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Why go beyond the Standard Model?

1. Neutrinos have m351 Not covered

2. Elektroweak symmetry bregd Not covered
* Higgs phenomenology
* Technicolor
 other theories with no fundamental scalars...

3. The hierarchy problem
. Supersyi| not covered
«  “Little Higgs™moderls
«  Theories with more than three spatial dimensions
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The hierarchy problem:

assuming the Standard Model is an effective low-energy theory with an
ultraviolet cut-off at A

The most important radiative corrections to the Higgs-mass comes from loops
containing the top-quark, gauge bosons and the higgs itself:

om, = & -AA from top
87
......................................................... om’ e<a, N\ from gauge bosons
2 ﬂ' 2 H
om, = ——A from higgs
l67

So e.g. for A =10 TeV the lowest order

contributions are 3 . :
« = (2 TeV)2 from top-loops => extreme fine-tuning (at all orders)
« ~ (750 GeV)2 from W/Z loops needed to stabilize the Higgs mass at

« ~ -(1.25 mh)? from Higgs loops =200 GeV

Sten Hellman, Split 2004-10-06 3



Four ways out:

1 - Learn to live with it: we live in a universe which is fine-tuned to one part in 10"’

2 - There is no fundamental scalar
Technicolor

3 - Stabilize the Higgs mass through additional symmetries
Supersymmetry
Little Higgs

4 - Move the cut-off down
Extra dimensions
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The littlest Higgs Model

 the small Higgs mass results from non-exact symmetry
— pseudoGoldstone boson
(pions have mass because quark masses and e.m. break chiral symmetry)

« quadratic divergences occur at two-loop level ~ 10 TeV
— model is not complete
UV completion required at ~ 10 TeV

* Low energy EW constraints rather severe
* FCNC’s at ~ 100 TeV

° New particle content > 7 v :~1 TeV
T:~1 TeV
9,05 ,9" :~10 TeV
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New particles

av0éev]
T : heavy top M<2TeV- 2006eV
M, = 120 GeV M<0.2 TeV
M, = 200 GeV M<2 TeV

Z,,W , A, : heavyZ 6 Wty

2
H
M=6Tev- (ZOOGeI/]

M(Z,)) = M(W © ) > M(A,)

M, = 120 GeV M< 2.2 TeV
M, = 200 GeV M<6 TeV

arise from [SU(2) ® U(1)]? symmetry

o0, o*, o** : triplet of heavy Higgses

note: the Standard Model h is still there !

M<10TeV
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Search for the heavy T quark

Couplings: A (iQht, + fT.t hh' )+ A, f(T.T,)

— 3 free parameters which can be choosen as m,, m;, and A,/A,

: 1 K’
Widths: T'r-m =102y ==—1'0 >0oW)=—M
2 327

12

«//1?41—/122

K=

Search in all three modes!
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* At least one b-tagged jet.

ATLAS
_ The W in the top decay is
Th_e Zis recgnstructed reconstructed assuming
using opposite sign, p;' = E;™ss, and solving
same-flavour lepton pair. for W momentum.

Main background is Ztb and WZ
1500 2000

Invariant Mass (GeV)

For A,/A, =1 (2) M; < 1050 (1400) GeV
is observable (5c, > 10 events)

G.Azuelos et al.

SN-ATLAS-2004-038

hep-ph/0402037
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production of Wbb
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T . i
« At least one b-tagged jet with p; > 100 GeV. s observable (50’ > 10 events)

* Not more than two jets with p; > 30 GeV
« Mass of the pair of jets with highest p; > 200 GeV
«  E;Mss>100 GeV
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T —->ht—>Dbblvb

This study assumes that the higgs has been found o
and its mass determined, here we take m, = 120 (h (W)
GeV o
3
- DICIR
o One di-jet
) ne di-jet mass
2000 No b-tagging! combination in The W is reconstructed

§

[/ 50 100 Jso 200 250 300 350 400
Moss(jj). Gev

* At least one isolated e or u with
p;>100 GeV.

« Three jets with p; > 130 GeV.

+ Atleast one b-tagged jet

* Reject the event if there is one di-jet combination

with 70 < m; < 90 GeV

. 90-130 GeV. assuming p;¥ = E;™ss, and
solving for W momentum.

Main background is tt
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the kinematics of the

signal and tt background become

For lower m;
very similar.

- more than enough to perform
consistency checks and constraing

For 300 fb-! the significance is 4o
BR, but marginal for discovery

Cuts have to be relaxed (70 GeV
for lepton and 90 GeV for jets).

For 300 fb-1 the significance is 3c
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Heavy gauge bosons:

LHﬁeﬁ
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Z,—zh — "l bb

] 1 1
1/ ! o Signal
! ! Background
7

Analysis relies on higgs mass being ok
known (here assumed to be 120 GeV) - ¢
30—
203—
» Two leptons with invariant mass between 76 and 106 .
GeV 0F
+ Two b-tagged jets with p;>25 GeV, oL e T
In| < 2.5, AR < 1.5 and invariant mass between 60 w00 coo s0 000 TR0 1?1,,;’??
and 180 GeV.
16:_ Signal
(For M=2 TeV the jets from the higgs decay coalesce 14 packround
into one, then use the invariant mass of that one jet) N
mf—
o
o
2
o : s n
1000 1500 2000 2500 3000
Z" events
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W, — Wh — lv bb

* One isolated lepton with p; > 25 GeV

and |n|<2.5
« Emiss > 25 GeV

Events/40 GeV/300 fb '
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« Two photons with p; > 40, 25 GeV in |n|<2.5

° mW within 2c of mhiggs

* jets combined in pairs and closest to m,, selected and
constrained to m,, if p;¥>200 GeV
« Alternatively one jet with mass compatible with m, used
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G.Azuelos et al.
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hep-ph/0402037
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Wy — Wh — qq yy

Z,— Zh - qqyy

These channels can also be studied without reconstructing the W or Z, the
p" distribution displays a “Jacobian peak”
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‘ Summary: Discovery range for gauge bosons from little Higgs
model
2

' ATLAS
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ENEE

Signal can be extracted from
W*W* fusion processes:

(ﬂ Forward “tag-jets”

SN-ATLAS-2004-038
hep-ph/0402037
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The other solution
- bring the cut-off down!

Sten Hellman, Split 2004-10-06
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string theory requires 10 dimensions!

— the only theoretical approach towards a quantum description of gravity: consistency of quantum
mechanics and general relativity

— includes supersymmetry
the extra dimensions assumed to be compactified.

— initially the assumption was that compactification radius was order of My, "
— then it was realised that this could be as large as a millimeter!

3 models studied in some detail (there are more!):

ADD scenario:
several compacitfied, but large (>> 1/TeV), dimensions, gravity propagates in bulk, SM in brane.
Small extra dimensions:

Only fermions confied to brane, gauge-bosons propagate in a number of small (=1/TeV) compactified
dimensions.

Randall-Sundrum model:

1 extra dimension y with non-factorizable metric, 5D space of —ve curvature, bounded by 2 branes
*SM brane (TeV) aty =7,
*Planck brane at y =0

Sten Hellman, Split 2004-10-06 21



ADD scenario: — conjecture:

- SM particles localized
in 4D brane
- gravity propagates in
the bulk of higher
dimension

(1/r2 law not verified for dimensions < 0.2 mm)

two parameters:
« number of extra (compactified) dimensions:
* new fundamental mass scale M.

V2 A 42 pd — a0+2 70
J-[PEM} — J Pﬁ(sl—é)R-”T — J[D R_’:r

My~ TeV =2 R. ~ mm (for 8=2)

Gravitons & Kaluza-Klein states:

* in the bulk: gravitational interaction - massless G

* in 4D: KK states G, m,2 = m 2 + k?/R?

* coupling: universal & weak (1/Mp, ), but large # of states

Sten Hellman, Split 2004-10-06 22



Direct production at LHC:

q ) q q

q k) 9 (k)

Signature is high p; jet and large E,miss

main backgrounds: jet + Z (— vv)
jet+ W (= lv)

(k)

Sten Hellman, Split 2004-10-06
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* require jet and E;™s above 50 / 100 GeV at high / low L

* no isolated lepton within |n| < 2.5

* 0O (ETmiss, jet,) > 0.5
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—
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Mpar (TeV) | Mper (TeV) || M
LL,30fb—! | HL, 100 b= || (TeV)
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Uncertainty in o (Z+jets) will lower

the reach
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L.Vacavant, I.Hinchliffe

J. Phys. G: Nucl. Part. Phys. 27 (2001) 1839-1850
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| Characterization of the model: | > measure both M, and &
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—
= A
= i -,‘ LWES
E r"‘.-.'m mimim bmckground
- . 0.2
+ 03 T i 827 Dol é -
e . - : ‘ ‘
-3 g 018
T S | | | Erjor> 1TV N <3
o ’ G T e e T | R S
B 102l : - o(10 TeV)/ c(14 TeV)
o L e e
10 r 3 -_‘-‘-,1f?,‘-~ﬁr“i-_5-r_ﬂafl-1':': ..... C
i s My ZBaTaY v, Mg Tev 0.1 — " TP ST S
e P L e S, L"-,,’ r l
e, b T v M ' 0.08 — :
e, o, = 5Ty B 5=4
1 JE =14 Ta¥ s Rl Ry - el I : B ‘
w, § Pt | 10.06
'-‘ "'I,.'H "",‘_L L
i‘ '\-'-' 'ﬁi | [
‘u, e, 2 | 0.04 —
o i | | | | "ty *y | -
2““ 4““ mu Bm 1“““ 1mu 1MU 1Emjnzauu muu 0.02j\l’l”;”i’\\\li\\l\i\\\Iil\\\ill\\i\I\Ii\\l\i\\ll
Er: [GeY) 1 2 3 4 5 6 7 8 9 10

M, (TeV)

Precise measurement of cross-section: * good discrimination if
« difficult: * 5% accuracy on ¢(10)/c(14)
case (=2, My= 5 TeV) very similar to *>50fb"@ 10 TeV

. not (yet) investigated in details (otherwise small overlap of regions
allowed by eff. theory)
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Virtual exchange of gravitons at LHC:

q

Signatures: deviations from SM in Drell-Yan X-sections, asymmetries
(sensitivity mostly from interference terms, KK exchange o< M_?)

ATLAS study:

* partonic cross-sections

- amplitude divergent for & > 1:
haive cut-off at M., < 0.9 Mg

Sten Hellman, Split 2004-10-06 26



Signatures: qq,g9g9 =2 vy, ll, (WW, tt, ...)

» excess over DY events in di-lepton, di-photon mass distributions

» some s-channel processes not present at tree-level in SM:
=» more central production for yy
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V. Kabachenko, A. Miagkov,
A. Zenin, ATL-PHYS-2001-012

Sten Hellman, Split 2004-10-06

27




Sensitivity for 100 fb-":
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V. Kabachenko, A. Miagkov,
A. Zenin, ATL-PHYS-2001-012
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TeV-1-sized extra dimension$

Kaluza-Klein Gauge Bosons

 one extra dimension
« compactified on a S'/Z2 orbifold
* radius of compactification small enough = gauge bosons in the bulk
« fermions localized on:
— a fixed point (M1 model): invariance undery - -y
— opposite fixed points (M2 model): undery - y + 2nR
» Kaluza-Klein spectra for Z&), Wk) : m 2 = m ? + kM2
—forM.=4TeV: m, =4 TeV, m,=8TeV

look for pp = YW/Z(V) > I*I- on top of SM Drell-Yan

Sten Hellman, Split 2004-10-06
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Signatures: y/Z() 5 e*e, u*tu-
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G.Azuelos, G.Polesello
SN-ATLAS-2003-023
EJP Direct
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Optimal reach (using interferences in tail region):

Events/50 GeV/100 fb™

| | ol | T | L
—  SM =
----- M=5TeV 71 likelihood fit analysis w/
.......... M.=7 TeV 7 MC experiments
..... M_=9 TeV b

electrons e+l

100 fb! | 200 fo- | 300 fbo! | 300 fb-!

10 — i 1
i 5--.: ------- - 95TeV |11 TeV | 12 TeV | 13.5 TeV
ce e e g rl L
1000 1200 1400 1600 1800 2000
m, (GeV)
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Characterization of the model:

Forward-backward asymetries:

1 1
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Sensitivity for 100 fb-*:

from peak | optimal

~6TeV | ~9TeV
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Discrimination from W °:

* more difficult
 under study

G.Polesello, M. Prata,
ATLAS SN 2003-036
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Randall-Sundrum mode||

Golden channel: G() & e*e-
» good acceptance
» good energy resolution
» good angular resolution
« also G > yy

L

E

=

Main features to check:
* universal couplings:
G > uru, WW, ZZ, jj
KK graviton excitations G*) « Spin 2

* measure r, ?

Planck brane SM brane

« scale A,

» coupling & width determined by:
c = k/IMg,

* 0.01 <k/Mp, <0.1

* mass spectrum:
m, = K X,, exp(-knr,)

B.C. Allanach, K.Odigari, A. Parker, B. Webber JHEP 9 19 (2000),
ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205
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Signature: G

> e*e-

ATLAS, e*e-
mg=1.5TeV, c=0.01
100 fb-1
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° A Test model cross section
10 2 @® Cross section limit
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-1
10
500 1000 1500 2000

Graviton mass (GeV)

= LHC covers completely the interesting regior

B.C. Allanach, K.Odigari, A. Parker, B. Webber JHEP 9 19 (2000),
ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205
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Spin determination:

Signal:
ATLAS, e*e, 100 fb" * from gluon fusion
mg=1.5TeV, c=0.01 1 — cos*0’
* from
S I 1 —3c0s?0" + 4cos*0’
=16
2 |
= |
14
e
12 |
10
8 1
6 |
4 Drell-Yan SM
2
0 r‘. ! | 1 ! 1 ! | ! ! 1 ! | ! h
-0.5 0 0.5
cos(0%)

o.B (th)

-
=]

10

A Test model cross section
® 90%CL
¥ 95%CL
W 99%CL

500 1000 1500 2000
Graviton mass (GeV)

spin-2 could be determined (spin-1
ruled out) with 90% CL up to
graviton mass of 1720 GeV

NB: acceptance at large n
» coverage t0 2.4-2.5 is
essential

+ almost no discrimination
spin 1/spin 2 forIn| < 1.5

B.C. Allanach, K.Odigari, A. Parker, B. Webber JHEP 9 19 (2000),
ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205
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K _0.01

mm, tt, hh

also G > WW , ZZ, jj,

e.g.: for a resonance observed at
mg = 1.5 TeV in ee channel
Amg, < 10.5 GeV (energy scale error)

Ac.B ~ 18%

if k/r, = 0.01 (pessimistic)
=) 1, =(82+£7) x 103 m !!

Bl
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Allanach et al., ATL-PHYS-2002-031
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Stabilize erﬂ: ~ 35 (er ~ 12) Goldberger and Wise (PRL 83 (1999) 4922)

Goldberger and Wise proposed a mechanism which stabilizes kr_n

* introduce a radion: a scalar field representing fluctuations of the
distance between the two branes

 radion has mass: m, < m(KK=2)

* higgs-like couplings = mixes with Higgs
* reinterpreting SM Higgs search studies...
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Formg <2m,: ® — hh —yybb

signal:

»  similar to MSSM, but with appropriate
corrections for width and branching
ratios

e consider cases: m o= 300, 600 GeV,
m, =125 GeV

backgrounds negligible
. vY, with QCD radiation
. vj, with jet misidentified as photon

reach: 2.2 TeV or 0.6 TeV
for mg = 300 or 600 GeV,
respectively, with 30 fb-"

TI__Q C 'EQ 30 B Mean 301.0
bl 25 f bl B mass z?“:l/idf 7.589 :0.;:
& - ® 25| constraint - s
% 20 T % - igma 5.192
O] - G20,
B15 - Z
m | S
T 15
o C o -
i 10 - g
- 10 |
5 5
0 : 0 o0 | | o e
200 250 300 350 %00 200 250 300 350 %OO
m . (GeV/c?) m (GeV/c?)
George.Azuelos., D. Cavalli, H. Przysiezniak, L. Sten Hellman, Split 2004-10-06 40
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Formg, <2-m,: ® — hh — tt bb, one t decaying leptonically , other hadronically

Main backgrounds:

« tt - bW bW, one W decaying leptoincally, other hadroncially

« Z + jets followed by Z — tt
« W + jets with W decaying leptonically

Mhh
300 GeV

Events/20GeV/30fb™
n
=
1
O
N
«Q

0100 150 200 250 300 350 400 450G S\}]()
e

reach: 1.0 TeV for m, = 600 GeV,

* a pair of b-tagged jets with p> 55

GeV and |n|<2.5 selected, if more
than one pair chose pair with
mass closest to m,,

 cuts on reconstructed h-mass

with 30 fb-1
- 35
L0
S
) 230 ; i
- alepton with p;> 25 GeV and > M,,, 600 GeV
ni<2.5 & -
* transverse mass of lepton and fD 25 .
missing E; > 40 GeV “S\ . Slgnal
* m(tt) from lepton and a t-tagged =t
jet with p;> 55 GeV and [n|<2.5 (if |2 20
more than one, the pair with mass | . tt - bkg
closest to m,, choosen) 15

Z+jets bkg

—
[—]

0300 350 400 450 500 550 600 650 700 75({]; %00
e

George.Azuelos., D. Cavalli, H. Przysiezniak, L.
Vacavant SN-ATLAS-2002-019
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Conclusions:
* There are a number of reasons why we want to extend the Standard Model.

* There is no lack of theoretical suggestions on how to do this, some more
contrieved than others.

* Initial studies in ATLAS show that many of the “main-stream” scenarii can be
discovered.

» Not less important - specific characteristics of each model can be determined
in many cases.

Still......
only experiments will tell - the truth is out there !!
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e definition Bl%lck Olesk R.

— object confined in a volume of radius

1

143\ [n+1
o 9 [ 2
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- M. B. Voloshin, PL B518 (2001) 137, PL B524 (2002) 376
- V. S. Rychkov, hep-ph/0401116

do/dMg,,, pb/GeV
=

( This approximation is contested:
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=
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: 0 5000 10000
» Production at the LHG Rs(Vs) Mg, GeV
' > Dimopoulos et Landsberg, hep-ph/0106295
— For; I" <Ry
-
« The end of short-distance physics » —
Sten Hell:

Giddings and Thomas, hep-ph/0106219
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Theoretical Uncsg intiek H 1
— production cros 1@1(: 01CS
— disintegration
« emission of gravitational radiation (balding phase)
* main phase ? = Hawking radiation, or evaporation
— spin-down phase: loss of angular momentum
— Schwarzschild phase: emission of particles

» quantum numbers conserved?
 Planck phase: impossible to calculate

— new generator, CHARYBDIS
CM Harris, P. Richardson and BR Webber, JHEP 0308 (2003) 033 (hep-
ph/0307305)
Characteristics -
o n+1
) 47RY”

+1| M +2
T,peMparnsti dopds on-Llo s

. high mu]tiplicitySten Hellman, Split 2004-10-06
e “democratic”’ emission
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oA PRI RS

ph/0307305:

. 5000 — T T
* evaporation _
* time evolution § w0 Energy spectra
.. S L i
. “grey body” factors (transmission of - /= ~ ©fHiggsbosons
. . 2 i
particles through curved space-time - | 1
outside horizon) S eooo—i’ kN -
 planck phase: few hard jets 5 ool | LN
N A [N B = = | OO
0 500 1000 1500 2000 2500

Energy of Higgs Boson/GeV

— simulation in ATLAS

Japanese group (T. Yamamura, J. Tanaka, et al.)
« selection of spherical events
* Mgy reconstructed for each event
* reconstruction of M, from the cross section do/dMgy

oo i )

» n deduced frofeT e igp, and M)a-10-06 45
(Hawking radiation formula)
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— virt excitation = enhanced

1-jet cross section

° icus, CDM Mu.II and S. Nandi hep-ph/0012259
TeV™ Q’fﬁer models and ideas. ..

10" F—
qi E

ATLAS study in progress...

T. Appelquist, HC Cheng and BA Dobrescu, PR D64 (2001) 035002
Universal Extra dimensions

— All SM particles in bulk

— conservation of'thIHEAI G ¥k Uimensions 48

= conservation of KK number



C. Macesanu CD McMuIIen and S Nandl PR D66 (2001) 015009

1Jet nals |
¢ (UHiVersal ExtrasDimensions _
h = PNy 5 ]
. unstable: o _““\\ ____‘1_4%_’__‘_1_4_‘1_"_?_%_‘_1_4 ___________ .
fat brane absorbs s S T :qngn, q's
unbalanced momentum™ «* - e T o e E
from KK number ; e ? g“*g .
ViOlation 10 § 100 events | S ) : = < n T
* ATLAS study in progress,,. L. . . . | . . A R )
7/ 1 15 M(?I‘ev) 25 3

_ qu4sz+ Y )t ¥ ) (= ¥G+ G+ X)

C. Macesanu, CD McMullen and S. Nandi
Phys.Lett. B546 (2002) 253

e can be fooled by SUSY

HC Chongkl-Matchormandd-Schaalic

Phys.Rev. D66 (2043) 0300016 (hegspbAFAS3 b6 49
 ATLAS study in progress



b-tagging :

Figure 13: Plot showing the tagging efficiency for h—jets as a function of the rejection factor against light
quark jets. The upper curve shows the result from the benchmark ATLAS sample of bottom quarks from a
Higgs decay of mass 400 GeV produced in association with a W [13]. The lower curve shows the result
from the higher energy h—quarks from the Z;; — Zh sample.
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Signature: G 5 e*e-
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Sensitivity
——ATHAS—ele CMS, ete- CMS, ete
mg,= 15 TeV, c=0.01 m.= 15 TeV,c=0.01

—
(=]

m,=4 TeV,c=0.1

i O signal
H [ISignal . | I Background 4 3 B
O Cutsids windowr i5 F
JF
A Test model cross section C
2 @® Cross section limit e B
I
R

O signal
W Eackground

O Cutside window

1 B
J_L’—Lr = LHC covers colr:m)le'gtely t?Hs interestinﬂegion
i i

i e 1 A LB

500

1000 500 2000 ]_O ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205

ATLAS: B.C. Allanach, K.Odigari, A. Parker, B. Webber JHEP 9 19 (2000),

Graviton mass (GeV) CMS: C.Collard, M.-C. Lemaire, P.Traczyk, G.Wrochna hep-ex/0207061;

I. Golutvin, P.Moissenz, V.Palichik, M.Savina, S.Shmatov
ATLAS: B.C. Allanach, K.Odigari, A. Parker, B. Wecoor—crrer—v o evoors

ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205

Lo
i

CMS: C.Collard, M.-C. Lemaire, P.Traczyk, G.Wrochna hep-ex/0207061;
[. Golutvin, P.Moissenz, V.Palichik, M.Savina, S.Shmatov
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@® Cross section limit
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95% CL exclusion limits for discovery
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= LHC covers completely the interesting region

ATLAS: B.C. Allanach, K.Odigari, A. Parker, B. Webber JHEP 9 19 (2000),
ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205

CMS: C.Collard, M.-C. Lemaire, P.Traczyk, G.Wrochna hep-ex/0207061;
I. Golutvin, P.Moissenz, V.Palichik, M.Savina, S.Shmatov

Sten Hellman, Split 2004-10-06

52



Spin-1 hypothesis rejection:

)
= A Test model cross section
ng ® 90%CL
10°? ¥ 95%CL
B 99% CL
. ATLAS, 100 fb"
1
-1
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1500 2000
Graviton mass (GeV)
spin-2 could be determined (spin-1 ruled
out) with 90% CL up to graviton mass of
1720 GeV

500 1000

Spin-1 rejection with 95% CL

> 1,00

CMS, 100 fb-
PYTHIA + CMSJET
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large fraction of interesting region
covered by LHC.

ATLAS: B.C. Allanach, K.Odigari, A. Parker, B. Webber JHEP 9 19 (2000),
ditto + M.J.Palmer, A. Sabetfakhri hep-ph/0211205

CMS: C.Collard, M.-C. Lemaire, P.Traczyk, G.Wrochna hep-ex/0207061;
I. Golutvin, P.Moissenz, V.Palichik, M.Savina, S.Shmatov
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