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O Standard Model of particle physics describes all the available data well
Oexplains most of what we observe

O All material particles discovered: 6 quarks, 6 leptons?

Q All force particles discovered (except graviton): photon, W,Z, gluons

Standard Model

A quantum field theory describing point like, spin-': constituents

Quarks

Leptons
o 1'ir"--l
i ye
T V3

Which interact by exchanging spin-1 vector bosons

Electromagnetic
Strong
Weak

Gravity
)
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How Well does The SM work?
Winter 2002
Measurement Full {Omeaﬁ—(}’"}fﬁmeas
3210123
m,(GeV] 011875+0.0021 .01
T, [GeV]  2.4952+00023 -42 Maasqr‘emenfs of many
ol bl  41540£0037 163 experimental observables,
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A 0.01714 £ 0.00085 .70 Standard Model
AP ) 0. 1465 + 00033 53 )
R, 0.21646 + 0.00065 1.06
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SIRPOEO,) 02024400012 88 Standard model VERY
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le[_'lﬁe'l."l 2.134 + 0.069 59 real dE"H’iﬂ.ﬁﬂﬂS
m, [GeV] 1743+ 5.1 -.08
sin“t, dvM) 02277 + 00016 {
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Q But, there are important open questions in the SM:
O Why does matter have a mass?
O Are particle masses generated by the Higgs mechanism?
O Is there a Higgs particle, or maybe several?
O Do neutrinos have mass?
O Why the top quark is so much heavier than other quarks?

O Why is CP-violation broken in the nature, i.e. matter and antimatter
(C) do not behave in the same way, and mirror-world (P) is different from
the original?
O CP-violation has been observed in kaon decays,

QO but the origin of CP violation has not yet been proven
O CP-violation is also needed to create our Universe, which consists of
mostly matter, and not antimatter

QSM: expect large CP-asymmetry in some rare B-decays

NBY->I1yK %) > N(B ->TyK)

NB';->n"n) > NB ->n"1)
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= What is the origin of mass of the fundamental particles?

mm) | Understand the mechanism Electroweak Symmetry Breaking
)

Discover physics beyond the Standard Model ‘ng
= Reminder: The Standard Model v R
- tells us how but not why (contains 19 parameters!) i
3 flavour families? Mass spectra? Hierarchy? ’ pyparam
- needs fine tuning of parameters to level of 10-30!/v o
- no unification of the forces at high energy e
o MSSM

Most popular extensions these days

If a Higgs field exists: . |
- Supersymmetry — I
- Extra space dimensions .

If there is no Higgs below ~ 700 GeV o .
- Strong electroweak symmetry breaking around 1 TeV ~ ° o

Other ideas: more gauge bosons/quark & lepton
substructure, Little Higgs models...

World Average
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Can we unify all the 4 known forces and at which energy scale?
L Can we do that with supersymmetry?
dWhy masses of electro-weak bosons are so much below the Grand Unification scale?
L AIl particles in a family to become “one particle” with “unified” electro-weak-strong charge?
UIn certain SUSY models, it is more likely that a candidate for this dark matter — the lightest
supersymmetric particle — will be seen at the LHC
The Wilkinson Microwave Anisotropy Probe (WMAP) science team has released results from the
first year of operation at the Earth-Sun L2 Lagrange point (http://lambda.gsfc.nasa.gov)
L After WMAP — we know that 73% of the universe is “Dark Energy” and 27% is matter most
of which is “Dark”
dWhy is the Universe “build” of matter? (no antimatter)
Does the proton decay?

Why do we need LHC?
U The search for new physics phenomena is often defined as the main motivation for new
experiments at higher center of mass energies

U This is especially true for the LHC project
J We want from accelerators not just a Higgs, but a mechanism that will stabilize the scale of the
EWSB and explain why the Higgs boson, and the rest of other particles, aren’t heavier

Q....so LHC is needed to answer these questions
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http://lambda.gsfc.nasa.gov/

ilities

New Physics and required detector capab

T}-‘pe of measurements

indicates

required for

isolated high p; e®, u*

W™ Z™ decays

Higgs search
top physics, “all” searches

isolated high p, ~’s

electro-magnetic process

Higgs search

7 and b-quark tagging

“rare” processes

special Higgs like searches

large missing

v like events

Higgs, Supersymmetry,

P, By W, Z decays exotic “exotica”
jets quarks and gluons QCD, understanding of
backgrounds/efficiencies
Photons
Leptons
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The ATLAS Detector

A Toroidal Lhc ApparatuS

ATLAS superimposed to
the 5 floors of building 40

*Tracking: Pixels 50x400
mm, Si strips and straw
tube TRT, 2T central
solenoidal field

*LAr accordion EM
calorimeter

*LAr (EC) and Steel-
Scintillator (Barrel)
HCAL

*Drift tubes and CSCs in
toroidal muon Diameter 25 m

spectrometer, with RPCs Barrel toroid length 26 m
and TGCs for triggering End-cap end-wall chamber span 46 m
*Three level trigger Overall weight 7000 Tons
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ATLAS
Collaboration

34 Countries
151 Institutions
1770 Scientific Authors

Armenia

Australia

Austria Paland
Azerbaijan Portugal
Belarus Romania
Brazit Russia
Canada Sarbia
China Slovakia
Czech Republic Slovenia
Denmark Spain

France Swaden
Georgia Switzerland
Germany Taiw

Albany, Alberta, NIKHEF Amsterdam, Ankara, LAPP Annecy, Argonne NL, Arizona, UT Arlington, Athens, NTU Athens, Baku,
IFAE Barcelona, Belgrade, Bergen, Berkeley LBL and UC, Bern, Birmingham, Bonn, Boston, Brandeis, Bratislava/SAS Kosice,
Brookhaven NL, Bucharest, Cambridge, Carleton/CRPP, Casablanca/Rabat, CERN, Chinese Cluster, Chicago, Clermont-Ferrand,
Columbia, NBI Copenhagen, Cosenza, INP Cracow, FPNT Cracow, Dortmund, JINR Dubna, Duke, Frascati, Freiburg, Geneva, Genoa,
Glasgow, LPSC Grenoble, Technion Haifa, Hampton, Harvard, Heidelberg, Hiroshima, Hiroshima IT, Indiana, Innsbruck, Iowa SU,
Irvine UC, Istanbul Bogazici, KEK, Kobe, Kyoto, Kyoto UE, Lancaster, Lecce, Lisbon LIP, Liverpool, Ljubljana,

QMW London, RHBNC London, UC London, Lund, UA Madrid, Mainz, Manchester, Mannheim, CPPM Marseille, MIT, Melbourne,
Michigan, Michigan SU, Milano, Minsk NAS, Minsk NCPHEP, Montreal, FIAN Moscow, ITEP Moscow, MEPhI Moscow,

MSU Moscow, Munich LMU, MPI Munich, Nagasaki IAS, Naples, Naruto UE, New Mexico, Nijmegen, Northern Illinois,

BINP Novosibirsk, Ohio SU, Okayama, Oklahoma, LAL Orsay, Oslo, Oxford, Paris VI and VII, Pavia, Pennsylvania, Pisa, Pittsburgh,
CAS Prague, CU Prague, TU Prague, IHEP Protvino, Ritsumeikan, UFRJ Rio de Janeiro, Rochester, Rome I, Rome 11, Rome III,
Rutherford Appleton Laboratory, DAPNIA Saclay, Santa Cruz UC, Sheffield, Shinshu, Siegen, Simon Fraser Burnaby,
Southern Methodist Dallas, NPI Petersburg, Stockholm, KTH Stockholm, Stony Brook, Sydney, AS Taipei, Thilisi, Tel Aviv,
Thessaloniki, Tokyo ICEPP, Tokyo MU, Tokyo UAT, Toronto, TRIUMF, Tsukuba, Tufts, Udine, Uppsala, Urbana Ul, Valencia,
UBC Vancouver, Victoria, Washington, Weizmann Rehovot, Wisconsin, Wuppertal, Yale, Yerevan



The Large Hadron COl | | der First year proton parameters:

- luminosity: 1.2 x 10% cm%s™
- bunch crossing: 25 ns

SR PO - [nitial LHC operation: Nominal parameters:
>3 - luminosity: 1.0 x 10% em2s~!
@ Energy at injection: 450 GeV/beam - bunch crossing: 25 ns

, = ~ 23 min. bias events per bunch crossing
& o Energy at collision : 7 TeV/beam

@ Bunch spacing: 25 ns » Some processes at Low L
@ Luminosity: 1.2 x 10% em2s” |l p..ocess - Events/vear
@ Total cross section: 100 mb
Wolv 15 nb 108
& ~High Luminosity: ||Z — ee 1.5 nb 107
o it 800 pb 107
bb 500 ub 1012
gg(m=1 TeV) 1pb 104
H(m=0.8TeV) 1pb 104
Q 70 chrarged tracks/events
with pt>1GeV/c at |n|<2.5
LHC is a factory of everything * Mass reach up to =5 TeV
b,Z,W,H,SUSY. .,etc * Precision measurements dominated
by systematic errors
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The collision point is "watched"
by surrounding detector.

Some particles just escaped
from the collision zone,
the next collision threatens.

The detector should:

* have large coverage
(catch most particles)

- be precise

- be fast (and cheap and ...)

Each proton carries energy 7 TeV. o
So each bunch with 10! protons carries

energy 101x7x10%2 eV = 7x1023 eV = 44 kJ.

This is a macroscopic energy!!l

In order to reach such kinetic energy on a bike,
you go with a speed of more than 30 km/h!

Each meeting of fwo bunches results
in about 23 proton-proton collisions.
The mean number of particles born
in all these collisions is about 1500.
The detector should record as many
of them as possible.

So boring to paint
10" protons
o in each bunch ...
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Here is the general strategy of a current detector to catch almost all particles:

Magnetic field bends the tracks and

helps o measure the momenta of particles.
electron
’ Hadronic calorimeter: I

offers a material for

hadronic shower and

measures the deposited energy.
muon .

- . _—-ll!l_-iiﬁ' - ‘l-—.____‘_‘:l.:" | X X X

hadrons
Tracker: Not much material, Electromagnetic calorimeter: Muon detector:
finely segmented detectors offers a material for electro- does not care about
measure precise positions magnetic shower and measures muon absorption and
of points on tracks. the deposited energy. records muon tracks.
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ATLAS Detector: Nomenclature

a at hadron colliders one often uses the pseudorapidity (n) instead of the polar
angle 6:

because the particle multiplicity-distribution in pseudorapidity (dN/dn) is basically
flat.

O particles with high|pZ = px? + py? are a signature of hard scattering, and so it
is an important quantity.

d if measured in the calorimeter, especially for a jet, the corresponding quantity
is the transverse energy (ET):

d since the momentum fractions of the partons taking part in the collision are not
a priori known, momentum conservation cannot be used in the analysis of the
events.

(summed over al energy

23 May 2005

n = —In (tan (6/2))

"ET = Eyeposited X SiN 6

d however, it is known that before the reaction there was (almost) no
momentum in the plane transverse to the beam.
Qdtherefore the missin ansverse-energy Emiss’ of h event,

deposIts In
d a large value can be a signature for neutrlno S or phyS|cs beyond
the Standard Model.
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How can one claim a discovery ?

Suppose a new narrow particle X — vy is produced:

peak width due to detector
" resolution

. Signal significance:
N s
Ny =
~ N B
Ng= number of signal events } in l'{ﬁﬂk
n., Ng= number of background events region

**J'NB = error on number of background events, for large numbers
otherwise: use Poisson statistics

S > D :signalis larger than 5 times error on background.

Gaussian probability that background fluctuates up by more
than 56: 107 — discovery
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Two critical parameters to maximize S

1. Detector resolution:

If 5,,, increases by e.g. two, then need to enlarge peak region by two
to keep the same number of signal events

—> N increases by ~ 2 = S =Ng/IN; decreases by V2
(assuming background flat)

= S ~1/Vo,

‘A detector with better resolution has larger probability to find a signal”

Note: only valid if 'y << ¢,,. If Higgs is broad detector resolution is not
relevant.

my=100GeV — I ~0.001 GeV
my=200GeV — Iy ~ 1 GeV

my=600GeV — Iy~ 100Gev [I~m

2. Integrated luminosity :
Ne ~ L
Ny ~ L

— S ~1L
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» SuperSymmetry SUSY

Possible Answers

» Large extra dimensions: d Supersymmetry
»direct Graviton production
» Virtual exchange of gravitons

> Black Holes

- it stabilize the Higgs mass
- it is necessary in string theory
- it leads to the unification of gauge forces
»Small extra dimensions:
»KK excitations of gauge bosons: W, Z and g
» Universal extra dimensions
» Coupling unification

v Extra Dimensions

they can be used to bring down the Plank scale
to the EW scale

»Extended gauge symmetries:
»Heavy Gauge bosons: Z°, W’

> Little Higgs v Strong Symmetry Breaking: Technicolor

»LRSM: 7, W, N... : AL :
»>Compositeness - Higgs boson may be a fermion-pair composite
» Leptoquarks

»Excited fermions
»Heavy fermions

» Lepton Flavour Violation......

v Little Higgs Models
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ATLAS: preparing s/w chain for dat

taking
1

Monte Carlo Generation and Detector Simulation

>
2037 2446 1733 1689
4003 36811 7552_ 13_2[!
S T~ /] e - 4732 1102 2661 3216
Ho h S4o1 1342 1121 3429
g 3742 1288 2343 7142
Basic physics Fragmentation Interaction with Detector Raw data
processes models and detector material responce
decays
Multiple scattering, Noise, pile-up, Read-out
interactions cross-talk, addresses,
inefficiency, ADC, TDC
ambiguity, values,
resolution, Bit patterns
response
function,
alignment
Event Generation Detector Simulation
> >
Analysis Event Reconstruction
( —_— —_— _— —_— —_— —_— (




A Simplified view of the ATLAS sw

: -------------------------------------------------------------------------------- SlmL”EItll:lrl BD:}{ -:
s _____——'— e
(Generators Sﬁ_ﬂejgttiﬂ Digitization
* Truth particles created with /
MC Event Simulation Setacter Data Readout Data Objects
» Truth particles passed Bytestream RDOs
through Detector Simulation
¢ Tracks and Calorimeter Rec. Input Object
deposits reconstructed into RIOs
particles and jets l
* Reconstructed data Physics Analysis* Reconstruction

compared with truth
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1. Event generator

(EXL > €1C) 2. Detector simulation

(GEANT, etc.)

3. Data analysis
(paw, rooft,etc.)

Low (10 *cm™s ") and High (10~ cm™*s™") Luminosity
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LIt is widely believed that the present Standard Model is a low-energy approximation of a unified
theory
U = theory which unifies all 4 known forces
U(electromagnetic, weak, strong,gravitation)
LNew models: supersymmetry
U= bosonfermion-symmetry.
O All particles have SUSY partners with a spin+-1/2 .
LSUSY -partners of quarks and leptons are
Usquarks and sleptons, with spin=0.
LSUSY -partners of force particles (photon, W,Z, gluon, graviton) are
L“photinos, winos,zinos, gluinos, gravitinos”, with spin 1/2 (3/2).
LSUSY -particles do not have the same masses as the normal particles,
Usince no such particles have been observed yet
O Lightest SUSY particle is stable = dark matter candidate?
LSUSY-models have many new free parameters
0 wide range of signals to be studied

\ ’\\)\\“6 - Particle Super-
2 partner

e,v,u,d

N

) i I+ \’<Z
Y
\.&2

R

v, W.,Z,h

Ry

Sl =T

= Supersymmetric |
L "shadow " particl
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Sparticles States Mixtures
squarks () (5) R dr
SQU8Y (apin-0) (3), en o
Searches@LHC ()l s Bk
leptons (7) ()2
(spin-0) o)
Gl -

gauginos/Higgsincs | g, 2, 4, Hi’;"'- X123,
i

(in-) e, 2+ i

gravitino (spin-3) G

o If SUSY exusts at the TeV scale

" goluinos and squarks strongly produced
" Distinctive topological decays

" Easy to discover

" Precision measurements is the challenge

¢ Main background 1s SUSY itself
B Necessary to generate entire SUSY cross-section

® + Relevant SM backgrounds
23 May 2005 Nektarios Benekos MPI Physics Beyond SM 22




SUPERSYMMETRY

m,,(GeV) mSQugrawith tanff = 10, A,;= 0, u <0

SUSY particularly well- 2000
motivated solution to gauge

hierarchy problem, unification 1730

of couplings etc.

1500
Also often provides natural

solution to Dark Matter < 1250
problem of @ 1000 i
astrophysics/cosmology. Eg

Much work carried out 750 |8

historically by ATLAS

(summarised in TDR). >0

Work continuing to ensure 250 | ¢

ready to test new ideas In

In(y*/DOF)

2007. 0 2000 3000 4000 5000 6000 °
m, (GeV) m, (GeV)
— m=114.1GeV = | EP2 excluded
— GENIUS oo CDMSIL e
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SUSY Signatures

* Q: What do we expect SUSY events @ LHC to look like?
A: Look at typical decay chain:

« Strongly interacting sparticle
production.
 Heavier than sleptons, gauginos etc. > cascade decays to LSP.
 Long decay chains and large mass differences between SUSY states
— Many high p; objects observed (leptons, jets, b-jets).

« If R-Parity conserved LSP (lightest neutralino in mSUGRA) stable
and sparticles pair produced.

— Large E;™ss signature (c.f. W—=1v).

« Closest equivalent SM signature t—>Whb.
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SUGRA Models

** Characterized by m,, m,,, tan3, A,, sgn(u)

“» SUGRA points selected by LHC for study:

Point m, Im, Ay tanf senp
(GeV) (GeV) (GeV)
1 400 400 0 2 +
2 400 400 0 10 +
3 200 100 0 2 -
4 S00 200 0 10 +
5 100 300 300 2.1 +
6 200 200 0 45 -

+* Total SUSY cross-section:
~ few pb (for M sy ~1 TeV)

m,, : universality of the gaugino mass

m,: universality of the scalar mass

A, unification of the trilinear coupling constant

tanf: value of the ratio between the 2 higgs vacuum expected value and
the signu (higgsinos mixing parameter)
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Inclusive Signatures < 1500
& 1400

Many complex SUSY signatures; :. 1300
§ = gf E 1200
1100

i = X qor Xa =
B¢ o 2 or Wb 900
800

5 = G o QW o

<+ Final State may consist of:
Multi Jets + Missing E;
+ (n=1.2.3.4) high P; leptons 300
+ same sign (SS) lepton pairs 200

% Define Resulting Reach : 100

® Require at least 10 events
" SWB>5

M, = Z E** + E. : good measure of M,

= 5gfseselect SUSY-rich sample

h (114) mass limit %

§(3000) A,=0, tan=35, >0 |
ST e i 'hu?-a} o
e L1+ 2NOS e
TPy i Lol T Emiu
S
9(2000) . 3'
21 55
= .,_I__Ensk
e i o % g(1000)
. ﬁ'} :
~_sts00)
HNo symmetry breaking

1000 1500

2000

m, (GeV)
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Estimate of Effective Mass

Once discovered, determine Mgyqy (= min(77,.72,)) from energefic jets and E, ™|

I
Mg =E; + > E; (4 hardest jets)
=1

7 LHC Point 5
10 I; IS L R B L L L L B - |
Backgrounds modeled: aF 0= Point 5 signal
10 . il -

-#- QCD jets | s
- W +jefs | Packground

Wet, Z+ets, tt, QCD

o
T IIII|'|T|

Toer=1 4 els

—
=

/B ~ 10 at high Mg
Estimate Mqyqy (00 Mggr)
~10% precision

—_
—

do/dM_;, (mbr400 GeV)
=
: =

A . -
v
! o
12 P
P
R

—
=

with accepted cross section > 1pb
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Precision measurements

«* Pick out specific multi-body decay modes:
B Tdentify bottom of decay chain

** Measure kinematic endpoints (determines combination of masses)

® Example: ;“52 — j’f?€+£f_ measures M(;EE)—M(;??)
® squarks. gluinos mainly decay through lighter chargino or second
neutralino

¢ Determune masses from derived constraints

%+ Make fit for model parameters

«* Example (m,, m, , = 100, 300; tan}=2): Determine constraints
from measuring the kinematic end points of my, m,, my,

y -0 n Lk g
dr = X,9 = €R€:Fq - xl€+€ g
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+ Mass reconstruction from di-lepton endpoints

=~ 0 ~0 o+ p— 1. L T A
3'b0d'y’ decay: Z: —> Zl’f rf — il‘[ff < J‘{f? JIf{'

JOLY = MHOLE M)

2-body decay: A’?E — 0507 j?fff =>M, <

I T T 1 I T T 1 | | I R ! | P I | et bl Ltk | bkl | kool
B o E — =igna i
400 ele +p'p -’y —p'eT o SMbackg —
B : 17 B ___ SUSY backg
- - msugra point 4 41 £ - .
- #E oo N N
; 300 — 3-body decay - & 300 i
<! I~ ] = B ]
= [ ] = |
3 - M,-M,=68GevV 1 & - _ ]
< - = - 1 = >l msugra point5 7]
2 200 |- m, = 800, My, = 200 +H & B 2 bOd"y" dECE*_-.-’ ]
S N i i HiE s - B s
i B =0, tan f=2, >0 & - true V™™ = 108 GeV
160 B = W o0 my, =100, "y, = 300 —
- i B 4, =300, tan f=2.1, £> 0-
- ﬂ = e dn 1

o - o — 5o 0 50 100 150 200

M(I'T) (GeV) |

SM background removed by subtracting distributions with opposite flavor leptons
precision in end-point measurement: ~ 1-2 %
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R-Parity Violation (R,)

« R=(-1)y®-D)*28 R = -1 for SUSY particles
R =+1 for SM particles

* Elegant way of imposing at the same time baryon and lepton numbers
conservation in SUSY, but no theoretical reason for conservation!

+ R p superputentiql of the MISSM:
—)L LL E +X LO, D, +)L”I”’"D D, +ulL

ijk ik ik

where /1;_;,:51 /ij and U; violate leptonic number
ﬂ violates baryonic number
L (Q) — Left-handed lepton (quark) doublet chiral superfields
E,(U,D,) 2 Right-handed lepton (quark) singlet chiral superfields
i,j,k = generation indices
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Example:
* Study of top quark decays withinR p Into a single neutralino, with ﬂnl}’ﬂ; p 0

It leads to diagrams:
=0 n =0 q
f—r—_”,/lh I_'—/-/! f_—r—_/’]“ !—b—.”/

fa ‘?<:‘f d; ‘i:'<.il1' £ ?/\,:‘1 £ i<.i1
f q ] ]

s If one sfermion is much lighter than the others = leading contribution to top-
quark decay.

r
* We assume m <m,,., and keep only Ay #0

slepton
* Taking parameters:
M,=120 GeV ; p=-300 ; tanp=10 : { m

m

=150 GeV < m,, > two-body decay

slepton

=230 GeV > my,, > three-body decay

slepton

S-bod}r decay: /’?; —> ;?f’{_—{_ — J]’IEE < JIH. . .-'1{,[,

F4

A2 A2 A2 A2
\/(Mﬂ - MM} - M)
M.

¢

2-body decay: 7, —> 0507 =M, <
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Weslrling Slaplon Top quark

>’ 4 300 = i -+ 150
= = zg
L & g 5 m
= i -
G 6 23 Du A d WK
R i
:E : 175
S I i ‘s
L -
11 L5 [ l 12§
| - -
= ; 1
= 1m !||' A L@ i -
pream)
a. ;i i
2 sl 5 pol "
w L L o lﬁ Fie
r M_',r‘-’:' -iilq, J.' M([J 1! =
g |'J i i -hli i e Lk ; 1 T I if.fﬁ-'.h."':i:‘—l--"u'lluvw
g a 1} I 11a im Il im 330 4a0 i 1] a 1 130 o i | 1 | 3m i L) ‘ i ] 1 L50 fefui] 250 3 _]j.q 00
Hlassifjp=)
Mawiraling Slopton Top guork

-
5]

la

14+

Events/20 e/ 00 fir
Eveni/20 Sevo20 i
w
Ererte A0 CGeVr500 fb°

Mgjepion— 250 GeV

ol p 1
g T 2 b,
2 I J'| - .H Irl‘la- 0.2
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LR .y ) LT - .
1] E1l 10 154 la ] 250 2 250 00 o 1 1% 153 e 5] il 20 2ED ]
Thima Tlijjmay

Wi e
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Prospects for Leptoquark Searches with ATLAS/LHC

N. Benekos (MPI), V. A. Mitsou (IFIC —Valencia), 1. Panagoulias (NTUA Athens), Th. Papadopoulou (NTUA Athens)

Theoretical Motivation

» Leptoquarks (LQ) are hypothetical
particles which appear in many SM
extensions to explain symmetry
between leptons and quarks

SU(5) GUT model
superstring-inspired models
‘colour’ SU(4) Pati-Salam model
composite models

Technicolor

« LQs are coupled to both leptons and
quarks and carry SU(3) color,
fractional electric charge, baryon (B)
and lepton (L) numbers

 LQs can have:

spin O (scalar) P couplings fixed,
1.e., no free parameters

Isotropic decay
* (in angular distribution)

spin 1 (vector) P anomalous
magnetic (k) and electric
quadrupole (A5) model-dependent
couplings
* Yang-Mills coupling: k;=A5=0
* Minimal coupling: k=1, A;=0

« Experimental evidence searched:

indirectly: LQ-induced 4-fermion
interactions

directly: production cross sections at
collider experiments
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Buchmuller, Riickl, Wyler BRW) ||« ntergenerational mixing is
A " m?de' (1987) severely restricted by
P FCNC data = LQ appear

- LQs only couple to quarks, _
leptons and gauge bosons in 3 quark/lepton

(with dimensionless couplings) generations

- LQ interactions invariant . _ )
under SM gauge group L Q-mediated mand K

SU3), ®SU(2), ® U(1), helicity-suppressed
- LQs are classified by: decays not observed =
- fermion number, F=3B+L chiral LQ couplings to
g fermions
- spin » J=0 ( ) or
J=1( ) 14 chiral LQ species per/ generation:‘
- charge » o 7 scalar LQs (3 singlets, 3 doublets, 1
triplet)
o 7 vector LQs (3 singlets, 3 doublets, 1
triplet)
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F | spin species
counle to t-q. v { 2 0 | So,z; So,r; So,r; S1,L
P € V4 2 1 Vipe,L: Vije,ri Vije,L
= 0 0 -15‘ . aS‘ . aS‘
couple to [+ LV { 1/2,Ls°1/2,RsP1/2,L labeled by weak
PERREYAU 0| 1 | Voo Vo Vo Vip | isospinand
C lepton helicity
Decays: Each LQ
L + )°
ag)ds /glre \(,;3 S\I,Vti?hg a characterized by
branching ratios Q----- two parameters:
(depending B, =P | — LQ mass
on the quantum numbers) — LQ-/-q
« Scalar LQs decay ! Yukawa
isotropically [0 - omm e coupling, A
* Vector LQs decay  Resonance width
~ (1+cosB*)? B, =1-P : [~ A2mq
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- Single production |

— strongly depends on A ¢ L g mmmmm - LQ
_ pos[sizble.stignatures: %q_\ L
o JtP- 4 |
|€ -

o {v +jet g A : 0,V
* vV + jet s A-dependent process
— Main background: Zjet & does not contribute
tt significantly to 2nd & 3rd
generation
« Pair production
— Practically R LQ/ 9 LQ g yyww LQ
independent of e 9 .~ iLQ
Yukawa coupling 5 —|_____ La S g R00Ql . LQ
A (only g-LQ-LQ q LQ ) - g
vertex) >mgim g _.La S LQ
— Depends mainly ;g }im
on LQ mass . == IT- R -
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Leptoquark Decay 8 = BrilQ—Ig)

Each generation can
decay into 3 final states: ‘EXO|USiV€ to the Hadron M&Ohih\%‘\
15 Generation 2" Generation | 3" Generation

=1 LQLQ—eeqq LQLA—puaqqd LQLA-TToq
8=05 LQLQ-e*v qq LQLQ-pv qq LQLQ-tvaq

B=0 LQLQ-vyv,0a LQLQ-vyv,ay LQLQovy.qy

: LQLQ — ligq 21+2j BR = p2
|
This falk! — 10 10— lvag [+MET*2j BR = 2(1-p)
1Q LQ — vvaq MET+2j BR = (1-p)?
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« Pair production cross sections

— qgq—LQ LQ: ~30% of total
production (for m _y=1TeV)

Scalar Leptoquarks

LHC
L=10fo™

10 B

¥,
0

100 events

||||||||| 1 | -\I.‘I‘kl‘-

1000 1200 1400

M/ GeV
Blumlein et al, Z. Phys. D
76 (1997) 137

10 total
------------- 88
I N 99
-1
10
-2 100 events
10
3 .
10 . . L“" \N\\
4 | minimal . S
10 coupli ;
. uplmg S
10 L1 1 1 L1 1 | I | 1
500 1000 1500 2000

ang-Mills

500

Belyaev et al, Phys. Rev. D59
(1999) 075007

1000 1500 2000
M, [GeV]
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ATT.AS Atlantis Event: LOLQ{1500)--eeqq

« Scalar leptoquarks

» Pair production
— (L)) channel
— wvjj channel
— independent of Al

« Simulation tools:
— PYTHIA

— ATLAS fast simulation
(ATHENA-ATLFAST)
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« Background

— QCD: huge, but eliminated after high-
pr isolated leptons and high-my; cuts
— 1stand 2"d generation LQs are applied

— Scalareu & pc — Drell-Yan: eliminated by high-m,; cut
— B=1= SR/
— B=0.5= S,5(/3), S.(/5)

— A=10%(LQ : resonance) Process o*BR (pb)

Zjet (€€jj) ), pr> 20 GeV. 1 380
tt (evjevj) 11

M. (TeV o (fb) ZZ (2%jj) 1.2
La (TeV) 1st gener. | 27d gener. ZW (€¢jj) 1.2
1.0 5.0 4.8 WW (eveév) 3.3
1.2 1.3 1.3
1.3 0.71 0.68 * First level cuts:
— Atleast with and
1.5 0.22 0.21
same-flavour, opposite- sign
s 0.074 0.070 with a%% g
2.0 0.015 0.014
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« Signal (m q=1 TeV):
— Many high-p+ jets
— Two high-p; leptons

87.11

20

[] ALLCHAN

10{
R 2N N R

0
)(1002
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« Background:
— Z->t% peak at mx90 GeV

o After first-level cuts

ALLCHAN 172.0

S Y I o

TTTTTTTT IIII|IIII|||.I_L

L

(=] —
<'_I_L:

0, 1000
x 10 prt (GeV)
T ALLCHAN __ 0.7325E+06
2000~
1500+
1000
500
0 Sl L |
0 1000
pr' (GeV)

L.5

ALLCHAN 78.06

1

0.5

Ol | 1 I | | |

x 1% 1000
my, (GeV)
2000[-ALLCHAN  0.3662E+06
1500
1000
500
o Ll
0 1000
m,, (GeV)

signal
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* ) E;: sum of transverse
energy in the

* My lepton-jet invariant
mass for two leading jets
(minimum- Am, combination)

signal

backgrnd

calorimeters M(1j1) - M(12j2)
M(1j2) - M(12j1)
H ALLCHAN 148.1 8 :l_ALLCHAN 1482 15 +ALLCHAN 147.5 ‘| ALLCHAN 174.2
15— - 5 60—
[ 6 L 10 1L -
] " i 40—
10: 4— In C '
- - 5[ -
0: [\ A | | | | 1 | 0: | 1 [ v | 0: ; S I I | | 1 | 0_ 1" | 1 | L | | |
0 250 500 02 5000 0 0.2 0 2000
ETmiSS (GeV) x 10 ZET (GeV) ETmiSS!ZET _‘ mlj (GeV)
ALLCHAN 0.4920E+06 ALLCHAN 0.4920E+06 H ALLcHAN 0.3982E+06 X 10 ALLCHAN  0.7325E+06
80000 iy 1500 - JJL N
i 8000 2000(¢
60000/ 1000 6000# ] I
- il i
40000 s000 | L 1000|
m 500 r I H
20000 | 2000 L i
0_ | .‘Ii‘““—L__ | | | | | | 0 | | | 0_ | S Y | | I | 0=_ \.l"L_ | | | | | | |
0 250 500 0 5000 0 0.2 0 2000
ETmiSS (GeV) EET (GeV) ETmiSSfZET mlj (GeV)
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Im,;-m_ | <100 GeV

m, combination

# events % Provides
(a) all combinations 136 34% clearest
(b) two leading jets 126 45% signal
| _(c) two leading Je_ts, | 08 70%
minimum-Am,, combination
m =1 TeV
| ALLCHAN 399.0 | ALLCHAN 279.3 [ ALLCHAN 140.3
e (@) | & ® | | (c)
- i 40—
40— U -
201 20/ an
0_ | | | | | | | - | | | 0_ 1 | | | | | | | | | i | | | 0_ | I | | | i | | 1 | | 1
0 1000 2000 0 1000 2000 0 1000 2000
my; (GeV) my; (GeV) my; (GeV)
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« Similar cuts imposed for both eejj & pujj channels

« Cuts optimized to maximize significance for all
leptoquark masses

— at least 2 jets with p=70 GeV and |n|<5.0

— 2 same-flavour, opposite- sign leptons with
=100 GeV and |n|<2.5

— my > 180 GeV (for Z peak)
— E{Mss <70 GeV (for tt background)

— E;Mss/) E; < 0.05
— mass window: [m,-m | < 100 GeV

— m_q reconctructed from two leading jets with
minimum-Am, combination
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« After all selection criteria A
J‘

« S+B and B is shown for 1t generation (e*e’jj) S
X my =1 TeV : m; =1.2 TeV | 7@
o
PR === < o | PPN IR ERRTIT s ¢ | P =T I
0 500 LZaa L5030 2000 2500 a 500 {Lwal] L5030 2000 250
mufG:‘n’] - mufG:‘n’]
s A
2k s
U:_II_III_I_I_I_I_I_IJ U:_'II'II_II_I_I_IJ
] 500 Laa L5030 2000 2500 4] 500 L0 L5030 200 250
m, GV m, |GV

I I

 Signal can be observed for M~ 1.3 TeV

« Channel background-free for M, ,>1.8 TeV but signal cross
section very small (<0.07 fb)

23 May 2005 Nektarios Benekos MPI Physics Beyond SM 45




» First generation leptoquarks Py
. Integrated Ium|n03|ty | £=30 fb"’ ”@/

s K
o s s %

 Signal can be clearly observed for m o = 1.3 TeV
« Similar results obtained for yujj channel

Effective Signal Expected = ¢ x o
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1st and 2" generation LQs

3rd generation LQs

— Scalar vd & vs

— LQLQ —> vvqq

— Signal is difficult to be
separated from SM
background (Z jet irreducible
background)

— LQLQ — Vv bb
— B=0=S8,,(*"/3) S;(*4/3),
— B=0.5=S,(/), S,(/,)

Process
Zjet (vvjj)
Wijet (€vjj)
tt (evbevb)
ZZ (vvbb)

ZW (bblv)

ZW (vvjj)
WW (&vjj)

oxBR (pb)
22 000
38 400
51.6
0.6
1.3
3.6

30.5

Background
— Zjet background irreducible
— Main backgrounds: tt, ZZ, ZW(bbtv)

— All other SM backgrounds are eliminated from b-tagging and

lepton-veto
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« Selection criteria maximize significance for high
leptoquark masses

30 5 ALLCHAN 303.1
+ At least 2 b-jets with o signal
pr>70 GeV and - m; ;=1 TeV
n[<5.0 o
+ No isolated leptons oy
‘ m > 18 O GeV X18 50_ 100 200 3(1;)8T of-’;g?s (GCS\(]))O 600 700 800
N gggg g [ALLCHAN _ 0.1275E+10
,‘ miss >
Eq 400 GeV 00 Al background
» 3OO<([)j_j<1500 for the 5000 [+
. . 4000 Hf
two leading jets 3000 u
2000 HH
(0) H
‘(Pj_meiSS>6O fOrthe 100827 I|\II\‘II\Il\\I\‘\I\I‘I\I\l\l\l‘l\l\
tWO leadll’lg JCtS 0 100 200 Sg(iT of—/;gtos (GGS\%O 600 700 800
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 Variables shown before applied cuts (p/¢>10 GeV)
« Main cut: large E{™ss due to escaping neutrinos

08 ALLCHAN

0.7
0.6
0.5
0.4
0.3
0.2

0.1
ok M vy L L P e P 1

P 200 400 600 800 1000 1200 1400
x 10 two hardest jets invariant mass (GeV)

| ALLCHAN  0.2761E+09

5000

4000 background
3000
2000

1000

iJIi\J__lI\‘\\iJ\\\lI

400 600 800 1000 1200 1400
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0
0 200

ALLCHAN 48.35
signal
m; =1 TeV

\ll\l_l\ll
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E T missing (GeV)

| ALLCHAN  0.2766E+09

background

o

200 400 600

800 1000 1200 1400 1600 1800 2000
E_T missing (GeV)
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« Third generation leptoquarks: LQ LQ — vbvb

+ Integrated luminosity /L=30 fb-1 «3@

 No mass peak is reconstructed (only excess of events) O,

. Slgnal observable for masses up to m 4=1.3 TeV %O»
Exclusion limits (95% C.L.) up to m o ~1.5 TeV

5 | o | st | oae | sre
- -
m Z_?
15 021 | et6 | 39 | 34 |21

1000 1100 1200 1300 1400 1500 16()0 1700
Leptogquark mass
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 ATLAS at the LHC is going to explore the
existence of leptoquarks with masses up to
iIndependently of the Yukawa
coupling
 1st- or 2"d-generation scalar leptoquarks can

be observed up tom 4~ 1.3 TeV, in the LQ
LQ—¥qq channel (ifLB=1)

 3rd-generation LQs are observable up to
m o~ 1.3 TeV, if they only couple to a
neutrino & a b-quark, via the LQ LQ—vvbb
channel

* Possibility to study other species of LQs by
combining/investigating other channels
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It is the right time to ask
ourselves the following
question:

What exotics can we do for
Rome?

How are we going to proceed ?
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* Most of the exotics topics have already been done with ATLFAST

e Our goal 1s to to redo most of them with full simulation using Rome-Layout
* Study reconstruction with Rome-Layout, including noise and pile-up

« Develop tools for TeV scale analyses

e Also detector studies at the TeV scale:

No Physics without good understanding of the detector

energy Calibration
Reconstruction efficiency
Refining energy resolution
Charge misidentification
for electrons and muons
PID
b-tagging

- Forward-jets tagging

For High Energy Particles

the same priority as physics analyses

« Studies of the detector response at the TeV scale is needed not only for
Rome, but beyond.

« The Rome Workshop will be a golden opportunity to test the software
and the computing model
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Q Z,6*, H+.... di-leptons channels

Q Signal of W', Z', excited quarks,.....ect di-jets channels

[ Signals of heavy scalar Higgs, WW. WZ. ZZ
Strong Dynamics VV, 6*, Z,...

O Little Higgs Model, technipions Wb, Zb, Hb

O Excited fermions y+jets, ly IZ

0 Leptoquarks |+jets

Q LED, leptoquarks MET + jets

O Non resonante excess of events: I, yy, jj, Tt

O Black Holes: all SM particles
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Invitation

Welcome

Technicolor

Leptoquarks

Compositeness

SERVE YOURSELF
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1 The search for the Higgs boson(s) and the search for the Supersymmetric
particles can be considered as “safe searches”, as they fit well into today’s
theoretical fashions.

d In addition to safe searches one might be tempted to search for less fashionable

exotic new phenomena
d Such new phenomena,
dlike new forces leading to CP violation or lepton number violation, lepton-

quark structure
might simply exist because they are not forbidden by any fundamental reason.

 Such searches are often motivated by the possibility that the guidance from our
theoretical methods has not yet reached a mature status.

These exotic searches require certainly a "gambling mentality” as they lead to “all
or nothing” results.
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As an Epilogue

LEP2 HERA Tevatron LHC &« NLC

2 9

New Physics ?

» All hopes are shifted to future colliders !

y »

“ Ithaki gave us the rewarding travel ......!
C. Kavafys
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