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That the Standard Model
gives a very accurate
description...

Electron
AC/LBL/LLNL ~ G
AC-Based B Factory: ,
PEP-1l and BABAR ;"f",i

..0F the constituents
of matter and of their
iInteractions

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel
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Outline

e Standard Model and its open guestions

Few examples of SM tests:
--- Structure Functions at Hera (Desy/Hamburg)
--- Sin (203) at Pepl I (Slac/Stanford) and Kekb (Kek/Tsukuba)
--- Z lineshape at LEP (Cern/Geneva)
--- Mtop at Tevatron (Fermilab/ Chicago)
--- Mw at Lep and Tevatron
--- Global fit of SM Data
--- Direct Higgs search
e Conclusions
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Fundamental particles and interactions

Matter particles : fermions, spin =1/2

EEE
e | M| T |o=-1 uj| c| T |[g=+2/3
Ve | Vu| Vi |a=0 d|s| b |e=-13

+ anti-particles

Interactions specified by symmetry : U(1), x SU(2),y X SU(3),

Force carriers : bosons, spin=1
Particle Force Coupling (E~100 Gev) | Mass Intensity 4—‘
Y EM ot o2 0 10-1 relative
Y a. =——=0.008 = to strong
(charged particles) e_>"""’" ™M an
Vo gZ
WH, Z weak e- < Ay 2520'03 ~100 GeV| ~10°
(@, ¢, WH, 2) W-
q g
8¢ strong g a, ==-=0.12 0 1
annn, 4rir
(@ 9) q

Mass “generator “ : Higgs scalar, spin=0 ?
(EWSB)
T— predicted by SM but not yet observed




The precision tests of the Standard Model are mainly carried out
with large high energy colliders and complex particle detectors in
few international laboratories
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ete- Colliders

d

efF > Je—— e

v

e Energy of elementary interaction known

VE=E(e)+E(e")=s

=Vs/2

beam

VS pp/pp Colliders
/ p=E,, =Vs/2
x1p ;/._4 X2 P
P — —<+— P

e Energy of elementary interaction not known

\/TZwlxlxzs <\/75

e Only two elementary particles collide
- clean final states

e Elementary interaction (hard) + interaction
of “spectator” q,9 (soft) overlapped in detector

e Mainly EW processes

 EW processes suffer from huge backgrounds
from strong processes

« Vs limited by e* synchrotron radiation:

4
_E e 1 E, . ~ 2.5 GeV/turn

E
" R m'  LEP2 (Ey,~ 100 GeV)

beam

* Synchrotron radiation is ~ (m,/m,)* ~ 103
smaller

!

-- high energy more difficult
— next machine : Linear Collider
(TESLA, NLC, JLC, Vs =500-800 GeV ?)
-- clean environment - precision
measurements machines

!

-- high energy easier - discovery machines
next machine : LHC, pp, Vs = 14 TeV
in the LEP ring

-- “dirty” environment



Example of detector : ALEPH
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Example of detector
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The Hera ep collider at Desy

Ks
ep collisions allow to probe

e/@/h

. V -~
efficiently the structure of the o (] “an >
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Produced by HERA [pb™']

'94-'00 ~ 0.1 fb! per experiment
'02-'06 ~ 1 fb! per experiment
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_,_,,_-"’u" ] Uz

~ | c’\ Describe the Q' =—q* and x =
g' scattering in term of 2p-q
P R p remnant
“ f_} : :> ZEUS+H1
N ¥ |
il:[ --: :‘I::::w H1 %W Prel.
The cross section Is expressed in | g™

HT BLEY D Fil

term of the quark densities

12
""l ﬁup—w}i - ETEU

)
dxdQ®  xQ* Q

The accuracy of the measurement
of angles and energies of leptons
and jets is the challenge of the
measurement to the cross section
at high Q2
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QCD with elementary quarks
describes the scattering up
to the highest accessible Q2
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The asymmetric B factories at Kek and Slac b,

integrated Luminosity (logged) % r
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via the CKM matrix

In the weak Iinteraction u-type quarks couple to d-type quarks

CKM Matrix
d-‘ I".\‘Il.-lll.'ﬂ vl.lﬂ Uuh d
8 =V Ves Vel |s
_h'_ _Vm Vis vth_ _h_

V'V = |, and quark phases

= 4 parameters

| 1-122 A AN3(p-in)
- 1-122 a2
A)3(1—p—=in) —-AN2 1

+ 09

Unitarity Triangle

* * *
VudVub' + VedVep™ + ViaVip' =

""\‘rU|v:l'1""rul‘J1Ir

vcdvch*

y @

(0,0)

(p.n)

0

®

*
vtd tb

| v:dvch*|

%op
(1,0)

CP violation will arise from complex component of

Gigi Rolandi, What have the experiments taught us ? August 2002




Experimental technique at the Y(4S) resonance

e*e - Y(4S) - BB

Iu_ Flavor tag and
. _ vertex
Boost: Sy= 0.55 reconstruction
pe
Y @s) B
c ot
I
e’ |
4 | I
Coherent BB pair | |
| |
| |
I |
|

At = Az A / Exclusive B meson and vertex
<,B}/>C reconstruction
Start the Clock
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Sophisticated silicon detectors and fast electronics allow to
track the decay point of the B mesons with the precision of few
dozens microns
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The measurement of the beta angle agrees at few percent level to
Its SM prediction based on other measured quantities

150'_I|IIII|II\I|I\\\ \\\ll\\lll\l_

o B’ tags + =Y Background

Entries / 0.6 ps

Raw Asymmetry

At (ps) -1 o ! 2

CKM matrix is unitary to this level of prpecision and
Incorporates CP violation with thee generations
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The LEP e+e- Collider at CERN ‘

LEP1 ('89-95) :vVs=m, - 2107 Z recorded - precise Z measurements
LEP2 ('96-2000) : Vs - 209 GeV - WW production, m,, search for Higgs
and new particles

; L3
10 3
| Z
"
—'IE V' /s> 085 e'e” — y/Z — qq(y)
a10 F
= -
o I
-2
10 ¢
_3:
10 =
R m,-114 GeV
-4 e'e” > HZ qqq
10 = |_> _quqq — a4 % |
80 100 120 140 160 180 200 220
/5 [GeV
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LEP1 (CERN) and SLC (Stanford) e*e” Colliders start precision
tests of SM at high energy vs = E (") + E (¢*) = m, = 90 GeV

<

Achieved precision: better than 103

, V, ete- - hadrons i

Cross-section (pb)
= e
iy Ln
] Q
7 l
-\

TRETAN - SLC

10 ¢ LEP I LEP I 3

Measured observables:
0 20 40 o0 80 mu 120 140 160 lSﬂ 2[!] 22.0
- mz, rz Centre-of-mass energy (GeY)

-- Z production cross-section
-- all properties of Z couplings to fermions: | WHY precision tests
e.g. decay modes, angular distributions of the SM at high

-- etc.. energy ?
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Test radiative qguantum corrections (sensitive to heavy physics) :

Lowest order Examples of radiative corrections

—» O~ fi (agy, Gg, mz, Mm%, logmy,...)

— deduce masses of particles
~ Myop? ~ log m,, not directly produced

R.C. modify observables by = % :
experimental precision of =%o. and improved theoretical needed

My, ~ 175 GeV predicted by LEP/SLC in 94 before direct
discovery at Tevatron pp Collider in '94-'95

New Physics can also contribute to loops (e.g. SUSY particles if light)

Beyond Z peak, search indirectly for New Physics by looking for
deviations from SM

e.g. additional _ >v:4 interferes with SM
weak bosons >“vw< processes
4 t-fi/m N5 - deviations from

SM expectations 19



Measurement of the Z lineshape \

e \/s varied from 88 to 94 GeV
ALFEPH .
measure cross-section vs Vs

—ﬁ% % |lines are fits to Z lineshape

|

mZ’ rz’ O—peak

1.15-81.30

(D)
— Z - ee
: 1 1 1 | 1 1 1
% 38 70 gi{s(&%) Mass of the Z Boson
()] | Experiment M, [MeV]
& L | o, ALEPH —e| 91189.3 + 3.1
B E a1 1548130 z- a7 15-81. L3 E . 911894 iso
1 = OPAL ¢— 91185.3 £ 2.9
g‘g 3 , v dof = 2273
0:4 = 4 B ; LEP 2 91187.5+2.1
v 0.2 & Z - IJ-IJ- 0.2 B Z - 1T common error : 1.7
0 :I P S U :I Tt | : 1
8 90 9 8 90 92 94 o112 otia7 91192
3S(GeV) Vs(GeV) M, (MeV)
< >
measure

Dominant error: knowledge of LEP beam energy (AE, ., = 1.7 MeV)

Gigi Rolandi, What have the experiments taught us ? August 2002 20



Measurement of the LEP beam energy : two subtle effects ..

The effect of the moon: The effect of the TGV:
LEP at midnight is ~300 pm Currents induced on
longer than at noon - e* see LEP beam pipe change
less B-field — E is smaller B-field
2 37.E1;1995| : | | | | 7
% [ IILII [ Ibu |1|1ft'l |19|'9|2| T T T T T T |_ E O Jﬂ ) E TGV ,‘L-}-‘.L-\—h
S | November 117, ] é, L.__‘,.. J
o L T Ll ]
‘:] ] RAIL ==
e 7
R T T T e ‘E”S'M ----------------------------------------------------
2200 300 700 1100 1500 1500 2300 300 3 Z:z

1630 16133

Up to ~ 20 MeV variations but effects well understood - corrected
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Z width and the number of neutrinos

[, = 2495.2 + 2.3 MeV< -3

LEP

250

200

m, [GeV]

150

N, = 2.984 + 0.008

N. of light neutrinos (m, << m,/2):

35 —

f - ALEPH N,

N t « [ |DELPHI
>0 o

i oL OPAL
e+ t r

g (nb)

m, =91186 +2 MeV

Similar results from
nucleosynthesis

E m,, =60-1000 GeV

AT T ! ! S S N IO S I S U S BRI

P I Energy {(GeV)

: s AT B
2480 2490

2500
I, [MeV]

Myop et = 174.3 £ 5.1 GeV  from Tevatron

=180.8 £ 9.7 GeV from EW measurements

L]

Radiative corrections exist as predicted by SM

BHE B3 20 o1 9z 83 94
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Prediction of m

from EW measurements

March 1994

mtopEW =177 = 10 GeV
predicted by LEP & SLC

top

1988
1989 4 UAL, UA2

| 124
1990 — =====-- —_— LEP/SLC

141

1991 4 FNAL ___.... e LEP/ SLC

) 164
1992 emen g LEP/SLC

) 177
1993 NSNS LEP/S|C
‘ 174-+16
1994 - First evidence {(<3¢) FNAL
1995 e e
&0 100 120 140 160 180 200 220

Top mass (GeV)

April 1994:
first direct evidence at
Fermilab pp Collider

In 2002:
Me,EY = 180.8 + 9.7 GeV
MopdiTect = 174.3 + 5.1 GeV

|

Radiative corrections
exist as predicted by SM
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The Tevatron pp Collider at Fermilab Vs =2 TeV

F

Lo, |

Run1l('89-96) : =200 top events - discovery of top
=80 000 W events measurement of m,, and m,,,
Run 2 (‘'01-'077?) = 100 times more data
better measurements of m,, and m,,,
searches for Higgs and new particles
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The top quark at the Tevatron
q g t b
4 >a"""‘8< 1 e

tt - bW bW - bty bjj event
from CDF data

Heaviest particle observed so far
(and my,,-my, ~ 170 GeV) - clues
¢+ o about origin of masses ?

CDF : tt - b/v bjj events

i of
20— _
— .
W-, m=79 GeV Jet 1 () ¥
< > — - <
o5
o |
© |
o B 125 150 175 200
% ol M, (GeV/c")
g g S+B
K | & 5
: ' \' / , = 4.5 mm s
4_» i “\‘\:‘\.HH‘\.\\‘“ "_’ = 2.2 mm L
+ ' } -
e+ W Jet 4 (b) o0 150 200 250 0 3%0
Vv Reconstructed Mass (GeV/c™)

Secondary vertices My, (CDF +DO) = 174.3 £ 5.1 Ge
T (b-hadrons) ~ 1.5 ps - decay at n 443%

few mm from primary vertex
detected with high-granularity

statistics, calorimeter
calibration

Ist 2002

Si detector (b-tagging)
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Measurement of the W mass

from data 5
+ theory . m
cos’0y, =—%
i m, 0 «<— p=1from
m.. 2 = TTOgy (M) 1
AW )
V2 (T}F sin” 8, (1-Ar)
. g T T— radiative corrections
rom u deca _ ~
x Y Weinberg angle, Ar = T (m?,,, log my) = 3%
from LEP / \
t H
W W
\/\/\,O’\/\/‘ W
b

=) measurements of m,, and m,, constrain m,

top

W mass measured at LEP2 and Tevatron

SM Higgs
mechanism
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e+

o™ [pb]

u, ¢ /*

d,s, v

measured

to

10-3-10

3 colours per quark

LEP2 : Vs >2 m,, since ‘96
W—+
v W €, wr
>y, Z* Ss
e w- J"“%L‘
e T W - ev = 10%
| W W - v = 10%
Triple boson vertices || ' - ;‘(’] o
related to SM SU(2) T
gauge symmetry
LEP Preliminary
? | A A T L e
s * et 10000 WW events —
s $-° collected per
: experiment
Triple Boson
0 vertices exist !
RacoonWW / YESWW 1.14 DELPHI:
— no ZWW vertex (Genﬂeﬁ.l) WW - pv ev
5 —— only v, exchange (Gentle 2.1) event
0" '1£|inl — '1":'0' - '15|m' - '15|m' - 2:1,!) z2lo

E.. [GeV]
ugust 2002

missing E
from v’s




OPAL 183-209 GeV [Ldt=677pb"

E II|IIII
=]
5 - [ Signal

[ Combinatorial big

B Other big

WW - qqqq |

70 75 50 85 20 95 100 105
m /GeV

80.6

| —LEP1, SLD Data

68% CL

W-Boson Mass [GeV]

pp-colliders

+

80.454 £ 0.060

Average (direct)

-0-  80.451£0.033

yT00F. 0.071

NuTeV — —a— 80.136 + 0.084
LEP1/SLD A 80.372 +0.033
LEP1/SLD/m (indirect) -, 80.379 + 0.023
8|0 80.2 86.4 8(;.6
_ my, [GeV]
Direct
measurements

m,, dependence
In SM through
radiative
corrections

80.3 - < i
| my [Ge 0/ |
80 2 11 4. :,30. 1 -00| | Plrelilminalry
130 150 170 190 210
m, [GeV]
—>

light Higgs is favored

Ar (measured) =
0.0311 = 0.0020
(~ 150 from 0O)

4104
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Global fit of the SM to data

Measurement Pull  (O™™-QMyc™ i i
FZT 0T 23 — deduce m, which gives best x?
—%» m,[GeV] 91.1875+0.0021 .01 6 .
—» I, [GeV] 24952+0.0023 -42 ]
o) [nbl  41.540+0.037 163 Aol =
R 20.767+0.025 105 — 0.0276140.00036 y
- +
A 0.01714£0.00095 .70 . e _
R, 0.21646 + 0.00065 1.06 4 - 7
R, 01719+0.0031  -11 §
AP 0.0994+0.0017 -2.64 o | |
Al° 0.0707 +0.0034 -1.05 < ..
A, 0922+0.020  -64 limit
A, 0.670 £ 0.026 .06 2 4 from
A(SLD) 0.1513+0.0021 150 — :
direct
—» m,[GeV] 80451+0033 173 r searches
I, [GeVl  2.134+0.069 59
> mGeV]  1743:51 ~08 0 Excluded Yy . Preliminary
. ., .
20 100 400
from NuTeV 3210123 m,, [GeV]
(VN scattering) . _
W= g85"" Gav radiative
Largest discrepancies (two observables): < 30 H 2~ —=-34 :
g pancies ( ) corrections

all

P (X?) ~ 2%
P (x%) ~ 14% without NuTeV

(affected by some theoretical uncertainties)

m,EW < 196 GeV

Gigi Rolandi, What have the experiments taught us ? August 2002

29



The last ~ 10 years ..

1991 My, limit
e
(GEVSM _ 2001
| +
_ 1991
60 | 1995 l
M?op( '

LHC, pp, Vs= 14 TeV, L= 1034 cm2 s!

... and the future

A|\/|W 2001 < 2006 2009 ? ?7?7?
LEP2+Runl LEP2+Run2 LHC TESLA ?
5.1 GeV 2.5 GeV 1.5 GeV 0.2 GeV
33 MeV 25 MeV 15 MeV 7 MeV

® —— + +
m]H AMtop

My
~ 50% ~ 35% ~ 25% ~10%

LHC
events in 1yr

Previous machines
total statistics

Z 108
W 109
top 108

LEP: 107 in ~ 10 yrs
FNAL: 107 in ~7 yrs
FNAL: 105 in ~7 yrs

I Higgs discovered -
comparison of measured m,
with indirect measurement
-~ Important consistency

checks of EWSB
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Where is the Higgs ? W/W\ mw%gV

. Ne_eded i_n SI\/I_to generate particle masses 5 K/v m, =m,/cof,
-- Higgs field fills vacuum

confirmed by,
experiments

-- vacuum ground state : v =250 GeV #0

______________________ =0
-- particles interact with non-empty vacuum X &

. get mass top( "2 Mo~ &Y &1
 Higgs couples to fermions and bosons e mrav gl
the stronger the interaction the larger
the mass : Wz

"""" <— g¢~ Me/V <7~ng
i

e Higgs mass not predicted. Today we know:

-- 114 GeV (from LEP) < m_, <1000 GeV (from theory)
-- EW data prefer light Higgs (< 200 GeV)

-- LEP “ hint ” for m, ~ 115 GeV ?

Note : contribution of EW vacuum to cosmological constant (~v4)
IS ~ 55 orders of magnitudes too large
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What iIs wrong with the SM ?

800 T T T ] T
130 < mH < 180 GeV : SM valid oo
up to A ~ Mplanck (VERY boring

)

[GeV]

Not allowed
(couplings blow up)

my = 115 GeV : New Physics for _EW data 196

| I‘IIII‘IIII‘IIII

114.1 ” |Not all?wed (\(acuum unstab

N\ <10° GeV | o 51

105 109 1092 101° 1015 1-:31B
N\ scale up to which SM valid [ GeV]

“Hierarchy” : Why M.,,/M ~ 1017 2

Planck

“Naturalness” : 1T A >>works only with very accurate fine tuning in
radiative corrections

«“Vacuum expectation value” contribution to the cosmological
constant too large by 10°°
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Where is the Higgs ? In year 2000 (last year of LEP)
few events observed (2 o effect)

o 2 well b-tagged jets o

Background interpretation: bbgg
m (j,, j,) = 92.1 GeV b

my G, )=114.3 +3 GeV
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A = 20 excess ...

-:Ea B — (Obserw
E 0. 14 [ == Ei;:ét:&ifm background LEP 7]
_% - - E*«[Peccgd miimgnnl (m,=113.0 GeV/c7)
ﬂ#}a 2 E + backgroun
5 . .
& 0.1 |- data—>»
Zo0s : =.
Q-E{J{JS : )
0.06 |- ' expected
expected B > .
from S4B 204 F from B only
0.02 F
g L

-15

probability of
B fluctuation : 3.5%
- ~ 20 excess

|

not enough to claim discovery

need 50, i.e. P (B fluctuation) ~ 10/

10 {5

-2 In{Q) «—— Vvariable related to event

features (e.g. b-tagging)

probability of S+B : 43%
Note : consistent with
expectation for signal

with m,~ 115 GeV

Mass lower limit :
m, > 114.1 GeV

95% C.L.
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More difficult than at LEP
The fUtU re If Higgs light (small S/B)

Tevatron Run 2 pp Vs=2 TeV started

107 ¢
50:~15fb1 | | : By end 2007 (?) :
end 2007 ? 30 f67' -- 50 discovery if m, <120 GeV
S ' -- 95% C.L. exclusion up to
E 0 " my~185 GeV
30:~5 fb'! '
end 2004 ? 2 fb-1
= . — 95% CL limit
b : — 3o evidence E
95 C.L.: jj/ S0 dhis scovery :
~2fbl | & LHC pp, Vs=14 TeV, start 2007 ?

80 100 120 140 160 180

~ 2003 # L= 1[m.L
. 2 -
Higgs mass (GeV/c?) B iy iy

L |

Signal significance

2007-2008 : Tevatron-LHC competition
for Higgs discovery if m, < 120 GeV

. LEP Full mass range accessible
limit :| in 1 year (= 50) - final word

2 k]
L La
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All this calls for

A more fundamental theory .
of which SM is low-E approximation —>  New Physics

Difficult task : solve SM problems without contradicting EW data

Best candidates :  Supersymmetry all predict New Physics at
Extra-dimensions #—— < TaV scale
Technicolour

=) strong motivation for LHC : discovery reach
uptom=5 TeV
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Signal of new physics directly searched at all high energy colliders

LEP 88-209 GeV Prelimina

an R .
£10 2 Constraints on Scalar Leptoquarks
E e G S <
B Jm, .- B 1
........................ e ey .
S S—— T —— - M,=200 GeV
? B ZEUS limit
u_mti;)e;ﬁev (e* p, Prelim.)
10 T S o] Dglaing -. 102 —— LEP indir. limit
....... i ) Stop mMiX: X=2Mg ey [
i ] TEVATRON limit
ffffffffffffffffffffffffffffffffffffffffffffffff‘ < |
............... ——
) HiCl |
10 4% 3
B H1 limit ]
1 o (e p, Prelim.)
10 L HA1 limit 4
y | | | | | (e p 94 97) 1
100 150 200 250 300 175 200 225 250 275 300 325 350 375 400
’ GeV/c M, q (GeV)
a=hH ae (GeV/IcH)
mixing my A~ 91 92 GeV

Exclusion of a fraction of the Susy parameter space
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In spite of all its success Standard Model is likely not the
ultimate theory

The open questions call for New Physics and motivate future
machines (LHC, LC, ...)

Understand electrowsak symmetry breaking
CObhserve the Higgs basan

Feasure neutring masses and mixings
Establish Majorana neutrinos (355, )
Thomughly explore CP violation in B decays
Exploit rare decays (A, D, ...

Chserve neutron EDM, pursue electron EDM
ke tap a5 a toal

Dbserve new phases of matter

Uncerstand hadran structure quantitatively
Lincaver the full implications of QCD
Ohserve proton decay

Linderstand the baryon excess

Catalogue matter and energy of the universe
MMeasure dark energy squation of state
Search for new macroscopic fores
Determine GUT syrmrmetry

Dietect neutnnos from the universe

Learn how to quantize gravity WE =

Learn why empty space is nearly weightless astro/cosmo/
Test the inflation hypothesis particle
LInderstand discrete symmetry violation physicists
Fesalve the hismmrchy prablem

DEecover new gauge forces

Directly detect dark-rmatter particles

Explore extra spatial dimensions

LInderstand the arigin of large-scale structure

Obh=erve gravitational radiation

Solve the strong CP problem

Learn whether supesymmetry & TeV-scale

Sesk TeV-scale dynamical symmetry breaking

Search for new strong dynamics

Ex<plain the highest-energy cosmic rays

Formulate the problem of identity .
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Measurement of the LEP beam energy : resonant depolarization
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e e* get polarized, i.e. their
spins tend to align with B.
Spins precess around B with

e process sensitive to imperfections
- slow, limited to ~10% polarization

e polarization measured with Compton
back scattering of laser light



Measurement of the LEP beam energy

. resonant depolarization

e apply field B, oscillating with frequency
v and vary v. When v = v, polarisation = 0
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Simplified and non-exhaustive summary of SM tests at Colliders
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A = 20 excess ...

Events /3 GeV/c*
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not enough to claim discovery
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Reconstructed Mass my, [GeWcz']

-2 In{Q) «——— Vvariable related to event
features (e.g. b-tagging)

orobability of S+B : 43%

Note : consistent with
expectation for signal
with m,~ 115 GeV

need 50, i.e. P (B fluctuation) ~ 10/

Mass lower limit :
m, > 114.1 GeV

95% C.L.
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Fundamental particles and interactions

Matter particles : fermions, spin =1/2

ENE
e | M| T |g=-1 u | c| t |g=+2/3
Ve [Vu| Yy | =0 d|s| b |g-13

+ anti-particles

Interactions specified by symmetry : U(1), x SU(2),y X SU(3),

Force carriers : bosons, spin=1
Particle Force Coupling (E~100 Gev) | Mass Intensity 4—‘
Y EM ot o2 0 10-1 relative
Y a. =——=0.008 = to strong
(charged particles) e_>"""’" ™M an
Vo gZ
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Mass “generator “ : Higgs scalar, spin=0 ?
(EWSB)
T— predicted by SM but not yet observed
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SM :a bitof history ...

1967 Standard Model of ElectroWeak interactions (Glashow, Salam, Weinberg) :
e as EM force mediates by y, weak force mediated by,\
 unification of EM and weak forces :g=e no experimental
e« W% Z mass = 100 GeV - weak force is weak and short range evidence at
« masses from Higgs mechanism (EW Symmetry Breaking) that time
p decay:n - pew. Standard Model ("’ 67):
Fermi theory (" 34): W- exchange - rate ~ g4/m,* U
contact interaction (short range) If g~ e, from measured rate
- decay rate ~ G.2 n~ Gg P get m, ~ 100 GeV d 9 -
Cross-sections diverge at high E_ >< Cross-sections are finite \ W+

S v
_ v
e e-7.9\

1973 : Discovery of weak neutral currents
at CERN in v, e” interactions

1983 : Discovery of W,Z at
CERN pp Collider, m ~ 100 GeV

H

\Y

H

Gargamelle — " - +
o - { bubble chamber UAZ2 ‘ Te gqq - Z- e‘e

10 GeV

||

||




Direct Higgs searches at LEP2

m,+ m, <Vs - LEP sensitive up to m, = 116 GeV

4 jets (BR ~52%)
b q

A

q b

2 jets + missing E (BR~ 14%)

2 jets + 24 (BR ~5%)
e, u' b

—»bb

VA

2 jets + 2t (BR ~ 7%)
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Main handles to reject background : b-tagging , presence of Z, m, is large, etc..
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Best channel at the Tevatron :

WH - /v bb

Best channels at LHC :
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SUPERSYMMETRY (SUSY) = symmetry between fermions (matter) and bosons (forces)

« All SM particles p have SUSY partner p with same couplings and quantum numbers
except spin (p) =spin(p)-1/2

SM particle SUSY partner spin Particle spectrum in minimal models
N (MSSM)
/ sleptons  / 0
q squarks  q 0 +5 Higgs : h, H, A, H*
luino g 1/2
3Vi (+Higgs) 3harginos X*1 2 1/2 my, < 130 Gev
Y, Z (+Higgs) neutralinos x° 55, 1/2

e No experimental evidence for SUSY - sparticles are heavy

However : to solve SM naturalness problem need : m(p)<~1 TeV
e R-Parity (multiplicative quantum number) = + 1(-1) SM (SUSY) particles
IT conserved : -- SUSY particles produced in pairs

-- Lighest Supersymmetric Particle (LSP) is stable
LSP = x% weakly interacting «— dark matter candidate

-- all SUSY particles decay to LSP
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SUSY searches at LEP2 Vs < 209 GeV

~ . ~ P in most cases
e+>\\/j\,€i< AN ¢ p _— at LEP2 energies
N o
N ¢ ""----...,,Xo1 ) missing
~~ 0 0 e 0o energy
- Lxnexn qq9 - g X 19Xt - democratic production
X1° I* X;° - simple final states
/ - SM backgrounds rejected by asking
large missing E and missing mass (LSP is heavy)
0 0 \ - m(?, q, ¥*1)>80-100 GeV
X1 |- X1
Acoplanar leptons Acoplanar jets

_Pirect searches for dark matter
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SUSY searches at Tevatron (and LHC)

Mainly sensitive to q, g > e.q.
e Strong production - large cross-section

« ,€ heavy - cascade decays

— complicate/spectacular signatures
with many jets, leptons + missing E
- rejection of large SM backgrounds

Tevatron better than LEP2 for ¢, &
(strong production, high Vs).

Worse for charginos, sleptons, neutralinos (large backgrounds)
- complementary machines

Limits/reach on squark and gluino masses

Lower limits from Tevatron Run 1 200-300 GeV

either SUSY found

Discovery reach of Tevatron Run 2 | up to ~ 450 GeV / before/at LHC or dead

~Discovery reach of LHC up to ~ 2.5 TeV -

Gigi Rolandi, What have the experiments taught us ? August 2002
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Conclusions

Over last decade, high-E physics experiments (e.g. at LEP, SLC, Tevatron)
have performed precise measurements with accuracy < 10-3
and looked for new particles/physics in large variety of topologies

!

e Wealth of outstanding physics results, very challenging for any theory
e Spectacular experimental achievements

(accelerators, detectors, data analysis techniques, ideas ...)
e Huge amount of theoretical work to match experimental accuracy

 Triumph for the | Standard Model

!

-- predicted particles discovered (except the Higgs .....)

-- theory structure, predicted interactions and predicted
phenomenological consequences confirmed to better than 10-3
(i.e. at level of radiative corrections)
up to few hundreds GeV (i.e. ~ 10710 s after Big Bang)
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