Experimental Tests of the Standard Model (2)

® Measurements of the Weinberg angle
® W* and Z° discovery

® Precision measurements of the Z2°
© Precision measurements of the W
® Discovery/measurements of the top
® Discovery of the Higgs
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e e Colliders
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e e Colliders

Js=200 MeV

Problem: Synchrotron radiation.

The energy loss AE~K(E/m)* pr '
1971 AdA demonstrated that e+ e-

® the mass is at the 4 power: / can collide in the same tunnel
for the same radius, an e+ e- collider irradiates ~10'? times the power of a proton collider
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LEP (1989-2000)

N
e q

3 G‘jets77

in the final state

4000
e Y 7l
Petra at DESY discovered the; gluun but the Standard Model was

deeply verified at LEP /—\
e . OPAL

LEP

It ran at several /s up o 205 GeV

The large circumference, 27 Km,
made it a "linear-like" collider to
minimize synchrotron radiation losses

4 experiments:
Aleph, Delphi, L3, Opal

“Phase I (1989-1995): E_,,~ M,
“Phase H”(1996—2000): ECM~ 2MW — 205 GGV LEP: Large Electron Positron collider LPI: Lep Pre-Injector 4

SPS: Super Proton Synchrotron EPA: Electron Positron Accumulator
PS: Proton Synchrotron LIL: Lep Injector Linac

antiprotons
Pb ions




Scattering e*e- 2f fin QED

e- w- ED
( do )Q a® [ +u?
- — -
ot ; dQ ) e 28| S
u+
Reminding the definitions of the Mandelstam variables:

_ 2.0 A 2 f

s=(p,_+p,. ) =4p, N
e_

_ 2 2 =GRS
t:(pe—_pf) __2103(1_60819) _/ e+

_ 2 ) A
u=(p, —p:)"==2p;(1+cosd) L

| t=(p,-p;) =p.+p;-2p.p,=
2 2 2
1~ +u 1 =-2E,FE,(1-cos?) =-2p;(1-cos})
—> =, (1+cos*9)
S QED foresees a symmetric distribution for the
OED N polar angle 6, where 0 is the polar angle of the
d_G _ o [1 + cos> 19“] outgoing fermion respect to the direction of
) JO 4 the incoming electron.
e+te——>u+u-
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Scattering e*e” 2f fin QEWD

® The presence of the weak interaction mediated by the massive boson modifies largely, for energies
near the boson mass, the QED prediction.
® The QED formula can be rewritten:

OED

d_O’ =O£2 t*+u’ _ | ‘My‘z
dQ ) e 25| 87 64n’s"

2 2
2 5264[t +u ]

where the amplitude is: ‘M JA >

S

e.m. coupling (the electric charge e) has been absorbed. e_\\ u
)

In QEWD, to the amplitude for the photon exchange

the amplitude for the massive Z° exchange has to be added.
In the amplitude there is the weak coupling that the Standard u
Model predict to be: (g*+g’?)?=g/cos0, @

QEWD

d 1
(d—g) " 64’ M;
e+e——> U+ - TS

e’ 70 +
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Scattering e*e” 2f fin QEWD

© At the first perturbative order, known as “Born level” (only Feynman graphs at the lowest
order in €2, g?are taken into account), averaging on initial polarization of the e',e” beams

QOEWD ,Born

(Z_g) ) Z_;[E ()(1+cos’ ) + F, (s) cos 9

ete—-—u+u- %
AN

D

with: forward- backward
term asymmetry

Fi(s) = 1+2Re(r(s))g} +|r(s) (g2 + &%)’

Il 1 s(e/2cosB,,)?
QED AN r(s) = 2 (g 2 . 2
J B e s-M,+il' ,M,
2
F2(5)=4R6(V(S))gfl +8"’(S)‘ gligj resonant term:

M, boson mass
I', =T',(9,,9,,M,): intrinsic width

Experimental Subnuclear Physics 7



Scattering e*e” 2f fin QEWD

2
® Integrating on the solid angle: o B (s) = 4o Fi(s)
O — U+ - 3 1
Mg _ M,g’

® At s = M ? the resonant term 1is: r(M2) =—i = —]
‘ (M2) [,M ,4¢e* cos’ 6, [, 4¢e” cos’ 6,

)0 M g’ ’
2
mm) Re[r(M})]=0 (M) = —
, > \4e*cos’0
Z w
® Then :
2 5 2
Born 4“0(2 ) 4“0( { 2 4“0(2 MZ g 2 2 2
Ocio-sptp- — = 1+ + = + +
ete-—pu+p 3M22 1( Z) 3M§ | ‘(gA gV) 3M§ I_.ZZ 4€2COSZGW (gA gV)
4 & 1| & i
2 2 .
= T g, tg neglecting 1 inside the parenthesis
3 16T 1"22 166" coszew( ! V) (neg 8 P )

=T, ./ M,

2

2
g 127 g 2, 2
+ = +
1277,’F2 16 ( cos’ 6, (e gV)) I, (4877: cos’ 6, (& gV))
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Scattering e*e” >ffin QEWD

® The coupling of a fermion to vector boson is: f

ZOX f
g

Y. (& —&.4Y5)

cos6
® The decay partial width into the ff state is given by: "

2

L(Z— ff)= S (gi+g§))Mz

487 cos® 6,

® Therefore, the cross section at the resonance can be expressed as:

127 LT,
M, T,

Oé?orn = O_Born(S =M§) _

where the leptonic partial width are indicated by:
[ =T(Z—>ee) s I,=I(Z—>u"u)
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Scattering e*e- 2f fin QEWD

® Now we can calculate the value o,%" predicted by Standard Model.

g2 g2M3
[, = ‘g l|M, = ‘g +g
/ 48TrcoszeW(gA gV) g 48T(M$/V (gA gV)
3 M,,=M,cos6
— G e
MR
g _G
SM. 2
® For neutrinos (g,=g,=1/2), the partial width 1s:
e
r =%"%20.170 Gev

Y2 12T

where: G=1.167 10~ GeV~ (from the p decay) and M,= 91.2 GeV for the experimentally
observed boson Z mass (in agreement with the Standard Model prediction)

Experimental Subnuclear Physics



Scattering e*e- 2f fin QEWD

® For charged fermions f=e, w,t : g, = —% g, = _l +2sin” 0,
quindi: gi+g, = i +(2sin’ 0, -1/2)* = % +4sin* 6, —2sin” 0,
=) I, = 6(;]\\4/% %+ 4sin* 6, —-2sin’ 0, | =T, (1+8sin* 6, —4sin’0,)
""" T 2T

Vv

® Forsin®0,,=0.230: I, =T (1- 4sin® 6, +8sin* 6,,) = 0.085GeV

e

® in the same manner, for Z — uu, dd one has:

[ =3I[1-(8/3)sin’ 6, +(32/9)sin* G, ]1=0.28GeV
[, =3[, [1-(4/3)sin’ 6, +(8/9)sin* 0, 1= 0.37GeV

[ the factor 3 1s due to the quark colour]
Experimental Subnuclear Physics 11



Scattering e*e- 2f fin QEWD

® There are 3 quarks of “down” type: d,s,b with masses m < M,/2

® Z — dd 1s kinematically possible, and 2 quark of “up” type: u, ¢ (the top quark has a mass
m, =175 GeV > M, , discovered in 1994 at Tevatron (FNAL, Chicago)); therefore, the total

width for Z is:
I', =3I, +3I,+ 21 +3I, = 2.42GeV

[ the factor 3 in front of T, , takes into account the 3 leptonic families (e, u,t); together
with the S.M. prediction and the experimental measurements of I',, I', , permits to
establish that the number of neutrinos (with masses <M,/2) 1is 3 ]

. . Born 12'7T Ferﬂ
® Inserting all these values one obtains at the end: o, = > >
M, T,

o) (e*e” — utu")=1.9nb

Experimental Subnuclear Physics 12



Scattering e*e- 2f fin QEWD

® The “hadronic cross section” for the process Z — hadrons is:

0 _ — =
O gy = o,=20,+30, =40nb

q=u,d,c,s,b

being:
12z T’ T
o) = 'Z <t =g, =350, =6."Tnb
M, T, L,
o Li 504600 —8.8n0
o, , . =460, =8.8n
FH

Experimental Subnuclear Physics
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Scattering e'e 2 f fin QEWD

® It 1s interesting to compare these cross sections with the QED cross section:

Total cross sectica (pb)

|

QED

Y point —like

OED( _ 1.2\ _
o (s=M,) = o

i YA

2
O =40nb Prowrro dowiinaute: 3 87 nb GeV 0.01 nb

e (LEP]-
e-—>";"a'<[5 .

Siic (91.2) GeV*
- CESR
I i:n«»m;h [ = rasrom The cross section at the Z
L ~ m)_ TNt i o s Py s resonance 1s about 200 times
0’k "=1.9nb  higher than what is

foreseen from QED

i
o -
-

&

The cross section Z = hadrons
is ~ 4000 higher (40 nb)

ED 2
b L TR 0P (M) =10pb

’ ) o “w e 6% 120
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The resonance e'e »7

® In the first half of the 90s the resonant production process: e'e” — Z — ff
was studied in great detail by 4 dedicated experiments (ALEPH, DELPHI, L3, OPAL) at LEP
(“Large Electron Positron collider”, CERN, Ginevra) and by the SLD experiment at the linear
accelerator SLC (“Stanford Linear Collider, with polarized beams) in USA

---------
-,

SLC, Standford (USA)

,,,,,

.
-
-
-
-
--.-
-
----

-

- - -
-‘--__- iiiii
-----------

Arc Bending
" Magnets

Final Focusing
Magnets

SLD detector



LEP: collider and detectors

— T =S
L

.
=p o Eloctron .
= ¢* Positron

4 interaction points
(=> experiments)

Initial beams energy:

Ring length: 27 km 22 GeV from SPS
Energy range: 20— 104.5 GeV

Experimental Subnuclear Physics




LEP: collider

Parameter Symbol Value
Effective bending radius 0 3026.42m
Revolution frequency Trev 11245.5 Hz
Length of circumference, L = ¢/ frey L 26658.9m
Geometric radius (L/ 27) R 4242.9m
Radio frequency harmonic number h 31320
Radio frequency of the RF-system, frr = h frev IrE 352209 188 Hz

UOCE_ - -

Experimental Subnuclear Physics




LEP: collider

1280 RF cavities
160 MWatt : delivered power

at the maximum energy
(104 GeV)

tot

E}I
P OC]totU E p

(E,=0.511 MeV )

LEP1: copper cavity

LEP2: superconductive cavity

18
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LEP: detectors

DELPHI: DEtector with Lepton Photon Hadron Identification
[N.I.M. A303 (1991),233

Forward Chamber A Barrel Muon Chambers “

Forward RICH ‘ Barrel Hadron Calorimeter

Forward Chamber B Scintillators
Forward EM C alon'mclir_ ‘ ” \j-" 4 ' Superconducting Coil

Forward Hadron Calorimeter High Density Projection Chamber

Forward Hodoscope _Outer Detector
Forward Muon Chambers

Barrel RICH
Surround Muon Chambcrs:

Small Angle Tile Calorimeter
Quadrupole

Very Small Angle Tagger

| Beam Pipe
Vertex Detector

Inner Detector

"\ Time Projection Chamber

Experimental Subnuclear Physics

A378(1996), 57]

weight to the particle

identification:

a dedicated detector:
Ring ImagingCHerenkov

[N.LM. A323 (1992),351]
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Vertex

[NIM A294 - Detector
ALEPH  (1990)121] p— LEP: detectors

Chamber

. Time Projection
Chamber

Electromagnet;
Calorimeter

. Superconducti [N . | . M . A289
(1990),35]

Magnet Coil

. Hadron

Calorimeter

Muon
Chambers

the largest
Time Projection Chamber ever built

Luminosity
Monitors

ELECTROMAGNETIC MUON CHAMBERS

CALORIMETERS
V TIME OF FLIGHT
:ADOROI:‘ - = AND PRESAMPLER
ALOR
il
b~

%, \\\\\\\\k

FORWARD " == \}\\\“‘\\\ \‘ | | 2 cHamseRs
DETECTOR ,///////ﬂ,,’/////%&%\ = ‘I\\\\\\\\\\nm ﬂ T——— . .
< K(Wuﬁiﬁ’\(‘ s il weight on the precise measurement of the leptons:
h %@@7\ : ~ 7 wmowss high resolution e.m. calorimeter
17 il (BGO crystals),
‘ open air muon spectrometer

[N.I.M. A305
O PA L A ( 199 1) 27 5] wwomeamea | SUbRUClear Physics 20

OPAL:  The OPAL Detector (an Omni Purpose Apparatus for Lep)



LEP: detectors

Event ee — WW — 4jets in ALEPH (Vs =161 GeV)

ALEPH DALI_ D7 ch=128_ Ef1=158_. PBFwi=56_2 0. v 47437 Fun=41437 Ewvt=5974
wl=0 w2 96-07-11 13:30 Detl= E1FFFF

J1 402 =820 GeVicE
13 + )4 = 75.8 GeV/ic?

Experimental Subnuclear Physics
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The Z resonance

Gpaa ]

When the final state is a quark-antiquark pair (f =u,d,s,c,b) the observed process J
is: ete- — hadrons due to the hadronization process of the quarks f =U,d,...
- 0

S R S MR R e € ot

I . _ —

- O . | L _

40 | Born( ) i ? f _u,d,.../ 1
: ALEPH \
i = {__ observed cross section
30 L OPAL ]  for the process: ete- —> hadrons
20 L i B N
| | e S
e | )
10 [~ —— o from fit 7] {‘1' ;-;' 1)
[ i QED corrected ] i
i j %
et e-
el B .\i/MZI L o —_— - <
86 88 90 92 94
Ecm [GeV] z
The Born cross section has to be highly modified y/
to describe the experimental results J // ' J
;=
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The Z resonance

© The radiative corrections highly modify the predictions at “tree level”:

© Photonic corrections (pure QED) :
Initial State Radiation

(important effect: it lowers the total cross section of
~30% + peak shift (0(100) MeV)

K>:\< >N\r<r vacuum polarization”: o = o(q?)

DL S Y e

“vertex correction”

interference between initial state and final state
radiation + “box” diagram of pure QED

I N

fdg e = a<s>:{[gBom<s'=sz)__1_{__(/_s__;_)+4\ 5.2)ldz

radiation function of initial state radiation (pure QED)

UBorn

Experimental Subnuclear Physics 23



The Z resonance

® Non photonic corrections (theoretical model dependent):

Z Z 7 e y4
/\/\rON\F + W,Zi + NG s
W,Z

=) sensitive to new physics, and to the “unknown” parameters of the model, e.g. M, , M

top? Higgs
mm) small effects (of the order of %)

® “IMPROVED BORN APPROXIMATION:

The vertex photonic corrections and those of vacuum polarization + the NON photonic corrections
are absorbed in Oy, (S,M,,a,I",, I'}) with the substitutions:

a > a(My) = al(l-Aa) ~ 1.064a = 1/128
I >T(s) = sT/M,

G M,
Ff(gv’gA) >I, = 56_;( %/f+gz24f)Ncol

v

“effective” coupling constants, calculable inside a specific model ‘

Experimental Subnuclear Physics 24



Standard Model: radiative corrections

In the Standard Model:
GFmZ
Ff 6 71 \f (gvf_l_gAf

\ gAf F[3f

“effective Weinberg
angle”

gy = pr(ls,f 2Q,sin’0,,

/" ~
/’ \\
7 ~
, \
/ \
I

DO s

Experimental Subnuclear Physics
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Standard Model: radiative corrections

asymmetry at the peak: s=M2

Op— 0O 3 3 9vwda 9Gvi9a
AO,f F B —2A A == ed Ae f JAf
> Tr*Op 47t 4 g%/e-l-gi\e g%/f"'g,zc\f

_ “effective Weinberg

LEP : 0.01714= 0.00095 8y =Pl [ A "g_'e
iyl gi=,/pf(]3f—2Qfsin29W)

4

e i),

| ': \ t H
-2 5 @ :r-: >“©”\< > “VVV‘”< m,

Experimental Subnuclear Physics 26

v _1 mW



Precision Measurements at LEP

® The fits using the “precise measurement ” at the Z resonance give a very accurate
determination of:

- M,,
— I, total width,
— D prvquaks  Partial widths

— asymmetries and consequently the theory coupling constants g, g,

“Ingredients”:

i) counting of the hadronic and leptonic events ==) high statistics

ii) precise calculation of the radiative effects
(initial state, QED, final state, QCD)
(060,.,=30%, dM, =~ 200 MeV)

iii) relative luminosity between diﬁer&tpoints

==) theory

iv) beam energies
\ very good “luminometers”. A1 = 0.1%

Precise measurement with the method of the
‘resonant depolarization™. AE. =~ 2 MeV

int.point ~

Experimental Subnuclear Physics 27



, et+e-— u+u—

Processes e'e >f fat LEP | ete-—ete- *

|

w
- §

0—4—'—"'- . H H
\\\ M M
Al FPH o ,G.ﬁ‘ i - -
i " e —3a €l | - H d
T & L. i
e
5000 - \\t
8
=
L
]
1
¢ DELPHI Interactive Analysis
dﬂﬁ: Beans 4 b L

Invariant Mas_s
of the system ff

+7] DELPHI Interactive Rnalysis
‘I&F en: 455 154 s s

Numbers of
particles

e+e- — hadrons
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Hadronic and leptonic cross

DELPHI

R 41
sections at LEP § L@ _3gpp Haren o 19%
b -4 + |00
E. Phys. J. C16(2000)371 |
interf. between initial and final "
| state radiation (QED) .
”0 Born (s'=sz)H(s,2)+A(S,2 ]dZ S G T I R TS B R ;;EGE o
y interf.yZ pure QED 3 * [
12 - i
o 1 +0, + Ta ¢ [
=Yy 7 I
(s'-M2) +(s"/M)H, 7~ 7 | ; ++
1241 T G M, i ED B
o, = Mzerhzadr I‘ \/‘(gi"'gAf)(l"'éjg ) o
A '0'43?' '5::5;' 'sml 'mj” 'm' 'q:. mu_:””w,””uj 0
va {GeV)
3 2ole ww -
b b ¥ e [ e }
: 03
l | |
0o e ';-'-3' '-':'.'."-':'i "-':'_%"-':'é"-'fi,"-'f_a'"-).r, ! H%"Q;':L";,-'-':"-',-:;5.".';'["-';-'j"-';':'"-}Li"-';-'_a'"-}r. 2

vz (CeV)

+a [GeV)



Determination of the number of neutrinos

e

TJ, n

35

30

25

20

15

10

DELPHI

8 89 90 91 92 93 94 95

Energy, GeV

From the measurement of the total and
partial width of the Z:

N, = 2.9841 + 0.0083
= [* =27 Mer

mv

l

r,,=T,-T,, -3l

nv

3r

lept ~ v

(assuming, from the SM:

L _1.990 )

I
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Leptonic Universality

® In the fit of the data the equality of the coupling constants of the Z to the fermions is
not assumed; the universality, foreseen in the SM, 1s verified using the fit results:

-0.032,

-0.034

-0.036

9v

-0.038

-0.040

~0.502

Figure 10.3: 1 ¢ (39.35% CL) contours of the effective couplings §£ and §{, for f = e,pand T
from LEP and SLC, compared to the SM expectation as a function of 33 (The SM best fit value
§2 = 0.23121 is also indicated.) Also shown is the 90% CL allowed region in §i!V obtained assuming

lepton universality.

___________
K

.......

| S T -
39.35% C.L.
90% C.L.
20501  -0500
—f
da

0.233

0232

......

~0.499

N

% 39.35% CL.

39.35% CL.

20498

effective g, and g,, come from
I'(Z=1[]) and from the asymmetries.

Eay=Vp Ly
g—wz\/pf(]3f—2QfSin2(9W)
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Z >bb, cc

® The study of the final states with heavy quarks are of the outmost importance. In particular
the partial width I for the decay Z — bb has a dependence on M, different from the other

hadronic widths.
This is due to the fact that the diagrams:

(negligible for all the other quarks due to the smallness of the elements of the CKM mixing
matrix: V, <<V ) they are no more negligible: V, ~ 1.

mmm) The ratio R, =T /T,_,. is sensible to the top mass (and independent from o and vacuum

polarization corrections);
if one knows with precision M, , possible differences of R, from the predicted value can be

due to the presence of diagrams connected to new physics processes
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b-tagging

“tagging” of the events based on the characteristics of the b quarks:

- high p, of the decay products
~ - (leptons in particular)
Mg = > GeV - higher p, in the jets
- events with higher sphericity

“lOIlg” mean life - secondary vertices measurable
~ 1012 - (at LEP : Lorentz boost = 7))
(tB = S) - tracks with high impact parameter compared to
the primary vertex

Note: the b-tagging techniques will be very important for the search of the Higgs boson (which has
a high coupling with the heavy quarks) and for the discovery of the top quark.

Experimental Subnuclear Physics 33



b-tagging: Kinematic variables

012 F
L4000 [ uds-quarks -
| 2000 - L‘-L]LILH'LL 0.1 [
[ b-quark F e c-quark
000 " 0.08 T o b-quark
8000 o -
0.06 [
6000 [
oo 0.04 |
A 0.02 |
T L5118 3 35 4 453 ﬂ_ Wil FSERE RN NN
i (GeVie) 0 0,204 06 038 1
/ X ch
p, of the lepton wth respect to the jet axis T

energy fraction of the jet
associated to the secondary vertices
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b-tagging: impact parameter and its sign

Impact parameter significance

B data
MG uds ;"‘&‘aq DELPHI
—— MC udse I ZI:I
| = — MCall
i " :
= 1
- s '|
1 u
— F
10 E :
C H . /
[ primary ;
_ vertex
-2
10
i “Impact parameter with sign”: 0
_III|III|III|III|III|III|III|III|III|III
10 8 6 -4 2 0 2 4 6 8 10
N . 8_6/06
y 27X,
definition: o=———
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b-tagging: combined methods

e 1
e
©
2.
Q
10 __lifetime +
kinematic variable of the event
10
10- IIIIIII|IIII|RIII|IIII|IIII|IIII|IIII|IIII
0 04 02 03 04\05 06 07 08 09 1
b-tag efficiency
Tipical working point:
. efficiency = 40%, rejection = 500
lifetime +

kinematic variables of the jet
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Z >bb, cc

R =%=o.1719¢o.0031 M,,, sensitivity:
humz 250 R’
e AR
Sy 1 | SM i O 175+
[|—|' 1].1'."3_ nﬂr . : -
T ] -
)
_ QEM
0.164 T T - T - r - T 100 r r r 1 r
0.214 o218 0.218 0.213 0.217 0.221
thl'hh.n’]'had R(b)
I
—> R, = F_b =0.21646 = 0.00065
h

Results in agreement with the Standard Model; the predicted top mass (1993) is in agreement with
the top mass discovered at Tevatron (m=175 = 5 GeV) few years after.
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Beyond the Z: the physics of “LEP2”

® In its second phase (“LEP2”:[1996-2000]), LEP was heavily modified, the beam energy was
gradually increased up to a factor 2 (with also a slight increase of the luminosity)

©® The goals were the following:

- to go above the threshold of the 2 W bosons production: 21/, = 160 GeV

and to study in detail the auto-interactions of the bosons, which is a characteristic aspect of the
non-abelian structure of the electroweak gauge theory
- to push to the maximum possible energies to search for the Higgs boson

Experimental Subnuclear Physics
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Production of WW at LEP2

©® Important test of the auto-interaction of the bosons as foreseen by the structure of the non-
abelian gauge theory:

\ i /ﬂ{r\nn.g
>,:;. 4
v A g
preliminary ¢ '3
L3 4 ¥ #b
— i
10 4 >J~_;5_J< g b
, L LEP ‘ Preliminary
Vs -
3 g i
__10 2 < .
a ] Zy )
‘E.’ . =T > 086 4 ] ﬁ- 1s |
% 1D u NI% ]”” F'fh §°
tﬂ W+
g 17 Ph 10 -
810 - s WW ol (\N' N
O 30 SN~ > —— RacoonWW / YESWW 1.14
B 77 BN . no ZWW vertex (Gentle 2.1)
91 - *e'eZZ | pb W- e - e only v, exchange (Gentle 2.1)
] eea HHZ
] m, = 115 GaV
_1. II'{' TR, A R A T A PR I Eoogiiye PR DU TSN Ciint. COURE Y A TR
10 7 . » 160 r;o llso 1slio 200 210
IR a8 , AR LS E. [GeV]
80 100 120 140 160 180 200 i

Vs (GeV)



M, at LEP2

WW- — G000, WW- - q,g,lv: WW- = Lv.|,v,:

Four well separated jets. Two hadroriic jets, Two leptons, missing ener gy

One lepton, missing energy.

Tl | OPAL183-209 GeV [ Ldr=677pb ™
Eal]l] T T[T\ rrrr_ oyt rtrprro_qprrorr rrr[ T 11 553["] L L B T S LA N Y Y e I N Y N (S

;250 [ Signal qqqq LEP 150 W‘H. qolv _:
[ Comkbinatorial big - 0 ”y _
T oty +-’ m,,(4g) =80.448 w Ih% !
150 — 4
o ¥ m,,(2qlv)= 80.457 + 0.062 4 %ﬂ‘ .
AR S ..g._._l R e ?ﬂﬁw
75 80 85 ad 05 100 105
m {GeV¥
Expe. - -~ Statistics; one has to include the syst. unc.: *

B-E correlation, QCD



Production of WW at LEP2

® Also well above the peak of the Z, the S.M. works very well:

e+ W+ W+ W+
Y z
v + + w . + rad.corr.
W -

= W The cancellations foreseen by the
LEP Preliminary m=) gauge theory verified at the 1% level
< !
20 + :
. S Leptonic Asymmetry
£ 1 :
‘ # 1 7
s 1 Ad also: & 1Vs7%>085 LEP
& £ 0.8
e T
% noz m 2
(m, >0.8TeV) g
0 - g
;_ 8 0.4-_ .
—— RacoonWW / YFSWW 1.14 o |
------ no ZWW vertex (Gentle 2.1) S 0.2
3 F . wwe only v, exchange (Gentle 2.1) g | St ()
L 1 = e+e7%r+'c*(ﬂx
0 1 2 1 I T
= ;0.2
T PSR SNBSS S (0 SR i S e TR SR cn<u_ ] | |+ L L
160 170 180 190 200 210 @ 0] H # ' "‘i‘uM
E.. [GeV] S ]
e < .0.2] |
T T T T T L T T T T
Experimental Subnuclear Physi 120 140 160 180 200 220

Je (e



Measurement of the intermediate boson masses at LEP

IVlz R o MW LEP W-Boson Mass
Experiment M, [MeV]
ALEPH o 91189.3 +3.1 ALEPH M 80.440 £ 0.051
DELPHI @ 911863 +2.8
L3 . 911894 +3.0 L3 —— 80.270 + 0.055
’ 911853+ 2.9
OPAL . | OPAL i 80.415 £ 0.052
: y2ldof = 2.2/3
LEP 5 91187.5 + 2.1 LEP - 80.376 + 0.033
common error E @ ¥2/DoF = 48.9/41
'W. Lo e b o ey |
91182 91187 911'92 \ 80.0 802 804 806 808 81.0
M, [MeV] M,, [GeV
LEP collider ! w [GeV]
—~ '5 — -4

E=given M,,G;, 0ep(M,) ,
depends on M, M
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(cfr. 8GH/Gr= 9 10%,  d0toep(My) /toep = 2 10+)
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Radiative corrections to MW

® The tree-level prediction:

/; 2
G g e v~9 -

J2  8M2  8M:sin’6, A vv/&

2

Fermi constant (from the muon decay)

which gives (a=--): | \
gives (a=<) g
1/2
oL 37.2802GeV
MW = ) = 12 =77.8G€V
J2Gsin’ 6, (0.23)
~ =0.228 = 0.005 VN cross section scattering
[ 1/2 ( CC /NC ratio)
T
—— | =37.3GeV
V2G
N (1.1666389 = .000022 ) 10> GeV~? from the muon decay:
L_Gm, fm [+ a(m?)25/4-7*)/27] ]
T, 192777 | m, g

is modified by the radiative corrections.

Experimental Subnuclear Physics
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Radiative corrections to MW

propagator _
corrections vertex corrections “box diagrams”

- }: §/EI 31

\ZW

"x\g(qz— )
+ nloops (n>1)..... l-
one loop diagrams”  1/137
Y Y
T ™ 7
a(0)
%W = 3 w T 3 + % a(q” =M,) =
‘ (q W) 1—/AO{
=1/128 0.06

Experimental Subnuclear Physics 44



Radiative corrections to MW

‘ The relation:

G ~ 82 _ ﬂfa(O) ﬂ.ﬂﬂ'ﬂi
V2 8M}sin’@, 2M sin’ 0, 0.0701 =
0.060
becomes:
G 70(0) 1 i

2 2M,; sin”6,, (1- AO!)(IA; Apctg’0, +..) 3 MO
Ap (m,m,,) 0.030-:

[Burgers, Jegerlehener, Phys.LEP vol I, CERN 89-08] 0.020-

Electroweak correction: /' 0,010~
1 1 0. 000 -

[-Ar  (1-Aa)(1+Apctg?6, +..)

1/2
JT

M. =
" |V2Gsin? 6, (1- Ar)

m,= 1000 GeV

my~ 100 GeV

my= 10 eV ': ¢

&0

50 80 100 120 w0 10 IRD
My NET-Y

= (80.6 £ 0.8)GeV — (nel 1983, scoperta del W a UA1)
(80.385+ 0.030)— (today: Ar=0.031, m =173 GeV

Experimental Subnuclear Physics M H = 125G eV) 45



ZZ production at LEP2

Cross section (pb)

preliminary

\ll‘ll 4|
{ » e*e"—qaly)
] ® ' >W'W s
1 » e —ZZ ’4L
ea H>HZ
m, = 115 GaV
1 HZ
80 100 120 140 160 180 200

Vs (GeV)

100 pb

17 pb

~ 50 fb

Opycog [PE

Experimental Subnuclear Physics

0.5

0

Q80T 2001
LEF Preliminary
+2.0% uncertainty

[ — YFSZZ
| — ZZTD

I'-'IZII I IJ-IiIIII — II*:;'IIII — IEIIIIIIII —

Ey |GEV]
46



MW measurement at the hadronic colliders

® Indipendently from LEP, the 7 mas has been measured with increasing precision at the hadronic
colliders (where it was dicovered in 1983, at SppS of CERN, by the UA1 experiment):

® Method of measurement based on the

Events /0.5 GeV/c”

MW I - Moriond 02
reconstruction of the “trasverse mass” M,: 806 PP | /EP
500 80.4 || \ ? % %
} CDF 802 | % 1
400 | , | W

| Hﬂ & —Hy 80
350 - H;m = A
300 + ﬂ ﬂ“’ ﬁ *Hi 79.8
94! | = +16 M

o : \ m, =80385 16 MeV my,
2003— F ﬂ ! ! L

w ! 2z ILR582838
w0 " 2828888282588
., \ — year

:f } ------ Fit region --ﬂ%- —
i "\jm :

50 60 70 80 90 100

—> —_
110 120 vV Vv 2
Transverse Mass (GeV/cz) M \/ _I_ E ( T _I_ T ) ‘
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MW measurement at the hadronic colliders

MTW = JZpTE

+ need to reconstruct the neutrino

Tee

- . -T -T -
» p!, from momentum balance in the transverse plane: p, = —(f?mm +U)
where u 1s the transverse momentum of the hadronic recoil against W

(1-cos @)

» Transverse missing energy (MET) as an estimate of pT_

from JETS

MET L Restlution on the transvarss rllﬂﬁﬁ"l- | ?:: =
- S 5 rizluziene can EL, Py i s

from the sum over all the HITS Em rouzonesnjon | | .

in the ECAL+HCAL cells . I. ]

U e I ]

. - - | I| 1
better resolution because accounts also for the : il :
hadronic energy contribution not clustered in jets | ™ |

Lo} |
resulting resolution on MTy. 1s o ~ 5 MeV AT L
i I T T T - T

-L'gm " "';l'r- {E.I"-'I

® In general the systematic uncertainty on the energy scale of the calorimeters limits the final precision
on M,,. Study of alternative methods for precise measurements at LHC

(goal: AM,, ~ 10-15 MeV)
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Events/ 0.5 GeV Data / Pred. Events/ GeV Data / Pred. Events / 0.5 GeV

Data/ Pred.

10°

X"'I"'I"'I"'I T UL N N | = = 220)(103
160 = ATLAS o Data E > AT As A AR
140 F- (s=7TeV, 46 ' mWoey & 200 ATLAS ) -e-Data =
[JBackground 3 o 180FE fs=7TeV,41m W = p'v 3
120 y2ldof =36/39 3 o 160 [IBackground _3
100 = < 140 Pldof= 20130 3
80 = = £ 120 3
60 = @ 100 E
3 w 3

40 ot The mass of the W boson 1s
20 .
. , 2 determined from fits to the
o1 ST e ;T 3 mentum of the
0.93 S s +'++++++=4_+|-i—- T H;— g 1'.01‘5 e " .—i—-L-l—JI_I I+I+‘I'_L ‘E ransSverse momentu Q)
. 1Bttt U R = Sy st Sl = S e
i Roa v S - ). : 7 charged lepton, p_,and to the
pl [GeV] S 30 32 34 36 38 40 42 44 46 48 50
@ ! ° o o.cevy transverse mass of the /7 boson,
a
m_ and to the transverse
x10° x10° : .
wEATLAS o 4 3 20E ATLAS ' oo 3 momentum of the missing
140 - V5=7 TeV, 46 " mWoev 3 = 1g0f (s=7TeV 4l mwe iy 2 1
120 [CIBackground 2 160 [IBackground 3 neutran’ y 4
100 E- x/dof =54/59 3 S 140F aoidot = 57150 3 Tmiss
3 ER E
60 - = 80E- 3
40 E = 60 - =
2 E 28 E

M, =80369.5 + 6.8 (stat.)

1.02 T | . = i -
O 4+.¢||'l|J'r s B %k T AR eI +10.6 t
0,00 BT AT TR LI o 93§+-++++*+ “+++ e ++ﬂ' |"|| i . (exp. Sys .)
0.98 n L ; . T T =~ . E ! L |
m 0.98— | I I - .
60 70 80 90 100 11 120 = ' i - ' . .
oo T BT + 13.6 (mod. syst.) MeV
o " © mee = 80369.5 + 18.5 MeV
C
x10°
x10° > T ATLAS L L B EL L B
0 T " T iy _e Data 3
ATLAS 1 o Data ] O 120 5-7Tev, 4.1 " EWopy ]
Vs=7TeV, 46 for mW—e'v 1 i Background ]
80 - o 100 [C]Background
[[]Background — y2idof = 69/59 T
xidof =61/59 5 80 =
60 - “E ]
4 ] B0 -
] S ]
1 (W] .
40 . 0 E
20 - 20 -
- PRI T N S ST R S R P PR 1
1.02 - - o 1.02E : : . ' : F
1.01 byt T ] S RO T I, INRNES +'| I
B e il il T s e sl P e A e S s
0.98 , , , , ] S 098 ; , . . ;
30 35 40 45 50 55 60 a 30 35 40 45 50 55 60 49
pss [GeV] © prss [GeV]

(e)



M Higes prediction

® All the precision measurements, through the A/, dependence of the experimental observables,

6_

permits to predict the following value:

— 0.02761+0.00036
-=== (3.02738+0.00020

V" Preliminary

Exc[ude_zd

10°
my, [GeV]

direct searches

) my = 91" GeV

thatis: 65 GeV <m, <122 GeV (90% CL)

[ with the top it worked ...: m,=60-700
/ LEP, EPS
1993: m, B= 166 + 18 = 20 GeV .~ Marseille
1994: m,, = 174 +10*%,,GeV _
CDF, ICHEP
Glasgow
today:.

: EW= +
Big success of the SM ! <:| 2022: My, 173.13x0.56 GeV

m.. = 172.69 = 0.30 GeV ]

top
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M, . prediction and Standard Model consistency

Higgs
80.45 . T T T I T T T T I T T T T
I direct (10)
e indirect (1) - P_DG-_2012
mmm all precision data (90% CL) + situation before the
allowed by Higgs searches . Higgs discovery
excluded by 1 experiment ]
80.4 excluded by > 1 experiment a
> L g
O
O - |
= L .
= r /
80.35 —
803 1 | 1 | | 1 | 1 1 1 1 | 1 | 1 1 I 1 1 1 1 | | 1 1 |

160 165 170 175 180 185

m, [GeV]

Figure 10.6: One-standard-deviation (39.35%) region in My as a function of my
for the direct and indirect precision data, and the 90% CL region (Ax2? = 4.605)
allowed by all precision data. The SM predictions are also indicated, where the
blue bands for Higgs masses between 115.5 and 127 GeV and beyond 600 GeV
are currently allowed at the 95% CL. The bright (yellow) bands are excluded by
one experiment and the remaining (gray) regions are ruled out by more than one
experiment (95% CL). >



.... but new M measurement by CDF

Fig. 5. Comparison of this CDF SM

Il measurement and past My, DO | 80478 + 83 —_——
measurements with the SM

expectation. The latter includes CDF | 80432 + 79 —

the pub_lished estimates of the DELPHI 80336 + 67

uncertainty (4 MeV) due to

missing higher-order quantum L3 80270 + 55 ——@—

corrections, as well as the

uncertainty (4 MeV) from other OPAL 80415 + 52 5
global measurements used as ALEPH 80440 + 51 —_——
input to the calculation, such as
me. ¢, speed of light in a vacuum. Dol 80376 + 23 e
ATLAS 80370 = 19 == 80.50 1 L L L L L T T T
CDE II 80433 + 9 . - Experimental unc. 68% CL g
PN T T N T TN T AT T T N T AN NN SN AN RO - Light supersymmetr .
79900 80000 80100 80200 80300 80400 80500 - === LEP2/Tevatron E p, Y y
W boson mass (MGV/CQ) T = This measurement T
80.45— =
; - -
[0}
g B _
; - -
2 — —_
A a
80.40 — o . —
’ ‘
L ! [} oty .
80.35 Heinemeyer, Hollik, Weiglein, Zeune '20 ™|
1 11 1 | I I | | 111 1 | 111 1 | 111 1 | 111 1 | 11 1

171 172 173 174 175 176 1%L 178
Experimental Subni m, [GeV]
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