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LEP Searches for the Standard Model Higgs boson

The decay branching ratios depend only on m,;:

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

Y

Branching ratio

dm, <2m;: H— e'e dominates:;

Qm,<2m: H— uu dominates;

Qm,<3-46GeV: H— gg dominates:;
(000002
i o, e, KK, s
------- top -
nm, ... etc
~00000 g 0
- . | c ’ m  [GeVre?] 2 3
Qm,<2m,; H— vt and cc dominate; 1V 10 10

m,, (GeV/c’)
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The LEP collider housed in a 26.7 km tunnel [8 x 2.9-km-long arcs and 8 x 420-m-long straight sections]
4 experiments: ALEPH, DELPHI, L3 and OPAL.

>5000 magnets (3400 dipoles, 800 quadrupoles, 500 sextupoles, and over 600 beam orbit correctors)
LEP1 from the summer of 1989 until 1995 — LEP operated at energies close to the Z resonance.

LEP2 from 1995 to 2000 — LEP operated above the WW threshold and up to 209 GeV.

LEP produced its first collisions on August 13th 1989,
less than six years after ground was broken on September 13th 1983.
Geometric parameters of LEP.

Parameter Symbol Value
Effective bending radius P 3026.42 m
Revolution frequency frev 11245.5 Hz
Length of circumference, L = ¢/ frey L 26658.9 m
Geometric radius (L/ 2m) R 4242.9 m
Radio frequency harmonic number h 31320
Radio frequency of the RF-system, frr = h frev frF 352209 188 Hz

LEP: design and reality.

Parameter Design Achieved

(55/95 GeV) (46/98 GeV)

Bunch Current 0.75 mA 1.00 mA

Total Beam Current 6.0 mA 8.4 mA/6.2 mA

Vertical Beam-beam parameter 0.03 0.045/0.083

Emittance ratio 4.0% 0.4%

Maximum Luminosity 16/27 103%cm 2571 34/100 103%cm =251

Horizontal beta function at IP 1.75 m. 1.25 m.

Vertical beta function at IP 7.0 cm. 4.0 cm.
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This is the first RF superconducting cavity made of
copper with a very thin layer of pure niobium
deposited on the inner wall by sputtering.
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LEP

Overview of LEP performance from 1989 to 2000.
[ Ldt is the luminosity integrated per experiment
over each year and I[;,; is the total beam cur-

rent 2k, 1,. The luminosity £ is given in units of
103%cm—2 s~ 1.

Year [ Ldt  Ey ky, Lot L
(pb™")  (GeV/c?) (mA)
1989 1.74 45.6 4 2.0 4.3 A
1990 8.6 45.6 4 3.6 7
1991 18.9 45.6 4 3.7 10
1992 28.6 45.6 4/8 5.0 11.5 LEP 1
1993 40.0 45.6 8 5.5 19
1994 64.5 45.6 8 5.9 23.1
1995 461  45.6 /12 84 341 V¥
1996 24.7 80.5-8 4 4.2 35.6 A

1997 73.4 90 - 92 4 5.2 47.0
1998  199.7 94.5 4 6.1 100 LEP 2
1999 253 98 - 101 4 6.2 100
2000 2334 102 - 104 4 5.2 60 \4
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The LEP experiments
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Physics at LEP
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LEP 1: Higgs boson Production

- The Bjorken process, usually called Higgs-strahlung,
ete-—HZ - Hff, is the dominant production mechanism - f

- The Wilczek process, ete~—Hy, had much lower rate,
but also important backgrounds: ‘ t

- ete™—qqy

- ete~—qqg, with a jet hadronizing to an energeticm® &~ s oo h
Only the Higgs-strahlung process with Z—ee/pu/vv has
been extensively explored and searches were divided in
two regions:
- “Low” mass (mnu<20 GeV)
- “High” mass (mn>20 GeV)

- Higgs boson production rate vs my

- events per 10° hadronic Z decays.
10° =

f 1 dr(z — Hff) o
10 20 I'(Z — utu~) dx 47 sin? Oy cos? Oy

- (x4 a?/12 4 212/3)( — 4p2)112

- (x —1r2)? + (I'z/mz)?
10

- where « is the fine structure constant, Ow the Weinberg angle, x =2Ey/myz, Ey the energy of

B the Higgs boson and » = my/myz. The total production rate is obtained by integration over the

1 B kinematic range 2r < x < 1 + 72,

']6_III|III|III[|III|[II|IIII‘I{]

0 10 20 30 40 50 o0 /70

H mass (GeV)
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LEP 1: Low mass searches
e+,,u+

Mono-jets

- Monojets are expected for my between ~4 and 20 GeV.
q g VYV - The mono-jet results from a small invariant mass between
q q > two quarks of the decay of a light Higgs boson.

- Such mono-jets have not been observed and the mass

region is excluded at 99% CL for the SM Higgs boson

Various final states
et For mu< 4 GeV many possibilities for Higgs boson decays. No signal has been
observed and the mass region below 4 GeV is excluded at 99% CL

L3 selection efficiencies (in %) for a low-mass Higgs boson in the He"e™ channel, for the Higgs decaying into
charged particles

my (GeV) 0.01 0.1 0.22 0.3 1.0 3.6
H—e"e™ 8.2 7.4 — — 13.6 —
_ H — uu — _ 22.0 — 28.0 24.0
Sy H—ntn~ — — — 9.4 17.0 15.0
H— K"K~ — — — — 13.0 16.0
/é\. [ IIIIIII II ILLRLL |ILLLLLLL I T T TTTT 9 .
AL e 11012 & Secondary vertices
Sl R : _ For mu<2m, the Higgs boson does not
) 10 | H110"°  decay at the primary interaction point. Two
e> 105 Houey | signatures can be distinguished, where
— - -7 .
- thres‘:u:d' 110 the Higgs boson:
I .
109 _ (a) decays outside the detector,
a) | b) 1074 . SNV
o | | | (b) decays in the detector material ('V
102 100 102 signature)

M, (GeV) No signal has been observed either...
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LEP 1: High mass searches

5.4% 18%

(Z=qq)H=717)  (Zw)(H-qq) Only the Hvv and the HIl channels considered, the Hqq
channel suffers from large hadronic background

3.1%

P\ (Z - 77)(H - qq)
1 6.2% .
P (Z—ee,pu)(H +qq) O g e* 1L
| 3.3% other vy
mny=60 GeV
9 S _ -
e U

64%

(%= qq)H = a9 @) Annihilation b) Multiperipheral
(2-photon)
HVV et e q e'\/e‘
- Higgs boson decay leads to jets not back-to-back in Ag >L<\Lv <a Y[
and missing energy from Z—vv & & 5
- dominant background arises from hadronic events with /Y/\
spurious missing energy ¢ ¢
¢) Bremsstrahlung d) Conversion
HIi . o A ¢ ¢
- Higgs boson decay leads to two jets and a lepton pair \ﬁ< N vz _
- dominant background arises from semileptonic decays Z—bb—eeX and v ) q
four fermion process ee—eeqq Par:

e
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Example LEP1 Analysis: ALEPH e*e——Hvv
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Example LEP1 Analysis: ALEPH e*e-—Hvv

P. Janot

Search for acoplanar jets (2’2 — Hvv)

Two main subsamples: 70,000 Events with Myys < 70 GeV/c?:
8000 -
1)  High Multiplicity (Selected) i
] | CUT 7000 |
) | 3 ; i
waeo 4 B Million ALEPH i
w0 - 7 — hadrons sooo Lots of Z — hadrons
somn | | with missing energy
000 £+ D Hvv events ? 5008 |
- - L2 _
s i_ (mH = 65 GCV/C -
Y '4::1' .: 80 100 - 12|n| R 4aco T
s Visible Mass (GeV/c?) -
so00 Ci| &KL Lots Of. 3] 3000 - A few Z — 1ttt
5000 | fTEractions  — e'e - With hlgh mul’nphcu’ry
2000 Z — M+M_ 2000 -
J00G :
2000 B A few 08
00 tooo Hnteractions
T R T T : M i
2) Low Mul’rnplucu’ry (Rejected) 0T wm m <
- Visible invariant mass < 70 GeV Visible Mass (GeV/cZ)
- 28 charged tracks with |cos8|<0.9 .
- Tracks from collision point . . . s . 5 Hvv signal expected
(20 cminzand 2 cm coaxial). | Origin of missing energy in Z — hadrons : (x 100)
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Example LEP1 Analysis: ALEPH e*e-—Hvv

Energy Losses in the Beam Pipe | "

(Not instrumented)

18

Entries _
Mean 2 =
RMS

Fraction of energy beyond 30° is >60%
energy within 12°< 3 GeV 3600

ALEPH Data
(70,736 events)

Z — qq events: 2400
Two back-to-back jets

III|TIII!IIr||t|r|||a|i|||!||r|r|||

500
D

Entries

Mean
RMS

Hvv simulation
(starts from 10,000 events)

700
600
300
400

Beam
———————————————— J00

Expected in the data:
5 x 67.09% ~ 3.4 events

|

|

|

|

|

|

|

|

|

|
200 CL:I
|

100

01 02 03 04 05 06 07 0B 09 1

o :
X = 60 /Q X30 = Fraction of measured energy above
30 30 degrees from the beam axis

.

o I||l|||||'lIIIE|rillilrlll'illlllllli'llll
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Example LEP1 Analysis: ALEPH e*e-—Hvv

To reject events with back-to-back
jets from Z decays, events are
divided into two hemispheres by a
plane perpendicular to the thrust
axis. The angle of the total
momenta measured in the two
hemispheres defines the
acollinearity angle.

P. Janot

'Energy Losses in Semi-Leptonic b decays |

Z — b|; events:

5000 F 5 ;
. . . v L ALEPH DGTG Entries |
The vis in the jet 4000 |- (26,041 events) o N
3000 | W Veu :
|
2000 - b :
J E I
) . 1000 - c Cut
Acollinearity - "
—~ C 11§ 8 I | I [ | | | | D 1S | I Lot b4 | I SO I | J_l - rocos secat L
180 degr‘ees ? 90 100 110 120 130 140 150 160 170 18(
Hvv signal
80 . . ID , 101
v o E HvV simulation Entries | ®>
| :
‘a0 (2.8 events expected) : 11 68
Acollinearity 120
<« 180 degrees "
60
v 40 o
20
D’ 1t I | I - e LT o e e 3 . = :
90 100 110 120 130 140 150 160 170 180

Acoll. = 165 deg.

Acollinearity Angle (Degrees)
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Example LEP1 Analysis: ALEPH e*e-—Hvv

P. Janot
\ Energy Losses due to I.S.R.
- (Initial State Radiation)
e'e” — qqy events:
The p,.;< is along the beam i | D 700
200 ! Entries @)
175 : Mean 0.
RMS 1.101
150 :
125 |
100 =,
. - ALEPH Data
4 (1466 events)
50
25
0 05 t6 2 25 3 35 45 5
180 D
160 Entries 4686.)
Mean 1.788
140
RMS :
o o B_ea_m_ 120 e
100 - . .
. & Hvv simulation
Q. V &n (2.4 events "left")
\V 40
pmis 20
0 05 {5 2 25 3 35 45 5
tano =04 tan a
Jan 2014 B ShERSIR
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Example LEP1 Analysis: ALEPH e*e-—Hvv
Energy Losses due to I.S.R. + Semi-Leptonic b detay

Acoplanarity angle

L ~ 180 degrees -
Z — bb events: 9 w0 E 5
= ALEPH Data b
35 £ (1001 events) Meon
30 F RMS
25
_____ e 20
15
10
5
\ ( C s i el ¢ e o F iy g B e -
pmis g0 100 110 120 130 140 150 180
V V
Hvv signal: 20 E HvV simulation . Cf)
- - (2.3 events “left") M 150.6
V 100 | {5.92
80 [ |
Acoplanarity eo E
<« 180 degrees , [

D O T 0 2 I8 2 o s O tl S ; ;
a0 100 110 120 130 140 150 180 170 180

Acoplanarity Angle (Degrees)
| Acop. = 175 deq.
-\ UNIVERSITYOF
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Example LEP1 Analysis: ALEPH e*e-—Hvv

P. Janot

A Semi-Leptonic decay in bbg (3-jet) events

Z— bbg events:
The p,;< is not isolated

pmis oS

Hvv signal:
The Pm.s is isolated

/ \“

pmis Pl

ECONE <16GeV

225
200
175
150
125

100 EI

79
50
25

3600
3200
2800
2400
2000
1600
1200

800

400

TETTET
A S

c R R
i) i:i:i:i:f'i:ﬁ:i:t Ei!lu.u.

ALEPH Data
(824 events)

D
Entries

Mean
RMS

B24
5.307
9.157

g g by

20

i

25

o2

i
e
ik
b
g
b
i
=
e

p )
b
wE
a,

brs
::ﬁé:
pe]
o
i
R
:':E'E:E:-;u;r

Hvv simulation
(2.1 events "left")

1D
Entries

Mean
RMS

<;14E:

0.8125
1.169

h 4

2.2

Econe (GeV) = Energy contained in a cone
of half-angle 30 degrees around p,;s
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Example LEP1 Analysis: ALEPH e*e-—Hvv

\ Two Semi-Leptonic decays in bbg (3-jet) events

Janot

Z— bl.:>g events:

160 F
10 £ ALEPH Data 4
- 140 E Entries
V S=0p,+0,3+ 03 oo £ (365 events) g E
S-360deg. - | =
01, s0 £
. t\ - (6 events)
Pmis 60 E
013 < 40 f
V_/ 20 E“
623 0 - g g R Lt } g | S T i, T LA i
260 280 300 320 340
Hvv SIghCl'- 140 ~ Hvv simulation
. 120 [ (1.8 events “left")
100 ’— l
80 [ N
- (1.5 events "left")
60 .
40 F
S << 360 deg 20 E
- G : =
S 260 780 300 320 340 360
S=0p,+ 0,3+ 0
- \55342 degr‘ees\
UNIVERSITYOF
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Example LEP1 Analysis: ALEPH e*e-—Hvv

\ Two Semi-Leptonic decays + Three Jets + IL.S.R. (! Jr”‘“

ete — ng(y) events. E E;. E,, E3, E, = Energies Recomputed with
! energy-momentum conservation constraint

\ Emmn = MIN (Ey, E;, E3)
______ Hvv signal:

Y Es

bt_Jg(y) events are
4-body Compatible:
Emon IS positive

E

=175 S
g (@ i
165 (R
2155 E
e
2 145 3 _ ] Signal simulation
9 135 _ Background simulation ~ 175 7 (C)
< 125 _11|1|f1||11 ;%’/165 —-' . ':..““ At
—-90 -60 -30 0 30 3\155 3“‘-."“."._.: 4 s
Eum (GeV) Rl R v GG E
§ 145 iepo ik SHER AW o 3
— :__‘ “‘»‘ Lt Y E
570 = (b) Lt S 135 Eruly %l - .
3165 [- 2 < e b iseAH Hvv: The three jets are
~ I e —— JEUUL SOV PO IOV Lot PO PR YO ST L -0 SV PP . .
2155 | -90 -60 -30 0 30 in the same hemisphere.
o 3
5145 Eu (GeV) One of the E; tend to be
g 135 ALEPHDota | No events left in the data; negative
125 Er sty Jeaaaliens | ETERU SRR FUUR SYUT Yeoaplooes Laicaaliagg . -
—%0 60 -3 o 30 | Still 1.3 event expected from Hvv
Eww (GeV)
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LEP1 Combined Limits: ALEPH

30 i
ALEPH

— HI*I” and Hvy
---- Hvr only

20 \
my > 63.9 GeV/c”
at 95% C.L.

Number of events expected

15 |

10 -

. 95% C.L. Limit

~—a
~—.
~ -
~ooT
-----

O HII\‘I I‘\II‘II\|]II|III|I!\§|I\1|lI\‘\I
52 54 56 58 60 62 64 ©66 68 /0

my (GeV/c?)

Fig. 2.23. ALEPH number of expected e"e™ — HZ events. The intersection of the line of expected events with the
line of 95% CL marks the observed mass limit. Two candidate events increase the 95% CL line according to the
measured mass resolution.
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LEP1 Combined Limits: DELPHI

Q>)~, T T T T T T T T T T T T T T T T T T T T T T T T T T T ‘ T T T T ‘ T
1 L |
s ' DELPHI |
& B . 00 ]
= - a) Efficiency for H'Z .
08 = 0 Z'—vv B
i A Z0ete i
. o Z'su'w ,
0.6 — —
B @) % O @) ]
B Rof n o :
04 — —
i A A A A A % 0]
02 - [ é B
O i | | | | | | | | ‘ L1 | | ‘ | | | l ‘ | | | | | | | | | | 1 | | | ‘ | | | | ‘ | |
35 40 45 50 55 60 65 70
m(H") GeV/c®
& 10 2 T T I | I I T I T T T I T I I T T T I I | I I T T I T I I I ‘ T I [ T ‘ T
o) - .
) - .
P - H
Q [ > a
5 B 55.7 GeV/c |
S
Q
3 E
= C ]
= [ ]
o] - B
2 L N
2
ja¥ 1 L ]
> E =
= " b) SM pred. for H°Z’ ]
1— A All channels .
10 = o Z°>vv ~ e N\4
B A Z0—ete A-\\'\. m
: o ZO _)M+Hf \.\ © :
2
10 = Y ~
E L1 1 I | ‘ L1 1 | ‘ | T | ‘ I | | I N | | | ‘ L1 [ 1 ‘ | =
35 40 45 50 55 60 65 70
m(H") GeV/c?

Fig. 2.24. DELPHI efficiency and number of expected ee™ — HZ events based on the event sample of 1.0 million
hadron Z decays. The individual results from the neutrino, electron and muon channels are shown as well. In the
absence of high mass candidate events the 95% CL line is at 3.0 and the intersection with the number of expected
events gives the mass limit of 55.7 GeV.
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LEP1 Combined Limits:

E II!IIIIIIIIIIIIIIIIIIIIIIIIlIIII
= —— All channels
% -------- HD'-.PF
W10 .. Hee+pr r
o 60.2 GeV
S
> o 95 % C.L. Line
L
1
0.1 LS
A O T B AL T O (N T S . B B R e

L L I LI -
50 525 65 &75 60 625 65 675 70
M,, (GeV)

Fig. 2.25. L3 number of expected ete™ — HZ events. The mass limit of 60.2 GeV is set where the line of expected
events intersects the 95% CL line. The candidate at 67.6 ==0.7 GeV increases the 95% CL line from 3.0 to 4.7 with
the given mass resolution.
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LEP1 Combined Limits: OPAL

[\*)

[N

=
WA
|

OPAL

Expected number of events
=
|

—— Both channels combined
---- Missing energy channel
[ seesses Charged lepton channel

40 425 45 475 50 525 55 575 60 625 65
Higgs mass (GeV)

Fig. 2.26. OPAL number of expected e"e™ — HZ events. The mass limit from the H/ "/~ alone is 60.6 GeV. This
limit is reduced to 59.6 GeV when combined with the Hvv channel because of a candidate event in the region where
the limit is set.
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Example Event

Run 28635 Event 8168

Fig. 2.27. ALEPH 49.7 GeV Hu"u~ candidate. The muons are pointing to the upper left corner, opposite the
hadronic activity.
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Example Event

Run Nr. 390102

Fig. 2.28. L3 67.6 GeV He"e~ Higgs boson candidate shown in the plane perpendicular to the beam line. The lines
in the TEC represent the reconstructed charged tracks. The size of the symbols indicating individual calorimetric
hits (towers in the BGO electromagnetic calorimeter and boxes in the hadron calorimeter) corresponds to the energy
deposition in that hit. The towers which appear in the TEC region in this projection belong to the BGO endcaps.
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LEP1 Efficiency/Expectation Comparison

Overview of detection efficiencies for a 50— 70 GeV Higgs boson. The efficiencies in brackets are determined by
interpolation from the nearest Higgs boson masses used in the publication

Experiment Efficiency (%) Expected events
Hyv He'te™ Hu p~ Hyv He'e™ Hu p~ Sum
my — 50 GeV
ALEPH (46.2) (46.1) (46.1) 25.2 8.45 33.6
DELPHI 50.0 35.6 52.8 8.0 0.96 1.8 10.8
L3 34.8 46.6 36.1 11.3 2.5 1.88 15.7
OPAL (38.6) (24.2) (30.8) 20.4 (2.0) (2.8) 25.2
my — 55 GeV
ALEPH (41.7) (51.2) (51.2) 12.2 4.2 16.5
DELPHI 45.6 36.6 54.5 4.0 0.56 0.67 53
L3 (30.1) (54.3) (38.4) 53 1.3 0.92 7.5
OPAL (31.7) (24.9) (29.7) 8.7 (1.0) (1.0) 10.7
my = 60 GeV
ALEPH 38.3 39.4 48.1 5.12 1.27 0.92 7.0
DELPHI 34.5 32.4 54.0 1.6 0.26 0.38 2.3
L3 28.6 42.2 32.3 2.17 0.57 0.42 3.2
OPAL 25.7 21.5 30.8 34 0.45 0.65 4.5
my = 65 GeV
ALEPH 29.8 (34.7) (34.7) 1.73 0.69 2.42
DELPHI 22.0 29.8 48.2 0.40 0.07 0.16 0.63
L3 16.0 39.9 26.2 0.55 0.23 0.16 0.93
OPAL 15.1 (18.0) (22.1) 0.8 (0.15) (0.15) 1.1
my =70 GeV
ALEPH (26.7) (27.7) (27.7) (0.52) (0.16) (0.68)
DELPHI 10.6 17.1 37.7 0.06 0.02 0.04 0.12
L3 9.2 35.8 33 0.11 0.07 0.01 0.19
OPAL 13.0 17.1 21.6 (0.24) (0.58) (0.007) (0.31)
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LEP1: Combination

Overview of individual Higgs boson mass limits at 95% CL from the LEP-1 results. Similar mass limits are observed
by all LEP experiments, although the size of the analyzed data sample varies between them, since the Higgs boson
production cross section decreases quickly for heavy Higgs bosons

ALEPH DELPHI L3 OPAL
Data sample 1989-1995 1990-1993 1990-1994 1990-1995
Hadronic Z decays (10°) 4.5 1.6 3.1 4.4
Mass limit (GeV) 63.9 58.3 60.1 59.6 70
. : _ : _ ~ T T TTTT0 T TTTTT] T 1111 T T
Evolution of LEP-1 Higgs boson lower mass limits at 95% CL. The combined mass limits can be compared > ~ 7
directly since the same method of combination was used as described in the text. The final LEP-1 mass limit was é B * |
almost reached with the inclusion of the 1994 data. Significantly higher mass sensitivity required an increase of the & B ]
center-of-mass energy beyond the scope of LEP-1 = 60 |— |
Including data of year 1991 1993 1994 / 1995  \= B i
w2 n .
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0 Fig. 2.30. Evolution of Higgs boson mass limits. The solid line shows the expected sensitivity taking 50% detection

102 10! 1 10 10°
Million Hadronic Z decays

efficiency in the search channels. With increasing luminosity the mass limit lies below this line since the selection
cuts have to be tightened to cope with the increasing background in order to obtain roughly zero background.
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LEP 2: Higgs boson Production

LEP2 was initially scheduled to run up to ¥s=200 GeV

Here again Higgs-strahlung, ete-—HZ —Hff, expected to be the dominant production mechanism
Also some contribution from WW fusion.
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LEP 2 : Search channels and backgrounds

e y e’
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W et W
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- Four jets _
- Missing Energy e/
+|- i -
- I*l- pairs (e,u) I ‘ e
- T+T- W y W O(]'pb)
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LEP 2: Four jets searches

The most sensitive topology in LEP2

Only the Higgs-strahlung contributes in production

- Higgs assumed to decay to pair of b-quarks [b-tagged events]

- Z decays to two jets

For low Higgs boson masses (i.e., significantly below the kinematic threshold), each of
the di-jets forms a plane, and these two planes do not necessarily coincide. However,
when the Higgs boson mass is near the kinematic threshold, the Z and the H are
produced almost at rest and the two jets in each di-jet are produced back-to-back, and all
jets are in a plane by construction.

Main backgrounds: ee—ZZ, ee—WW, ee—qQqq

The four fermion final states usually tend to give acoplanar topologies,

while the QCD process tend to be coplanar

The 4b-jets and 2b-jets cases are treated as separate channels. Former has:

- higher s/b

- larger jet pairing ambiguities

4b-jets: the ee—ZZ is the dominant background, with some contributions from ee—bbg
2b-jets: the ee—ZZ is dominant away from the kinematic threshold, in this latter case the
ee—bbg is dominant

The ee—WW has relatively high cross-section, but only contributes through b-jet mis-
identification or trough CKM suppressed W—Dbc/bu

To improve mass resolution, a kinematic fit is performed taking advantage of the known
initial collision energy and the energy-momentum conservation. Typical mass resolutions
of 3 GeV.

Although b-tagging and mass resolutions are the most important handles, all
collaborations used event shape variables and their correlations through MVA
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LEP 2: Missing energy searches

Both Higgs-strahlung and W-fusion contribute in production

- Higgs decay to pair of b-quarks [b-tagged events]

- Z decays to neutrinos

The signature is a large missing mass compatible with the Z boson and two b-tagged jets

Several background contribution but main backgrounds:

- ee—ZZ main irreducible background

- ee—»WW when one W—1v and the other W—qq where jets are mis-identified as b-jets
- ee—Wev could give a contribution because the spectator e is lost in the beam pipe, but
b-tagging greatly reduces this

- ee—Zee when one e lost in the beam-pipe and the other has low momentum

- ee—Zvv with Z—bb. could be important near threshold but small cross section

Most important background is ee—qq, where the missing mass is due to two ISR
photons lost in the beam pipe,one ISR photon and a mismeasured jet, or two
mismeasured jets

Furthermore, this background tends to peak near the threshold in reconstructed mass,
which is an artifact of the mass reconstruction algorithm.

In the missing- energy channel, the two jet energies cannot be rescaled independently
because of the lack of kinematic constraints. In this case, only the recoil to the Z mass
can be used. The visible mass is rescaled with a single parameter, which is equiv- alent
to applying a unique rescaling coefficient to the four-momentum of both jets. The typical
peak resolution is of the order of 3 GeV, comparable to the four-jet channel. But in this
channel and especially for Higgs boson masses near threshold, where the fusion-plus-
interference contribution can add up to almost half of the total signal cross section, this
resolution is degraded by large and wide tails.
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LEP 2: Di-lepton (e,u + T) searches

The topology of the lepton channel is a pair of electrons or muons and a pair of b-quark
jets. This is a very distinctive signature, but it has a very small rate because of the small
branching of the Z to electrons and muons, and, to a much lesser extent, because of the
interference between the Higgs-strahlung production and ZZ fusion, which is destructive.
The backgrounds to this channel originate almost exclusively from the ete- — ZZ
process. Practically none of the other processes can yield a similar topology. Its rejection
— relies greatly on the mass reconstruction and on the tagging of b-quark jets. The Higgs
b b boson mass is reconstructed from the recoil to the two-lepton system.

ta]

The topology in the 1+1— channel is a pair of tau leptons and a pair of jets. This channel
is separated from the |+I- channel for two main reasons:

- The invariant mass of the 1+1— pair cannot be accurately measured because of the
unmeasured energy carried by the neutrinos of the 1 decays; the mass reconstruction
procedure is thus very different from that used in the lepton channel but is actually very
similar to that used in the four-jet channel.

- This channel also receives contributions from the Z — bb"and H—Z+Z- events
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LEP 2: Test statistic

—2InQ =2 s —2- ) n;iln( 14 .

Basically, the likelihood ratio of the signal+background hypothesis over the background-only
hypothesis. More negative values of -2InQ, means more S+B-like result

@‘?al + Background Background onTb What if my ~ 115 GeV/c2?
1000 g rT T T AT T e T .
1100 GeV/c? ] ) X 3
ed L Eu \ _
= ] o L "-
250 ‘75 © \ (Expected)
0 80 100 : b™

5 L \
- Observed-
2.5 [ N
0 F

-5 K
75 1Signal 2=
r "s+b't
10 _ (Expecired)
D—ICI)H—SIH—G 4 -2 0 2 4 8 10 '":'5I II 11“ 115
Vs = 206 GeV 21n(Q) Four Experiments M (GeV)
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LEP 2: Higgs boson searches before 2000

CERN-EP-2000-055
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LEP 2: Optimization

Higgs mass 3o sensitivity = f(Lumi, E)

Luminosity per experiment [pb'lj

LOO 101 102 103 104

Beam energy (GeV)

P. Janot

Example:
- Beam Energy : 102 GeV
- Luminosity : 200pb-'/experiment

The 30 sensitivity is ~112 GeV,

l.e. ~1 GeV from the kinematic threshold

of Vs- mz ~113 GeV
To gain 2 GeV in sensitivity one could
either:
- increase luminosity by factor 4-5
- increase beam energy by ~1GeV

The latter is the only feasible option...
so, the idea is to achieve the highest
possible energy with reasonable
luminosity

I.e. sacrifice luminosity to gain in energy
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LEP 2 beyond the design: Beam Energy

The Vs of a circular ete™ collider is limited by:
- magnetic field of the dipole magnets,
- the RF power available to compensate for the synchrotron radiation losses («E%beam)

Nominal accelerating gradient of superconducting RF cavity 6 MV/m — Vs=192 GeV — my~100GeV

A series of upgrades and ingenious ideas allowed LEP to surpass the design capabilities:

- Upgraded cryogenic facilities, allowing the cavities to operate up to 7.5 MV/m, with improved stability
of the cryogenic system — Vs=204 GeV — mu~112GeV

- Reduce klystron safety margin: Average time between klystron trips ~1h. To maintain stable beams,
operate with margin 22 klystrons. However, with improved stability became possible to run with margin
of 1 klystron, without greatly increasing beam losses — +1.5 GeV in Vs and ~ +1 GeV in mu

- “Mini-ramp” technique: increase beam energy within a fill, in a short period of time (typically a few
minutes), without increasing the background in the detectors. Allowed LEP to run at the highest energy,
with no RF margin. On top of that a lot of effort to reduce turn-around time once beams where lost —
+1.5 GeV in Vs and ~ +1 GeV in my

- Change beam orbit: Reducing the nominal 350 MHz RF by ~100 Hz resulted in a small shift of the
beam orbit — the beams were exposed to the dipole component of the focusing quadrupoles. The
smaller frequency also allowed shorter bunches and therefore increased the available RF margin —
+1.4 GeV in \s and ~ +0.6 GeV in m

- Unused orbit correctors were powered in series to act as dipoles, increasing the effective bending
length — +0.4 GeV in Vs and ~ +0.25 GeV in mx

- Reinstalled 8 LEP1 Cu RF cavities (+30MV in RF gradient) — +0.4 GeV in Vs and ~ +0.25 GeV in my

Overall, ~15.7-17.2 GeV increase in beam energy, with ~stable run at Vs~207 GeV and ultimately up to
209.2 GeV
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' Beam Energy increases in LEP

@ Energy Loss per Turn « E4/ O (Synchrotron Radiation)

P. Janot

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

Year Vs (6eV) | # Cu Cavities | # SC Cavities | RF (MV)
» Increase —N
RF Voltage: — /] 1989-95 m; 128 None 180
(130 MV for 1996 161 128 144 1600
E =456 GeV: 172 176 2000
1997 183 52 240 2500
>3 GV for
E = 100 GeV,; 1998 189 52 272 2850
— Go for SC 192 3000
. 1
RF Cavities) 1999 96 48 288 !
T 200 !
ncrease
Bending Radius! 2oz 3950
205
» Or increase both. 2000 | 56 288 3650
209.2
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~ LEP Improvements in 1999/2000

1) Increase RF Gradient & Upgrade Cryogenics

30

+ 272 Nb/Cu cavities in 1998; ——— 200 GeV: _
2850 MV available, 189 GeV 5 | MeanN/Cu | | 70mvim 2 Ge
0 6.0 MV/m ~— 7.5 MV/m
+ 288 Nb/Cu cavities in 1999, L] In
3000 MV available, 192 GeV é
5 15 A\(Q
» Condition all cavities, damp the 8 Q)g\
oscillations, install part of LHC E ) o
cryogenics, improve the phasing.. 2 50
3500 MV available (end 1999) o)
3650 MV available (2000) > |
0- 1iil LM
E: 192 — 200 — 204 GeV: 'D‘is.'rr"ibu’r‘ior.\s.of all Nb/Cu cav‘i’r)./ g.;r'c‘ldiet;\‘r‘(/\‘/\\/./m)‘ |

m,: 100 — 108 — 112 GeV/c?
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It was concluded at the Xth Chamonix Workshop (35) that the best scheme was to operate LEP with
one klystron margin for about one hour and then mini-ramp to no margin until the first klystron tripped.

P. Janot
° ]
Improvements in 1999/2000 (Cont'd)
2) Improve STGb”iTy & 30 sensitivity optimization with O or 1 miniramp
Decrease security margin & 115
>
i 1
* Two- to one-klystron margin & _. as :f;:gm:c 2
(Fill duration 2h30 — 1h30): 42: e l l 0 Klystron
E: 204 — 2055 GeV,; :)% 113
mg 112 — 113 GeV/c2 &
€

) . ) ]..].2
* Mini-ramp to no margin at all

(Fill duration 15 minutes!)
111

« Turnaround time reduced to 45 mins:

E: 2055 — 207 GeV; 160 101 102 103 1[;4
m,: 113 — 114 GeV/c2 Starting Energy (GeV)
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LEP 2: Evolution of sensitivity with time

Largest my, for a 3¢ observation (Ger’cz)

Higgs 30 sensitivity vs time
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LEP 2 : The final result

Integrated luminosities of the data samples of the four experiments
and their sum (LEP). The subsets taken at energies exceeding
206 GeV and 208 GeV are listed separately

Integrated luminosities in pb_1

ALEPH DELPHI L3 OPAL LEP  __ 50 N
J5 >189GeV 629 608 627 596 2461 &

\
J5 >206GeV 130 138 139 129 336 540 LEP
J5 >208GeV 7.5 38 83 79 05 X

1

Expected (median) and observed 95% confidence level lower
bounds on the Standard Model Higgs boson mass, for all LEP data
combined and for various subsets of the data. The numbers for the
four-jet and all but the four-jet final states are obtained with the data 10
of the four experiments combined.

Expected limit Observed limit 0 - .

(GeV/c?) (GeV/c?) - :

-10 j -

LEP 115.3 1144 : Observed -

ALEPH 113.5 111.5 20 | T Expected for background B

DELPHI 1133 1143 i o Expected for signal ~p1us background B

L3 1 12.4 1 12.0 _30 : \ ‘ [ ‘ [ ‘ I ‘ L'l.,\ \ ‘ [ ‘ [ ‘ [ | :
OPAL 112.7 112.8 106 108 110 112 114 116 118 120

Four-jet channel 114.5 113.3 2
All but four-jet 1142 1142 m.(GeV/c")
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LEP 2 : The final result per experiment
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The individual LEP experiment publications

After the end of data taking at LEP (November 2000), each
collaboration published one paper in Physics Letters B:

« ALEPH: ‘Observation of an excess in the search for the SM
Higgs boson at ALEPH’. Phys.Lett. B 495, 1 (2000), link

Abstract: An excess of 30 beyond the background expectation
is found, consistent with the production of the Higgs boson with
a mass near 114GeV/c2. Much of this excess is seen in the four-
jet analyses, where three high purity events are selected. (link)

 DELPHI: ‘Search for the SM Higgs boson at LEP in the year
2000’. Phys. Lett. B 499, 23 (2001), link

Abstract: No evidence for a Higgs signal is observed in the
kinematically accessible mass range, and a 95% CL lower mass
limit of 114.3 GeV/c? is set (link)

® L3: ‘SM Higgs boson with the L3 experiment at LEP’. Phys. Lett.
B 517, 319 (2001), link.

Abstract: A lower limit on the mass of the standard model Higgs boson
of 112.0 GeV is set at the 95% confidence level. The most significant
high mass candidate is a Hvv event. It has a reconstructed Higgs mass
of 115 GeV and it was recorded at \'s = 206.4 GeV. (link).

® OPAL: ‘Search for the SM Higgs boson in e+e- collisions at
\s=192-209 GeV’. Phys. Lett. B 499, 38 (2001), link.

Abstract: A lower bound of 109.7 GeV is obtained on the Higgs boson
mass at the 95% confidence level. At higher masses, the data are
consistent with both the background and the signal-plus-background
hypotheses (link).
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LEP 2 : The candidate events

Properties of the candidates with the largest contribution to —21In Q at my = 115 GeV/ ¢2. For each candidate, the experiment, the centre-of-
mass energy, the final-state topology, the reconstructed Higgs boson mass and the weight at myg = 115 GeV/ ¢? are listed. The applied selection,
In(1+s/b) >0.18 (i.e.,s/b >0.2) at myg =115 GeV/ 2, retains 17 candidates while the expected numbers of signal and background events
are 8.4 and 15.8, respectively

Experiment Vs (GeV) Final state topology miy (GeV/ c2) In(1 + s/b)
at 115 GeV/c?
1 ALEPH 206.6 Four-jet 114.1 1.76
2 ALEPH 206.6 Four-jet 114.4 1.44
3 ALEPH 206.4 Four-jet 109.9 0.59
4 L3 206.4 Missing energy 115.0 0.53
5 ALEPH 205.1 Leptonic 117.3 0.49
6 ALEPH 208.0 Tau 115.2 0.45
7 OPAL 206 .4 Four-jet 111.2 0.43
8 ALEPH 206 .4 Four-jet 114.4 0.41
9 L3 206 .4 Four-jet 108.3 0.30
10 DELPHI 206.6 Four-jet 110.7 0.28
11 ALEPH 207 .4 Four-jet 102.8 0.27
12 DELPHI 206.6 Four-jet 97.4 0.23
13 OPAL 201.5 Missing energy 108.2 0.22
14 L3 206 .4 Missing energy 110.1 0.21
15 ALEPH 206.5 Four-jet 114.2 0.19
16 DELPHI 206.6 Four-jet 108.2 0.19
17 L3 206.6 Four-jet 109.6 0.18
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LEP 2 The candidate events
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LEP 2 : my distributions
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LEP 2: Final Limit
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LEP operation ended at 8AM Nov 2, 2000
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