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O Overview of LEP-2 Physics
U Two fermions final state

O e*e > W*W-cross-section
Q triple gauge boson coupling

O W mass measurement

O W branching ratios

O ZZ production cross-section
O LEP global fit
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LEP-2 Summar

The whole statistics collected by the 4 LEP experiments since year
1996 to year 2000:

%150
E Event yield / exp.:

100 |
3 WW ~ 10000 (osa ~ 17 pb)
£ sof ZZ ~ 500 (osn ~1pb)
Q L
£ ol

Total integrated luminosity: [ £dt ~ 700 pb™!/ exp. at center-of-mass
energies in /s = 161 — 209 GeV
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Cross-section as a function of Vs

Cross-section (pb)
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LEP collected 4.5 million Z,
12 thousand WW per experiment
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A closer look at the diagrams

U two fermion final state.
= . . U Z pair (4 fermion finale state).

/ = U W pair (4 fermion finale state).
2 a/w
% "
U Two y final state (pure QED process):

U Higgs boson production
(4 fermion finale state).

-

a

J)

These are just the lowest order diagrams.
In the MCs are taken into account also
the higher order contributions.
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Cross-sections
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Cross-sections versus center of mass energ
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This plot is a summary of the results. Notice:
* LEP1 was dominated by the Z pole;
* on the contrary, LEP2 is "democratic";
* many final states :
> "2 photons", e.g. e*e” — e*e™ qQ;
» "2 fermions", e.g. ete” - Z*/ v* — qq;
» "4 fermions", e.g. e'e” > W*W~ — qq qq;
> ete” oYY ;

> Higgs searches (special case of 4
fermions).

2 photon physics gave an important (not really
wanted) contribution to Lep-2 trigger rate.




Two fermions final state




Radiative return to the Z resonance

U With the emission of a photon from the initial
legs, the effective center of mass energy Vs”
goes toward the Z peak (where the cross-section
is higher). Z

U The ISR photons are either detected as isolated
energy depositions in the calorimeters
compatible with an electromagnetic shower or
as missing momentum pointing along the beam % f
directions.

2Esr
P o= 31—
Vs 7

U Eisg is the photon energy, either measured or
inferred from the invariant mass of the fermion
final state.
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OPAL 189 - 209 GeV

U For events under the Z pole is valid the

2 T T A R
following relationship: s (a) hadrons g 5 (p'w
= 10 = l()'_r | :
f
=~ f e 10°F
s f
10 .
U They can be used a cross-check of the beam - E 4 MC without
energy measurement Tl ‘ ISR
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U Only events above the cuts are used in the two fermione analysis



Fermion pair production cross-section and A

Q Cross sections and FB asymmetries at high energy
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Ameas_ ASM

Forward-Backward Asymmetry

O Good agreement, as
usual, between data
and SM.

O No hint of any new physics,
like for instance a new
neutral boson Z' with a
mass higher than the Z.

U These data were also used
to set new limits on the
couplings of pointlike
interactions (like the Fermi
weak interaction model).

1 preliminary
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QCD at LEP

L L B B
= Important tests of QCD 0.18 i __
performed at LEP, e.g. l
3 & JADE b
= gluon self coupling I
0.16 \? B LEP (preliminary) -
— SU(3)c RS |
= Measurement of the strong %” L
0.14
coupling constant a(m;)
from hadronic event shapes
a(m;) = 0.1202 + 0.0050 o2
= Running of o established I
between 40 — 208 GeV 041 -
- — QCDNNLO .
| fomterror YNy = 9.8/ 16 -
0.08 _lllllllll“ln(lnll—TlllellTTrllll|llllllllllllIlllll_

25 50 75 100 125 150 175 200
Ecy [GeVl
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Let’'s open a parenthesis

(it is not part of the exam program)
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( i e events studied using two variables:
> Vs=m_(e*e);
o+ > W =m(y*y*) = m(hadrons);
had- e both prediction and detection require a
rons .
: cut (W, here W_, =5 GeV) on W, i.e.
- definec =oc (W>W_,):
> O ~ Iog(\/s) for fixed W, (~ constant);
\ J » do /dW ~eW [very steep].
It is similar to the q h i hysics™
soft physics in the Introduce the process: "2 y physics™ Why study "2 y physics" ? Two main goals:
hadron collider e it is so called because the initial state of 1. intrinsic interest:
the hard collision is given by two ¥'s; « any process deserves a study;
* the two e* of the initial state retain much + rich "factory” of hadron resonances;
of the energy, and in most cases escape - other low-energy processes;
undetected in the beam chamber; 2. o islarge:
° Classify events in "untagged"’ "Single tag" « LEPI1: SUbththme hlgh precision meas.,
and "double tag", depending on whether « LEP2: other processes typically tiny c's —
0, 1, 2 and e* are detected; mainly in the antimportantsboskyreving, Sespedialivill

large E required (this is why the

luminosity monitor discussion is here).
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Let's close the parenthesis
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W*W:- Physics:
production cross section




ete’ > W*W:-: event selection
In Standard Model: W*¢r and W*qq | W W  Events in OPAL I

couplings are equal.

TIMES

3
Ve Vi Vil u ¢

e “ ,.C d, S,

9 different final states  om o
EXPECT (assuming 3 COLOURS)

* Br(W* — q@) =2 (¢,)
* Br(W= — v)=3 (3/) o

QCD corrections ~ (1 + «,/7) > WHW- = evpur WHW— — gigev
B(W* — qq) =0.675

leptonic channel
WW= vl 10.5% (0.325)? B,
@ o G5 A\ i&?’ %’
semi-leptonic channel ' 13?@ %/ Yl N4
WW-—qqlv @ 43.9 % 2x(0.325%0.675) 1 ~ : s "
i &@]O " Q@Q »Q T J
hadronic channel = o
- WW-—qqqq % 45.6 %  (0.675)?
WHtW~= =5 qqqqg W TW~ — qqqq
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ete- > W*W:: event selection

W decays to 68% qq, 32% /v , so WW events are: WHW~™ — lvly W™W™ — qqev

® 46% qQqqq - typically 4 jets
effic/purity ~ 90%/80%

e 44% qqlv - 2 jets, one charged lepton, missing p
effic/purity ~ 80%/90%

e 10% {v{fr — two charged leptons, missing p
effic/purity ~ 60-80%/90%
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ete" 2 W*W:': selection of qqqq events

0 Large multiplicity DELPHI-preliminary

0 No missing momentum ‘ Qd’t ‘ T
T 200 GeV

O Multidimensional techniques used to enhance qqqq
| 4-fermion background
Bl 2-fermion background &

separation w.r.t. gqqg background.

number of events

g
e q
Zly e

With two gluons emissions
we could have 4 jets in the

a final state
+ q
e g %‘

O Main systematic error sources:
> Detector effects

» Hadronization models
(correlated among experiments)

1 —0.8-0.6 ). 2 0 1.2 0.4 N |
+ o 5500 events / (‘,XI)Ol‘il'I'l(‘.I'lt feed forward network Output
+ Eff. ~90 %, purity ~ 85 %

4-fermion background: e.qg. ZZ final state
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¥* Two jets + high energy lepton : (qg#v)

ete" 2 W*W:-: selection of qqlv and Ivlv events

ALEPH preliminary

Two high energy leptons

¥* Large missing momentum

4+ Main systematics sources:

- lepton identification
- background subtraction

+ ~ 3500 qqfv events / exp.
~ 1000 évlv events / exp.

+ Eff. ~60—85 %, purity > 90 %

Claudio Luci
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ete- > W*W-: cross-section in the SM

Q The process ete™ - W W~ - ffff dominates the 60

i ] ] )
four fermion sample; — LEP 2 ! ' “VV i 7
O At the lowest order we have three Feynman diagrams; , , : | : ]
U The overall (finite) cross-section results from delicate 40 pr=-=g=mronnmnms T R A pRSAnSAaTSs e
cancellations among the 6 terms t-channel dominates - : ; ! 1
( 3 |module|? + 3 interferences) near the threshold | tot = 2 all i 'ZZ
. 20 f--- DN ot S o cis
'E L i 1 1 \ yy 1 o
2 3 ' ’ g
SM vertices - r : ! yZ |
= W '; 0 — T % ..: .
+ 1 ' -
- ffZ = : !
et w - fy T : I
* ' R o o et et o T et s it
Z = YWW +$ ! ]
X ] ZWW \6 E :V,Y i
W- | :
: s vZ -
et : W Of course, we don’t have negative : : .
p probabilities. This is just to show : : 4
the contribution of these interference i P—
€ W terms to the amplitude 220 240
- E s [GeV]
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ete > W*W-: do/d cosO versus +/s

LEP (ADLO)
o 10 T - a 10 - .
L ] Vs=1827GeV L 1 Vs=189.1GeV
TR W—ev/uv {1 =8¢ W—ev/uv
D ] ] D 3
8 6] t Data ] 3 64 H
8 1 — YFswwi j g I
T 4 RacoonWW A B T 44 = 4
o : VT | 1 © : -
it A = 24 =
ZT,_,_—.—"M_U (W
04 — 0- - T
b . cosew1- & . cosew1-
2 10— . o 10 :
L ] Vs=1984 GeV £ ] Vs=2059GeVv
'z 87 W—ev/uv 'z 87 W—ev/uv 1
% g4 T
g 61 g 61
O ) O p
T 4 D 4
© 1 O b
S B T 2 o
O ZJF' T Y O ; nhabd T
-1 0 -1 0
cosb,, cosb,,-
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do/dcos 0, (Vs) is forward-
peaked (0=0, cos 0,,=1),
because of dominance of t-
channel v-exchange.

* data + SM MC ("best");

* W charge known if at
least one lepton decay;
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ete > W*W-: cross-section versus /s

a 204! ' ' ' A Measured o™ / YFSWW
o LEP  PRELIMINARY PRELIMINARY
YFSWW and RacoonWW . TR
b§ | 183 GeV _._ 1.026 + 0.024
189 GeV _._ 0.982 = 0.014
192 GeV __._ 1.010 = 0.030
10 1 / N - -_— 196 GeV _._ 1.031 = 0.020
/ o + |t 200 GeV _._ 0.992 = 0.019
/ i - 202 GeV i 1.006 = 0.026
{ 101 1 1 205 GeV o) 0.979 = 0.019
/ ' 207 GeV + 1.009 = 0.016
0 : ' S —— LEP combined + 0.997 = 0.011
160 180 200 P
Vs (GeV) (R T
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U At LEP2 it has been verified the existence of the coupling with 3 gauge bosons predicted by the Standard Model.

30

16/07/2002

—_ | ' | v
2 LEP ¢ v
é | PRELIMINARY v
©
_ |Only v, ) w
" :
. .
E" kakeihie W
Ve 7"
: o i
e s 7
YFSWW/RacoonWW e’ w
y ....no ZWW vertex (Gentle) .
,,4 ....only v, exchange (Gentle)
Plus the other 2 graphs
0 I Y I = I
160 180 200
Vs (GeV)

e The cross-section measurement of the W production as a function of Vs shows that the data are correctly described only if we consider
also the vertex ZWW predicted the SM.
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W properties:

:i'ﬁ'f;ig“" d t h an d B - R s




ete > WW-

clete’ — W*W-) vs Vs
Born term, no Ny, no ISR

kinematic threshold to
produce ww pair is: \/s = 2m,,

Nw lower the production
threshold and lower the
cross-section

o(e*e > W*W-) [pb]

ISR lower the cross-
section because it
changes the effective
center of mass energy

RED line: both effects are included

Claudio Luci — Collider Particle Physics — Chapter 8

— Born, I',,=2.1GeV;
— [SR, I'y=0;

[CERN 96-01, pag. 109]

— ISR, T, =2.1GeV.
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Methods to measure the W mass at Lep

U There were two main methods for measuring M,, at LEP2:

1. The first method is based on the fact that W*W-production cross-section at center of mass energies

\s =~ 2M, is particularly sensitive to My,

> In this threshold region, assuming Standard Model couplings, by measuring the W*W- production cross section, on can measure My,.

> The four LEP experiments collected a data set of about 10 pb-! each at /s = 161 GeV, resulting in a combined measurement of
My =80.40 £ 0.22 GeV

> This is the best method to measure M,, and it will be the one used at future e*e" colliders, if any, to measure M,,.

At center of mass energies above the threshold, the second method uses the reconstructed shape of the

mass distribution to extract M,,. Since most of the LEP data is at the higher center of mass energies,
this was the dominant method to extract M,, from LEP:

> The method consist to have a reconstructed invariant mass spectrum from data and to compare it with the equivalent spectrum obtained
with simulated data;

> Since the MC spectrum depends on the W mass value used in the simulation, one can have several MC samples with different M,, values
and choose the value that best fit the data using a likelihood method to determine My,.

» The My, value obtained is My, = 80.376 + 0.033 GeV ;

> This value has a much smaller error that the one at threshold, but it is obtained with a luminosity of about 700 pb-! per experiment;
> The same procedure (several MC samples with different M) is also used at the hadron colliders (Tevatron and LHC) to determine My,

Claudio Luci — Collider Particle Physics — Chapter 8
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W mass at threshold

U WW production cross-section is very sensitive to the W mass near the threshold.
O In 1996, each of the four LEP experiments collected about 10 pb~! of data at 161 GeV

Vs =161.33 = 0.05 GeV

o ~ 7
e ATz mm ) l LA N B L A | T T Trr—r l LB B S | D
Cross-section as 2 C
16 a function of \/s " S 6 EE
” and My, s f vEage Cross-section
Ao ¥ measurement
12 w [ /
» L
S 4F >
=10 o [
- L C
& 3 g3 - _|Theoretical curve
6 = 2 . +— | |cross-section as a
r function of Myy; it
4 C depends on the
—— M,,=79.83 GeV 1F
2 / M, =80.33 GeV : value of v's
- L\l\\'=80'83(;ev 07:,..1....11 PR S Y RPN ISR S SRS
Y50 155 160 165 170 175 180 185 9 795 80 805 81 815 82
Vs / GeV m,, (GeV)
UA2, Phys.Lett.8276:354-364,1992 MW — (80 40+ 0.20 + 0.03 (ELEP) GeV
My=80.35+£0.331£0.17 GeV
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W mass: direct reconstruction method

U This method extract M,y by doing a reconstruction of the invariant mass of the W decay products.

U This method proceeds in three steps:
1. selection of W W = fff’f’ events;

2. reconstruction of invariant masses for each event;
3. extraction of Myy (and ) from the comparison of the accumulated mass distributions between data and MC

U Only the three qq’Iv. and the qq qq channels are used by all experiments; Ivlv events are comparatively rare and
contain little information.

U Background contamination is kept below 15% for the qq' qq” channel and at a few % level for the other channels.

U The quark pairs from the hadronically decaying W’s in each event are recognised as two ‘jets’ of hadrons by
clustering algorithms.
> It is not possible to unambiguously identify the charge of quark pairs from their corresponding jets. This gives rise, in the
qq qq channel, to an ambiguity in the pairing of the four reconstructed jets. The most likely combination evaluated from
the event topology is correct in ~90% of cases.

U For the direct reconstruction of the W mass from its decay products the precise knowledge of the e*e- collision
energy is very beneficial.

» Using a kinematic fit to force the events to fulfil energy and momentum conservation leads to a significant improvement in
the resolution of the W mass.
U The four LEP experiments employ different techniques to extract M, and I, but basically they all rely on fitting

using maximum likelihood methods, comparing data to fully simulated events.
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W Mass: kinematic fit

1. The invariant mass of the two W bosons is kinematically reconstructed from
the measured energy and direction of jets and leptons in an event.

2. Experimentally, the jet energy measurement has a large uncertainty 2250
associated (8-10%) which translates in a poor mass resolution. In contrast, 2000
the jet direction is measured to higher accuracy. ;

1750 - generated

3. The Lep beam energy is also a very precisely measured quantity.

4. These information can be used to better estimate the kinematics of jets and 1500 -
leptons by imposing the constraints of energy and momentum conservation r
and performing a constrained kinematic fit (4C fit). 1230 ¢
5. These fits significantly improve the mass resolution (by a factor 2 to 3). 1000 - f
6. Small additional gains can be made by imposing an additional constraint 750 _ fitted
that the masses of the two W bosons are equal in each event (5C fit).
7. For semileptonic events, the effective number of constraints are reduced to 500 -
2C (1C) for a 5C (4C) fit due to the three missing degree of freedom 250 F recons.

corresponding to the unmeasured neutrino momentum.

8. For the tau events, most of the mass information is given by the hadronically 40 50 sh 70 Bb “90 100 110
decaying W. A frequent assumption in constructing kinematic fits of these W mass (GeV/c**2)
events is that the tau direction coincides with the observed decay products,
while tau energy is unkown (due to the tau neutrino), further removing a
constraint.
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W Mass kinematic fit : example of the method

e Reconstruct final state W masses

o 5000
o 1 2C Kinematic Fit
We could use 5 > g
jets (gluon) o |:4000 - — Hadronic Mass
force them to be 4 9
7]
23000
X
w
e For qGfv events, v not detected, but inferred from rest of event. 2000
e For qqqq events, must assign 2 (or 3) jets to each W.
1000 |
 For each of the four fermions in the final state we have: E¢; 0; ¢f
- For a jet we conserve the velocity §; = |P;|/E; during the fit 0 ‘ i
because the jet direction is a well measured quantity. -30 -20 -10 0 10 20 30
* In the kinematic fit we change Ef; 6; ¢, imposing that: qqlv Mgee-My,, (GeV)
N
Z (E;,pi) = (\/E, 0) ~ (N=4orb) +  After the kinematic fit and jet pairing, the invariant mass
i—1 may be formed:
* The additional constraint of equal W boson masses may also be ¥ 2 i 2
applied in the kinematic fit to improve further the invariant mass o ' _ ) n=2or3
resolution. My = z; B, ;p" ( )
1=  —d
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U Effect of the kinematic fit to the invariant mass distributions.

W Mass: application of the method

e'e” > W'W™~ — qgev

ete" > W"W~ — qquv

200 150
a) qqev L3 b) qquv L3
o Datam,, 1 o Datam,,
o Datam, 1 e Datam,
1507 ..w-- mcm, B | A
= — M.C.my > 100 — M.C.my
[0} o 1
O O
~ ~
® 100 §2]
c c
o (%
> >
L i}

Mass [GeV]

efe" > W'W~ — qqqq

150

100

d) qqqq .3

> Datam,,
o Datam,
...... M C ”‘"
— M. C.m

50 60 70 80 90 100 110

Mass [GeV]

The same kinematic fit is applied to data and MC distributions
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U The fitting procedure uses the maximum likelihood method to extract values and errors of the W-boson

W Mass: more event distributions

mass M and the total width TI'; either M,, alone or both quantities fitted simultaneously.

0 Relationship between My, and T, in the SM: T'w = 3Gr M3, /(2v/27)(1 + 2as/(37))

300

250

Events / 2 GeV/c?

200

150

100

50

0
50 55 60 65 70 75 80 8 90 95 100

350

DELPHI preliminary qqqq

L L L R R R R

e data 192-202 GeV

WW (m,, = 80.35)

N =
W a0

B L R

*

[T T T

W mass (GeV/cz)

Number of Events / 1 GeV

preliminary

e —————
® 1999 Data qgev
60 - [CIM.C. reweighted

M.C. background

MW =80.28
40 +0.19 GeV

20+ *

T

5

(@) |

60 70 80
m, , [GeV]

90

100

Number of Events / 1 GeV

preliminary

—_—
® 1999 Data qqrv
[CIM.C. reweighted

[LAM.C

background

40 -

M,, = 80.76
+0.33 GeV

20

L3

(c)

m, ., [GeV]

In order to do not really simulate MC events for each W mass, it is used the same MC sample and the events are
‘reweighted” according to the cross-section of a given W mass.
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W Mass: fitting method

WW — qgev WW — qq puv
0 ry is denoted as W for short in the following formula; DELPHI
~ 80 - et 1 u_‘,
U The total likelihood is the product of the normalised differential % 5 ALEPH Preliminary V=issoev | 3
o evqq selection i :,;
cross section, L(m;,,, W), evaluated for all data events. R £ T i B0 g '®
b= i MC (g, = 8035 GeVic™) 2 7
§ B Non-WW background §
U For a given four-fermion final state i we have: @ % B
40 2
40
1 do;(miny, ¥ doBC(m * £
Li(minv7 \If) _ - fz(‘I’) z( invs ) ¥ i ( mv) 0 N
fz(‘Ij)o-z(\Il) + Gi dminv dminv ;0
10 |
[ o;and oy are the accepted signal and background cross sections and f; (V) is a O e 5 %50 55 6 65 70 75 80 8 %0 05 10
factor calculated such that the sum of accepted background and reweighted My (GevIc) W mass (Gevie)
accepted signal cross section coincides with the measured cross section.] WW — qgrv WW — qdqd
. o . limi
U This way mass and width are determined from the shape of the I —— e
. . . . . ® Data qqrv L3 OPAL Preliminary, Vs=189 GeV
invariant mass distribution only. CIM.C. reweighted { L Sl e R
> FIMC. backaround ©1 &
. . . 40 [_f‘*“‘ DabRgrouna n Z160 MC V+
O The total accepted signal cross section for a given set of parameters & 1 ) wwogaa e temwaovi
Wy, is then: = 1 #
£ 30 - - |
oz 5 My, = 80.19 + 0.35 GeV 1 ‘
i » > 100
oi(qlﬁt) &R : Z R; (.7: e, \Pgen) 3 i g
i . o 20 1 0 h
J 3 )
(U 08" denotes the cross section corresponding to the total MC sample E i | -
o« o zZ
containing N;#" events. J goes to all selected events. N ,
. . . . . . + |
R; is a weighting factor taking into account different W respect to 0 o . o Mﬁ ]
the one used in the generator. w oM R 9 Wil
m... [GeV]
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W Mass in semileptonic and hadronic channels

LEP W-Boson Mass LEP W-Boson Mass
ALEPH —o— 80.429 = 0.060 ALEPH —— 80.475 + 0.080
DELPHI —e— 80.339 = 0.075 DELPHI —*Im 80.311+ 0.137
L3 =l 80.212 + 0.071 L3 —e— 80.325 + 0.080
OPAL =—o— 80.449 =+ 0.063 OPAL —e— 80.353 + 0.083
LEP - 80.372 + 0.036 LEP —— 80.387 = 0.059
correl. with 4q = 0.20 correl. with non-4q = 0.20

l | 1 1

S I |
80.0 80.2 80.4

T N boe ¢ g 0l 5 g fie g og o5

[ | | W Lo
80.6 80.8 81.0 80.0 80.2 801.4 801.6 80.8 81.0
M,,(non-4q) [GeV] M,,(4q) [GeV]

W*W~ - qgfv has a smaller error than W*W ™~ - qgqq (see later ...)

Claudio Luci — Collider Particle Physics — Chapter 8 36



W Mass and Total Width: Results

Summer 2006 - LEP Preliminary

Summer 2006 - LEP Preliminary

ALEPH [final] —— 80.439+0.050
DELPHI [final] —=t 80.333+0.063
L3 [final] —- 80.263+0.058
OPAL [final] - 80.415+0.052
LEP - 80.376+0.033

xldof =49/ 41

LEP EWWG
l '} '} '} 4:_1 l I
80.0 81.0
M, [GeV]

Claudio Luci — Collider Particle Physics — Chapter 8

ALEPH [final] — 2.14+0.11

DELPHI [final] —8—2.3940.17

L3 [final] —— 2244015

OPAL [final) — 2.00+0.14

LEP —— 2.196+0.083
x’ldof = 37/ 33

LEP EWWG

I 1 1 1 1 I 1 .I 1 1 I
15 2.0 2.5
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W Mass systematics

+ W+W- decay vertices separation typically 0.1fm

Laigest 6o eV  Typical hadronisation scale 1fm
qq/v qqqq Combined //<n %

Hadronisation 19 18 18 R

LEP Beam Energy 17 17 17 .5 e K+ K*

Colour Reconnection - 90 9 _‘g /<

Bose-Einstein - 35 3 é T e

Total Systematic 31 101 31 ;‘E

Statistical 32 35 29 f“’o m’
qqqq channel only has 10% weight in average. Why? \

B

QCD effects causing cross-talk between W’s that bias

the reconctructed mass in the qqaq events. Colour Bose-
9999 Reconnection Einstein

(Errors quoted do not refer to the latest results) CR: cross-talk between coloured BEC: between final state hadrons
objects in non-perturbative QCD identical bosons (pions) close in
region phase space
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Comparison with other measurement

W-Boson Mass [GeV]

TEVATRON 80.387 £ 0.016
LEP2 80.376 + 0.033
Average 80.385 £ 0.015
+2/DoF: 0.1 /1
NuTeV A 80.136 = 0.084
LEP1/SLD - 80.362 + 0.032
LEP1/SLD/m, - 80.363 + 0.020
80 802 804 80.6

m,, [GeV]

March 2012

W-Boson Width [GeV]

TEVATRON — 2.046 + 0.049
LEP2 = 2.195 + 0.083
Average 2.085 £ 0.042
¥/DoF: 2.4 / 1
pp indirect A— 2.141 £ 0.057
LEP1/SLD 2.091 +0.003
LEP1/SLD/m, 2.091 + 0.002
| | é | 212 214
Iy [GeV]

LHC (ATLAS) and latest CDF measurements are not included in this table. Wait for the LHC lectures.

Claudio Luci — Collider Particle Physics — Chapter 8
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erties: Branching

W pro

U From the cross-sections of the individual WW decay channels, each experiment determined the values of the
W branching fractions, with and without the assumption of lepton universality.

U In the fit with lepton universality, the branching fraction to hadrons is determined from that to leptons by
constraining the sum to unity.

Lepton Lepton
non-—universality universality
Experiment || B(W — ev,) | B(W — uv,) | B(W — 1v;) | B(W — hadrons)
[%] (%] %] (2]
ALEPH 10.78£0.29 | 10.87+£0.26 | 11.254+0.38 67.13 £ 0.40
DELPHI 10.55+£0.34 | 10.65+£0.27 | 11.46 +:0.43 67.45 + 0.48
L3 10.78 £0.32 | 10.03£0.31 | 11.894+0.45 67.50 &+ 0.52
OPAL 10.71+0.27 | 10.78 +£0.26 | 11.14 +0.31 67.41 +0.44
LEP 10.71+£0.16 | 10.63+0.15 | 11.38+£0.21 67.41 £0.27
x?2/dof 6.3/9 15.4/11

Claudio Luci — Collider Particle Physics — Chapter 8

Summary of W branching fractions derived from W-pair production cross-sections measurements up to 207 GeV center-of-mass energy.
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W properties: Branching

W Leptonic Branching Ratios

W Hadronic Branching Ratio

ALEPH _L 10.78 = 0.29
DELPHI ol 10.55 + 0.34
L3 5 A 10.78 + 0.32
OPAL - 10.71 = 0.27 |
LEP W—sev 10.71 = 0.16 ALEPH - 67.13 = 0.40
ALEPH l 10.87 = 0.26 ?
DELPHI - 10.65 = 0.27 DELPHI - 6745+ 048
L3 o 10.03 + 0.31 ;
OPAL » i 10.78 = 0.26 L3 A 67.50 = 0.52
LEP W—uv ° 10.63 + 0.15 OPAL A 67.41 = 0.44
ALEPH Ls- 11.25 = 0.38 |
DELPHI Aol 11.46 + 0.43 ;
L3 — 11.89 + 0.45 :
OPAL b 1114 = 0.31 LEP . 67.41 + 0.27
LEP W—tv = 11.38 = 0.21 A/ndf =15.4/11

¥Indf=6.3/9 i
LEP W—lv ® 10.86 = 0.09 RN PSS

¥ndf = 15.4 /11 66 68 70
W a1 e Br(W—hadrons) [%]
Br(W—l) [%]
2B(W — 1v;) / (B(W — ev,) + B(W — uv,)) = 1.066+£0.025 Agreement with the SM at the 2.6 o only
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U From the SM we have:

Gp - M:
I'(W - ev) =L W
6vV2

L) Since we have 3 leptons, and assuming
the universality, the W leptonic width is:

l—‘lept: 3.1,

L The partial width into u-d quark, taking
into account the colour and the CKM
matrix element, is:

TW > ud) =3, [Vyal? (1+%)

as
T
Q) The partial width in hadron is:
ag 2
l—‘hadr: 3.1, (1 + 7) Z i=u,c |Vij|

=dsb
U The total width is:

Tw= l—‘lept + Thaar

Claudio Luci — Collider Particle Physics — Chapter 8

Iy
B(W - lv) = —
Ty
1 We do some cooking:
1 _ F_W _ l—‘leptf'|' 1—‘hadr
B(W -1l I, I,

U It can be written as:
a 2
31,431, (14 55) 8 imue Vil
1 _Tw J=ds,b
B(W = lv) T, I,

O simplifying I we have

1 . O'S(I\I%\‘) ro2
BW — (7,) 3{1+[1+ T 2. Vil

t = (u,e),
i = (d.s,b)

We found a relationship between the lepton Branching Ratio and the
CKM matrix elements.
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V-~ Measurement
B(W 1—+ w,) 3{1 + ll + 7(15(17\:%\.)] Z |Vu|2}

i=(u,c),
i=(d,s,b)

Q taking: s(Mgy) = 0.119 + 0.002
O and using the experimental sum: [Vua|? + [Vus|* + [Vub|® + [Vea|® + [Ve|* = 1.0544 £ 0.0051

[ we can use the measured value of the Branching Ratio to extract |V | which is the least well determined of these
matrix elements:

V| = 0.969 + 0.013.

U The error includes a contribution of 0.0006 from the uncertainty on a, and a 0.003 contribution from the
uncertainties on the other CKM matrix elements, the largest of which is that on |V 4].

[ These uncertainties are negligible in the error of this determination of |V |, which is dominated by the
experimental error of 0.013 arising from the measurement of the W branching fractions
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Selection are made difficult by the low signal cross section compared to
the dominant (almost irreducible) WW background

Refined multi-dim techniques are used to enhance the separation power
The bbqq selection is an useful benchmark for Higgs searches

DELPHI - preliminary Vs 2> 205 GeV
® — - >
| § L (55T ﬁ ‘l’)vl;\',rA % 16;—L3prelimlnary iz;—é%c:
Several topologies ;g 10° — g 14 B Back. MC

5 o 12f
Channel N. Rate - - £ i |
e 6 1% * =" [
(tevv (3) 4% f
ggttt-  (6)° 14% 10
qquu (2)* 28%
q9qqq (2)* 49% 1

0 01 02 03 04 05 0.6 07 0.8 0.9 1 0 e
* Light quarks are usually Probability (ZZ— 4 quarks) o e 0 8:';“:9[069‘25 100 108 10

distinguished from b’s
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18/07/2002 Measured o%% / YFSZZ

— T | ! | $ |
= | LEP PRELIMINARY _ | PRELIMINARY
=i ZZTO and YFSZZ f
DN 183 GeV - 0.855 = 0.325
189 GeV _8 1.004 +0.111
192GeV o o & 0.789 + 0.224
196 GeV ._._ 1.108 + 0.134
200 GeV . 0.916 + 0.126
202 GeV = i 0.829 +0.174
205 GeV —— 0.961 £ 0.125
207 GeV —.- 0.964 = 0.094
0 ———— LEP combined i 0.962 = 0.055
180 190 200 ' ¥/ndf=0.57

R e e

Vs (GeV) o8 1

Updated results with improved combination procedure
Main correlated systematics coming from background modeling
Total systematic uncertainty on o,,eqs/0n ~ 0.028
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Mass of the W Boson (preliminary)

Experiment M,, [GeV] O W mass prefer a light Higgs
ALEPH —o— 80.439 + 0.050 August 2009
DELPHI ——E&— 80.404 = 0.074 L
L3 —— | ! 80.270 = 0.055 1 —LEP2 and Tevatron (prel.)
OPAL —4— 80.416 = 0.053 80.54 - LEP1 and SLD
: x? /dof = 40/ 41 68% CL
LEP - o 80.388 = 0.035
: r—
. =
3 ! o
10 :
- : O 8041 | )
: =
: S .
S102 ' ] ' S
T Aa(? = ]
= O.%;758t0.00035 80 - 3
linearly added to
. T
M, =172.5+2.3 GeV
10 . t 150 175 200
80.2 80.4 80.6
M,, [GeV] If we use Gr as SM input value, mt [GeV]
then My can be predicted by the SM




Comparison Measurement — Standard Model

Measurement Fit  10™3_QM"|/gmeas

0 1

2

3

m, [GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4959
opg[Nb]  41.540+£0.037  41.478

R, 20.767 £0.025  20.742
AY 0.01714 £ 0.00095 0.01645
A(P) 0.1465 +0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721 £0.0030  0.1723
AL 0.0992 +0.0016  0.1038
AY° 0.0707 + 0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513 £0.0021  0.1481

sin’0°?(Q,) 0.2324 +0.0012  0.2314
my [GeV] 80.385+0.015  80.377

T, [GeV] 2.085 + 0.042 2.092
m, [GeV] 173.20 £ 0.90 173.26
March 2012 0 1

Claudio Luci — Collider Particle Physics — Chapter 8
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Prediction of the top mass at Leg

propagator
corrections

LI B S JNE 2N AN RELENE SN B

e The top could not be produced at LEP 200 | i

because its mass was too high. However it | .

enters in the virtual loop, thegrefore it has been 1 } I } } : ! (1

possible to set limits on its mass through the _ 1 1

comparison of the theoretical predictions (that > 150+ .

include the top mass) with experimental 8 [ i Tevatron -

measurements. - B SM constraint {

- 68% CL 1

2 4 -

* The LEP prediction are in agreement with 100 .

direct measurement of the top mass done i 1

at the Tevatron (Fermilab) once the top

was discovered in 1994. ; 1/ Direct search lower limit (95% CL)
5 T T .

The radiative corrections are function of m;? 1990 1995 2000 2005

Year
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“

Couplings: sin? 0.°P" from gv/gas

Final
Ay e | 0.23099 + 0.00053
A(SLD)  —a— 0.23098 = 0.00026
A(P) e 0.23159 = 0.00041
- o 0.2324 + 0.0012
Preliminary 0.¢ .
A?b’b —v— 0.23212 + 0.00029 Agg and Aypg prefer light Higgs, Al[?l[’j prefers heavy Higgs
Ay fr 0.23223 + 0.00081
Average iy 0.23150 = 0.00016
10 % %?/d.0f.:10.5/5
| v |
>
Q
©)
e
I s

e 102 B Aay?) = 0.02761 = 0.00036

555 m,= 91.1875 = 0.0021 GeV

& m=174.3 + 5.1 GeV

0.23 I%glt32 0.2'34
2
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U The success obtained at LEP to predict the top mass with an error of 5-6 MeV through the radiative correction can
not be repeated for the Higgs boson mass because the radiative corrections depend on the log of Higgs mass,

therefore the sensitivity is very low:

6 T Ll
Ao = l
9] — 0.023761J_r0.00036 a
--== 0.02749+0.00012 i
4 - *+ incl. low Q° data ~
(\l?.< |

g 37
2 ) =
1 - i
0 | Excluded G ..a‘ﬁreliminary_
20 100 400
m, [GeV]

Claudio Luci — Collider Particle Physics — Chapter 8

Electroweak fits
my < 237 GeV (95% CL)

Theory: self consistency
of SM to GUT scale

= 10'° Gev

130 < my < 190 GeV.
My higher - theory
non-perturbative,

My lower - vacuum
unstable.

... waiting for LHC ...




Tevatron in 2010 and LHC at March 2012

O In March 2012 almost everything was excluded but a little interval around 125 GeV

March 2012
6 sy 2zi0 Ju|y 2010 mLirr:it ‘=‘158 GeV 6 March 20.12 ’ My jmit = 15;2 G?V
5 e Aoty = __ 5 Aagd =
L 1 —0.02758+0.00035 — 0.02750+0.00033
% % e 0.02749+0.00012 1 1 “\Li o 0.02749+0.00010
4 % % eee incl. low Q2 data — 4 - -+ incl. low Q° data
(aV | Al
= 3 — |
=3 E< 3
2 - 2 ]
1 ‘ . 14
: 5, N |LEP LHC
0 EXCI|Ud-ed —— Preliminary 0 excluded A, /- excluded
30 100 300 T
40 100 200
m,, [GeV]
H
Excluded by the Tevatron H [GeV] Only this region was
allowed

(Higgs decaying into two W)
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Higgs Search at LEP

OO




toWand Z

U Electroweak Lagrangian that is invariant for a local gauge transformation:

7 . 2 g 7 g =
L="¥7y" /ay—gI-Wy(x)—?Y-Bu}‘PL+‘PR}/“ {/8#—?Y-BH}TR+L%G(W,B)

U Replacing in the Lagrangian the field ¢ obtained after the spontaneous symmetry breaking

) - 1 (0 Higgs Boson properties
¢ ~ L \vtHX) charge : 0; spin : 0; JF = 0;

U we get the Higgs couplings with the gauge bosons:

H W H z 1 1
my _ V= ~ 246 GeV _
e ——< me e e
W Z
_gv_2m, g’v m; 9uzz 1My 2 1,912 2
2 v 4cos*g, v Irnww w :
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U After the spontaneous symmetry breaking we insert in the Lagrangian the field: |¢@ = ﬁ(

V — _
Uandweget: |[[ = — CAd [eReL + €€,

NA

¢ [ee, +€,e |H

]- |
5 9V
A 3 B

Mass term Higgs coupling with the electron
_ m, | — . . . .
|:> L =-mee- ( = ] eeH N.B. the coupling constant is proportional to the fermion mass
"4
U Higgs decay into fermion pair:
3 ' ' i : > [notice: I’y oc m?);
» coupling with fermions f : f )
S > therefore, H decays mainly in the
TH- ff) = 47“56 mmiB; fermion pair of highest mass
kinematically allowed;
= \/1—4m2 /m>: ¢ = ! [Ieptons]. > therefore, if m,; > 2m, (i.e. > 10 GeV),

e P13 [quarks] mainly H —> bb.
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U The production mechanism depends on the Higgs mass and the center of mass energy.
U At LEP1 (Z resonance) we have:

MR WA VAN |Z propagator real, H real, Z* virtual
[Bjorken process]

R H7 Z* propagator virtual, H and Z real
O At LEP2 we have: ete" > 72* >

[higgs-strahlung] 18 Vs = 200.0 GeV

10.1 E_Higgs-Strathng

U For completeness, at LEP2, we have also other diagrams, E

but their contribution is negligeable (at LHC we have also these three diagrams): 10 = ;
o - WW-Fusion
Higgs-Strahlung WW Fusion i ZZ Fusion b 4
Sl | 10 £

S r ZZ-Fusion

/ §\ -

10 F

10° S O OO, TS (O DUROP, OO TR, (O
50 60 70 80 90 100 110 120 130 140

m, [GeV]
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/: E ! | | |
o C
Z10tE N
: : 3Ff £ 6= Rackons With a luminosity of about 100 pb-'
H|gg_S PR fcros_s- 10 E and reasonable detection efficiency,
sectl?n depends from: 10 2 F— T we are sensitive to a cross section
+ Higgs mass E of O(0.1) pb
* Center of mass ener i
9 10 ¢ Ny =L-0 ~ 10 Higgs
1 [ ¢e—HZ
1 E i
e H - 0.1 pb 3 e . H
z 7 10 E . o, 60 . § z -
f _2 : ......................... ...: ..:' -’) f
+ '!’LL 10 E .......... sremvenee st '._.':._..'. . -Y’L
e Z' a 3 E m, =70 Ge\l - : =3 z ~
f 10 E-I L1 l. r: ' T 4"':.- f
60 80 100 120 140 160 180 200

Vs (GeV)

In order to increase the higgs mass sensitivity, we need to increase the center of mass energy and the integrated luminosity.

At Lep2 we nearly reached the kinematical limit: M'I?ax =s—M 7 (the two particles are always on shell)
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Higegs production cross-section: zoom on Lepl

IlllllllllllllIll\llllllllllllllllllllIIIlf 1,2—1—LIII[IIIIIHIIIIIII |||||ll1||l|l||llll]l—t—

] - 60 GeVH -

3] _ME 70GeVH —

§ ] fl, [ =
T 11 T i i
T 3| T 06 =
o 12 E 3
S <S04 —
) 3 © 1 . =]
q] o2k / =

=] - ..".‘ =]

111111111111111111111111111111111111111tE 0'0%1 l:"'l».....--J-&-l-ijlti'l'llllllllll|l|ll|ll[|lll_

0O 10 20 30 40 50 60 70 80 75 100 125 150 175 200 225 250 275

my, (GeVic?) Vs (GeV)

For Vs ~ m, (real Z) and m, << m,, the  The predictions at Vs >> m, come from a
Bjorken process (e*e” — Z — HZ*) has a  similar process (e*te” — Z* — HZ, virtual
sizeable cross section, but at larger m,, it  Z*), known as "higgs-strahlung"
essentially disappears — go to larger \s. -
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The line thickness
reflects the theoretical
uncertainty

Higgs can decay into gluon

pair (gg), photon pair (yy)
and Zy only through high

order diagrams

Claudio Luci — Collider Particle Physics — Chapter 8

1 :I 1 | \'N'I | | | 1 I—_1i
§ E — =
o e -
-« T zz 18
3 g
- :
o 0
0:10
(4]

w
,_8 2
: -

| L lllllll

1000
M, [GeV]

10° 300 200 300 400 500

The dominant decay channel is H>bb up to My= 120 GeV
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Ratios

“Higgs couples to mass”

—

(_) L L L e e .
5 bb T BR(%) Higgs  Z boson
o 115 GeV
S aq 70
a8 . | bb 74 15
A __{ cc 4 12
s RIS 10
_ Tt v 3
7 99 ** - ~
10-‘__ WW 4 * * B W:f- W:;:
- ZZ 7 ]
L o “’,| o “’,.I g ] ZZ 1
60 70 80 90 100 110 120
m,, [GeV]
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Four jets, 60% Missing energy, 18%
+ = - = _
e Z°’< X H—bb.Z—qq H—bb.Z— v )
LW b b
e 4 X
Z N — W %
""" b b
e B B-fag ﬁ &
bl fS=
q W
* Higgs boson decays into a b quark pair a ¥
: B = B
* According to the Z decays we have b b

different event topologies:

« Z - e‘e ; Wt (small B.R. but very b s ;S % b s ;g %

little background, it was the golden

channel)

* Z - v (good compromise between e /\T
B.R. and background)

* Z->qq (High QCD background)

+ + 2
e oru *
Leptonic, 6% Tau channels, 9%

H—bb.Z— t- H — bb(t*t), Z = t* 1t (q9)
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Displaced verteces to tag B-jets
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Example of Higgs Candidate

I
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* best observable when

Z* — '€ (no bckgd), oo~ =ete ;utu
H —bb (BR=80%,if m;>2m,);
* BR(Z—>H2*¢)~ 10* @ m,= 8 GeV
~ 107 @ m,=70 GeV,;

* LEP1({Vs ¥ m,):e’e > Z - HZ _)(ﬁ )(ﬁ ); * The idea was to estimate the Higgs boson mass through the invariant mass

i.e. the Higgs production is one of the possible of the two lepton final state and look for a peak
Z decays :
— — ' m@*)=m,, Ez*)=E
Ey + Ey” = \/S => Ey = \/S — E#I«l proof ( ) Hp? ( ) !

m? =s+m? —2+/sE_.
E[?[ — (\/S_ _ EI,L#)Z _ ‘ H M up

mé +ph =s— 2v/SE,, + EZ, [ = _ﬁuu]

..e. the meas. of m, does NOT
my =s — 2+/SE,, + EZ, — D2,

|:> mj = s+ m%, — 2¢SE,,

require the meas. of the H decay.

(This is why L3 was designed in that way!)
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Higgs search at Lep1: results

LEP 1, Vs~ m,:

U No peak observed in the my invariant mass;

U So, we needed to set a lower limit for the Higgs mass:

» Add other Z* decay channels in order to increase
the sensitivity (i.e. increase the production
cross-section x B.R. in a given Z* final state)
Z* >ttt u;qq
» my is evaluated from the invariant mass of the higgs
decay product (two b jets)

O In principle, the lower limit is estimated in this way:

1) If we have observed no candidates, we look for the
cross section that, given the integrated luminosity,
would have produced 3 higgs events

(in the Poisson statistic, a mean value of 3 could
fluctuate to O event at 95 C.L.)

NP =3 =o(my) + Lin:
Since the production cross-section (x B.R.) is a funcion
of my, the limit on o translates into a limit on the Hiiggs mass.
O In practice, we have some candidates due to the
background, therefore the lower limit has to take into
account this effect (that leads to a “worse” limit).
In reality, things are more complicated. We will see in
a few slides, talking about higgs search at Lep-2
Once all experiments were sure that they didn’t observe

the higgs boson, they put in “common” their data in order
to have a higher higgs mass lower limit.

Number of events expected

2)
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& 8

30

20

e & OO

~3.7 M [Z— hadrons] / exp in 1989-94;
m,, > 65.2 GeV @ 95% CL

Gidividual expe-\

riments limits

A :63.1 GeV
D:564 °
L {602 "
O 591 ™

N . LEP89-94
s 4 TAllcoimbmpdono'yseu ‘. :
m, > 65.2 GeV/c’
' ot 95% C.L.
J.F.Grivaz, ; .
Bruxelles '95 !
s ‘1| Presence of a |
"7 candidate ‘
A\ | |
ISR . WS (RS SR SR, SR . 1 .
]
- B Cokiz Lamt- -+ i
' i
i i ] i
vogow N grody paiis Lo g gid g P J0f P LOUN 3 Iaruey. ' NPT
5 52 54 56 58 60 62 64 66 68 70

m, (GeV/c")

L

Different lower

limits depends on:

* Presence of a
“‘candidate”

+ Detector
performance

J
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Higgs search at Lep?2

:a t LI I T T 1T T T vs Lo 1] _75 Ue\/l -

&, L s V= 192:CeV

bI : %, W Vvs= 205 GeV |

0.8 |— ) —

06 ]

- J -~ at
04 — =

= * C ]

ete” > /* > HZ : :

02 |— 1

[higgs-strahlung] 5

60 70 80 20 100 110
* LEP 2 : process of "higgs-strahlung"
(= radiative emission of a Higgs K \
boson from a Z*); o,(e’e” »Z* > ZH)=
* i.e. the higgs production is a 4- Gm [ 2 ( )]\/—k+12m /s
fermion final state, mediated by a " 24ns (g") (1 M S)Z’
virtual Z* [like e'e- > W* W~ — 4f |; o
2
* kinematical constraint : [l =(1-m}/s—m}/s) —4mim§/sz;]
\fs=mz*>mz+mH ._/

Claudio Luci — Collider Particle Physics — Chapter 8 68



Claudio Luci

versus Luminosit
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85% C.L. exciusion

An old study by PB
et al in 1995,
before the start of
LEP2.

Notice the shape of
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Conclusion:
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50 60 70 80 90 100| Energy is very very
My (CeV/c?) much better than
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. 300 : [ 300
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Significance for my, = 115 GeV/c” (02-Nov-2000)

Largest my, for a 36 observation (GeV/c™)

110 It means that the background has to
have a 3 sigma (0.3%) fluctuation

to get this point

Current sensifivity

(S0

100

Significance (in number of ©s)
w
\

2.5
Observed
90 Nov 3rd
2 Obscrved
Oct 10th
NJ .
- 1.5
& / - : §
70 43 -
oo A . 95%C.L. sxcluded by LEP, in 1995 A .
0 100 200 300 400 500 600 700 800 0

o
wn

50 75 100 125 150 175 200
Days in 2000
Online determination of the expected significance, in standard deviations, as a function

of time in the year 2000 for my = 115 GeV. The four dots with error bars correspond to
the observation of an excess of events in the 2000 data.

Days at high energy

Evolution of the 30 -sensitivity on myg from 1996 to 2000



Higgs mass spectra

i tight cut
medium cut
Loose cut :
~ 30 'f._‘ '_“-.\4 L
> & = 200-210 GeV > 12 | 5=200-210 GeV % 1k Vs = 200-210 GeV
Y : 2
i - 10 b - -
r s z [
z [+ LEPWos s + LEP medinm = - + LEPtight
€ »l[ E A
= L[] background = 8 I [] vackground 75 - [ background
15 - [ vZ Signat B b7 Signal 4 £ [l vz Signat +
i &L i o
(m =115 GeV) (m, =115 GeV) - (m =115 GeV)
. 3 a >
'“ . L - o W e\
S el 8 [ ez 4
L A 2 '_- bt 0 L2 o
gk AT aAm L W i e
8 2 b [
Lo
o i L
) b
0 ~ oil._.-ﬂ— R B Rerd 55 T S S b 0'
0 20 0w 80 100 120’ 0 2 20 0 % 100 128 . 2 r e T
Reconstructed Mass my, [GeV/eT] Reconstructed Mass my, [GeV/e’| Reconstructed Mass my, [GeV/e’]

O With more stringent cuts we increase the purity of the sample but at the price of a much reduced statistics
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Q To fully take advantage of the topological, kinematical or b-quark content event characteristics
allowing signal to be discriminated from backgrounds, likelihood methods or neural networks were
used to construct a single combined variable x reflecting the ‘signal-ness’ of an event.

U The distributions of this combined variable were used to assess, with large simulated event samples

of signal and background, an my-dependent signal-to-noise ratio s(x)/b(x), and thus a weight
w(x, mg) = 1 + s(x)/b(x), to each candidate event.

_— T T T T T T T T T T T T T T T T ", LS AT T R T T W LY e
= @ OPAL Data IFour-Jet = Missing-Energy

- : ] 4-fermion cut = T 2

< 10° Bl 2-fcrmion =

o -== signal x 100 \l/ S

19 (my =115 GeV) 3

>
10 ©

10

0 02 04 06 0K I 0 0.2 04 0.6 0.8 l
Likelihood Likelithood

ZH-> qgbb ZH> vvbb



candidates

b, expected background Compare likelihoods of “s + b” and “b only”. Likelihood from
)
: : Poisson probability of observing 12; data events in bin.
s;( M) expected signal, function si(My).b;
of “test mass” My a Q(My) Lavs H (8; + b;)ie~(eitb) Iy,
1V H — — o
Count these in bins of event recon- Ly, 117 € b‘/ 1

rec

structed Higgs mass Mj;“ and

global discriminating variable G My —»

| | | | si(My)
—21n (2(‘,\[”_) = 2Siot — 22 n; In <1 + T)

Sum is over all bins, channels (four jet, missing energy...), and

Discriminant takes into account b-tagging, 7-id, kinematic variables
that distinguish signal and background.

Expectations account for luminosity, .., resolution, efficiency... experiments.

Stot = Z Si

i
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Likelihood ratio: -2 In Q versus test mass M

Example plot— what you might hope to see in the data.

Find expected (median) curves and statistical spread S : 3
. L. c 10 e -“ ...............................................
from a set of ficticious MC sample of the same & :
luminosity and E, as the data “gig B
- llbll‘."
Take slices at different test masses - separation of b and s+b 2 3 "Observed"
decreases as mass increases. 2.5 o """"""""
If the signal + background expected are withing the 1 sigma 0 -
or 2 sigma band of the background alone, there is now way 25
to see any signal whatsoever. )
5 | " } Expected
This log-likelihood is expected to be smaller in the presence of -7.5 —
signal than with background events only, and a possible - "s+b'__..-‘:
minimum would point to the most likely value for the =10 ] \
. | i ; . [ ‘ £ 4 :
Higgs boson mass. 105 110 115

M,, (GeV)

Claudio Luci — Collider Particle Physics — Chapter 8 74



U For each test mass we define a confidence level

For EACH test

mass, My, define confidence levels
| | R R LT i A ] [

_..z‘ B i It is also called p value or pg value
2| observed ] /
al . _ |
sl ‘ 1 —CLy Measure of inconsistency with “b”
g _ _ CLsyp Measure of inconsistency with “s + b”
I "H" ] CLs = ClLg,,/CLy, Lower bound on Higgs mass
. 1 Separation of b and s+b curves indicates sensitivity of analysis.
: "s+b" 1 (if green and red curves are overimposed you can not claim anything)
20 15 <10 -5 0 5 10 15



Begin of Ler

‘ 5 September 2000 LEPC|

LEPC - The CERN Committee in charge of the LEP physics

programme

One of a planned series of presentations of results from the four
experiments during 2000 in case something new came up during
the last year of LEP running at higher energy than ever before...

150pb ! per experiment with E.,,, > 200 GeV

of which 75pb ! per experiment with E.,,, > 206 GeV

Slides shown in that meeting...
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SM results from All experiments

L3

Background+Signal

100 105 110

115
M,, (GeV)

Only
— Observed

ALEPH

100 105 110

115
M,, (GeV)

Background+Signal

DELPHI ~

100

105 110 115
M, (GeV)

Bac! mund&nly

Background+Signal

OPAL

100

105 110 115
M, (GeV)

3.90 Excess in ALEPH Data (1 — CL, = 6-107°)
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Backgroynd Only
5 — Observed

Backgrou nd«i:»SIgnaI

ADLO

105

110 115

M, (GeV)

-3
10
- 3
-4
10
ADLO
0 i ‘
10 405 110 15
M,, (GeV)

—2In(Q) Minimum
at 114.9 GeV

1 — CL Minimum
at 2.6o0
Significance
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What to do?
| 5 September Decisionl

Approve 1 month extension of LEP running from scheduled stop on
1 October to 2 November 2001.

Hope that this will allow time to double the luminosity above
206 GeV (add 75pb 1 per experiment)

(Big end-of-LEP celebration on 11 October had to go ahead!)

Slides from the 3 November meeting...
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4 __Data Sets ‘\ / . \

—21n(Q) ... REF, DELTA, TOTAL
5)25 e R B R @25 R R S RS R Rs
e REFERENCE data set ... where it all begun ... v 2: ] = 20 1
. ) = : N LEP DELTA
data set combined for the Sept 5 LEP seminar ... “s E " s
. . . - LEP REF
Revisited ... changes within the experiments 10 E 10
= Recalibration of data s E P
=> Revision of procedures (corrections) 2 E 0
=> Improvements ... better sensitivity E . ; ] ,
5 F - Expected background B -5 o=
: “REE” jo . Buiril Expected signal background 3 jo Euoii Expected signp) xlmw"led chid
® DELTA set ... data collected since “REF Y100 102 104 106 108 110 112 114 116 118 120 10,160 105 104 106 108 110 112 114 116 118 120
(... until the “cutoff date” ... Oct 18-25) my(OeVic:) mphoekie.)
525 ErrTTTrT Ty T T
e TOTAL = REF + DELTA Exo L
L -~
15 F
. e T L] F
Integrated luminosities ... A+D+L+0 = “ADLO e | LEP TOTAL Minimum @m g ~ 115 GeV
(contributions from single experiments ... within £5%) E
Not included ... latest data ... =30 pb , 5 5 Agreement with SM nggS cross-sect. for
L (pb~) REF DELTA TOTAL | P — e g ;
-5 [ ------ Expected background \/ 3 'rn‘H — 115 UJr 1.3 Gev
E., > 200 GeV  59.6 213.7 8103 oo, Expected signal + background | 3 4 —0.9
© 100 102 104 106 108 110 112 114 116 118 120
E.n > 206 GeV | 3035 1845  488.0 my(GeVic®)
/ \ R lgo-Kemenes - LEP Seminar - Nov. 3, 2000
P Igo-Kemenes - LEP Seminar - Nov. 3 2000



Distribution of reconstructed mass

/ Distributions of Reconstructed Massl

Sequence: “Loose”, ‘Medium” and “Tight” selection ( *)

40

%‘ Vs = 200-210 GeV
z 30 + LEPS/B=03
2 = background

20 | =mm hZ Signal

(m,=115 GeV)
1) > 19 GeV
ends :nn a bl
10 | s e

a0 - =
’7'_ Vs = 200-210 GeV
- 15 |
™ + LEPS/B=1.0
2 — background
10 |- memm hZ Signal |
(m,=115 GeV) |
- - 109 GV
5 = 3526 Ss6
~ 2%
|
$ o :
o 0 e ey
E Vs = 200-210 GeV
S 8 F
% + LEPS/B=2.0
E 6 == background

mmm hZ Signal
(m, =115 GeV)

4 -
Al 9 Ge :
g, ia
2 b A [
R
" \ ] ‘
0 20 40 60 80 100 120

Reconstructed Mass m,, [GeVie']

(*) Special selection ... not biasing the mass distribution
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SUMMARYI

REFERENCE = TOTAL

2.20 = 2.90
One expt “s+b’-like => Three expt “s+b’-like
4-jet “s+b’-like = 4-jet, E-miss “s+b’-like

Perfect compatibility with SM Higgs cross section
for
my = 115.07)% Gev

! ALL THIS IS VERY EXCITING !
Current bound on Higgs boson mass

myg > 113.5 GeV @95% c.l.
for 115.3 GeV expected
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4 |RECOMMENDATIONI

Given the consistency for the combined results
with the hypothesis of the production of a SM
Higgs boson with a mass of 115 GeV, and an
observed excess in the combined data set of 2.9,
a further run with 200 pb™ per experiment at

208 GeV would enable the four experiments to

establish a 5& discovery.

The four experiments consider the search for the
SM Higgs boson to be of the highest importance,
and CERN should not miss such a unique

opportunity for a discovery.
Therefore, we request to run LEP in 2001 to collect

©(200 pb~1) at /5= 208 GeV.

ALEPH, DELPHI, L3, OPAL
The LEP Higgs Working Group

ﬁ

LEP shuts down after eleven years of
forefront research

Resm Curemne (natin)

Luninosily N0™0wn-23-1)

OPAL LUMIHOSITY

Lo LUMIH 3Ty . ALEMILUMINOSITY .
CNEAGY — | EPADDENIN G T0Y)

Totl < srent
DL A LURINDSITY.

These are the measurements taken of LEP's final beam. The accelerator was switched off for the last
time at 8:00 am on 2 November. (Click on photo for enlargement)

After extended consultation with the appropriate scientific committees, CERN s
Director-General Luciano Maiani announced today that the LEP accelerator had been
switched off for the last time. LEP was scheduled to close at the end of September 2000 but
tantalising signs of possible new physics led to LEP’s run being extendeduntil 2 November.
At the end of this extra period, the four LEP experiments had produced a number of collisions
compatible with the production of Higgs particles with a mass of around 115 GeV. These
events were also compatible with other known processes. The new data was not sufficiently
conclusive to justify running LEP in 2001, which would have inevitable impact on LHC
construction and CERN’s scientific programme. The CERN Management decided that the best

a difficult decision




Run Lep in 20017

| Run LEP in 2001? The final word on the SM Higgs (April 2003)
Evidence was consistent with a hint of Higgs production at 115 GeV 650 N
R
e 3/4 experiments more “s+b” than “b” . [
e Two channels more “s+b” than “b” 20 -
10 -
e Spread of s/b and M7* for significant candidates consistent , ’
with Higgs
0 : —— Observed .
BUT o | s
e Evidence still weak (< 30 - a “discovery” is usually considered W o6 ios 1012 i 6 118 120
2
to be Ho. Fluctuations happen.) m,(GeV/c")
2ol (@)
=042 F TR
e No guarantee that extra running would confirm a discovery § o e W g
D olr o
e Big impact on LHC schedule and resources (civil engineering & N
. ; =008 -
directly delayed by LEP extension) E [
< 0.06 ¢
e LHC could see this Higgs boson, and if it's a light SUSY Higgs &
could simultaneously investigate other SUSY particles... !
A VERY HOT TOPIC IN CERN FOR WEEKS. ot
Y i S S R
LEP SHUTDOWN DEFINITIVELY 2 In(Q)
AT THE END OF 2000 Full dataset, calibration updates, some improvements to analyses.

Higgs boson excluded up to 114.4 GeV at 95% CL
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The End

The LEP experiements have published more than 1000 papers.

High precision tests of the Standard Model have been made. These
are all the more powerful because of the careful work to combine
the data from the four experiments, and the close cooperation with
the accelerator divisions and theorists.

Sensitivity to radiative corrections established.

LEP has solved some old puzzles, and found some new ones, for

. .2 ple ;
example are the different measurements of sin” H(f”'-" consistent?

The electroweak data prefer a light Higgs boson. The Higgs boson
search gives a limit at 114.4 GeV, with an inconclusive hint of a
signal at around 115 GeV.

Sadly no positive signals for new physics.

It will take another year or so to finish analysing the LEP data (Final
LEP1 results still coming out!). W mass is still preliminary.

Pass the baton to the Tevatron (Run Il - CDF, DO in progress) and
the LHC (ATLAS, CMS, LHCb first data in 2007).



§© OAPIENZA  End of chapter 8
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