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Ordinary matter is only ~ 5% of the energy in the Universe

Dark Energy

Heavy Elements:
0.03%

Neutrinos:
0.3%

Dark Matter

Free Hydrogen
and Helium:
4%

Dark Mattes:
25%

Dark Energy:
70%
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Families of matter
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Force carriers

Questions:

why masses of matter particles and
forces carriers are so different ?
The bare SM could be consistent
with massless particles but matter
particles range from almost O to
about 170 GeV while force carriers
range from O to about 90 GeV.
The simplest solution:

all particles are massless !l

A new scalar field pervades the
Universe (the Higgs field). Particles
interacting with this field acquire
mass: the stronger the interaction
the larger the mass...

BUT

the Higgs boson have not yet been
found !



Higgs Mechanism

Brout, Englert, Guralnik, Hagen, Higgs, Kibble (1964)

physical Higgs boson

modes “eaten” by W,Z

» Breaks symmetry while maintaining local gauge
invariance (=renormalizability)

« Add complex weak isospin doublet
with “mexican hat” potential V = A|®}*— p?|®|?

* 3 components of @ form longitudinal
components of W¥ and Z (massive)

* 1 component = real scalar particle: Higgs
boson

» Couple fermion fields to ® - fermion mass terms

Mass (giga-electron-volits)
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A Little Bit of History

1967: Electroweak unification, with W, Z
and H (Glashow, Weinberg, Salam);

1973: Discovery of neutral currents in
v e scattering (Gargamelle, CERN)
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1974: Complete formulation of the standard
model with SU(2),,xU(1)y (llliopoulos)

1981: The CERN SpS becomes a pp collider;
LEP and SLC approved before W/Z
discovery;

1983: W and Z discovery (UA1, UA2);
LEP and SLC construction start;

First Z detected in the world:

<
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1989: First collisions in LEP and SLC;
Precision tests of the SM (my,,);

1995: Discovery of the top (FNAL);
Precision tests of the SM (m,);

2000: First hints of the Higgs boson?



“Theory™: SM Higgs Boson Mass and Couplings

From the Higgs Mechanism ... and from Gauge Invariance :
m, = m,,/COSYyy ; my, = gV/2; (— v ~ 250 GeV).
£ vacuum expectation value
V(o)

W.Z

/ ! 2
Empty yacuum m,N 1; _______ «— m W,ZN
avé2a | o

Vi/2 W.Z

02 (Our vacuum) . .
V(p)=5de-V12f

AV A H
= H 2 + —I H 3 + _l H . <.
3! 41 /o H- H
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SM Higgs: what we know from theory:

One pseudo-scalar doublet ® (4 degrees of freedom)

Potential V = A|®[*— u?|®J?

After spontaneous symmetry breaking:

* W#and Z acquire masses (3 degrees of freedom)

 the last remaining degree of freedom (4-3=1):

scalar CP-even Higgs of unknown mass
m2, = Av?/3

A, as any other coupling constant, runs

up to a scale Q at which the model is

not longer valid:

* small m, at 1-TeV scale

at some Q, A(Q) <0V has no minimum

(vacuum breaks loose)

 large my at 1-TeV scale

at some Q, A(Q) = oo theory becomes
non-perturbative

, chimney
my must be within ~ 50-600 GeV range
(if the SM is valid up to Q ~ 1 TeV scale)

My [GeV]

my,myz = 0

physical Higgs boson

- /f \
modes “eaten” by W.Z myy, myz 7 0
A O O B
600 [ m, = 175 GeV —
i o, (Mz) = 0.118 ]
400 [ —
— non-perturbative N
200 :— allowed —:
-~ instable vacuum 7
O | | | | | ‘ | 1 1 1 [ 1 1 1 1
102 109 109 10l% 1015 1018

Q[GeV]



My [GeV/c?]

Theoretical Limits on Higgs Mass

3ool EW
Precision

9 11 13 15
log4q A [GeV] T

M PIanckIgra‘"ty

If SM is valid up to Planck Scale
130 < M, < 180 GeV

e.g. Riseelmann, hep-ph/9711456



LEP

Operation
1989 - 2000, CERN, Geneva

Circumference
27 km
Particles
electrons - positrons

Beam energy
45 GeV — 104.5 GeV

Luminosity
1031 - 1032 cm2 sec!
Lint
1000 pb-!
Experiments
ALEPH, DELPHI, L3, OPAL

Characteristics:

- very clean environment
- very small backgrounds



Four Experiments at LEP

ALEPH DELPHI

Electromagnetic
cabrimeters

Hadron calorimeters
and return yoke
L3 ‘

Magnet Yoke

L3

Magnet Coil

Jet
chamber

Vertex
chamber

Microvertex
detector

Z chambers

& Solenoid and
Presampler pressure vessel
Forward Time of flight
detector detector

Silicon tungsten
luminometer



Typical detector concept

m Combine different detector types/technologies
into one large detector system

Interaction

point
Precision vertex
detector

tracking Magnetic
detector spectrometer
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Search for the SM Higgs at LEP

m LEP: e+e- collider at CERN
four experiments: ALEPH, DELPHI, L3, OPAL

m LEP1: 1989-1995, /s=91 GeV,
precision measurement of Z boson parameters

m LEP2: 1995-2000, /s =130-208 GeV

year | ‘95 | ‘96 | ‘97| ‘98 ‘99 2000

Vs 130-136 | 161-172 | 183 189 | 192 196 200 202 | 204 205 207 208

Lum | 3 3 | 1111 | 55 | 160 | 2580 80 40 | 9 72 130 8
(pb~)

Lum |\ 24 | 88 |220|640 900 875

X4 exp

>2.5fb1 @ E,,,>180 GeV



Z->q9q

QO
N 42 A \é 4

=g —

$HZ->T1
* Z — 11 . Two low multiplicity jets + missing

energy carried by the decay neutrinos

Branching

Channel Partial Width .
Ratio

Hadrons | 1.739 GeV 70%

- . . . Neutrinos | 0.497 GeV 20%
* Z — (q : Two jets, large particle multiplicity.

«Z — e’e’, uu : Two charged particles (e or p.) Leptons 0.250 GeV 10%
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Z Lineshape: Final State Identification

Leptonic decays: Low multiplicity,

ALEPH g??op. ‘ with (t) or without (e, n) missing energy
5000 J e
vy Collisions: Y T
w000 5 2 Low multiplicity, o
{ q, 1
3000 4 13 Low mass Y
o e et
2000 4 5
-D - -
1000 5 Selections with
0 Q High Efficiency;

Q High Purity;

5
T
e
o
e
e
=
S
=

adronic decays:

igh multiplicity
igh mass
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Precision Electroweak Observables

Experiment Observable Main technology Precision | Physics output
Z Lineshape m Absolute beam energy 2.107° Input!
< 74 (+ ISR QED calculations)
'z Relative beam energy 1073 Ap,ais, N,
(+ISR .. )
: Opeak | Absolute luminosity 107 N,
R — —hadron] . . g o
| LE 921 | / rlepton Final state identification 12103 O, m‘rop
WW Production - Absolute
o /- *Beam energy
3 *Luminosity 4
Mw -Final state 2.10 MH VS Miop
LEPZ Identification
Heavy Flavour Rb = FbB b-']'agg"\g 3 103
Rates % Ihadron (Vertex detector) . m
- FCC ° 1‘Op b
R, = c-tagging (mostly SLD) 2%
l_‘hatdron




Z Lineshape: Results

Volume 231, number 4 PHYSICS LETTERSB 16 Nyvember 1989
a5 —

i ALEPH Nv =2 13 Qctober 17989 AT OO A M PROPLRTIES

EN EUI'RA'L. _l&'l_'ERMEDIA’IE \’ECI_‘OE BOSON 22
a0 [ DELPHI = N, =3 —

e e e
; ‘L3Colla !
Received 120ciober 1989 'E3ollatoration} G
L3 —_ We repart the racalts of first Plirains ins of 1be LS cetectorat LEF. Based on 2538 hadon events, we determined the mass
O PAL : : izs and the widih (s of he intermediste vector boscn Z° 19 be nr,

»=01..3240057 GeV (01 including the 46 McV LEP
machine energy uncermainty) and Fa=2SRR£C.137 GaV. Wealso deteaanited 15

fovitia = U367 £0.080 GeV, comesponding 10 3
3.4220.48 mumber of newrino flavors. ‘We also measered th: muce pair cross setion snd determinec the brnching ratio
fa=Na 20200 T3, Lok

L3: 2538 hadronic Z’s L a1a
DE‘rl’:RM[NA’nONOF‘IHLNUMB!'_HUl:'LIGHTNEUTR]NOSPRcus NV = 342 i 048

AR Y EATREA
ALEPH Collsburation | Received 12 October 1989 rZ =<

L. O

The crosssectior for e*>~— hadroas in the “icinityol the T
CERN Laug Elccuon Poittron rollider, LEP, Measwement:
(2.6§40.15) GeV,and ofthe nak hogoop

basott peak kas becn measired with the AT EPH detecter as the
of the Z mas, Mzw(91,17420.070) G:V, the Z widh =
00, o5 =(2).3+1.2) nb, are presented, Within the coastriints of the
Beutring apadics is fouml WHE ¥, =3, ot ke possi-

ALEPH: 3112 hadronic Z’s | ALEPH
. N, =3.27 £0.30

4 THE OPAL DETECTOR AT LEP

MEASUREMENT OF THE Z' MASS A

ND WIDTH w T
OPAL Collabereation]

P T T e T T T [ e T wmw | OPAL: 4350 hadronic Z’s

We sepont & expenmensil determinatic,

n of the cross section for ¢ *e~ —hacrons fom 2 san aroand 1he Z° pole. On the basis
(G V) of hadioaic events coliccted avers erven SneTEy point: Leiwern 83.26 Get and 93.26 GeV ve oblain a mass of
me=91.01 20051005 Ge, and 3 Tolal cecay wicth of (2=2.60+0.13 GeV. 1n the cons f the — - resuls
E ne rgy e imply 3.1 2 0.4 neutring gencrations. =
oL
A 4
. 3 ? THE 2°.PARTICLE j— 1 + O 4
MEASUREMENT OF THE MASS AND WINTH OF At N 3 — .
2 9 8 :l + O O O 8 FROM MULTIHADRONIC FINAL STATES PRODUCED IN e*¢~ ANNIHILATIONS v "
—
N Vv . — . DELPHI Collaboration |

DELPHI: 1066 Hadronic Z’s

Tirs: measaremen's of ths mass and w.dth of the Z° perfc
are

t the nevl i LEP Collider by the DELPyf
Collabocati e e derived from m:suay:mzmhmmnw states producedin ¢* ¢~ anni
1 9 8 9 hifatinne =t sevecal «.:-p’« crousd he Z° raass. The valucs n:un‘c 1og themass and -id!h(zrc u;z*:) = 9;:2::.09 (star) 0 0-:5
=2.4210.2 GeV vely, rec-paamete” it to - twWo-parameter it
Markll, Aug. , e o o o s o e o e pesmete o e e e A vopsramis
= o
with 106 Z decays: ' 1_““_| !
oy

[ N,=3162020 [l

v
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What LEP found from 1989 to 2000

Unprecedented accuracy on the
measurement of SM parameters
m; known at 21 ppm
Z couplings
my, known at +46 MeV

Osaka 2000
Measurement Pull Pull
3-2-10123

m, [GeV] 91.1875+ 0.0021 05
I,[GeV] 2495200023  -42
6oy [NB] 4154020037  1.62
R, 20767 £0.025  1.07
Al 0.01714 £0.00095 75
A, 0.1498 +0.0048 .38
A, 0.1439+0.0042  -.97
sin“g2" 0.2321 £0.0010 .70
R, 0.21653 £ 0.00069 1.09
R, 0.1709+0.0034  -.40
AL 0.0990 + 0.0020  -2.38
AZE 0.0689+ 0.0035  -1.51
A, 0.922+0.023  -55
A, 0.631+0.026  -1.43
sin“6c"  0.23098 +0.00026 -1.61
sin“By 0.2255+0.0021  1.20
my [GeV]  80.452 +0.062 81
m, [GeV] 1743 15.1 -.01
Ao (my)  0.02804 +0.00065 -.29

32101 2 3



Dependence on m,,, and m,, of Electroweak Observables

Electroweak Observables (i.e., related to W and Z) sensitive to vacuum polarization effects:

t H
W W JV\}V\jW Radiative corrections :
W
b (m\l'limz)a Artop ~ mztop
(M /z)? x(1+Ar) Ar,~log m,

From precision electroweak measurements :
* Predict m,, (and m,y) and compare with direct measurements;
* Predict my «ocvevinnnnnnn. and compare with direct measurements.

19



Z Lineshape: Results

0 40
Ohad/Oj

500 MeV
in 1989

Obs. | Value Error
mz | 91187.5| 2.1 MeV
I, | 24952 | 2.3 Mev<§1§3§
o° | 41540 o.o§37 nb 3
R, | 20.767 02.025 :

rzoc(l"‘AP)@'

LEP —‘—
(1998) L
250
200
150 |
1["] .—-I: :.-_ A T B
2480 2490 2500
T, [MeV¥]

2494.6 2.7 MeV

common 1.7 MeV
notcom 2.1 MeV
¥ idof = 3.3/3

] m, =91186 £2 MeV

E m,, =60-1000 GeV

With this measurement alone:

Myop ~ 165 £ 25 GeV/c?

(+small sensitivity to m,,)

20



Prediction of m,, from EW Measurements

1988

1989

1990 -

1991 ~

1992 -

1993

1994 ~

1995

Mosty-vyN
UAlL, UA2 ‘_%
124
............. LEP/SLD
141
FNAL _...... ———— i LEP/SLD
' 164
e rm e e R e e LEP/SLD
' 177
........ ——#—iaaaee LEP /S
174116
First evidence (<30) FNAL
(actually 2.90)

LD

&0 100 120 140 160 180 200 220
Top mass (GeV)

A top mass of 177 GeV/c?
was predicted by LEP &
SLC with a precision of

10 GeV/c? in March 1994.

One month later, FNAL
announced the first 3o
evidence of the top.

In 2001:
Mg, =180.5+£10.0 GeV/c*
My~ =174.3+5.1GeV/c*

Perfect consistency between prediction
and direct measurement. Allows a global
fit of the SM (with m,,) to be performed.

21



Global Fit of the Standard Model to m,,(2008)

Precision electroweak data are
sensitive to Higgs mass

b v 1
Mg =] —

V2G5, |sind, v1-Ar
Ar =f(m?,, ,logm,)

Global SM electroweak fits
provide upper limit :

M, =91+%5., <186 GeV @ 95% C.L.

(July 2008, with recent Tevatron results)

B Ay 2008 m =154 GeV
1 (5)
5 - Ll At = .
H — 0.0Z2Y5EL0.00035
1 % % - 0.02748+0.00012
4 4 === incl. low Q° data .
3 |
2 -] —
1 |
0 Excluded /o Preliminary
] T 1] ¥ LI ] I ]
30 100 300



Direct search: before LEP

Quite a few searches in hadron decays:

d d d d
0 0

K W T Bf W X
S s,d

NA31, 1990 CLEO, 1989 -
exclusion range exclusionrange -
0.2GeV/c*<My < 3.6GeV/c?

2m,<M,<50 MeV/c?

No excess seen, but...

SINDRUM, 1989 ¢ No unambiguous limit set CUSB, 1989

_ .

’fjj z] & b, ¢

exclusion range \
10MeV/c2<M,, < 110MeV/c?;  (Large theoretical uncertainties N H

on the predicted decay rates.) exclusion range
2m, <M, < 5GeV/c?




The situation before LEP

Only one unambiguous limit: M. Davier and H. Nguyen Ngoc, 1990
1) Production: 2) Decay (for m,, between 2m, and 2m,):
. e-’
H
e+
103 Eor
L js — W - %
Dump T '72 % - 102 s | Lo
LB e R _ : No counts
210%e ", . — |
(2 GeV) // 72, : Calorimeter 0 above 750 MeV
me Decay 50 ¢m 3 . Jor
| Distance | — : .:"'f '
7 100 em 1 Pl L
1.2 MeV/c? < my, < 52 MeV/c? 5 otz vy
Excluded at 95% C.L. Lo b




SM Higgs Boson Production at LEP

Dominant at LEP: The Higgs-strahlung process

(The production cross section depends only on m,)

LEP 1: Vs~m, LEP 2: Vs >m, +m,

(Large coupling to the Z = Only sizeable cross section)

25



SM Higgs Boson Decays

The decay branching ratios depend only on my;:

O m, <2m,: H - yy + large lifetime; Q m, > 2m, up to 1000 GeV/c?:
Y

Y

Qm,<2m: H— e'e dominates;

Branching ratio

dm,<2m_: H-— p'p dominates;

dm,<3-4GeV: H-— gg dominates;

(00000 ¢
H o0, -, KK,
——————— top
nm, -.. etc
700000 ¢

Qm, < 2m,: H-—> tr and cc dominate;




Direct Searches at LEP 1 | rorm.<m,

U-

|
|
| ~
|

H

(invisible)

Very little background expected

Acopla*nar lepton pairs
from Z and H invisible

| "
1",v
I:I\\ A ” -
s s ~ 2 e+ -~ - -
N - -

o 1075 s S R

; f JPiat Events | -

o 1/ - expected | |

E ) ‘\\<,' at LEP1 |=

=] J-O /7 N

| 0 \ (among 2 107 2)
s ] i
/

1 \ =
10 \\\\ =
0 5| 0.0< my < 68 GeV/c? \ 3

| Excluded at 95% C.L. .
: BR(Z — Hiff)
_6 H H i E
)
0 10 20 30 40 50 60 70

Acoplanar pairs | For m,<2m_:

from H decay

H—>ee, uu

m,, (GeV/c?)

For my<2m,:
H—gg, cc, 77

T

H—>qgg, cc, r

104
Monojets
10° :
Acoplanar jets
T2,
10




Search for acoplanar jets (&

20 Hvv events to be looked for
(4 expts, if m, = 65 GeV/c?)

5000

4000

3000

20010

1000

Within more than 20 million
other events from Z decays
or from other processes)

Number of Events

S T
"‘P-
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Search for acoplanar jets (e*e- — Hvv)

Two main subsamples:

W0

8000

1) High Multiplicity (Selected)
| CUT
- 4.5 Million' ALEPH |
- Z — hadrons

G000

4000

.
-+ 5 Hvv events‘i ?

140

E (my, = 65 GeVi/c?)
2000
o ﬂ-_ oo g
20 40
| Visible Mass (GeV/c?)
7oco B Lots of yy
5000 £} interactions

5000

2000 £

3000 b

2000
aenle}

2)

Z > ete

Low Multiplicity (Rejected)

140

8000

7000

6000

5000

4000

3000

2000

1000

70,000 Events with M,,s < 70 GeV/c?:

III |||1-|| ]Tlllil

T T 1 I LI R

Lots of Z — hadrons
with missing energy

Afew Z —» ttt
With high multiplicity

A few yy
interactions

i

prnds

20 Sﬁ 40
Visible Mass (GeV/c?)

Hvv signal expected
(x 100)

50

Origin of missing energy in Z — hadrons ?




Energy Losses :

In the beam pipe In Semi-Leptonic b decays
) | Z — bb events:
£ > qq events: The v is in the jet
Two back-to-back jets
JAcollinearity
~ 180 degrees
Hvv signal
Acollinearity
<< 180 degrees
X540 = Fraction of measured energy above Acoll. <165 deg

30 degrees from the beam axis



Energy Losses due to |.S.R.

(Initial State Radiation)
(+ Semi-Leptonic b decay)

e*e” — qqy events: Z > bb events:
The p,,. is along the beam

Acoplanarity
ffffff — ~ 180 degrees

pmis

w Hvv signal:
ffffffffffff Beam -

Acoplanarity
< 180 degrees

tana 204 Acop. £ 175deg.




One and two Semi-Leptonic decays in b_bg (3-jet) events

Z — bbg events: Z — bbg events:
The p,,. is not isolated S=0..+0.+6
- V12 23 13

~ S ~ 360 deg.
/ — e

pmis b ~ 12
! z pmis A—\

HvV signal:
The p,,. Is isolated Hvv signal:

o~
A

pmis !, ‘1 N

Econe £ 1 GeV
Econe (GeV) = Energy contained in a cone S < 342 degrees

of half-angle 30 degrees around p,,. S=04,+ 0,5+ 045




Number of events expected

With the 4 LEP expts combined, 4.0 signal
events were expected. None were observed.
50
45 ;
40 ;
35 ;
30
25
20
15 i
1C i
5

O_III

Higgs Boson Searches at LEP 1: Result

\ LEP. 89=895

\ ALl e Bty
4t FHEHHY

my > 65.6 GeV/c”

- 95% C.L. Limit T

P ——
T I

50 B2 54 56 58 60 62 84 68 68 70
my (GeV /%)

0.0 < m, < 65.6 GeV/c?
Excluded at 95% C.L.

Lower limit on m,, (GeWcE)

~
o

60

Saturation was being reached:

102 101 1 10 102
Million Hadronic Z decays

GO FOR LEP 2!

33



Search for the SM Higgs at LEP 200

m LEP: e+e- collider at CERN
four experiments: ALEPH, DELPHI, L3, OPAL

m LEP1: 1989-1995, /s=91 GeV,
precision measurement of Z boson parameters

m LEP2: 1995-2000, /s =130-208 GeV
year | ‘95 | ‘96 | ‘97| ‘98 ‘99 2000

Vs 130-136 | 161-172 | 183 189 | 192 196 200 202 | 204 205 207 208

Lum | 3 3 |11 11 | 55 | 160 | 2580 80 40 | 9 72 130 8
(pb~)
Lum 24 | 88 |220]|640 900 875

X4 exp

>25fb1 @ E,,>180 GeV



Synchrotron Radiation

 Energy loss per revolution

2 3 4
AE =5 P ,B:X y/:E R = orbit radius
3¢, 27R C m
4
AE[GeV]=5.7x10" £ LGV

R[km]

Example : LEP, 2rR=27km, E=100 GeV (in 2000)
O AE = 2 GeV!!
O LEP at limit, need more and more energy just to compensate energy loss

Note : for ultrarelativistic protons/electrons ( =1)
AE[p]/ AE[e] = (m,/m,)* = 10713 11



Beam Energy increases in LEP

@ Energy Loss per Turn o E4/ P (Synchrotron Radiation)

Maximum Beam Energy « [RF Voltage x Bending Radius]*/*

Year \s (6eV) | # Cu Cavities | # SC Cavities | RF (MV)
» Increase
161 144 1600
(130 MV for 1996 172 LGl 176 2000
E =456 GeV;
1997 183 52 240 2500
>3 GV for 1998 189 52 272 2850
E =100 GeV;
192 3000
— Go for SC 196 v
1999 48 288
RF Cavities) 200 v
202 3550
> Incredz_;lse e 205
Bending Radius! 2000 ! 56 288 3650
» Or increase both. 200
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Higgs searches at LEP 200

The Higgsstrahlung

10? Ecp= 206 GeV : Wall
Higgsstrahlung ~ I :
(dominant mode) 2 [ :
S e :
e Z B !
1
;
10 |- 1
. ¥
. 3
E‘ﬂﬁion s,
itive '
+ ) POSI i \rietfereneE e e, . E "’~.~
interference [ ...~
'F i
V. : "-.‘. .'*...
L 1 t."' ' .
, 1 R *)
W :
————————— h ;
1
W7 ;
;
+ = -1 1
V NP B B Ly s oo 1
¢ 0400 105 110 113 120 12 130

< —>
=

T
IA
<<
?
<

N



Higgs searches at LEP 200

3 e 1= i i ; ~C
Z—qq 2 . | O S - P& Rt W
g e 4
i /
5 | /
o
_____ | /1
4 jets
(60%) -1
10 H f Fad |
TT I,.!' \\ j‘l
e P B\ .
A I\ Y /
cC // !/ \\ l
b bl-) / / A\ 77/
%
| IR VAN Y
Z—oee, 1w Z — VvV _2
. ! o bt b b b b e b M B
4 # 20 40 60 80 100 120 140 160 180 200
L) 2
2 b-jets + \ K 2 b-jets + my (GeV/c*)
2 leptons A MET
(6%) (19%)

+ a contribution (7%) h — tt (also WW*, gg)

h—bb



——1| DirectSearchesatLEP 2 | —

.
¢S - mz R
Z — Hif
e’ H
g 2 s \ s
9 v j i
‘T Vs> my+my
z | /- N \
e 15
E 1] AN
g my, = 50/GeV/c? v
g
R -
2 1%
&0
o8
s

’o | ; 70/“ ’LD

[ B o ‘
80 100 120 140 160 200 220
Centre-of1fiass energy, Vs (GeV)

56 sensitivity for 200 pb:
« Vs = 192 GeV for m,, = 100 GeV/c2;
« Vs = 210 GeV for m, = 115 GeV/c2;




Event Signatures

Defined by the Z decay mode:
Higgs Fraction W taus
bb qq 51.5% m quarks
bb 1% % 14.7% O neutrinos
Any I 6.7% B electrons
bb 7T 2.5% i
T aq 5.0%
Total 80.9% ) . )
“missing E” ~leptons’ 4-jets
Hvv  Hpmpu Hete~  Hbb




Signal vs Background (I)

ete- — HZ Must evaluate the “signal-ness”, e‘e— 27
c=0.1pb s/b, of the candidate events c~2pb
e Z
06
» Reconstrucied Higgs boson mass; o
« Other kinematic variables: ,bo\&’
 b-tagging (lifetime, leptons, ...); ©
e Z
e'e - qq
c ~ 100 pb

Zoom of £1cm around
the interaction point




Higgs searches at LEP

preliminary

etee > HZ

Very small cross section

+
huge background

H — b bbar

— b tagging crucial
— microvertex detector needed

Z—qqPa 4 jets

pairing of the jets is a problem:

two jets forced to the Z mass

Z—vvP® missing energy
— detector hermeticity
— energy flow

Z- (-
very clean but low rate

e*e- - WW: dominant in 4 jets

Cross section (pb)

10

e*e—Z Z : irreducible background

1] ®ee oy

| ® efle sWW
1 0 eteZZ

e'e SW'Wy

4 e'e sHZ
1 mH=11EGeV

/

® e'e e'eqq
® e'e —qq(y)
° e'e suu ()

L3

/"LJ-T-—

||
|
H-l--

80 100 120 140

Vs (GeV)

160'180260'\

Higgs of 115 GeV/c?

few events expected
with the 2.5 fb-lintegrated Lumi



b tagging

A b-tagging is crucial for Higgs

searches at LEP
B hadron properties can be exploited |
to tag b-jets:

= long B lifetime (1.57+0.01 ps) R—— %
* Can travel few millimeters 44

before the decay LA et i
« Secondary vertex displaced few jimary ix Vo, |
millimeters from the interaction Wl

vertex
= high mass ( ~ 5.2 GeV/c?)

= high charged decay multiplicity
(4.97 + 0.06)



_jet tagging at LEP2

4-jets events

1¢

- g
+

Mistag Rate

-
-
ut *
-'..
o

.
s,
a

=
o
"
-
-
)
-
o
o
o

DELPHI
Vs = 206.7 GeV

0 0l 62 03 04 06 07 08 09 1
- Efficiency for & 114 GeV/c? Higgs boson

Silicon Microvertex
detectors |

->»Z ->Db

DELPHI

28028 } 17 i

DELPHT

26024 / 1738

\
b-tag < 1998 b-tag > 1999

Beam spot size=120X10 ym
Resolutions on:
Primary vertex = 20X10 um
Impact Par = 28 um in R
= 35 umin z




Signal topologies & background...

Four-jet channel: ZZ “irreducible background”
Z->qq H-bb N Z—>qq/vvill Z—bb
70% x 80% > 50% o ~1 pb (x 30% if bb)
Kinematics & b-tag “The Reference”
Missing energy channel: WW background
Z—vv H—-bb S WW-qqqq WW-—qgrv
20% x 80% > 15% c ~18 pb

Energy flow & b-tag “No b-tag (except Vcb)”

Leptonic channels:

Two fermion (Z/y)
Z—ll(e/u/tr) H—bb

background
ISR (single/double)

QCD: qq (9)(9)

Z—>qq H>tt (70%x7% ~5% ) =
Lepton id (& b-tag)




HZ—-bbgg
The 4-jets channel
Backgr'ound from QCD zz, WW

o

= Problem: 4 jets give 3 mass combinations... L
Different solutions: /
- asking for a Z recoiling (5Cfit) D,O
- asking for jet-b-tagging \:z
- checking the spin of the boson * A
- the best fit with WW . ,ZZ or HZ hypo'.\ all

But in general, mass ambiguities



DELPHI Run: 114574 Evt: 5797
Beamn: 108.3 GeV Froe:  24-Aupg—2000

;z DAS: 24—A|11i:52(?;\£ Sean:  2A-Aug—2000 a I r I n & aS S
I
\ \ /{ [ loth = 42.1 GeV

| -
e reconstruction

six possible pairings:

1
M=97 M=113
B=5.7 B=3.4

1
M=M, M=M,
B=-0.5 B=2.0

N . For each pairing, make a 5C fit with
aci: 2 | seitzmass: M.. =M, and build a likelihood
Mij2=101.7 GeVic® b-tag(],j)=+47.26 =» M, =974 GeVic N . e
Mi3i4=86.4GeWc2 btag (Js,j4)=-0.16 = Misig=M 7 lﬂClUdlng the pl"ObilllTy ﬂ‘\GT the TWO
other jets are b-tagged coming from

1% pairing
hypothesis

M= 98.9 GeVicZ  b-tag (] ,js)=+1.43 = M.,=M
j4 g lsla id 7 .
Mizjs=105.9 GeVic?  b-tag (jpjz) =+ 567 = Mypjs=113.4 GeVic? the nggs decay .

Most likely combination is selected!

2" pairing
hypothesis

1O oJESUS hAres, BUepes A unique mass value is defined



First pb*'s above 206 GeV.
First thrills at 115 GeV/c?

Deth= EJFFFF

» Mass 114.3 GeV/c2;
v _ : * Good HZ fit;
. 7 ( % * Poor WW and ZZ fits;
Missing | |- e e « P(Background) : 2%

g . b £ 4l 4 -
Momentum e AN . : » s/b(115) = 4.7

The purest candidate event ever!

High pr muon

b-tagging
(0 = light quarks, 1 = b quarks)

* Higgs jets: 0.99 and
«Z jets: 0.14 and 0.01.



ALEPH: four-jet bbbb candidates

Two strong candidates, m=113, 110 GeV/c?

“Only” possible background: ZZ (+wrong pairing/undetected ISR)



Hvv: an irreducible background e*e- — bbbar

The signal is not collinear:

due to the Z width, even in the
Higgstrahlung close to the
kinematical limit, the H is not
usually produced at rest

but

for acollinearity < 5°
5% of Higgs o~ 0.015 pb
30% of qq(g) o ~ 80 pb

The collinear events are:
-y double radiative events to the Z with
(visible mass ~M(Z))

-(q where the energy is lost in V or
for detector problems,

(high visible mass)

In 2000 for L= 220 pb’, every exp.
has ~10 events ee —->bb
that loose more than 60 GGeV in neuirinos



L3 Hvvcandidate

Two well b-tagged jets
m,~114.4 GeV/c? (c~3 GeV/c?)




The lepton channel
Very clean

BR = 3% for each flavour...

Leptons(e+p)

Z-11 H-bb

b-tagging of jets crucial

uuuuuuuu
TTTTTT

||||||
Sowdo. e ::. .........

If the ¥ is associated
to the muon ->

a perfect ZZ

If the ¥ 1s included in the jet:
a very high di-jet mass —>
good high mass Higgs candidate !

Danger: radiated photons !



The lepton channel

B
but...radiated photons
but BR =3 %fqy each flavor.. g i [ R
\ ‘“/
M If the y is associated
Yo tothe muon —
e ~ a perfect ZZ
& ri' - \’t -
i # .'I.. \
& B .
llgq /
L3 eeqq =206 GeV Ifthe yis included in the jet:
M(ee)= 489 %nev/cz a very high di-jet mass —>
M(qq)# 108 GeV/c? good high mass Higgs candidate !




A few candidate events at 115 GeV/c?2

31-Jul-2000
Mass: 112 GeV

27-Jun-2000
Mass: 113 GeV

| 21-Aug-2000 DELPHI
Mass: 110 GeV

21-Jul-2000

Mass: 114 GeV

27.June

ete — bbvv

14-Oct-2000
Mass: 114 GeV




The 14 Most Significant Events

s/b > 0.3: Expected signal-to-noise ratio of ~1

Expected: 7

Observed: 14

Number of events
in each experiment
compatible with being
demaocratic
(~1.6 bkg expected)

Number of events
compatible with s+b

In ALEPH: 6
InL3:3
In OPAL: 3
In DELPHI: 2

In Hqq: 9 (70%)
In Hvv: 3 (20%)
In HI*l: 2 (10%)

Number of events
in each Z decay
compatible with

HZ predictions

s/b R(e;e.vr/n:zs;s Channel | Expt

4.7 114 Hqq ALEPH

2.3 112 Hqq | ALEPH
20, M8, | Hw L3
0.90| 110 Hqq | ALEPH
0.60 118 Hee | ALEPH
052 | 113 Hqq | OPAL
0.50| 111 Hqq | OPAL
0.50 115 Hrt ALEPH
0.50| 115 Hqq | ALEPH
0.49 114 Hvv L3
0.47 115 Hqq L3
0.45 97 Hqq |DELPHI
0.40| 114 Hqq |DELPHI
0.32 104 Hvv OPAL

Values as of Nov 5th, 200(

S




Mass Reconstruction

Distribution tails have to be well under control

[\V]
wn

Events /(4 GeV/c’)
[ =]

15

10

Pre-selection level

50

ALEPH
- §—
Tl
-
60 70 80 90 100 110 120 130

Mg (GeV/C’)

The mass reconstruction
depends heavily on good
calibration of the
detectors (tracking,
calorimetry..) and on
software techniques...



¢ Data Z peak
B MC (uds)
MC (<)

Events/0.2
|8
(n}
|>§

[ MC (b)
10%
] &
- g
4 b
b -
102—_
B e e e e e e B e e e s T L P 570 5
o ¥ 4 2 3 4 5 & 7 & g o

—log,o (Pgy)

Impact Parameter with resg

to Primary Vertex

2500 +
E ¢4 D=zte Z peak
2000 £ MO (uds)
] MC (<)
1500 O] Mc (b)
21000
::
500 ||
o : ; : e ———— 7
] g.5 z z.5 2 2.5 z 7.5 4

Lepton Transverse Mom p,lePt
with respect tgelh axas

Reconstructed my, of
selected candidates

Have to cut somewhere. For illustration only.
Cut on mass independent variables (like b-tags)

sothat  Sexpected _ 0.3 Form_>109 GeV

Bexpectea for a 114 GeV Higgs
o, 40 p
E F V5 =200-210 GeV
&) -
.
8 * _ + LEP S/B=0.3 1 All
;j 25 ‘ [] background 4 2000
20 — I bZ Signal Data
' (m,=114 GeV)
15 F
10 f— :33:.“ +
5 -
0 s e s 10 10
Reconstructed Mass my; [Ge‘Wcz]
Data Backg Signal
All m___ 354 328 20.2
m. _.>109 GeV 38 37.1 12.0




Reconstructed m,; of Cutting a Little Harder

selected candidates This time, adjust cuts so that
| . S expected Form_>109 GeV
Have to cut somewhere. For illustration only. - L0 forall4 GeV Higgs
Cut on mass independent variables (like b-tags) expected
sothat  Sepeced _ o3 Form,>109 GeV .
Bexpectea for a 114 GeV Higgs 2 8L
Z [ Vs=200-210 GeV
o C
w0 S 16}
% b V5 =200-210 GeV 2 14 [+ LEPSB-10 !
F o L
g “ b {5 12 _ [] packground
- : 4 LEP $/B=0.3 1 All 0 b WZ Sienal
& 25 [ [ background i 2000 B iz Sien
i s [ (m,=114 GeV)
20 [ [ BbZ Signal Data _
: (m,=114 GeV) 6 [ u cwew
a :_ all 109 G4V * 4 :_ e
10 :—:x.ﬂ:m
- . b
5 [ 1 |
N | Y0 20 a0 e 80 100 120
0 20 40 60 80 100 3202 Reconstructed Mass my; [GeVa’CZ]
R“““ﬁg'{fgd Masgl;nc[}(:}g-fc ] Signal Data Backg Signal
A1 m aca 308 20 .2 All m,, 103 92.5 11.3

rec

m,_.>109 GeV 39 37.1 12.0 m...>109 GeV 7 7.5 7.2




Very Hard Cuts Why Cut at All?

expected 5 (3 Form_>109 GeV

D pected for a 114 GeV Higgs » Need to separate the expected signal
from the expected background

* Pick good variables to optimize separation
+ reconstructed my

: * b-tags

7 3 + LEPS/B=2.0 + kinematic variables

9 [ Vs=200-210 GeV

Events / 3 GeV/¢?
(-]

6 — [ ] background

i * Express in bins
5 [ [l hZSignal me |+ » Experimental Data
4 : (m,=114 GeV) I,' L * Monte Carlo Signal Expectation
J b smew * Monte Carlo Background Expectation
e 1
1 poeieaw * Systematic Uncertainties
1 b » By search channel, on signal and background
. | * Signed errors, labeled by source name

0 20 40 60 80 100 120
Reconstructed Mass my [GeV!cz]

Losing Efficiency -- but “really good” events kept

* Correlated errors properly treated

Data Backg Signal Need a language: classical confidence levels

All m 42 34.0

rec

5.6
m. .>109 GeV 5 2.3 3.9




to Primary Vertex

R
2
ﬂ P { Data Z peak
104
g B MC (uds)
=
S MC (c)
1 MC (b)
109
-~ - N
e
1074
S e
0 1 2 2 4 5 & 7 2 10
~log;, (Pow)

Impact Parameter with respect

4 Data Z peak
R MC (uds)
MC (c)

1 ¥C (B)

T 1%

P.

Lepton Transverse Momentum

with respect to b-jet axis

Elements of b tagging

104 { Data Z peak
] B MC (uds)
N MC (c)
o O ¢ (b)
" ,,,,,,E,,,I+,+ﬁ
Ay?
12 decrease with a
Secondary vertex
Combine with

Neural Networks
Likelihood's, ...

Other jet-shape variables

(multiplicity, mass, sphericity)

60




Multivariate Techniques

Multivariate techniques are more powerful than simple cut method

Tl IIIIIIIIIIIIIIIIIII LBRER IIIIIIIIIIIIIIIIII
.- Consider simultaneously kinematic variables to
10°  Data ] optimize separation of the expected signal from the
BN e 22 1 expected background :
EE ee — g Backgr ounds 1 = Impact parameter distribution with respect to the primary vertex
1 = Lepton transverse momentum distribution with respect to the b-jet axis
102 BEm 5 — WW- | = Other discriminating variables (rapidity distribution, multiplicities of jet..)
1> Signal for m,;=100 GeV

Signal for m=115 GeV

10
Build a discriminating variable G(0,1) output
of a Neural Network trained on a set of
y discriminating variables for signal and background:
: . 1:*"::'3
00 0102 03 04 0506 0.7 0.8 09 14 — OO
Discriminating variable G ranging —}fﬁ}é ,...:;L?:ﬁ -
from to Ty
0 1

(background like events) (signal like events)



Events / 3.5 GeV

Events /0.25

10} 5 ¢ Data 1 b
O zz+ww L3 ] L3
L0 2 [ Other background | |- most significant candidate *
....... HZ — q@v¥ (x30) IL‘B
e
---------- s Mass and neural
_ |2 R network output both at
Lo e e signal peak
& q o
|.0 PPl PR ERLERL PRL R | LESLERLESL 0o FRs D I o | LT BT ) I.O 'T.-'||'|||||
90 LOO LLO
Reconstructed Higgs mass [GeV]
10%
] d)

o
wul

Used for
discriminator

Events / 0.05

10

60 8 100 120 0 02 04 06 08 |
Missing mass [GeV] Neucal network output




Interpreting the Results

 Combine all channels in a 2-D space: LEP HIGES WE
— reconstructed Higgs mass M. f .
— discriminant variable G (b-tag, kinematical info..; &
* |neach bin of M. and G: 5 |
— Background (MC) b 5 ,.'-
— Signal (MC) s £ [/
— Num. of candidates N, / Bins of reconstructed m,
 For each “test mass”™ m, Compute s, b, and ny,,, in each bin

Construct a parameter Q to order experimental outcomes:
Does the experiment look signal like or background like?

__ Pyyiss(datalsignal+background)
Q= Ppoiss(datalbackground)

InC) = —Stor 1 sz’nsné‘mmln (1 + z_:,)




The statistical procedure

The data from all channels (Hqq, Hvv,Hll,qqrr ) atall E_ | LEP HIGGS WG

are combined in a 2-Dimensional space:
- reconstructed Higgs mass M ™

- discriminant variable G (b-tag, kinematical info..)
o i
Iﬂ cach bil’l ﬂf MHrE.; Eﬂd G: E i0
- Background (MC) b, "os L
- Signal (MC) S 5 1
- Num. of candidates N, ) [ Ohserved
For each “test mass” m(H) o -
LIKELIHOOD TEST : =2 TNev 2000
‘“sip+bkgr “ <> ‘bkgr” S
-7.5
In Q(m(H)) =- S, + ¥ N, In[1+s (m(H)) /b] 10 |
L - o o
v 105 110

Wi of the event

Q(m(H)) = L{s +b)/ L{h} “test statistic”



Signal vs Background

N
- Overall Likelihood of a given event sample: Q= I1 (si+b)/b;

» Larger in presence of signal;

=1

* Negative Log-Likelihood L =-2 Log Q (Smaller in presence of signal).

Signal + Background
1000 '_"'l"'l"'l"'l"'l"' rrrprrrprT T T

-5 § 100 GeV/c?
500 E
250
O T T B R B |
-100 -80 -6 0 -20 0 20 60 80 100
1500 M T
2
1000 107 GeV/c
500
0 T N TR A S R R
-4} -30 -2 =l0 0 ¥ 0 30 40
L L T T T T T T T T T.T | T 17T T T | T T
4000 | 115 GeV/c?
2000
0
-0 8§ -6 4 -2 0 2 4 o6 8 10
2In(0)

s = 206 GeV
One Experiment

Background only

What if m, ~ 115 GeV/c??
+1o, bands from background only

\ (Expeé‘{pd)

\ Ilbll"..“‘

Observed-\

- [Nov. 2000
—-| Signal ?

"s+b'¥
(Expec;;ed)

105 110 115
Four Experiments M (GeV)
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Probubility densi
mp Ht_vp .-:sgr
L E

=
R

How significant is it
?=9Confidence Level

— |||||11'|||||||||||rrr||||||_| M=12“
[ ;'ﬂ"._i[" 11“ II'.F"P' m—— m!m FARDLAR |H| I II]_.:]#..PI
' IE:j‘*iﬁE‘:;ET o ] T e e trrte 0oy § 0 b S TP
ok B B _' obs. .. . b Bt W e ) -
: e, EE 4
] i.b = )
X 3
5 -E 0.3
! a,
-6t

1 -CL, ‘D. 0064 27x10° 63x10° 5.7x107

/ lo 20 30 40 20

CL,,, : a measure of compatibility with “s+b”

CL,=CL .,/ CL, gives the lower bound on Higgs mass



Estimators for m; ;=115 GeV/c?2

By experiment By channel
ALEPH N " DELPHI A HIl / Hyy //\\
| \\ | i/ \\ / I\
/N /)
LN / I\ 7 11y
s / / \\ . / / ) \ = _/ / \\
AN N AN
[ -10 0 -20 -10 0 o : :
£ L3 A " OPAL /\ s g i RS S
: ’ “ - Observed.... ||| // \\ RN
A\‘ f —B:ackg,;round /',L \ /f\}{ \ — %
JAU s // \\ \\ iR
A LN A NN
_/J_‘/‘ ,“ | E L ,4,_‘/#/, ‘“| —2;] — ‘—IOMI I 0 — 10 —ZIJI - I—lO‘ ‘ 0 — 10
-10 0 -20 -10 0 2InQ 2InQ
21nQ




The results of each experiment

‘-\25 [ TTT TTT |||||||||II|III_
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2 in(Q)
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The results per channel
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Higgs discovery?
from end of 2000 to the final results...

2L

I 2 T 1 T T T 1 i i T 1
: T A A - il /3
. LEP Nov 2000 ot 1 - JLIJJ.._!IZ'] i CLEP . ,?; | ﬁlwﬂw N
=: o lema L 7 "_“*-‘_va;.l“‘\’ 1 ot Py
-ar - wk"&.\ H {\f’ 12 K i i ]
I ‘W 3 _‘
15 -ar i 13 '. IF __'.I 130
E O [ihrarae ; 1 f —— Dbl - E [ e iy S H
S Txaecied e+b : 3 - —“T:“"—h’wbuluw—“? . s o bl L] 5 e TR
n . | N Exoocicd b i "_ Sxpected. b backgm ] it Eﬂp—h&lﬂ:hﬂam ;
; - ol 1¢F 4 d4a
15t 1.f ]

poal oo 111 I [ E R 11 [ lalelllal Il lalal el 1=l e lmll poal o 111 I [ I 11 [
10 100 102 104 166 108 110 102 114 136 118 1200 J02 104 106 08 110 112 114 116 118 1200 102 104 166 10R 110 102 114 116 118 120

tn, fCreVic") | mf,-:‘GeWc:J m,f Ce Vi)
4.2 x 1073 ~0.03 ~ 009
m,>113.5 m,>114.1 m,>114 .4
(115.3 expected) (115.4 expected) (115.3 expected)

1-CL}, confidence for background hypo. (if < 5.7%10°" is a 5o discovery)

CLg4p confidence for signal+backg. hypo. (exclusion at 95% C.L. if < 0.05)

CLg < 0.05 signal hypothesis ruled out at 95% C.L.




Compatibility with the background

5-

10

—p

) IIIiIII | O |
160 102 104 106 108 110 112

J' U | (| I 111
114 116 118 120
m (GeV/c’)

CL_.;, Mh=116) = 0.37

l-CLh @ M =116 GeV/c?

ALEPH 24x 103
DELPHI 0.874

L3 0.348
OPAL 0.543
LEP 0.099
4-jets 5.7 x 10°3
I+v+t 0.368
Neutrinos 0474

Leptons 0.275

1-CL}, confidence for background hypo. (if < 5.7%10"" is a 5o discovery)

CLg4p confidence for signal+backg. hypo. (exclusion at 95% C.L. if < 0.05)

CLg < 0.05 signal hypothesis ruled out at 95% C.L.
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1-CL}, confidence for background hypo. (if < 5.7%10"" is a 5o discovery)

CLg4p confidence for signal+backg. hypo. (exclusion at 95% C.L. if < 0.05)

CLg < 0.05 signal hypothesis ruled out at 95% C.L.




LR LR R LR e C| =CL | /CL,,<0.05 for 95% C.L.

4 Myiqggs > 114.4GeV/c?
LEP excludes a E}J‘"IF L R B
: 'I:
114.4 GeV Higgs 107 el =005 LEP
boson @ 95% CL. F— %5% T
(expected 115.3 10 20 o
GeV)
10 -3:_ — bserved
E ====-- Expected for
Al background
10 -
Exp. Obs. 5f
ALEPH 1135 1114 10 ¢ Al 1153
DELPHI 113.3 114.1 o 6f Ve
L3 1124 112.0 100 102 104 106 108 110 112 114 116 118 120
OPAL  112.7 112.7 m, (GeVI &)

1\ .




e Final combination for SM Higgs boson

LEP set the 95% CL mass limit = 114.4 GeV, very close

to the kinematic limit. Above, modest indication for a possible signal
1-CL; = 0.08 vs CL;;, =037 @ 116-118 GeV

LEP excludes also a SM-like Higgs boson with cross-section

20 times lower than the SM one from 12 to 80 GeV.




Direct searches at LEP, et*e Indirect evidence is driven by

collisions, (1989-2000) radiative corrections
et HO First Hint of Higgs towau, H CH s
yAS boson with mass 115 WNOWM rinnn, ninaionens My
GeV observed by Wy W ZWzZw zZW zZW
~ 0 ALEPH. LEP CDF+DO0 Top Quark Mass = 172.7 + 2.9 GeV
e Z”  experiments together
] see about 2c effect 6 T
[} gl T T T 17T T T T 17T | T 1T | T 17T T 17T T TT || - -, :
S Ao, =
10 = — 0.02758+0.00035 7]
of ] -+ 0.02749+0.00012
10 3 4 *+ incl. low Q° data ’ —
10 _3:_ ——— (Observed ol |
40 Bl g 37 ]
10 =
: 2- .
-5
10 & I
: " 1 .
10 | 11 | 111 | | 11 | 111 | 1 11 i
100 102 104 106 108 110 112 114 116 118 120 o | Excluded Yy .
my(GeV/c') 30 100 300

my, [GeV]
M, >114.1 GeV @ 95% C.L. M,=91+45,, <186 GeV @ 95% C.L.



At the end of the year

2000 the glorious LEP was
closed and dismounted to allow
the construction of LHC the
Large Hadron Collider

Meanwhile, in US, the
TEVATRON....... but this

story is for fomorrow






LEP Improvements in 1999/2000

1) Increase RF Gradient & Upgrade Cryogenics

30

« 272 Nb/Cu cavities in 1998; 192 GeV: i/IOeOaS(Ia\I\::;/Cu 204 GeV-

2850 MV available, 189 GeV 25 IE\;/IgaI\::VI\/Ib/Cu - 0 MV/m e NI

' m 7.5 MV/m

« 288 Nb/Cu cavities in 1999; §20- \

3000 MV available, 192 GeV > ‘/

515 Q\({\

» Condition all cavities, damp the g 63@

oscillations, install part of LHC E o] (\‘0

cryogenics, improve the phasing... 2z O

3500 MV available (end 1999) Q°

3650 MV available (2000) a ‘ H

0,,,,,,,,,,,,,,,,,,.|||II‘ H|I
E: 192 - 200 — 204 GeV: Distributions of all Nb/Cu caV|ty gradlent (MV/m)

m,: 100 - 108 — 112 GeV/c?
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Luminosity delivered per experiment (pb )

70

50

30

10

Improvements in 1999/2000: Results

220 pb* delivered in 2000:
» starting at 204-205 GeV

(April-May)

* Regularly above 206 GeV
(frorn June onwards)

* Only above 206.5 GeV

(September to November)

206.5 GeV

!

205 GeV

s

208+ GeV

i

T
200 202 204

T
206 208 210

Centre-of-mass energy (Ge'V)

Largest m, for a 36 observation (GeV/icH)

Higgs 30 sensitivity vs time

—

p—

<
|

100

BT TR b TR

90 L S SO it S S S
15('.ie$r
,;%:; (240) + 372 cavities:
80 e — E =220 GeV,
| * 4 straight sections
. $ (176) - E =240 GeV.
',ﬁ_s QE.V. !,144 (;aymes.)_%;%% w_clyd_eq by .LEP..I_m. 1995 |
_""|""|""| """" |""i""i""
0 100 200 300 400 500 600 700 800

Days at high energy

my < 114.1 GeV/c?
excluded at 95% C.L.
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Higgs Production at LEP

Dominant Production Process:
Bjorken Process

Higgs Production Cross Section
2

LEP1 AR
fa=ne] o0 I~
é \ my, S(f}e\i’c2
IS ’ %\
= \\ / __70/ )
85
R s 1 [ 00, |
Higgsstrahlung L sy i 4T
e y4 &0 120 140 160 180 200 220
LEP2 Center of mass energy (GeV)

Vs > my+my




SM background processes

_ 200
g
At LEP SM processes -4 — l|.uu|1_3
well understood and |
E ¢'e — ¢ ¢ hadrons
measured. :
e q i
- 1 ¢
ete™ — qq >Nzﬁ;<b :
— = — = Y e'e = YZ - qi(y)
o~ 200pb + F =10 _1-:—
: q c -
e W © 2 .
ete” > WTW—: ﬁ@& 10 ¢
v e ee— WW]
o~ 20pb * QP:_;-\, o 3 - = - qqqd
e W -
e Z*ﬁij" f ----- =114 GeV
€+€_ — ZZ - T é’ 0 4_ ce eEZjﬂqqg_ mi%’qzqq %
o~ 2pb eﬁd) ~==780 100 120 140 160 180 200 220
: i--ugr_ /5 [GeV]
e Fillde’



LEP Overview

. Conventlo

{Enhergy up aCieable

« Energy measurable;:.

« Four detectors (A.L,D, O)
+ Large luminosity;

¢ 20 Million Z'6vents.

)J—{ Total Luminosity: 1000 pbt
lfLEP1  LEPLS LEP|2

It 89-95 95 96 97 9B 99 00
l

D L Ll Jl || IMM.

L Vs /s > 085

e*e” - e'e hadrons
WW =5 GeV

e'e” — yZ — qq(y)

H Precision: 0.1% S —owamy,

" e'e” > HZ — qqqq

my =114 GeV
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100 120 140 160 180 200 220
Energy: 88 » 209.2 GeV




SM Four Jet Channel

* Topologies:
4b: H—>bb/Z—bb and
2b: H—bb/Z—qqg (where g=[u,d,s,c])
Different backgrounds and hence performance

» Backgrounds:

— ZZ: Dominant for m, ~ 90 GeV/c? when Z— bb
* Most important for 4b channel at all masses

— WW:A priori reducible (no b-quark jets, apart from Vub ).
« Tedious if jets are mistagged.

— Quark pair production (QCD processes):.
 Important near threshold production for m >m,
* b’s and gluons back-to-back,
—reconstructed mass = maximum possible

~

e+



