special AdS metric

* Energy eigenvalues are
given by the zeroes of

Bessel function J,

» Light modes might be
accessible at colliders

« Coupling: G for the zero
mode; 1/A 2 for the others

E 4

~Mp,

M,

M,=0;M, =M, xi/xl =~ M,

, 1.83M,,

2.66M,, 3.48M,, 4.30M,, ...

13



| I T |
10° _—Lamoreaux
B tanford
- Gluon /S ]
10° | Modulus? ~ _ Colorado E.Adelberger et al.
Strange .
odutus | N PRL 86, 1418 (2001)]
|0£ | " Dilaton \ |
10°  compact / N Washington
_ Dimension
- Radius ;
: 0_3 B Modulus
- Vacuum energy\é/' ~—
» Constraints : ; Axion .
10_6 Ll L | | | | .|.-..l....|..."'i"--||||| L
107 10° 10 10° 107 10™
A (meters)
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« Sub-millimeter gravity
measurements could probe
only n=2 case only within the
ADD model

— The best sensitivity so far
have been achieved in the
U of Washington torsion
balance experiment — a
high-tech “remake” of the
1798 Cavendish
experiment

« R<0.16 mm (Mg 2 1.7 TeV)

» Sensitivity vanishes quickly
with the distance — can’t push
limits further down
significantly

— Started restricting ADD with
2 extra dimensions; can’t
probe any higher number

— Ultimately push the
sensitivity by a factor of two
in terms of the distance

* No sensitivity to the TeV-! and
RS models

14
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4 1arge ED: Gravity at Short Distances

« Sub-millimeter gravity
measurements could probe
only n=2 case only within the
ADD model

— The best sensitivity so far
have been achieved in the
U of Washington torsion
balance experiment — a
high-tech “remake” of the
1798 Cavendish
experiment

« R<0.16 mm (Mg 2 1.7 TeV)

» Sensitivity vanishes quickly
with the distance — can’t push
limits further down
significantly

— Started restricting ADD with
2 extra dimensions; can’t
probe any higher number

— Ultimately push the
sensitivity by a factor of two
in terms of the distance

* No sensitivity to the TeV-! and
RS models
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. Supernova Coollng due to graviton < Overclosure of the universe, matter

emission — an alternative cooling dominance in the early universe,
mechanism that would decrease andgtqalrnF Phb yS. Leg E?r?S[J:SI—?SP
the dominant cooling via neutrino airbairn, Griffiths
ermission Vet 202,024 (2002)]

— Tightest limits on any additional B M - 86 Hhea (n 2)
cooling sources come from the — My >7.4TeV (n=3)

measurement of the SN1987A .
neutrino flux by the Kamiokande ~ * Neutron star y-emission from

and IMB radiative decays of the gravitons
3 ot - trapped during the supernova

Application to the ADD scenarrio:

Cﬂﬁen and Perelstein [PRL 83, collapse, Hannestad and Raffelt

268 (1999)] Hanhart, Phillips, [PRL 88, 071301 (2002)]:

Reddy, and Savage [Nucl. Phys. — My > 1700 TeV (n=2)

B595, 335 (2001)[:
_ M, > 25-30 TeV (n=2)
_M, > 2-4 TeV (n=3)

— Mgy > 60 TeV (n=3)

- Caveat: there are many known (and
unknown!) uncertainties, so the

* Distortion of the cosmic diffuse cosmological bounds are reliable
amma radiation (CDG) spectrum only as an order of magnitude
ue to the G, — yy decays: Hall estimate

?1”9(198)Tlth [PRD 60, 085008 « Still, n=2 is largely disfavored

— Mg > 100 TeV (n=2)

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions 15
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Kaluza-Klein gravitons couple to

the energy-momentum tensor, and

therefore contribute to most of the
SM processes

For Feynman rules for G see:

— [Han, Lykken, Zhang, PRD 59,
105006 (1999)]

— [Giudice, Rattazzi, Wells, NP
B544, 3 (1999)]
Graviton emission: direct

sensitivity to the fundamental
Planck scale M

Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to

be ~My (and likely < Mp)

The two processes are
complementary

Greg Landsberg, Experimental Signatures for Extra Dimensions
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« Kaluza-Klein gravitons couple to . -
the energy-momentum tensor, and Real Graviton Emission
therefore contribute to most of the  Monojets at hadron colliders
SM processes

« For Feynman rules for G, see:

— [Han, Lykken, Zhang, PRD 59,
105006 (1999)]

— [Giudice, Rattazzi, Wells, NP
B544, 3 (1999)]

« Graviton emission: direct
sensitivity to the fundamental
Planck scale M

* Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to

be ~My (and likely < Mp)

 The two processes are
complementary

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions 16
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Kaluza-Klein gravitons couple to

the energy-momentum tensor, and
therefore contribute to most of the

SM processes
For Feynman rules for G, see:

— [Han, Lykken, Zhang, PRD 59,
105006 (1999)]

— [Giudice, Rattazzi, Wells, NP
B544, 3 (1999)]

Graviton emission: direct
sensitivity to the fundamental
Planck scale M,

Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to

be ~My (and likely < Mp)

The two processes are
complementary

#Collider Signatures for Large ED

-
-

Real Graviton Emission

Monojets at hadron colliders

Single VB at hadron or e*e" colliders

Gk v Gyk ==

Greg Landsberg, Experimental Signatures for Extra Dimensions 16
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Kaluza-Klein gravitons couple to

the energy-momentum tensor, and
therefore contribute to most of the

SM processes
For Feynman rules for G, see:

— [Han, Lykken, Zhang, PRD 59,
105006 (1999)]

— [Giudice, Rattazzi, Wells, NP
B544, 3 (1999)]

Graviton emission: direct
sensitivity to the fundamental
Planck scale M,

Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to

be ~My (and likely < Mp)

The two processes are
complementary

#Collider Signatures for Large ED

-
-

Real Graviton Emission
Monojets at hadron colliders

Single VB at hadron or e*e" colliders

Gk v Gyk ==

Virtual Graviton Effects
Fermion or VB pairs at hadron or e*e colliders

f f v
GKK GKK
f f Vv

Greg Landsberg, Experimental Signatures for Extra Dimensions 16
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Direct Graviton Emission

August 27, 2007

LEP Combined: 1.2/1.1 TeV

Greg Landsberg, Experimental Signatures for Extra Dimensions

ete- = G ete- > 2G
Experiment | n=2 | n=3 [n=4 |n=5 |n=6 | n=2 | n=3 | n=4 | n=5 |n=6 || Colorcoding
ALEPH |[128 |097 |0.78 |066 |057 |0.35 [022 [017 |0.14 |0.12 | <184 GeV
DELPH| | 138 [1.02 (084 |0.68 |0.58 <189 GeV
L3 1.02 | 0.81 | 067 [058 |0.51 | 060 |0.38 [029 |0.24 |0.21 || >200 GeV
OPAL 1.09 |0.86 [0.71 |061 |0.53 A=-1 =+
GL
All limits are in TeV Virtual Graviton Exchange
Experiment ete- | Wwru- | THT- qq ff YW | WW | ZZ |Combined
ALEPH 1.04 | 0.65 | 0.60 0.53/0.57 1.05 | 0.81 0.75/1.00 (<189)
0.81 | 0.67 | 0.62 | (46/0.46 (bb) | 0-84 | 0-82
DELPHI 0.59 | 0.56 0.60 | 0.83 0.60/0.76 (ff) (<202)
0.73 | 0.65 0.76 | 0.91 =
L3 0.98 | 0.56 | 0.58 [0.49 0.49 0.84 | 0.99 | 0.68 1.0/1.1 (<202) =
1.06 | 0.69 | 0.54 1.00 | 0.84 | 0.79 =
OPAL 1.15 0.62 0.62 | 0.89 0.63 [1.17/1.03 (<209) =
1.00 0.66 0.66 | 0.83 0.74 =
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ERIMENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGY
ACCCOMPANIED BY A JET OR A PHOTON(S) IN p; COLLISIONS

AT /s = 540 GevV

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Geneva, Switzerlarnd

Abstract

We report the observation of five events in which a missing transverse
energy larger than 40 GeV is assoclated with a narrow hadremic jet and of two
similar events with a neutral electromagnetic cluster (either one or more
closely spaced photons). We cannot find an explanation for such events in

terms of backgrounds or within the expectations of the Standard Model.

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions
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ERIMENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGY
ACCCOMPANIED BY A JET OR A PHOTON(S) IN p; COLLISIONS

AT /s = 540 GevV

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Geneva, Switzerlarnd

Abstract

We report the observation of five events in which a missing transverse
energy larger than 40 GeV is assoclated with a narrow hadremic jet and of two
similar events with a neutral electromagnetic cluster (either one or more
closely spaced photons). We cannot find an explanation for such events in

terms of backgrounds or within the expectations of the Standard Model.
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= Monojets: Tainted History

~ EXPERIMENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGY
ACCCOMPANIED BY A JET OR A PHOTON(S) IN p;.)- COLLISIONS

AT /s = 540 GevV

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Geneva, Switzerlarnd

VOLUME 54, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1985

Monojets from Z Decay without Extra Neutrinos or Higgs Particles

Stephen F. King
Lyman Laboraiory of Physics, Harvard University, Cambridge, Massachusetis 02138
(Received 26 November 1984)

The recent discovery of monojets by Arnison ef al. '

at the CERN pp collider has caused ripples of excite-
ment throughout the particle physics world, since they
cannot be explained by the minimal standard model.”
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&= Monojets: Tainted History

AE, (GeV) =
10 20 30 40 50 60 70 ==
T T T T T T Saprrem e
Background from UA1
jet fluctuations . .
- Single jets Gary Taubes
= 20 .
: Cos Ap>-08
e .
p B
2
g 10- | §
[YE]
W1V
o DREAMS
F ED B A : oceit ; : :
ol L -0 _Mm |l-:-| | A | A Power, Deceit and the Ultimate Experiment
0 1000 2000 3000 4000 5000
(AEH )2 (GeVz) “...one of those rave science books that tell about science

i the course of telling nbout the Teman comerdy.”
Los Angeles Times

*These monojets turned out to be due to
unaccounted background

*The signature was deemed doomed and
nearly forgotten

oIt took many years for successful monojet
analyses at a hadron collider to be
completed (CDF/DQ)
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£~ Why Jets+ME, is Tough?

EFFECT OF THE CLEAN UP CUTE ON THE KMET DISTRIBUTION

« Jets tend to fluctuate wildly: > 10° "
. gﬂ CDF Run 11 Preliminary, 254 ph I:lmm basic cute
— Large shower fluctuation 210 I After 3 jets cut
— Non-linear calorimeter response i [_]After basic cute

— Non-compensation (i.e., e/h = 1)
— Fluctuations in the e/h energy ratio

* Instrumental effects: 10
— Dead or “hot” calorimeter cells 1o LIS RIS M RN L
— Cosmic rays Er [GeV]

. -—2 MET includes cells with E>0 (no CH)
— Poorly instrumented area of the 2 -
detector o]

* Note that in Run Il D@ showed the
first results in this channel only in 10°
2005 (4 years into the run); CDF
made their results public and 10
published them in 2006

* Likely not an early LHC running
measurement! - Raw ME- spectrum at the Tevatron
and that after thorough clean-up

Bad runs were removed

Moisy events were removed

[
=
[
]

Bad cells/towers were removed

ey .
0 50 250 300 350 400
Missing ET, GeV
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. Z(w)+Jets Is irreducible background g

—Challenging signature due to large %'
instrumental backgrounds from jet 2"
mismeasurement, cosmics, etc.

0 80—

- D@ pioneered this search and set 1 ¢,
limits [PRL, 90 251802 (2003)] 40
My > 1.0-0.6 TeV for n=2...7 204

« New CDF analysis w/ 1.1 fb-1

200
180-

\100-

—— Data
== SM Prediction

- = SM + LED (n=2,M_,=1TeV

—H: CDF Il Preliminary (1.1 fb™)

— Central jet w/ E; > 150 GeV 16

— ME; > 120 GeV > 14
E
— No other jets w/ E; > 60 GeV T 12
— 779 events observed with 819 + 71 :*', 1
expected (half comes from Z(vv)+j) §
o 08
— Set limits on the fundamental Planck =
scale between 0.88 and 1.33 TeV 0.6

— Similar results with looser ME+, E¢ cuts

August 27, 2007

100 150 200 250 300 350 400

Event Missing E., GeV
............. B3 coFin (1.1 107
Y 1 URE £ DO (Runl)
: LEP Combined

||||||||||
-----

N -

3 4 5
Number of Extra Dimensions
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‘Expectations at the LHC

—

Monojets:

Events / 20 GeV

— ATLAS fast simulation for 30

and 100 fb-! (caveat: no

instrumental bckg. included)

V8 =14TeV
o'l L rwtew), i
[ jwmy
L= E1 iz
= total background
3 ® gignal 3=2 M, =4TaV
O slgnal 3=2 M, =8TeV
107 A slignal 3=3 M,=5TeV
F B sighal 3=4 M,=5TaV
10'5— ..-*-. 100 fb_l
10 é_ \.-
1 = 3
1] 2000
Emies (GeV)
o | M E‘”’r‘ (TeV) | M B““E (TeV) || M B"m
LL,30fb~1 | HL, 100 b~ 1 || (TeV)
2 7.7 9.1 ~ 4
3 6.2 7.0 ~ 4.5
4 5.2 6.0 ~ 5

August 27, 2007

Monophotons:

—ATLAS and CMS simulations for
100 fb-" and 30 fb-!, respectively

0 80— —
8 E
£ 70F—-% CMS -
g FE 0 30 fb'l
| - i
m - A
)
50F
44::5 \\ L= 300"
E K +20
30F =30
E =40
Eﬂ: =+50
0% L
[|: s S ——— I —____
:||||||||||||||||||||||||||||||||||||||||||
S |

M, [TeV]
) ]Wg”ax (TeV) ]WB”“
HL, 100 fb~! || (TeV)
2 4 ~ 3.5
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GKK GKK
f f Y/
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* Expect an interference with the SM
fermion or boson pair production

'SM Prediction

Lo
=10
Q.2
o 10
10 1
0.8
1011 06*
102 023
4]

. 400 600
diEM Mass, Gev
' ED Signal

= 103
> 102

10 1
1 0.8
10-1 0.6*
2 04 o
10 02 &
200 400 goo 3]

diEM Mass, Gev
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Run 11, 200 pb™' 4

w ' QCD Background

600
diEM Mass, Gev

0 600
diEM Mass, Gev

_ Mg > 1.1-1.6 TeV (n=2-7)

« Combined with the Run | DQ result;:
— Mg > 1.1-1.7 TeV — tightest to date

« Sensitivity in Run |l and at the LHC:

(" d’c _ d?osm 4+ )
dcos0*dM =~ dcosO*dM
C;\(Ji) f1(cos0*, M) + b(n)f (cos6*, M)
DO Run Il Preliminary | Data | \ "~ 5 y.
« High-mass, low |cos6+| tail is a
‘%10; characteristic signature of LED
1) . [Cheung, GL, PRD 62 076003 (2000)]
o o6  Best limits on the effective Planck scale
10 WANEEE %%  come from new D@ Run Il data:

Run II, 2 fb™

LHC, 100 fb™*

ete + UWHW

1.3-1.9 TeV

6.5-10 TeV

T

1.5-2.4 TeV

/.5-12 TeV

e'e + WL 4+ Yy

1.5-2.5 TeV

7.9-13 TeV

Greg Landsberg, Experimental Signatures for Extra Dimensions
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« While the D@ data are consistent with the SM, the two highest-mass
candidates have anomalously low value of cos6* typical of ED signal:

Event Callas: M, = 475 GeV, cosn* = 0.01 Event Farrar: M = 436 GeV, cosn” = 0.03

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions



=>4 -
-——
L 1

Clean signature, with a huge potential of a quick discovery in

dimuon, dielectron, and diphoton channels:
— Factor of ~3 gain over the Tevatron/Cosmic Ray limits in just 100 pb-

— Will also probe generic compositeness models with similar increase in

sensitivity compared to the existing limits

10.5
10.0

MS reach, TeV

6.0

55 L
50F
45k

4.0
3.5
3.0
2.5

95 -
90 -
B85 -
8.0 L
75 F
7.0 F
6.5 -

ADD Discovery Limit

0.1

CMS reach for large ED in the dimuon channel

August 27, 2007

T
10

100
Integrated Luminosity, fb”

1000

g
IIIII| IIIIIIII| I\III|T|'| IIIIIIII| IIIII|T|'|

10 fb-

SM+qa+gg

5t Mg > 5.1 TeV

Mc=4.7 TeV, n=3

1000 1 500 2000 2500 3000 3500 40 CIO

M, (GeV)

M . GeV

o’

F nNn=3

: 5o: Mg > 6.6 TeV

wiatoy PP > Y

M. =4.7 TeV

- N
M_=6.7 TeV A
N
10

——F — —]

sSM

-2 -1 ] 1 2
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* Intermediate-size extra dimensions
with ~TeV-'! radius

» Introduced by [Antoniadis, PL B246,
377 (1990)] in the string theory
context

» Used by [Dienes, Dudas, and
Gherghetta, PL B436, 55 (1998)] to
allow for low-energy unification
— Expect Z,«, Wk, 9k resonances at the

LHC energies

— At lower energies, can study effects of
virtual exchange of the Kaluza-Klein
modes of vector bosons

e Current indirect constraints come
from precision EVW measurements:
1/r ~ 6 TeV

August 27, 2007

Events /GeV

s —
e ‘?# ] -

[Antoniadis, Benaklis, and Quiros,

PL B460, 176 (1999)]

10°

10°

10"

ZKK

10

LHC
(1UR=3TeV)

D=2

_f )
2000 3000

4000 5000
1/R (GeV)
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.= Current Limits on TeV-'ED

1 (TeV—?) 795 -::'l'r”-l'_z:: _H.E'-E' i "TeV)
LEP 2:
hadronic cross section, ang. dist., Hye (.53 *_'g:% 0.12 5.3
(e, 7 ocross section & ang. dist. .08 iEﬁIE 0.42 2.8
ce cross section & ang. dist. .62 tggg 0.16 1.5
LEP combined 0.28 *5-553 0.076 6.6
HERA:
NC 274 149 1.50 1.4
CC 0.057 *155 2.5 1.2
HERA combined 1.23 oo 1.25 1.6
TEVATRON:
Drell-yan 0.87 112 1.06 1.3
Tevatron dijet 0.46 521 1.0 1.8
levatron top production (.53 tgigl, 9.2 (.60
Tevatron combined 0.38 534 0.65 2.3
All combined 0.20 *55a0 0.071 6.8
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D@ Run Il Preliminary

2004 060080
diEM Mass, Ge?} 0

200 pb1, ete-
1)
m10; Event
g}gz Callas
L
1 10 1
04 % 107 0.4 «
) 107 22

200400¢ 080
diEM Mass, Ge(\}.'w

ED Signal

QCD Background

10 Interference effecy 44,
£10° £10°]
210? 2102
Ll 10 : L
10-1 0.8 10-1
1072 Q8 102,
10° s 10°
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: 0080 '
diEM Mass, Ge\.(f}mOB

TeV-1ED, 1/R = 0.8 TeV

0.2
S
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» While the Tevatron sensitivity is
inferior to indirect limits, it explores
the effects of virtual KK modes at
higher energies, i.e. complementary
to those in the EW data

« D@ has performed the first dedicated
search of this kind in the dielectron
channel based on 200 pb-" of Run Il
data (Zyk, Ykk — €'€’)

» The 2D-technique similar to the
search for ADD effects in the virtual
exchange yields the best sensitivity
in the DY production [Cheung, GL,
PRD 65, 076003 (2002)]

« Data agree with the SM predictions,
which resulted in the following limit:
—1/R>1.12TeV @ 95% CL
—R<1.75x10"9m

27



ATLAS e’e”
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. Dramatic reach even with ~1 fb1

.'ﬁ = 1 1 T 1 I 1 1 1 1 I T 1 1 T I 1 1 1 T I 1 :
o 30 T L - ‘a - :
E ] = 80 -
O 251 | KKZ - ee =2 20F KK Z production E
g | ] § : E
= - - L 60F .
20 " E ]
[ ] = N E
[ ] o 0 - :
151 - - ]
i ] 401 =
10 - 305— —E
: : 20 =
Sf . - CMS/| -
_% i 10F _ -
e T - T ]
0 INPI SR T T T T N N TN M N N TN TN M AN NN AN AN A A ™ o 7
0 1 +_ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
4 4.5 5 5.5 6 4 45 5 55 6
2
@ M (TeVic) M (TeV/c)
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* Need only two parameters to
define the model: k and r

* Equivalent set of parameters:

—The mass of the first KK mode, M,

—Dimensionless coupling k/Mp1,

which determines the graviton width

k/M ,,

10—4

do/dM (pb/GeV)

e T e B
Drell-Yan at the LHC —

T I A A N N O TR S
3000 4000

M, (GeV)

1 1 1 1 1
2000

1
500

1 1 1
5000

k/ Mp,

¢~ Randall-Sundrum Model Obhservables

* To avoid fine-tuning and non-
perturbative regime, coupling
can’t be too large or too small

* 0.01 <k/Mpi<0.10 is the
expected range

e Gravitons are narrow

- Similar observables for Z,/gxk In

TeV-' models

0.20 T T T l T T T T l T T T T N T T T T / T T
Tevatron
|Rs| <M ,

0.10

0.07 Allowed Region

0.05

0.03

0.02

1 l lIIlIllIIIIIlJIlIII‘IIII|IIII|

IlJl

llllll

0.01"

1 L 1 1 1 1 1 1 Il 1 1
2000 3000 4000

m, (GeV)

1 L |
1000

Davoudiasl, Hewett, Rizzo [PRD 63, 075004 (2001)]
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w10° ¥ B === Total Background .
< b & SM Background 3
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Lﬁ 10° H £ 300 GeV RS Graviton

100 200 300 400 500 600 700 800
DiEM Mass (GeV)

3 10¢ )
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. Latest limits are 10% higher
than the original ones despite
4x statistics

— Tevatron sensitivity has really
maxed out - need higher energies!

Q

=
~

August 27, 2007

kIMpI vs RS Graviton Mass Exclusion
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| D@ Run Il Preliminary, 1.1f5'

at 95% CL
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~ LHC:Randall-Sundrum Graviton Reach
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E . Simple RS model has many  For graviton masses ~2-3 TeV,

potential problems: FCNC, CP- top quarks emerge highly
violation boosted, which makes it
—Those can be solved by challenging to reconstruct them
putting fermions in the bulk

» Top quark is localized near the > ; <__,‘<
SM brane; light fermions are
near the Planck brane « Several challenges:

« Graviton mainly couples to the —for 3-jet top decays jets are
top quark, and thus the often merged in a single “fat”
dominant decay mode is a pair jet

of top quarks —b-tagging efficiency drops

dramatically, as the opening
angle between the tracks
becomes small.

light

fermions
tr

Planck Brane

>
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- Black Holes on Demand =

Black Holes on Demand NYT, 9/11/01  "@heNoylikanes

Scientists are exploring the possibility of producing miniature black holes on demand by smashing paricles
together. Their plans hinge on the theory that the universe contains more than the three dimensions of
everyday life. Here's the idea:

VN

Particles collide in three
dimensional space, shown
Delow as a flal plane,

T

grawiational force

As the particles approach ~ When the particles are ex- The extra dimensions would Such a black hole would
in a particle accelerator, tremely close, they may enter  allow gravity to increase immediately evaporate,
their gravitational atfraction  space with more dimensions,  more rapidly so a black hole  sending out a unigue pat-
increases steadily. shown above as a cube. can form. tern of radiation.
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Black Holes are direct prediction of Einstein’s general S8
relativity theory, established in 1915 (although they .
were never quite accepted by Einstein!)

* In 1916 Karl Schwarzschild applied GR to a static
non-spinning massive object and derived famous
metric with a singularity at a Schwarzschild radius
r= Rg = 2MG,/c? :

[1- S 0 0 0\ }time
0 —(1-2MEny=1 g 0
Juv = (<))
0 0 20 . §
w
\ 0 0 0 —r®sinf /J

- If the radius of the object is less than Rg, a black hole
with the event horizon at Ry is formed

* The term “black-hole” was introduced only around
1967 by John Wheeler
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Naively, black holes would only grow once they are formed §&

In 1975 Steven Hawking showed that this is not true
[Commun. Math. Phys. 43, 199 (1975)], as the black hole
can evaporate by emitting pairs of virtual photons at the
event horizon, with one of the pair escaping the BH gravity

These photons have a perfect black-body spectrum with
the Hawking temperature: Fie

T, =

4TkR

« In natural units (% = ¢ = k, = 1), one has the
following fundamental relationship: RsT,, = (4m)-!

- If Ty is high enough, massive particles can also be
produced in evaporation

* Information paradox: if we throw an encyclopedia
in a black hole, and watch it evaporating, where
would the information disappear?

* This paradox is possibly solved in the only model
of quantum gravity we know of: string theory

August 27, 2007 Greg Landsberg, Experimental Signatures for Extra Dimensions
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few years ago [PRL 87, 161602 (2001)]
and a related study by Giddings/Thomas

[PRD 65, 056010 (2002)]

« Extends previous, more theoretical studies
by Argyres/Dimopoulos/March-Russell [PL
B441, 96 (1998)], Banks/Fischler [JHEP,
9906, 014 (1999)], Emparan/Horowitz/
Myers [PRL 85, 499 (2000)] to collider
phenomenology

 Big surprise: BH production is not an exotic
remote possibility, but the dominant effect!

* Main idea: when the c.0.m. energy reaches
the fundamental Planck scale, a BH is
formed!

« Also true in the RS models where A_is the

characteristic scale
Q 11— <) e
Black hole

August 27, 2007

Artist’'s view:

AR
BLACK HOLE

b

PROTON *

Cross section is given by a black
disk approximation

parton

T e e S — —
C Z.'-/—-m I

E. Based on the work done with Dimopoulos a

LRAVITONS

A PARTICLES

T QUR UNIVERSE

N
M?=s

parton

Y

o~nRg*~1TeV >~107°m*~ 100 pb
Comparable with that of the top-quark
pair production!
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 Fundamental limitation: our lack of knowledge of quantum
gravity effects close to the Planck scale

« Consequently, no attempts for partial improvement of the
results, e.g.:
— Grey body factors
— BH spin, charge, color hair
— Relativistic effects and time-dependence
* The underlying assumptions rely on two simple qualitative
properties:
— The absence of small couplings;
— The “democratic” nature of BH decays

 We expect these features to survive for light BH
« Use semi-classical approach strictly valid only for Mg, » Mg;
only consider Mg, > Mp

» Clearly, these are important limitations, but there is no way
around them without the knowledge of QG
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» Schwarzschild radius is given by
Argyres et al., hep-th/9808138 [after
Myers/Perry, Ann. Phys. 172 (1986) [Dimopoulos, GL, PRL 87, 161602 (2001)]
304]; it leads to:

2 10 "

~ 1 MBH &I (nT—I—S) e ,i

0(8 = Mgy) = mR% = ' gy
[ MP2’1 Mpr n+2 0 llli‘ Total

dL/dM, 1/GeV

» Use parton luminosity approach with

quark momentum distribution given
by parton distribution functions

(
do(pp—BH+X)  dL -
dMpr = Tnigg olab— BH)|§:M§H

dL __ 2Mgy Z
dMpy = s
ab 5

~\

1
dz,, M2
/ (@) o ( BH)
Tq STq
\ Mou/s J

[
=
i

* Note: at c.o.m. energies ~1 TeV the
dominant contribution is from quark-
quark interactions (BH w/ color, B = 0)

[y
=
i

0

= = = = =
Lok L b W L bWk

,_
=
s

._

=
= = =
e T —

-
™

uu+dd
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» Schwarzschild radius is given by
Argyres et al., hep-th/9808138 [after

Myers/Perry, Ann. Phys. 172 (1986) [Dimopoulos, GL, PRL 87, 161602 (2001)]

304]; it leads to:
A A2 N 2 1 MBHSF(nTjLS) o
E(SMBH) =l = M2, [MPI nt 2

» Use parton luminosity approach with
quark momentum distribution given
by parton distribution functions

D

do/dM ;. ph/GeV

(. N
do(pp—BH+X 2
(M;MBH+ b= d]?f (ab — BH)|A:M§H
dz,, M2
iy = 2 3 / ot (S22
Q Mo/* J

* Note: at c.o.m. energies ~1 TeV the
dominant contribution is from quark-
quark interactions (BH w/ color, B = 0)
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- Hawking temperature: RsT = (n+1)/4xn
(in natural units a=c=k=1)

« BH radiates mainly in our 3D world:
[Emparan/Horowitz/Myers, PRL 85,
499 (2000)]

— A~ 27/T, > Rg; hence, the BH is a point

radiator, producing s-waves, which
depends only on the radial component

— The decay into a particle on the brane
and in the bulk is thus the same

— Since there are much more particles on
the brane, than in the bulk, decay into
gravitons is largely suppressed

* Democratic couplings to ~120 SM
d.o.f. yield probability of Hawking

evaporation into y, /*, and v ~2%, 10%,
and 5% respectively

» Averaging over the BB spectrum gives
average multiplicity of decay products:

_ MBH
N~
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Hawking temperature: RgTy, = (n+1)/4n
(in naturalunits a=c=k=1)

BH radiates mainly in our 3D world:
[Emparan/Horowitz/Myers, PRL 85,
499 (2000)]

— A~ 2n/T,, > Rg; hence, the BH is a point

radiator, producing s-waves, which
depends only on the radial component

— The decay into a particle on the brane
and in the bulk is thus the same

— Since there are much more particles on
the brane, than in the bulk, decay into
gravitons is largely suppressed

Democratic couplings to ~120 SM
d.o.f. yield probability of Hawking

evaporation into y, 7, and v ~2%, 10%,
and 5% respectively

» Averaging over the BB spectrum gives

average multiplicity of decay products:

_ MBH
N~

vy
o
T N
»,
[m—
—
——

[Dimopoulos, GL, PRL 87, 161602 (2001)]

<1 Note that the formula for (N) is
351 strictly valid only for (N) » 1 due

[ to the kinematic cutoff E < Mg,,/2;
so [ If taken into account, it increases
- multiplicity at low (N)

251

20¢

Stefan’s law: t ~ 1046 s
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¢~ Black Hole Factory

[Dimopoulos, GL, PRL 87, 161602 (2001)]
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Black-Hole Factory
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[Dimopoulos, GL, PRL 87, 161602 (2001)]

9 :ﬁu"*(%::s]w _ 1

W | -~ ley INT, = ———InM,,, + const
=~ 0.3 -2 s, : n+1 o
p— 1 Tl "'171}.

~ ~._ 1

-

—

p

=

of

=

- Relationship between logT, and logMg,, allows to find the number of ED

— This result is independent of their shape!

— This approach drastically differs from analyzing other collider signatures and
would constitute a “smoking cannon” signature for a TeV Planck scale
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= « Detailed studies already started in ATLAS and CMS

— ATLAS —CHARYBDIS (HERWIG-based generator witan
elaborated decay model [Harris/Richardson/Webber])

— CMS - TRUENOIR [GL]/CHARYBDIS
* The hunt is going on!

Simulated black hole event in the
ATLAS detector [from ATLAS-Japan Group] Simulated black hole event in the CMS
detector [A. de Roeck & S. Wynhoff]
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« Possibility of Extra Dimensions in space is a bold theoretical
idea, which recently has acquired a new face:
— Attempts to solve the hierarchy problem and other problems of the SM
via an alternative framework

 Enormous amount of interest in the past 5 years, both on the
theoretical/phenomenological and on experimental sides

« Spectacular signatures, large cross sections make these
models extremely attractive for full exploration at the LHC

— Some of the signatures may nevertheless be quite
challenging!
 If the scale of gravity is ~1 TeV, copious production of black

holes at the LHC is likely to be an early and definitely most
spectacular signature for extra dimensions

« Such a possibility would fulfill our dreams for Grand
Unification of an ultimate kind: that of particle physics,
astrophysics and cosmology!
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¥ Fine Tuning Explained..

*Fine tuning explained:

— Numerology: 987654321/123456789 =
8.000000073 ?

Numerology it is not!

i NML...987654321 _N_»

N®=123456789...LMN

— Seeing Is believing:
*In hexadecimal system,
FEDCBA987654321/123456789ABCDEF =
14.000000000000000183
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* Proper detector calibration, alignment, and detailed simulation is required
— Taunting task, which easily takes several years

« Searches typically look for one event in a million; that means that the
detector often has to be understood to the 10-° level!

« Use calibration samples of well understood nature:
— Test beams (initial calibration)
— Cosmic runs (alignment, efficiency)
— Minbias data (channel-by-channel calibration)

— “Standard candles” — Z, W, top (efficiency, non-Gaussian tails in resolution, b-
tagging)

— Z(ee) and y + jets (jet energy calibration and resolution)

— High-p; dijets (saturation, ME; resolution and tails)

« Easily a subject for several dedicated lectures; not covered here in detail:

— See 2006 Hadron Collider Physics Summer School proceedings: http://
www.fnal.gov/HCPSS06 for dedicated talks

* Note: while a few spectacular discoveries may happen as early as 2008,
most would require two-three years of accelerator running and operating
the detectors!

— Gear up for a long(er) ride!
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* Broad resonances are possible at high masses; signal starts
looking like compositeness (or instrumental effect!)

* Reduces the reach; requires different optimization of the
search

Example: bulk Z,, in RS model o
& Point B
% 00n!

7> Width @ M,,=4 TeV

A‘T—E’gg
I' = 800 GeV tfor pownt A (0.2 M)
I' = 200 GeV for powmt B (0.05 M)
I' = 170 GeV for point C (0.04 M)

. Lessthan 10,
signal events

F m, =4 TeV

19%F [Ldt =300 fb°

102

000360063600 2000000 800070008000
m,.(Gel)
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 ECAL saturation: a smgle crystal saturates at ~1.7 TeV, start seeing effect
for >4 TeV Z’

« Correct energy at a slight resolution loss using “charge-sharing”
technique

 Triggering with saturation could present another challenge!

w0 0 L ]
E | —before correction M=4 TEV""C% E 250:— -~before corraction M=6 TEV-"'C% |_ .:l_ .:
% 3000 —after carrection B _ % L —after corraction ] Lo
I i 200f- . 1y
i : ] (|
- ] L
I i 7 150 ] 1
2000 f i B 1 o
G ] F O _ : g
100f- b R T
L ’ - C i I
1000 - C i 1 : II [
i i i 501 i . A
i 1 f id : 7 I II i 1
! . AR e d 1
e gl .Y | Lkh-—._l_ 1 | : ;J 4 s I | 1 1 I II i I
86 0.8 12 e 0.8 1 12 I
Me& Mtrue Mee'lmtrue
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Challenges: ATLAS

Isolation cut is used
— Loosely confirmed by full simulation

09 -
0.8
0.7f
0.8f .
0.5f
0.4f
03f
0.2F

0.1F

— ]
— —————

Cut effisiencies

l:l 2 gene ele eta=l.

at least 2 reco ele

AtlFastv12.0.4

I
2000
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4000
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6000
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8000

15000
M, (Gel)

0.9F
0.8f

0.7

0.3f
0.2f

0.6f
0.5F
0.4f

0.1F

J[—o—-——l— -
E FullSim v12.0.31
2000 4000 6000 8000 10000

M,.(GeV)

0.9

0.8

0.7F
0.6
0.5F

0.4
0.3
0.2

0.1F

New set of isolation cuts is being developed to recover
efficiency at high masses

Electron efficiency drops fast with mass when “standard”

= AtlFast v12.0.4
- without isolation cut
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 The most “democratic” ED model: all the SM fields are free to propagate in extra
dimension(s) with the size R, = 1/M, ~ 1 TeV-! [Appelquist, Cheng, Dobrescu,

PRD 64, 035002 (2001)]

— Instead of chiral doublets and singlets, model contains vector-like quarks and leptons
— Gravitational force is not included in this model

« The number of universal extra dimensions is not fixed:
— it's feasible that there is just one (MUED)

— the case of two extra dimensions is theoretically attractive, as it breaks down to the
chiral Standard Model and has additional nice features, such as guaranteed proton
stability, etc.

- Every particle acquires KK modes with the masses M 2=My2?+M>2,n=0,1, 2, ...

« Kaluza-Klein number (n) is conserved at tree level, i.e.n, £ n, = ny; = ... = 0;

consequently, the lightest KK mode cold be stable (and is an excellent dark matter
candidate [Cheng, Feng, Matchev, PRL 89, 211301 (2002)])

* Hence, first level KK-excitations are produced in pairs, similar to SUSY particles

« Consequently, current limits (dominated by precision electroweak measurements,
particularly T-parameter) are sufficiently low (M, ~ 300 GeV for one ED and of the

same order, albeit more model-dependent for >1 ED)
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. Naively, one would expect large

clusters of nearly degenerate @ Q, L(q,l)are SU(2) doublets
states with the mass around 1/R, (smglets) and contain both
2R, ... chiralities

 Cheng, Feng, Matchev, Schmaltz:
not true, as radiative corrections

tend to be large (up to 30%); thus &0
the KK excitation mass spectrum |
resembles that of SUSY! | = 1/Rc =500 GGV

 Minimal UED model with a single
extra dimension, compactified on
an S,/Z, orbifold

— (Odd fields do not have 0 modes,
so we identify them w/ “wrong”

chiralities, so that they vanish in
the SM

600 [ Q

M (GeV)

550

500
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[Cheng, Matchev, Schmaltz, PRD 66, 056006 (2002)]
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= UED Spectroscopy

* First level KK-states spectroscopy Doy

[CMS, PRD 66, 056006 (2002)]

August 27, 2007

B(g,—Q,Q) ~ 50%
B(g9,—q,9) ~ 50%
S AN B(q,—qy,) ~ 100%
B(t,—W,b, H, b) ~ 100%
B(Q,—QZ,;:W,:y,) ~ 33%:65%:2%
— T 4 B(W,;—-vL,v,L)=1/6:1/6 (per flavor)
B(Z,—vv,4:LL,) ~ 1/6:1/6 (per flavor)
B(L,—vy4L) ~ 100%
B(v,—y.v) ~ 100%
B(H, —vv;, Hyy) ~ 100%

Q—>""

Production:
q.q4 + X — ME; + jets (~0,,4/4); but:

= v low ME-
(~Ohad/4)
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Reasonably high rate up to M ~ 500 GeV

T | | | I | | | | | | | J
- QQ4, g49;

| Runll,vs=2 TeV
[Rizzo, PRD 64, 095010 (2001)]
1 | l l L1 I | I _|
200 300 400 500 600 700
M (GeV)

Greg Landsberg, Experimental Signatures for Extra Dimensions

o6



e Only the gold-plated 4-
leptons + ME; mode has

been considered in the
original paper
« Even at the Tevatron

sensitivity can exceed i |

current limits
e Much more promising
channels:
— dileptons + jets + ME; +
X (x9 cross section)
— ftrileptons + jets + ME; +
X (x5 cross section)
* Detailed simulations is

required: CompHEP and  1°©
PYTHIA implementations

L
T
—

now exist 10—

[Cheng, Matchev, Schmaltz, PRD 66, 056006 (2002)]

10! |
7 100 |
10~1

_2;

5, S— -
e g, BN - -

T

/ Tevatron

I

|

L is per experiment;

(single experiment)

'QLET -

AR=20
- - e .
000 1000 1500 2000
R™! (GeV)
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* Not nearly as studied as BH in large ED
Originally suggested in Anchordoqui, Goldberg, Shapere,
[PRD 66, 024033 (2002)]
A few authors extended work to various cases: Rizzo, [JHEP
0501, 28 (2005); hep-ph/0510420; hep-ph/0603242];
Stojkovic, [PRL 94, 011603 (2005)]
The event horizon has a pancake-like shape (squashed in
the 5% dimension by e-ktR¢)

* Nevertheless, the comparison with the ADD BH is
trivial, GL, [hep-ph/0607297]
If Rse-*Rc << iR the BH is still “small” and can be treated

as a 5D BH in flat space (ignoring the AdS curvature at the
SM brane ~k? << 1)

For BH production, A_in the RS model plays the same role
as the fundamental Planck scale My in the ADD model
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M? M?
M2 _ 1 — —27kr ~ - M2
P1 7 ( € ) I
. R 1 Mgy
* The Schwarzschild radius: /ts = ———"1 \/3Me—7rk""

1 Mpu 1
\/§7TA7T ];A/\7T AT('

: 1 SMpu
. mpare with: R2PP(5D) = N
Compare wit g (5D) i\ 300,

« Thenif one sets A_= My and k = 1/8r = 0.04, the RS formula

turns into the ADD one! Thus, the two cases are equivalent
within the approximations we used!

« Ty =1/(2nRs) (ADD formula in D)

e Given M3 = kMP|2 = An2k82ﬂjkr, RS -
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» More generally, the mapping
between the ADD and RS
parameters is as follows:
n=1,Mpy=A_(8nk)"?

— A, =2TeV
l{ 1/8n b)

F—— M, =1 TE‘\

Parton G, pb

Note that generally, the BH N 5
production cutoff, if chosen f'"ﬂnii %g
equal to A_, won't be equal to CE MY N
M 5 10
D M, TeV
However, this parameter set is
usable in the BH event d)
generators to study arbitrary > - RSBH/  _
coupling values = K= 1/81
» Cross section is somewhat = ~
higher for RS BH and they are 19 R
colder than their ADD [
counterparts 5 10
M,,,/M,,

« Consequently, the RS BH
decay results in higher number
of final state particles, making
it easier to establish the signal
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+ RS BH: Samples & Wien's Law

100 fb-" @ the LHC

10 "¢ _ 2 LSS,
S k=1/8n - e,
><= 10 'k = & =3
FF = £ ey
- - el sy
= I =
£10° 024
10 L M2 ey, e
104é
10 ¢
é 0,
10 % .
oL 2] Impressive precision
in proving n=1!
1 ——— —— T ||||i|||| T i"l—l—l T 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 1 2 3 4 5 6 78 9 10 02 03 04 05 06 07 08 09 1
Mgy, TeV log,;(Mpy/1 TeV)
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holes would offer the entire allowed
range to be probed with ~1 year at a
nominal LHC luminosity

Significant fraction of the allowed
parameter space can be probed with
just 1 fb™! (up to M, ~3TeV fork = 0.1)

The reach is fairly competitive with

direct searches for RS gravitons in the

dilepton/diphoton mode

| Discovery Limit of Randall-Sundrum Graviton: G %y |

CMS Sensitivity

2
IFISIc:I'L"I5

30 b s

—,

10"

Region of Interest

Coupling Parameter ¢

Discovery Limit of
Randall-Sundrum Graviton
G F—y

CMS - Full simulation
and Reconstruction

10-2 _l L Ll 1 1l L1 L 1 L L 1 Ll 11l Ll Ll 1 | Ll 1 1l I Ll 1 1l I Ll 1 1l I L1 L 1
0.5 1 1.5 2 2.5 3 35 4 4.5 5
Graviton Mass (TeV/c)

8k

4~ Prohing Randall-Sundrum Model w/ BH

« In terms of probing K vs. M,, RS black

Number of tagged RS BH in 100/fb of data at the LHC

008
0.07

0.06
0.05

0.04

0.03

0.02

0.01

Single-event
level —

p

500

1 | 1
1000
M,. GeV
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= New Physics in BH Decays

« Example: Higgs with the mass of 130 GeV decays predominantly into bb

—Tag BH events with leptons or photons, and look at the dijet invariant
mass, does not even require b-tagging!

» Use typical LHC detector response to obtain realistic results

£ ] D_‘jet invariant mass | ¥*/ndt 26.63 | 37
< 200 a)
w- [ Xt PO +
----- Nin = 1 TeV, 1 LHC-hour (!)
so 0 b ko T 2000 0 250 0 0 300
ij, GeV
£ 1901 Dijet invariant mass, one b-tag [ x*/ndf 4549 | 37
2 b)
= 75
50°
: 4 H

btz TR ]

o o 7 Tiso T T2000 7 250

Dijet invariant mass, two b-tags | x*/ndf

Events

=]

‘ [GL, PRL 88, 181801 (2002)]
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:= New Physics in BH Decays

« Example: Higgs with the mass of 130 GeV decays predominantly into bb

—Tag BH events with leptons or photons, and look at the dijet invariant
mass, does not even require b-tagging!

» Use typical LHC detector response to obtain realistic results

g ] Dijjet invariant mass | ¥/ ndf 26.63 | 37
=
S 200- | a) boost
100~ Nt
----- Nin = 1 TeV, 1 LHC-hour (!)
s abo T ke T T 2000 0 7 2% T T a00
ij, GeV
E 100- Dijet invariant mass, one b-tag [ x’/ndf 4549 | 37
2 3 b)
= 75
50°
2 E : U
53 N T - L
A L
s Tabo T Tdke T T T 2000 77 2% T T T30
E Dijet invariant mass, two b-tags | x*/ndf
-
o —_—— SIS S —
50 100 150 200 250 300

"[GL, PRL 88, 181801 (2002)] My, GeV
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New Physics in BH Decays

« Example: Higgs with the mass of 130 GeV decays predominantly into bb

—Tag BH events with leptons or photons, and look at the dijet invariant
mass, does not even require b-tagging!

» Use typical LHC detector response to obtain realistic results

—
< E—
—
 —
-——

g ] Dijjet invariant mass | ¥/ ndf 26.63 | 37
RS a) boost
=] o=15nb
100—: ___________ + — t
o Mo =1 TeV, 1 LHC-hour (1)
s abo T ke T T 2000 0 7 2% T T a00
M;; GeV : . .
*E 1000  Dijet invariant mass, one b-tag | x’/ndf 4549 | 37 ° HIggS Observatlon N the bIaCk hOle
Z s b) decays is possible at the LHC as
0 + + early as in the first day of running
2 *--}sz---i-h'" It even with the incomplete and
o T T ik a0 2k ahe pOOI’ly calibrated detectors!

« ForM; =1, 2, 3, and 4 TeV one

needs 1 day, 1 week, 1 month, or 1
year of running to find a 5o signal
: * Higgs is just an example — this
R A TR i applies to most of the new
(SRR i) L particles with the mass ~100 GeV
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4 Black Holes in the Cosmic Rays
=. Discussed by Feng/Shapere [PRL 88
(2002) 021303]; Anchordoqui/
Goldberg [hep-ph/0109242]; Emparan/ @ Detectthem, e.g. in the Pierre Auger

Massip/Rattazzi [nep-ph/0109287], ... fluorescence experiment or AGASA
: : : @ Afew to a hundred BHs can be
* Proton primaries have very high SM detected before the LHC turns on
mteractl_on rate; CO".‘S'de.r BH @ Might be possible to establish the
prOdUCt|On by quaSI-hOrIZOI’]taI UHE uniqueness Of the Signature by
neutrinos comparing several neutrino-induced
processes
108 _| T _ I I I I I I I
_ Mgy =1 TeV, n=1-7 ] 4:_ Auger, 5 years of running _
= 108 — —
2 L ] % | E
g E 27 ]
° 104 — _ £ T L 3 ]
3 3 E b __ _
= = i | LO
i : i - 30
LS T A Y P RPN R R M 500 [ 100 | |
106 108 1910 1012 ' ' ' ' ’ '
E]_,- (GEV) 1 2 3 ]?J; 5] B ¥

[Feng & Shapere, PRL 88 (2002) 021303]
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