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The Legacy

e SM Higgs boson ... myg> 114.1 GeV
Indication (2.10) at mg~ 115.6 GeV

e MSSM Higgs bosons
mp> 91.0Gev, ma> 91.9 GeV
tan 3= vy /vy : 0.5 — 2.4 unlikely
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Higgs mechanism / Higgs bosons I

... amodel to provide mass to gauge bosons and fermions without conflict ing

with the principle of gauge invariance

Standard model Minimal SUSY extension

One complex scalar field doublet ¢ | Two field doublets ... @1, @2

< ¢ >= v ~ 246 GeV v? = v? +v3, va/v1 = tanp
4 degrees of freedom 8 degrees of freedom
® M+, My, Mzo ® M+, My—, Mzo
® One physical Higgs boson H?° e h® H° A° Ht H~
(mixing )
my fixes all couplings ® Tree level . 2 parameters
.. tofermions: ~ my eg. (a,tan3) or (ma,tan 3)
... tovector bosons : ~ m%/ ® Loop level : Many soft SUSY breaking parameters

Unification at AgurT ... Mo, My /2, 1, Ay
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Standard model

My is afree parameter ... theory suggests ...
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® Upper bound: perturbability up to scale A
® Lower bound: from vacuum stability up to A
Consistency ofthe SMupto Agurt ...
= 130 <mg=< 190 GeVv

.

Higgs boson masses I

Minimal SUSY (MSSM)

® Treelevel ... mp< Mz, mp<ma
myu> Mz, mgs > My

160
120+
&
o
D 80f \7%.
e R
< K Forbidden
= N by MSSM
40 6“\’/ (tanp>1)
@é/’
7/ \'L
’ PANAN
ol . .
0 40 80 120 160
m 0 (GeV/ c2)
® One loop ...
~ m3, ~ log(m;z/my;)?
t g t t
Two-loop ...

mp < 135 GeV
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/ Higgs Production / Decay I

Standard Model

Decay width (GeV)

“Higgs-strahlung” ... ete™— HZO A B IR s
1074 |
H i
e N _
Z 1078 L .
. : wu/ e :
\
e ' | i =
Z \\ 10-12 | Y- -\:ﬂ[”,/’/ _
i ',,.—/“'/’” E -
- e”e;,—”’}/./ ir"r‘
LEP1 : final-state Z9 is virtuel 10-% L /_( ]
) R 1—+—rﬂ“r1r*" 1 |||||u| 1 |:I|Jul [N
LEP2 : final-state Z° is real 10-2 10! 100 10 102
MH (GeV)
MSSM
e+e_—>h0Z0 e Opz = OSM
e+e_—>h0A0 . ORA = 5\ OSM

Complementarity !

Couplings ... relative to SM

“Up” fermions  “Down” fermions Vector bosons
hY | cosa/sin3 —sina/cos@B | sin(8 — a)
HY | sina/sin3 cosa/cosB | cos(B — a)
A° 1/tan 3 tan 3 0
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/ Searches for lowest-mass Higgs I

Searches prior to LEP

. 24 28
Muonic x-rays ( ““Mg, “~Si) Theoretical “loopholes”

°
+ + it

® O™ — 07 nuclear transition QCD corrections

°

°

7+, K9 BP° decays

Higgs final states ... uncertain
Y — HO %y decays

= No compelling mass limits

Early searches at LEP1 ... aiming at model-independence

Special topologies ... Z°H? ... low-mass kinematics
® Minimal assumptions for Higgs final states

® Including invisible decays

® and very long lifetimes (at lowest masses)

e Complementarity ...

I~ " v v v v

H —> nothing H = x'x™ H —> Monojet

(end of 1990)
= 0 < mg < 20 GeV
definitively excluded
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/ LEP1 searches (SM, my2 15 GeV)I

1989 - 1994 ;: A+D+L+0 ... 13 Millions hadronic  Z° decays

L T ! T N I T
° 10 k : : :
e EN G e i......10%events
g F : i : Z
= [ ; ; 3
€ 107 8 mi=10 GeV
_5 S S ST SRR SUR 1 Q‘._ES‘!F.'.‘.‘.‘._. ES 0 0
N 13 50,000 Z"H" events
-4 : ; a
10 F - : ] —
JH00 N T W NS wees] > S/B & 2x 1073
| o
10k 13
o N mpy=65 GeV
T2 S R R ey SC S 18 0130
N Ok 60 Z"H" events expected
% " S T E T B B A S/B ~ 4 x 107°
VO U P NP DI WU PO 1 .. .

(o] 10 20 30 40 50 60 70 80
m,, (GeV/c?)

(Z°— qq, 7T77)H? ... high background
v I~ "

NS M1=65 GeV
N i

H —> hadrons H —> hadrons

... Increasing sophistication

® Cut-based kinematic selection
® Likelihood analyses and Neural networks
=> More efficient S / B discrimination
for precise background estimate

\ and description of detector properties ...

Useful final states .. (Z°—eTe , uTpu—, vi)HY .. 25%

in 13 millions Z°— had !

N

/

P. Igo-Kemenes - LEP/SLC Legacy, Siena, Oct '01



/-

N

LEP1 ...final results ( SM Higgs ) I

Lower mass bound (95% c.l.)

63.9 GeV

55.4 GeV

60.2 GeV

59.6 GeV

A+D+L+O = ADLO

(Z°— viv) HO channel
(Z°— £1£7) H° channel

4 events (6.0 expected, ete~— bb)

9events (14.6exp., ete™— €747 qq)

B >0 “- \ : : :
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(1995)
myg> 65.6 GeV
(95% c.l.)

N
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LEP1 ...final results ( MSSM Higgs ) I

SM searches reinterpreted for MSSM couplings

A new set of topological searches

® Tagging b-jets

Delphi Vertex Detector
Run 30426 event 7698

A—=bb

h —>bb

ADLO exclusion
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( secondary vertices in Si-pVix detectors )
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/ LEP 2 Search Environment I

60 80 100 120 140 160 180 200

Vs[GeV]
° \/5 ~ 135 — 208 GeV
V5> 189Gev.. [ L =~ 2500 pb~*
V52 206Gev .. [ L~ 550pb !
° ... more favourable than at LEP1

e Background : complexity ... ete=— qq, WTW— Z°Z°
Kinematic properties similar ( mpg~ Mw ~ Mz)

But ... Z° isreal <= Constrained kinematic fits
Sophisticated b-jet tagging algorithms
Si— pVix detectors ... upgraded geom. coverage, redundancy

N /
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Main etTe™— HZ° final states I

H—bb H—bb
/ b LEP2
b /
% 60 % 18 % X All four channels exploited
e _ ® > 90% of HO9ZO cross-section
_ v iV
q \
q _
Z—qq — W Example ... 4/s = 206 GeV
— 0r70
H —bb —»bb(TT) my (GeV) | H7Z
b % 110 75 events
_ 9 % 115 15 events
\ b
I_4 N B /ZZ E f > e ADLO sensibility = kin. limit
T max
6 % | — My ~ \/g — MZ
Z—~ee, Uu Z —~T11(qQ) ~ 208 — 91 = 117 GeV
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e AlIM ... highest overall sensitivity ... by adding all “channels”

/ Statistical combination : A+D+L+O = ADLOI \

SM: = 10 X4 X4 ~ 160 channels
MSSM: @ eTe~—hPAP° ... similar number

e INPUTS ... provided by the experiments ... binned in
= Reconstructed Higgs mass M ;7
=> Global discriminating variable G ...
composed of b-tag, kinematics, other discriminating properties ...

fr

Candidate “weights” ... additive

N

In each bin 2 ... T
Bkgd. estimate (MC) b; g
Signal estimate (MC)  s;(mp) si(mg)/b;
... for test-mass m gy
Nbr of candidates  /V; Mree =
H
Candidate “weights” ... s;(m ) /b; ... detailed MC simulation
\/5, f L, €sig » Ebkgd ,» resolution (tails) , syst. errors
... Cchannel ...
e LIKELIHOOD TEST .. stg+ bkgd <— bkgd
Test-statistic ... Q = ﬁz:b ... torank the candidates
InQ(mu) = —Stor +>_; Niln[l4s;(mz) /b

/

P. Igo-Kemenes - LEP/SLC Legacy, Siena, Oct'01



/ ... Statistical combination\

For illustration ... Osaka, July 2000

6\40 F T-__‘.\ I \\ I T l ‘*\\ T T T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ] %‘ ; Observed -
=30 - ' ' B LEPVs= 210 GeV - éc) g 7
Voo ¢ | |
Nl E Sl ]
10 ~ E o -

0 [meuo® motiz, mend e : , ,
‘10 - e A ............ | g |
20 - . dbackground - ] s+b 7
30 - ed signal + backgrounc
_40 E [ ‘ [ ‘ [ | ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ E j 1_Ci|_b B

100 102 104 106 108 110 112 114 116 118 120 C ]
2 -20 -15 -10 -5 0 5 10 1t
m,(GeVic) o

Slice ... atfixed test-mass Mgy ...

As a function of test-mass Mgy ...
Observed likelihood

Expectation for b ... andfor s + b

... and stat. *=10 and 20 bands

Prob. dens. funct's for b and s + b ... integrals
1 — C' L, ... compatibility with bkgd hyp.
2.7 X 1073 ... 30 “evidence”
5.7 X 10~7 ... 5o “discovery”
CL,p ... signal hyp. => Mass limit
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/ Recent LEP History I

e Osaka, July 2000 ... ADLO: NO HIGGS !

_I(/) 1 g\ T ‘ 1T ‘ T ‘ 1T ‘ 1T ‘ 1T ‘ 1T T TT ‘—\ [l 7
O LEPVs= 210 GeV ]
10 ¢ E
o z .
10 ¢ - Data mainly from 1998-99
107 — Observedfs 1 P 120pb—! @ /sx 206 GeV
a4 Expected 7 ] o
10 L backgrousd -4 Mass limit @ 95% CL
10-5; 113.33113.4 7 myg > 113.3 GeV
6] : ]
10 \\\‘\\\‘\\\‘\\\L’\ I | ‘ L1 ‘ LN ‘ L1l ‘ L1 ‘ L1
100 102 104 106 108 110 112 114 116 118 120

mH(GeV/cz)

LEP ... “Discovery mode”  (Higgs, SUSY) ... until shutdown ( beg. October)

e ! SURPRISE ! ... end of August ... .. 3.90
Essentially from three “4-jet” candidates @ V8=~ 206 GeV
myg =~ 114 Gev

' 2b cand.

HZ hyp.
my=114 GeV
-3 GeV

NN = 0.996

. jet  b-tag:
Z

1 0.14

2 0.01

kin. mass fit
my=112.4GeV
m,=93.3GeV

ZZhyp.
mz=102 GeV
m,=91.7GeV

16
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/ ... Recent LEP history\

® Sept5, Reportto LEPC ... 304pb—1@QE.,,, > 206 GeV
ALEPH: 3.90 ... DLO: No excess = ADLO: 2.60
ADLO... (revisited ... Nov3...) 2.20
=> Continue LEP for one more month ...

e Nov 3, Reportto LEPC ... 488pb—! @QE,,, > 206 GeV
L3 ... Strong candidate in “E-miss” channel

4 N

most significant Hvv candidate

B /
A 'l
] i
mass=5.5 GeV I ,
!
N |
. . i

!
7 "omn;l to prim. vtx
w
f

measured H mass=114.4 GeV
H mass resolution ~3 GeV

& P. Igo-Kemenes - Heidelberg - Nov. 28, 2000

ADLO ... 2.20 = 2.90 ... Trend positive !
=

\\ Request not retained ... Comm. of Council, Nov 17 /
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® Since November 2000

Current Status: SM Higgs I

Integrated luminosities (ADLO)
E.mm > 189 GeV ... 2465 pb ™1
E.pm > 206 GeV ... 542 pb™ !

® LEP Higgs workshop
Analysis procedures revisited

® Changes within the experiments
Recalibration of detector parameters ...

... All LEP data included

Improvements in selections ... better sensitivity

Revision of procedures for extra- and interpolations

Study of resolution functions close to

HO°Z° kin. lim.
Revision of backgrounds and systematic errors

Better Monte Carlo statistics over the whole phase-space

® Publications

... Phys. Lett. B

L3 ... final

(Values quoted for m g — 115 GeV)

ALEPH | 1 —cCL, DELPHI | 1 — CL,

Nov 2000 65x10~4 | 3.40 Nov 2000 0.68 bkgd-like
Phys. Lett. | 27x10-3 | 3.00 Phys. Lett. 0.77 bkgd-like
L3 1 —CLy OPAL 1 — CL

Nov 2000 6.8X10—2 1.80 Nov 2000 19x10~! | 1.30
Phys. Lett. 0.32 bkgd-like Phys. Lett. | 20x10~1 | 1.30

/

P. Igo-Kemenes -

LEP/SLC Legacy, Siena, Oct '01



-10

-5

-10

—2In(Q) ... by Experiment I

ALEPH
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------ Expected background .
Expected signal + backgro
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-21n(Q)

-10
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—21In(Q) ... by Final State I
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ADLO ... Current Combined Results ...

SM Higgs

LHWG Note/2001-03 , CERN-EP/2001-055 (July’01)

Minimum ... at m g — 115.6 GeV
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10

@115.6 GeV ... Significance =~ 2.1o0

m,(GeV/c)
mpyg > 114.1 GeV (at 95% CL)

LEP
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Expected for
bagkground
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N
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Events/ 3 GeV/c?

Events/ 3 GeV/c®

N

30 |
25 |

20

10 |

cnd=187 30
| bgd=1881 2343
[ sg= 114 73 *

ADLO ... Reconstructed Mass I

15 -

Vs = 200-210 GeV

+ LEPIloose
[ background

I hz Signal
(m, =115 GeV)

all >109 GeV

\l.‘\\H\\

20 40 60 8 100 120
Reconstructed Massm,, [GeV/cz]

Loose selection

L[] background

[ ond=22 4

[ = 260 189

L Vs=200-210 GeV

+ LEPtight

Il hZ Signal +
(m, =115 GeV)

all >109 GeV

bgd=20.16 1.25

P I

N
L2 _
5 12 Vs=200-210 GeV
O
(40}
?) 10 +~
*8' 4+ LEP medium
0 L
I 8 [ [ ] background J
Bl "z Signal 1
61 (M, =115 GeV) i
[ al  >100Gev
4 | cd=61 8
| bgd=6032 489
| sg= 575 38
2 -
07 = = ol +

0 20 40 60

Ll
80 100

120

Reconstructed Massm,, [GeV/cz]

Medium selection

For mpyg = 115.6 GeV

Exp. sig. Exp. bgd Data

Loose 11.4 188.1 187
Medium 5.75 60.32 61
Tight 2.69 20.16 22

20 40 60 80 100 120
Reconstructed Mass m,, [GeV/c?]

Tight selection

/
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Distributions of event “weights” I

—2InQ ~ X; ln(l —+ Sz/bz)

mH — 115.6 GeV myg = 110 GeV
2
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/ Current Status: MSSM Higgs I \

“Benchmark” parameter scenarios

ma , tan 3 ... basic MSSM parameters ... scanned
Msyrsy ... sfermion mass parameter ... 1TeV
M, ... gaugino mass parameter ... 200 GeV

M ... Higgs mass parameter ... —200 GeV

A, ... Trilinear Higgs-squark coupling

Squark mixing parameter X; = A; — u/ tan 3

Miop ... TOpmass .. 174.3 GeV

mg ... Gluinomass .. 800 GeV

® “‘No mixing” scenario ... X¢ =0

® “1my,-max’scenario .. Xy = 2Mgysy

maximizes the range of MMy,

—> Conservative exclusion limits

combined results shown here in two projections

(my, tan @)  (ma, tan ()

N /
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tanp3

MSSM “myp-max” Scenario I

L EP 88-209 GeV Preliminar

LEP 88-209 GeV Preliminary

.....................................................................................................................

tanf3

ngYozleTeV
B R M,=200 GeV
10 . — 1 200 Gev

................ m :800 GeV

gluino

Stop mix: X;=2Mg 5,

10

1 1
Inaccessible
‘ﬂ
O 20 40 60 80 100 120 140 0 100 200 300 400 500

m. (GeV/cz) my. (GeV/cZ)

my > 91.0 GeVv
ma > 91.9GeV @ 95% c.l.

0.5 2 tan 3 2 2.4 (Myop =174.3 GeV)
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MSSM “No mixing” Scenario

L EP 88-209 GeV Preliminar

L EP 88-209 GeV Prdiminqr

tanf3

tanp3

10 10

Mgsr=1 TeV

M =200 GeV
u=-200 GeV
mg,uin0=800 GeVv

No stop mixing: X,=0

Theoretically
! .
0O 20 40 60 80 100 120 140 0 100 200 300 400 _ 500

m. (GeV/cz) m,. (GeV/cZ)

almost entirely excluded
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The Legacy I

Standard Model ...

In the MSSM ...
o, =nLEP88-209 GeV Preliminary__
§ :
10
1

6
' 5 -
1 Aahad_
i —0.02761:0.00036
: { - 0.02738£0.00020
4- : .
>~
<
5] _
0 Excluded /.7 Preliminary
2
10
m,, [GeV]

SM fits ... < 200 GeV
Searches ... myg> 114.1 GeV

= A “hint” for a signal at 115 GeV <=

Inaccessible
20 40 60 80 100 1202 140
m,. (GeV/c’)

0

Theory ... mp < 135 GeV
Searches ... mp > 91 GeV
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