


The Standard Model Higgs

The experimental datatest the Standard Model at
the per millelevel

Y et the Higgs boson has not been discovered

The existence of the Higgs boson iswell supported by the data on
radiative corrections

But what I1s the value of 1ts mass?

The Theory
The Precision M easurements
THE DIRECT SEARCH
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L EP: the idealptace
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L EP: theideal place (2)

Direct Sear ches: g 2
LEP is the perfect machine to ﬂ\\
search for the Higgs g L5
IF m(Higgs) <E_. —Mz 2 \
g 1
At LEP1: 1989-1995, E_ =91 GeV . ™
H- >Il,qq | —
m(Higgs) > 65 GeV /c2 at 95%CL _,f_,lr\___ : 005! ) ., ._% ]
° 20 100 120 140 160 180 20_0 220
Centre-of-mass energy, Vs (Ge V)

At LEP2: 1995-2000, E_, =130 —-209 GeV
L >25fb?! @E_,> 187 GeV

Indirect Sear ches:
|nformation from L EP precision measurements:
m(H) = 81 +53 - 30 GeV/c?
m(H) < 193 GeV/c? at 95%CL
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But.

.. avery small cross section

my

) _ preliminary
qqlg) 1Is :
thedominant S 4 LS
but easy to reduce 10 5
Except.... ] ® c'e se'e qq
0 3 ® e'e"—qq(y) WW is
. ] * e'e >uu(y) :
=) dominant
— in 4-j ets
= 2
© 10 75
I3
o)
enW 310 -
missing O : is
ener gy 1 @ e~ L sometimes
V] reenzz 7 |irreducible
1/ e'e sWWy /, | $4—
41 ® e'e Yy | |
10 {—e'e 5HZ /\ Higgs of

=115 GeV
T T

Js (GeV)

80 100 120 140 160 180 200

115 GeV/c?

~8 events per exp
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The challenge of the sear ch:
the control of thetalls

Pre-selection level

N’""\
o
N . e :
~os | ALEPH All the significant variables
3 Should be well understood.
‘{‘-‘:’
220 —J
~—
L 5
Q + 1
15
+ .
The mass reconstruction depends
10 B heavily on the good calibration
of the detectors
(tracking, calorimetry..)
5 and on software techniques...
%0 60 70 80 90 100 110 120 130
M e GeV/c)
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... and the b-tagging

from the power of the micro-vertex to the software techniques
all we have learned in 10 yearsis used in the Higgs search:

. 4-jets events

2 I __'_____..----‘ .....
E D
10 _1:— ______________________
---------- F WW r e_l eCt| on
10 2 S Sww by a factor >500
|
b-tag <1998 V.
10 _3 _.-":
< DEI.PHI
: A,) Vs = 206.7 GeV
b-tag >1999 —
19

o 0l 02 03 04 05 06 07 _0OF 05 1
Efficiency fora 114 GeVic? Higegs boson
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... and the b-tagging

from the power of the micro-vertex to the software techniques
all we have learned in 10 yearsis used in the Higgs search:

-
=
Ml
TIT—T"TT

s
=]

Numhber af events

Data/MC
agreement
to few %
P Tails in WW
N (Vch, g>bb..)
; Taillsin qq(g):
08 | detector resolution
4 Ty T Ty T | MCmodelling
Xp

The search of the SM Higgs b a* precision measurement”
ChiaraMARIOTTI, CERN
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DELPHI Fun;

BanE: 10335 CaW

b ﬁ_ Tl Bd—d mg-EIHE
Ly

1 I
! | |jetd =42.1 GeV

.II' ‘F:III:I 4

(i i }
1t

| P

4C fit :
2% M p=101.7GeVic® b-tag(|.j,)=+7.26
« & My=864GeV/c®  b-tag (.jq)=-0.16

22 M,;=98.9GeVic®  betag(|)g)=+1.43
. My =105.9GeVic?  betag (|3 ) =+ 5.67

from Jesus Marco, Budapest

. Jetd =54.7 GeV

5C fit Z mass :
M j; = 97.4 GeVic?
Misie=M

Mjg=M3z
Mizis = 113.4 GeVic?

The4 jetschannd:
pairing &
mass r econstr uction

Ssix possible pairings:

13 | @14 | (9 (2.4)
M=113
B=3.4

(34)

24 |23 | @) (13
M=M,
B=2.0

(1.2)

For each pairing,

make a3C fitwith M; =M,
& build alikelihood including the
probability that the two other jets are b-
tagged coming from the Higgs decay.

*A unique massvalueis selected from the

most likely combination
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‘ Thelepton channel

but...radiated photons

)
— DELPHI Run Evt: 30954 | ™ oM™ T T TP BT Ea
but BR =3 % for each flavor ... Ty e s a2 om GG
DA%: 9-Jul-189%9 Sean:26-Jun-2000 eEM4 T 227l el o) 83
08:16:42 Tao+DST
o oI of sJ ol of o)

\ Arn/
If the gisassociated

to the muon - >
apefect ZZ

/

L 3 egfiq, E..=206 GeV If thegis included in the jet:
co)= 89 GeV/c2 avery high di-jet mass - >
M (qqg)= 108 GeV/c? good high mass Higgs candidate !
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Hnn: an irreducible background, ee- >bb

E e fixed

- MZ}

| "DM >0.5 GeV

|

| Boost > 10 GeV
)

|

[
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Hnn: an irreducible background, ee- >bb

Thesignal isnot collinear ! for acollinearity < 5°

5% of Higgs s ~ 0.015 pb
30%of gq(g) s ~80pb
£ 10 3 Montecarlo for Higgs 115 GeV/c?, E.,=206 Gevm“muntf
Thecollinear eventsare:

-~

G e S total -Zgg double radiative eventsto the Z with
C - ++_._+ (visible mass ~M (2))
ol r +++ -0q wheretheenergyislostin N or
005 Lo — for detector problems,
E —— . ..
- e (high visible mass)
ﬂ C 1111 | L1 1 1 | L1 1 1 | L1 1 1 | | I I I | | L1 1 1 I_._
0 mm 3 M Moy Gevany U , m, at 206 GeV  6x10% ee ->(qq
N teollinerity 5x10* ee - > bb
O| 012 [ = loose > 60 GeV in neutrinos:
% 01 *  Tes,
ol 0.0 | ‘e N7
= 0.06 - In 2000 for L=220pb, every exp.
0.04 - has ~10 events ee->bb
0.0z [ that loose morethan 60 GeV in neutrinos
nF...|....|...-.|
O e Bt (o) Of these 10 evts, 80% have p;>10 GeV

| CHEPO2 Amsterdam 10 ChiaraMARIOTTI, CERN



The new results

All 4 experiments implemented various modificationsin order to
Improve the sensitivity and/or better control the background

« Full data processing: final detector calibration, alignment, b-tagging. ..
 New MC generators (DELPHI) , more MC statistics (all)
* Precise knowledge of the LEP cm energy (all)
o Upgrades for some analyses:

- New analyses with better sensitivity (OPAL):

new jet pairing (4- jet), and L - > NN(miss.ener)
- Better rejection of beam-related background (ALEPH)
- Extension of analyses down to bb threshold (DEL PHI)

L3: final result already last year :

Few candidate events compatible with the Higgs hypothesis

ALEPH: Excessof events compared to what is expected from SM background,
suggesting a Higgs boson with mass my,~114 GeV/c?

DEL PHI: No evidence for any Higgs signal, limit set to my,> 114.1 GeV/c?
OPAL: Noevidencefor any Higgssignal, limit set to my> 112.7 GeV/c?
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Thedtatistical procedure

The data from all channels (Hqq, Hnn, HII, qatt ) at all E, LEPHIGGSWG
are combined ina 2-Dimensional space;
- reconstructed Higgs mass M ;"<

- discriminant variable G (b-tag, kinematical info..)
o i
In each bin of M, /*¢and G: £ 10|
- Background (MC) b, ‘75 |
- Signa (MC) S . :
- Num. of candidates N, ;
2.5
For each “test mass’ m(H) 0|
LIKELIHOOD TEST : 25 T ov 2000
“sigrbkgr “ U ‘bkgr” !
75 |
In Q(M(H)) =-Siet + & N, In[1+5(m(H))/ b]] 10 |
“ _J

W, of the event
omH) =Ls+by/ L) “test statistic”
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Confidence L eve
§018 F — obwewd ] FP]
§oi6 £ - %ﬁﬁmm Gevky ]

015
-2 in{Q))
e 1-CL,:ameasureof incompatibility with “b”

1-CL, [0.32 0.064 2.7x103% 6.3x10° 5.7x10

1s 2S 3s 4s Ss
o CL,,,:ameasureof compatibility with “s+b”
e CL=CL,/CL, givesthelower boundon Higgs mass
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Confidence Level

—_ LI I I L Y N L N O IO 1T 13 M :120
B0.05 _'_Inbgml\:H llo lLEP_ ...... gf;mtﬂdﬂ,rhﬁmm & :I'I'IDL;_I“;dI'IHI'I EREN LEPI
a [ y—— Bxpec r 1 ee=ias [ emmees B r
_§ C - mggrslgﬂﬁ (m,~110 GeVi™) . m&%ﬂg (rm,=116 GeV g 0.5 e i %ﬁiﬂgﬂﬁ (m, =120 CeVi™) _
0.04 ] o= B
§ - ] Y :g* 0.4 1
B ) sl
;E i | g 0.3
.02 ‘h,l .
0.612 — \
0 :. T R |'.h”|‘n
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-2 in{Q))

e 1-CL,:ameasureof incompatibility with “b”

1-CL, [0.32 0.064 2.7x103% 6.3x10° 5.7x10

1s 2S 3s 4s 5s
o CL,,,:ameasureof compatibility with “s+b”

e CL=CL,/CL, givesthelower boundon Higgs mass
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Theresults of each experiment
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Theresults per channé
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The combined L EP result

IlH.J.II'Flllllllllllllll

20,18
§0.16 |
""" B0.14 |
...... g:;:“g o ] o
S ?E?Fﬁﬁb‘%m TR A
1 11 1 11 1 11 1 11 1 1 1 1 11 1 11 ' 1 11 111 n‘ﬂ-ﬂa B
100 102 1064 106 108 110 112 114 116 118 120 :
m (GeVict) 006 T
0.04 F

0.02

>

Sliceat MH=116 GeV

N %ﬁ%&“ﬁ 16 Gevk
+ ]

und

| CHEPO2 Amsterdam

16

ChiaraMARIOTTI, CERN



Compatibility with t

ne background

1-CL, @ M,=116GeV/c?

L ETTTTIT AR A A N RS N
L - : ’
~10 IEF_,,;J“ -~ wwﬂ’g ,. ALEPH 24x 103
1 of ] DELPHI 0.874
; .. L3 0.348
T IS O W ‘ OPAL 0.543
I e o kgt ]
17 |, | LEP 0.099
jﬂ—jzlll o i ......:
100 102 104 106 108 110 112 114 116 118 120 : ;
. A-jets 5.7 X 103
mACEVE) 0.368
Neutrinos 0.474
CL ., (Mh=116) = 0.37 #Zﬂtso”s %222%
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The events

Expt  Eem  channel | M | In(l+s/b) | prev. | §
(GEV) @ 115 GeV | rank. | Mg
LA 206.6  4jet | Ll4l 1.76 1
2 | A 2066  4jet | 114.4 144 | 1—7
3| A 206.4  4jet | 109.9 059 (R 3
4| L 906.4 FEmisz | 1150 0.53 \1\
5| A 205.1  Lept. | 117.3 0.49
6| A 206.5  Tau 115.2 0.45 8
710 206.4  4jet | 108.2 0.43 5
8 | A 2064  4djet | 114.4 0.41 9
9 | L 906.4  4jet | 1083 0.30 12
10| D 2066  4djet | 110.7 0.28
1| A 207.4  4jet | 102.8 0.27 14
12 | D 206.6 4 jet 97 .4 0.23 11
130 901.5 Fmiss | 111.2 0.22
14 | L 2060 FEmiss | 110.1 0.21 17
15 | A 2065  djet | 114.2 0.19
16 | D 2066  4jet | 108.2 0.19
17 | L 2070 4jet | 109.6 0.18

Thefirst 4 events maintain
the highest weight in the final analyses

s

11111111111

s

LEPm =115 GeVi’ = @
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The combined limit

R e A R A aaanaay Exp Obs
S LEP 1 ALEPH 1135 1115
o 1 DELPHI 1133 114.1
0k L3 112.4 112.0
5L — oves OPAL 1127 1127
£ BB
0 F LEP 115.3 1144
100
P :
10 o5 105 104 106 108 116 112 114 116 116 120 A-jets 1145 1133
mGeVic')  |+n+t 114.2 114.2
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One of the 3 Aleph events

o v EE : 4 b cand.

HZ hyp.
my=114.4 GeV/c?

NN = 0.997

jet b-tag:

1 0994

A 22 GeV shower in SICAL that was giving Evis = 252 GeV
isrejected by a better algorithm: m,=112.8 ->m_,=114.4
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masl signilicanl Hyy candidale

The L3 event

Secondary vix’'s view

;\ nASsS=> HGE"',’ L3

'T..Smui to prinw vix
! ' - nr i

measurced 11 mass=114.4 GGe¥V
II mass resolution ~3 GeV
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Higgs discovery?

from end of 2000 to

thefinal resaults...

} ETTT TTT TTT TTT 1T TTT TTT TTT T T TTT T TTT3
O, AN VIS SN TN TN N TN T N NN o N IR B B A I A S T TR o N IS IR AN S I SR R A R
LT ER Nev o900 e q,f Jul 2001 -3t final T e
5 LEP Nov2000 e i .l &NLEJ‘_.-P/: = ‘_‘_f
- VSN L £ Ay 120
O Y f\/? : B C 1
-2 i 2 ; !
10 Fa 3 E 3 E E
o '\J JE N JE 3
! 1L ; Jif 13°
E ——— Observed E —+— Dbseral ; 3 F —— Obueryed ; 3
R JF - Expecled for signa+background 1 F s ach ¢ sigrnal+backsronn
e e o FERRERRT | rEememeT
3 N 7 E 140
SEo L B E i -
10 100 107 164 166 108 110 112 114 116 118 1200 162 164 106 108 110 112 114 116 118 gﬁlub'iufz'ju&'iaé'iaé'ijb'J'Jé'u«'f'}}:'s'i}é'izu
m (GeVic’) m(GeVic’) m (GeVic’)
4.2 x 103 ~0.03 ~0.09
m,>113.5 m,>114.1 m>114.4
(115.3 expected) (115.4 expected) (115.3 expected)
Changes: +10% L @ 206 final Ebeam
final detector calibrations
Aleph 2D correlation in Hqq
Delphi  Hee optimized New M C for sig and bkg
L3 more MC
OPAL better bgk estim. New analyses, new massr ec.
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Higgsdiscovery?

from end of 2000 to thefi

Inal results...

} TT TT T T T LILILE ETTT TTT TTT T T LILLE

O, AN VIS SN TN TN N TN T N NN o N IR B B A MMM T IS NI - N SN I TN I I I S0 IR

% 4 LEP Nov2000 s DL TG I 00 7 T bt e e N == N 2
- VSN 5 3E M T B § Py

P ] f\/f o L ;
10 AT sl ]

B 3 1F 130
0 % ~— Dosqrveg % ; b %:ﬁﬁr signz..+backgmumii; ; ; _'_ m!:ﬁﬁms na.+bx:lngmuru$; :
o i T B e i Pt b sgnacigroun) ;

1F 140
-5 I ] 5: 1k ; ]
10 405565 104 106 108 11&515114 116 115 1200 102 164 106 108 110 112 114 116 118 Iﬁluu 162 164 166 108 110 112 114 116 115 120
m (GeVic’) m jeWc ) m (GeVic’)
4.2 x 103 ~0.03 ~0.09
m,>113.5 m,>114.1 m,>114.4
(115.3 expected) (115.4 expected) (115.3 expected)
Changes: Background Probabilities 1-CL, (my=115)
Nov 2000 ® July 2001 ® final
ALEPH: 0.00065 (to HWG) ® 0.0015 ® 0.0024
0.0011 (publ.)
DELPHI: 0.68 ® 0.77 ® 0.73
L3: 0.068 ® 0.32 ® 0.32
| CHEPO2 Amsterdam | OPAL: 0.19 ® 0.20 ® 0.50




Standard Model Higgs as of today

- H rticalliRaiinde | T
-T heor etical 'Bounds
V(f)=-nif |7+ ff[* ] m(H)£ 193 GeV/c?

& s T~ & 95% CL
&) ! i N\
1. - EW precision triviality . 6 3

200 = 1 (5)

: C Al =

ﬁEt 0.02761+0.00036

- 08g747+0.00012

_ 4 =31 -------- Withos NuTeV .

EW vacuum is absolute minimum 1%

1 <d

I 1 [ ] I 1 [} I 1 [} I
108 109 1p12 1015 5 4 |
L (GeV) - Scale of new Physics
Direct Search A
m(H) ® 114.3 GeV/c? EW precision 0 |Excluded N\ g Preliminary-
0 s | - -
at 95% CL Mmeasur ements 20 100 400

m,, [GeV]

+52
m(H)=81 _GeV/c?
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backup L EP: a successful performance

Total luminosity (pb )

1989-1995 1995 1996 1997 1998 1999 2000
LEP1 — — ) —
+ E..(GeV) ‘91 430 1%6 16ﬁ 172‘ 183‘ 189‘ 192 #96 %oo 2q>2 20}4—20%
LEP2

Lum(pbl) ¥75 bs 2.% il 11 ‘ 55 ‘160‘ 30 %o Eo 4b 22{5 ‘

per exp.
L >25fb!l @ Ecm> 189 GeV

19k 2100 Expected fimits K
i AL Dbsmed ]jmlts
—_Predictions '

L EP exclusion potential
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backup

Events / 3 GeVic*

The combined mass plot

S/N for m(H) > 109 GeV/c?

Events / 3 GeV/ic®

30

[ va=200-210 GeV
s |

[+ LEPIoose —
20 | <4

[ beckground “u
1s | I vz signal > 12 [ Va=200-210 GeV

! (m,~115 GeV) g

[ ~ 10
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[ = 1164 1876 4 [
s :_-:1=1n.|n 71 + E B i me

[ + | [ bZ Signal

[ H 4 44— + L ST (m,=115 GeV)
%0 20 40 60 80 100 120

Reconstructed Mass m,, [GeV/c’] 4 om0
| tai-mem am
2 L

Data 17 : + + |

Bkg 15-8 0 l‘; : —_";:"I 4'0——" 60 J_ISOJ_I ‘1(Jill IIZD

S‘ g 7 1 D ata 5 Reconstructed Mass m, [GeV/c?]
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3.9
3.8

>05 >1

Data 4
Bkg 1.2
Sg 22

>2

\
/

7 L ¥a=200-210 GeV ¥
6
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3
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2 | bge-1am 1m g
[ w- 29 2w
1
0 :.,.-.._rh L T P PRI T 1
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backup

TheHZZ coupling

The 95%CL upper-boundon (gHZZ/gHZZ(SM))%
I.e. the HZZ coupling relative to the SM coupling

T.I.Il 1.4 _—I I | | | | | I I | | | | | I I I | | |

815 [ LEP Vs = 91210 GeV ]

20 40 60 50 100 120
m_(GeVic™)
< » OPAL, DELPHI
< » ALEPH, L3

From 10 to 85 GeV thes . is~20 times smaller than the SM.
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