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L EP and LEP Data

LEP was an electron-positron collider ring with a circumference of approximately 27 km
four interaction regions with multipurpose detector: L3, ALEPH, OPAL and DELPHI

* |n the summer of 1989 the first Z bosons were

oroduced at LEP 11 years of operation
« At the end of LEP (~2000) approximately 1000 Z
bosons were recorded every hour by each of the —1 Kkm

four experiments,

LEP was a true Z factory.

Toni Baroncelli: Precision Measurements

The LEP Collaborations:

Experiment Aleph  Delphi L3 Opal
# Institutes 34 60 49 34

France

Number of members/authors ~ 10/Institute
| was a DELPHI member!

Geneva Airport




The Energy Points

LEP phase 1 : Study the Z

e'e” —>qq Precision measurement
Resonance, my V+Z N ,
10% ~unknown!! * The position of energy points

optimised to get the best possible
determination of my

» Points away from the top are very
important to determine the peak
position —

* You have to run longer to collect
enough statistics!

9,

m

O
Ll

(%]
=
c
(]
S
(O]
[
>
(%]
©
(]
=
c
2
oA
O
(O]
—
o
]
O
[
o
—
(T
o
=
©)
—

102

LEP phase 2 : Search of the Higgs

* Increase energy up to maximum
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LEP Data Taking Periods

« 1989 — first Z peak

« 1990 and 1991 “energy scans” ~ one GeV apart.

* In 1992 and 1994 high-statistics at the peak energy.

* |In 1993 and 1995 about 1.8 GeV below, above the peak and at the peak.

@ Phase 1)— Z mass (& first quest for the About 17 million Z decays recorded by the four experiments.
Higgs)

Year || Centre-of-mass | Integrated
energy range | luminosity

(GeV] pb~1] (EP Phase Z)—» W properties (& quest for the Higgs)

Toni Baroncelli: Precision Measurements

1089 %R0 010 17 Period Energy (GeV) Luminosity (pb~1)
1990 ||| 88.2 - 94.2 |, 8.6 1995 130/136 6.2
1991 | | 88.5 93.7 18.9 —_— 1996 161 12.1
1992 91.3 '$< \ Energy Scans 1996 172 11.3
1993 |/ 189.4, 91.2, 93.0| ) 1997 183 63.8

1994 012 < A/(,‘;&/ — Peak Energy 1998 189 196.4
1995 ([89.4. 91.3.93.0] [« 30.8 1999 192 30.
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L EP Experiments

Muon detector —_—

 four large detectors: ALEPH,
DELPHI, L3 and OPAL.

Hadronic calorimeter

and iron yoke »

Need to rely on multiple measurements (~cost
allowed)

Solenoid

Electromagnetic
calorimeter

Particle
identification

Charged particle
tracker
Micro-vertex

Vacuum pipe

Interaction point

These multipurpose devices were able to detect, in any direction, any type of particle produced (except neutrinos)
at the interaction point. Experiments of this type are sometimes called 4 7 detectors because they are able to detect
particles emitted in almost the full solid angle.

« (Cylindrical structure, with dimensions
of at least 10m in diameter, 10m in
length.

» Typical collider experiment: a set of

\ \\ subdetectors, cylindrical structure

concentric with the LEP beam.

\ \‘\  The detectors were closed on each
\ ‘e;\ side by two end-caps.

x-y view of a typical LEP detector
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| | | | | |
b gy Doector=> OPAL L3 ALEPH DELPHI | | yop s "= | OPAL L3 ALEPH DELPHI |
Tracker Calorimeters
Microvertex Electromagnetic LGB BGO PWT HPC
Resolutions [um] o) 5 7 12 8 11,704 blocks 7,680 blocks
o, 15 14 10 Energy [ AE gy £3 302 .@ Lol = o4
(for normal incidence) mo,fmon[ E ]45 i vE vE vE
Vertex chamber ohvotution LA(r, @) : AD] 2.3°;2.3° 2.3°;2,3° 1°:1° 1°:0.1°
External diameter [mm] @ = 235 © = 180 @ =288 o [cm] 1 1 3 9
Length L [m] 1 1 2 Hadronic
Resolutions oy, ) [um] 50 45 150 <150 [ AE %] 120 S 100 120
Central chamber JET TEC TPC TPC E s gev 3 £ © VE VE
External diameter [m] © =38 @ =009 @ =36 =12 spatial oo . . . . o o
Length [m] L=45 L= L=438 L=28 mo,m‘-on[A(r, (p), Al’] 7 ;7 2.5 ;25 3.7 . 3.7 3 . 4
Resolutions [pm] Ory) = 135 O(rg) = 45 Otrg) = 150  0¢y) = 250 | Barrel diameter [m] ~10 16 ~10 ~10
Resolution Barrel length [m] 10 10 12 10
on track momentum
Magnetic field [T] 0.43 0.4 2 1
[% -10° (GeV/c)_'] 1.1 0.6 0.7 Time of flight [ns] 0.2
. . JET TPC TPC TEC time expansion chamber, TPC time projection chamber, LGB lead glass block, BGO bismuth
Obtained with +VTX +VTX . . . . . - . © . .
2-chamber [zm] 5. = 300 germanium oxide, PWT proportional wire tube, HPC high density projection chamber, RICH ring
dE /dx (0. Sl:}c Vic ) 3.22% imaging CHerenkov, JET JET-CHamber, VTX VerTeX (vertex detectors), PRES PRESampler
j detection (barrel)
Resolution
on muon momentum
[(22) @] 5.5 25 3.0 35
P Jup 145GeV
Ory [mm] ; og[mr] 1.5:5

The main features of the four LEP detectors are summarized in the Table above




Physics at LEP

Diagrams at LEP:
» Photon exchange (a); dominant below mz, ~ 1/s
« / exchange (b), dominant @cms = m,

The example for ete™ —» u*™u~ but the same diagrams works
for all ff final states.

At the “Z peak”, “real” (on mass shell) Z are produced — the Z boson is produced such that E2 — p? = m2.

. @I+ )
\z(E, n (2sq + 1)(2sp + 1) [(ER —E)? +(F2)4]'

10° T T T T

.
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10t | (%)7 — ;:DZ —; ete” - e+e‘“
- 6%/) ®§ 1 J=1, 54=8=1/2, )

i3 %5% N E the de Broglie wavelength 4 = = (me~0. p = s). = h/(Vs/2)
i o - 0o (E;]) = a(s)

o £ < ee” > qq [% = Tpe - Iyp

oE | .-_— o(s) = 273 [ Leelyy/4 ] _ b Tely
0 100 ' 200 (s/4) 4 [ (/s—mz)>+T;/4 my (s —m7z)> + 527 /m7

\s/GeV



Cross Section at the /

ats=mz| o' =0o(s=m3) =
Z
m% (s—mz)2 + s2I'7 /m% mZZ FZZ

o(s) = 4T 3 Feerff/4 ] _ 12n Fee I'sf

(s/4) 4 [(«/_ mz)> + I'7/4

10°

Number of events collected by the 4 LEP experiments at
LEP phase 1 in units 103

* 4 millions of Z hadronic decays per experiment

» ~ half million of Z leptonic decays

104
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Number of Events x 10°

7 — qq 7 — (0~
Year A D L O[LEP| A D L OJLEP
1990/91 | 433 357 416 454 1660 | 53 36 39 58| 186
1992 | 633 697 678 733 | 2741 77 70 59 88| 294
1993 || 630 682 646 649 | 2607 | 78 75 64 79| 296
....... 1994 || 1640 1310 1359 1601 | 5910 || 202 137 127 191 | 657
~~~~~~~~~~~~ — p 1905 235 (50 596 (50 2579 2 24 {1 291

, | , 3 || Total | 4071 3705 3625 4096 15497' 500 384 343 497 1724]

| §
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The Z Widith, T

', is determined by the number of species of kinematically accessible (with a mass < mz/2)
All species with weak interactions contribute to I'.

Decay fractions of the Z to different pairs of fermions — predicted by the SM = ﬁ
* leptons do not have a color multiplicity ch =1 t r

X
« each quark has three degrees of freedom (one for each color quantum number) ch =3 BR(= xy) = Ty

« SM: an axial and a vector part.
The partial width Ty represents the transition probability per time unit for the Z boson decay to a given final state ff.

Grmy f 2 2 S
Iy = = 330(a; + v;)N/ MeV Measurements
4 627 ¢ s rre

Toni Baroncelli: Precision Measurements

Process (f f) Iy (MeV) BR (%)
_ S ete” 83.91 £ 0.12 3.363 £ 0.004
Fermion Ne tay +vy) wtp— 83.99 +0.18  3.366 % 0.007
e U, T —3 —0.040 0.252 tt— 84.08 £+ 0.22 3.370 &£ 0.008
Ves Vs Ve 5 44 0.5 L, 0o 83.984 =+ 0.086
u.c.t _|_% 0.193 0.861 Iy 1,744.4 = 2.0 69.91 4 0.06
5y~ 0347 1110 <:| I, (total) 24952423 100

Finviss D pmepcVivi 499 £ 1.5 [20.0 £0.06 |
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Topologies at LEP

DELPHI Interactive Analysis
Bewm: 45.6 GeT  pun, 26154 DAT : JS-kg-i0f:
a:48:

At LEP the kinematics is completely determined by the fact electrons and positrons are point-like particles: no PDF!

— 4 Conservatign laws can be used: py, Py, P2 Eiot
Pairs of f f are back to back in all views

Reaction qq ete”
If you have a species on one side Two em
— anti-species on the opposite Topology 2 jets Showers

T T
Two
penetrating

particles

Two narrow
jets




Topologies in ALEPH

Example: final states distinguished with two variables

£ T i  the sum of the track momenta, Eg,
§ ‘ 77 « and the track multiplicity, N¢n, (ALEPH experiment)
=
g B Reaction qq ete” utu (Al
g = om0 Two em wo
S 19 LT ™ 2 jets — Two narrow jets
3 1 R . showers .
= - M medium to penetrating —
= L - Ecn | — large o .
P i . arge eneray particles  medium to
; ‘*lqi'l{“i‘}"z -i' ” energy ~2-E, ~2+ Epeam large
'lf’.'{;‘?}'t‘f-'?s‘?’hh'}?«f"f,m 1l - —
S “*""'“ TR LS L Nen ~large 2 2 ~few
A S e e Ll e T e \_ZTS‘“ 0

B 10



The Z Scan and I'x

_ 4T 3 Feel“ff/4 B 127[ lee I'sf . .
ols) = (s/4) 4 [(ﬁ— mz)? + F22/4] - m% (s —m%)? + 527 /m7 FZ = total Z width

£ One sees that the cross section falls to half of its peak value at ‘0 _ dopeak dros’,s“_ section |: G
: I‘z L
2 Vs =myg + B} Solid line =fmeasurement (seg¢ later) :
§ — [, total decay rate of the Z boson and also the full-width half- = BN
2 maximum (FWHM) of the cross section vs Eq s [
= T
= | b 20
5 — The mass and I'; of the Z boson can be determined from a 'scan’ 5
= of the cross-section i
= ete”" > Z->ff

— Once mz and I'; are known, the measured value of the peak cross- 0

section for a particular final-state 019]; is given by the formula

\s/GeV

"'tfrmz

Iﬂee rﬁ‘ 1 271’



Initial State Radiation ISR

ete" > 7> ff

In practice, this is more complicated. Two
e W higher-order QED diagrams where a photon is

e Ebeam

. . radiated from either the initial-state electron or
positron, distort the shape of the Z resonance
ISR curve
¢ | Epeam e v Ey W

ISR photon with energy E,, is radiated — at the Z production vertex

Toni Baroncelli: Precision Measurements

P1 = (Ebeam_ Ey' O'Or Ebeam_ Ey)r P2 = (Ebeamr 0,0, _Ebeam)

— The effective centre-of-mass energy squared at vertex s’ = g2, given by the square of the sum of four-momenta
of the e+ and e- after ISR

q% = (p + Pz)z = (2 Epeam- Ey)z - E)g =4 Elgeam ) (1 - Ey/Ebeam) :I S (1 - Ey/Ebeam)

SI




Distorsion of the Z-Line-Shape

B —ISR reduces
40 ft ting for 1SR 3% stos’

AIEr COMeCting Jore if the accelerator runs at s = m; a fraction of the Z bosons
. i | are produced g2 < m2
Bl
- I ISR < peak: f(s,s") probability that s — s".The measured cross section
¢ B - | 0(s") decreases | eak:
:% g 20 \Ccreases
% © Omeasured(S) = JO'(S,)f(S» s")ds’
5

ISR is a QED process = f(s,s’) can be calculated to
high precision. Gpyeqsureq (S) Can be corrected back to
the Breit-Wigner distribution with ‘no ISR’

Vs/GeV

« ete™ 57 -qq
« Solid line Breit-Wigner distribution with ISR.
* Dotted line Breit—Wigner distribution with no ISR



The Invisible Width (neutrino families!)

What discussed already

Grmy f 2 2 a7 f
r = — 330(a% +1*)N/ MeV _
T 6an ¢ s Process (f 1) 'y (MeV) BR (%)

. eTe™ 83.91 £ 0.12 3.363 = 0.004

: . tu 83.99+0.18  3.366 & 0.007

E Femion Ne (a4 v)) ;;+ 5— 84.08 4 0.22 3.370 4 0.008

: e p.t —3  —0.040 0252 n.ete 83.984 = 0.086
Vs Vs Ve 1 41 0.5 I 1,744.4 £2.0 [69.91 £ 0.06

£ u,c.t +1 0193 0386l Iy (total) 24952423 100

g d/, S/, b’ _% —0.347 1.110 @ Envis, Zﬁ=e,u,t Vv 499 4+ 1.5 I2OO + 0.06 I
3 Measurements

The hadronic width I, = sum of partial widths of qgq pairs kinematically accessible (top quark too heavy!)

I‘h: Fuu + I‘dd + Fss + I‘cc + be

The leptonic widths (I, Iy, Iz and I, include also the ‘invisible width I}, carried by all N, neutrinos (we
expect N, = 3). Assuming lepton universality (all neutrinos behave the samel)

[ Linvis = Ny - Ty ]




The Number of (v) Families

Cannot measure I;,,,;c — IS derived by subtracting all visible widths from I, (if there was a neutrino with m,, > % —
it would not contribute)

Binvis = Iz = Th — Tee — Fp.u — I'te Dinvis = Iz = Th =3 x I

Strategy: assuming Iy} =Tee = [},y= I5e

 |dentify Z decays topologies

» the largest cross section that can be measured at the peak of the Z (and the one statistically better defined) is
the one into hadrons

Toni Baroncelli: Precision Measurements

0 12nTee Iy _>©: JlZnFeth Define R) =T, /Ty | | Toe/Ty =1

Ohad = 212 2 0
mzI; Mz0pa4

/Ty = 12nTeely, | 127R)

z/°u mzop.aTh N M50haq

« One additional family with light members, would determine a larger I;.
« — alarger Z width (a smaller lifetime) and a g, (s) o I'; 2

* measure the number of families is based on the ratio (assuming
lepton universality)

0 —
Riuwis = Tinvis/Tu Rimis =

invis




The Number of (v) Families

\

by factor 10

N - 5.943 -I_-0.016
V" 1.99125 + 0.00083

Combined analysis of 4 LEP experiments using all :>
available statistics

- ALEPH 2v
I, /Ty = 12nTeeln _ 127R} . DELPHI
Zioi MZ0haali N MZO%haa - L3
. 30 - OPAL
= 0 127R} 0 i
: Rinvis = - R; — 3 measured to be 5.943+0.016
b —
: 0 _ — I
z Rinpis = N ( Fll SM S 20r
p Cvy B0
= =1.99125+0. = | ¢ average measurements,
: ( ) SM 00083 computed using (*) S b verage measuremen

= 2.984 + 0.0082 10

86 88 9% 92 9
E, [GeV]

* GF’"% 2 2 f 2 2\a7f
Ty = (a7 +v;)N; = 330(a7 + vy)N- MeV
( ) Ir 6van I 7INe (a7 +vy)N¢



The Forward-Backward Asymmetry A%

There are more complex observables at LEP than cross-sections and widths: forward-backward asymmetry (Arg)
measures asymmetries in the polar angle predicted by SM

The asymmetry in the angular distribution of the process
ete” o y/Z >utu”

IS easy to measure: -
NE_NE gl gh Fermion Ne (a? +V3(')
Ar L = =

Toni Baroncelli: Precision Measurements

FB — N;,L + Ng - O';f +0'§ e, MU, T -5 —0.040 0.252
Ves Vi Ve 3 43 0.5
1

“F (B)” means “forward (backward)”, u,c,1 +12 0.193  0.861
NE (NY) is the number of muons scattered in the d’.s"b' —3; —0347 1.110
forward (backward) hemisphere, with respect to the e
beam. — AFB is an observable that establishes a relation
The corresponding cross-sections cr,ff (ag) are the given between vi and a
by

d o 3 5
d cosf  8° (1 + cos6) COSO]




Asymmetries at the Peak of the £

3
At the Z peak of the Z: A%} = JAcA
* Thellepton FBlasymmetry is easily measured (tracks well measured, flavour clear!)

» Thethadrons FBJasymmetry is more difficult: how to distinguish jets from d, u, s, ¢, b? Only ¢ and b induced

Jets can be identified using secondary jets (heavy flavours decays)

o : DELPHI 93 — 95 = i - Am . aem |* Asghasan energy dependence
: I 4 H &= Ly due to the different ener
g 51 _ ete"—=>uu(y) v,a’ = -==-== QED corrected L3 qy
s I < { average measurements dependence of the
: ERE Peak 0.2 ¥ component,
= IR [ « the Z component and
5 :  the interference between the
_c‘;" 0.6 - X / 0 two cross-sections
. _:+ 1+ Arg has a detector-related
o #+ Pz At 1 ‘complication’: it depends on the
| #—“Z_t phop -0.2 efficiency and acceptance. These
02 o ;*++ gyt have a direct impact on the
observable

cos(0,.) Ecm [GeV]



Measurements at LEP

Measurement Fit |Qmeas_Qfi éﬁs-l |0 bservable™easured _ ophservable fitted(SM)l
6- ! X ‘= gmeasured

Ao (my)  0.02758 +0.00035 0.02766
2 mz[GeVl  91.1875+0.0021 91.1874 Compare all observables with SM. Agreement (y?) given by the
£ FzIGeVl  2.49052:0.0023 24957 ratio above — large deviations indicate a deviation from the fit
5 61aq [ND] 41540+0.037  41.477
¢ R, 20.767+0.025  20.744 . —
5 A% 0.01714 + 0.00095 0.01640 « Mz corresponds to maximum of Breit-Wigner curve
g A(P,) 0.1465+0.0032  0.1479 * the width I'; to FWHM
% Rp 0.21629 + 0.00066 0.21585 « The hadronic cross-section a4 corresponds to the
5 Re 0.1721+£0.0030  0.1722 maximum of the cross-section of the resonance of events
g Ave 0.0992 + 0.0016  0.1037 with hadronic topologies.
= At 0.0707+£0.0035  0.0741 « As for the case of hadronic events, the cross-section of

Ao 0923£0.020  0.935 different leptonic species has been measured

A. 0.670 £ 0.027 0.668 . i Fff

A(SLD) 0.1513+0.0021  0.1479 * The partial widths have also been measured T, = O /0e

sin26®P'(Q,) 0.2324+0.0012  0.2314

My(GeV]  80.392£0.029  80.371 Lep phase-2, see next slides

Ty [GeV] 2.147+0.060  2.091

m; [GeV] AL FT 171.7 Also indirect measurement from higher order diagrams
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Statistics: Reminder

Two sides
probability

1.00
0.62
0.31
0.13
0.045
0.012
0.0027

Measurement Fit <'°"'eas—°m” o" eas> If you repeat the same measurement (characterised by a
0 3 measurement error) many times, in a small number of cases you
Ac(my)  0.02758 +0.00035 0.02766 get large variations relative to measurement error.
mz[GeV]  91.1875+0.0021 91.1874 # std.deviations
I, [GeV] 2.4952 + 0.0023  2.4957 — expect some ~significant
Ohag [Nb] 41.540+£0.037  41.477 variations in a large sample of 0
R(.) | 20.767 £ 0.025 20.744 measurements 0.5
Arg 0.01714 +0.00095 0.01640 . if too many of your
AlP) 0.1465£0.0032 ~ 0.1479 measurements are ‘too’ close to 1L
R 0216292 0.00066 0.21585 the expected value you are not 1.5
Rc 0.1721+£0.0030  0.1722
A2 0.0092 £ 0.0016  0.1037 lucky, you are probably 2.0
A2 0.0707+0.0035  0.0741 underestimating your errors 55
A, 0.923 + 0.020 0.935 — the probability distribution of :
A, 0.670 + 0.027 0.668 your measurements has to be flat 3.0
A(SLD) 0.1513+0.0021  0.1479 between 0 and 1 if your model is
sin26P'(Qg,) 0.2324+0.0012  0.2314 correct (&& and if your errors are
my(GeV]  80.392+0.029  80.371 correctly computed)
Ty [GeV] 2.147 +0.060 2.091
my [GeV] 171.4 2.1 171.7 All is quantified by the ratio y?/ndof

where ndof = # measurements — #degrees of freedom



ALFPH —p— 91.189310.0031 ALFPH < 24959100043

2.5 |||‘||I||||||||| RN R R R
DELPHI — 91.1863:0.0028 DELPHI —— 2.4576:0.0041 k | | ] | | -
—4—  91.189440.0030 L3 ——— 25025:0.0041 Unllkely region ]
OPAL —— 91.185340.0029 2.0 N 1
. 91.1875:0.0021 ’ -
c w -
GE.) 1 L 1l /v = -1
S 918 919 92 p———
= 5% ————=
E —
5 ALEPH = 4155910057 ALEPH —— 20.729+0.039 392% _|
'é DELPHI ¢ 4157840069 DELPHI—— 20.730+0.060 . 50%——————= — =
o = 41536+0.055 L3 ——— 20.809:0.060 68% -
g OPAL —H— 4150240055 OPAL ———— 2082240044 95%
C
o o  41590:0037 LEP - 20.76740.025 . 0097—-—-—“""’—'_—‘—_’-_:—
[an] eveets ppat TG 7 — 1
é Unikely region -
fa s ‘l‘(‘!:ul‘m wrona mn: 00 ,|||||||||||||||||||||||III|||||||||||||||’||||:
0 10 20 30 40 50
aleen 39 4172109006 Degrees of freedom n
DELPHI |——  00157:00019
 PRE——— Figure 29: Messurements of mz, I, Figure 38.2: The ‘reduced’ 2, equal to x2/n, for n degrees of freedom. The
opaL —| O it A s curves show as a function of n the x2/n that corresponds to a given p-value.
and combination method discussed in
M 0.0171:0.0010 the text. The values of )? per degree of
. freedom were calculated considering error
X /DeF =35/3 correlations between measurements of the
same parameter, but not error correlations

O between different parameters. Particle Data Group: http://pdg.lbl.gov/2015/reviews/rpp2015-rev-statistics.pdf
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Precision on m

Stat + 2 MeV Amgz =~ % -A(E49 + E_5) and
gll\i/lbe\(;m had to be known to » ATy, =~ ﬁ A(E4s — E_o).
e

Consider very small effects:

tidal effects: the Moon distort the rocks around LEP by +0.15mm in the
accelerator. Induced AEy .4, £10MeV. Moon movements are known -
effect corrected.

Ununderstood effect for some time: jumps in the beam energies at
specific times of the day. After much investigation (and a box of bottles
of champagne!), the origin = leakage currents from the local high-speed

railway. Once understood, the affected data could be corrected for this
effect.

o(ete- - dg)/nb

40

20

E-s

90
\s/GeV

95
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momentum of particles circulating in a ring is proportional to the magnetic bending field E [MeV]

. . . | 44717 44718 44719
The needed AE}.4m INn LEP achieved with the technique of = — — —
| resonant spin depolarisation () O.}E L[ + Logeg
precession of the average spin vector of the polarised bunches. 4 ,
~ i \ !
— The beam energy is therefore proportional to the number of spin E - +
precessions per turn (“spin tune”, v). It is measured with the help of a = 03 N _f_ ,'
weak oscillating radial magnetic field, by observing the depolarisation - \‘ ;'
which occurs when an artificial spin resonance is excited. I !
: +
This method offers a very high precision, as good as +0.2 i | | |

MeV, on the beam energy at the time of the measurement.

048 0482 0.484
v - 101

(*) available in 1991, when a small transverse polarisation of the electron beam in LEP was observed.
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energy)

, o — - AEq, [MeV] 19.1 -0.3 . 19.8 0.2 |
Typical variations of the beam energy around % 40 == @6\’5‘9_9;., o
the LEP ring due to energy losses from > 20 i \&oo‘ R % '
synchrotron radiation in the arcs: compensated ., -~ - 4C L
by radio frequency cavities % P S L 0§°§ R | L
T
— Effects on the centre-of mass energy. 20 [ é?@% “ s
The last two columns give the approximate - @\0;‘ o A
. . L QQ (04
contribution of eachle.ffect to the error on W < ALEPH OPAL DELPHI L3 %%,
mz and on I',. (specific to each year and l l l I N
Correction to Eom Error on
Origin of correction Size Error myg I'z
[MeV] MeV] | [MeV] [MeV]
Energy measurement by resonant depolarisation 0.5 0.4 0.5
Adean fill enercy, from uncalibrated fills 0550 05 0.8
%%%ald changes up to 20 [1.3-3.3 1.7 06 I
1 eformations +10 10.0-0.3] | . )
et energy difference <0.3 0.3 0.2 0.1
Bending field from horizontal correctors 0-2] [0.0-0.5 0.2 0.1
IP dependent RF corrections [0-20] [0.5-0.7 0.4 0.2
Dispersion at IPs 0.5 [0.4-0.7] 0.2 0.1




[Luminosity Measurement at LEP

N selected

L= — -
gsignal . Acceptance - Ef ficiency ot ot

The small-angle Bhabha scattering was used to measure the
luminosity at LEP. Y

et et e” - mostly y at small angles —» et e~

It can be described by two contributions:

« at small angles, the cross section has a dependence on the polar
angle of the type 1/8* ~ 1/q* due to the EM terms — very rapid
variation with 6;

- at large angles, the exchange of the Z has also to be included.

Toni Baroncelli: Precision Measurements
()

The large cross-section at small angles is only due to the EM interaction and
is calculated with a precision better than 1% (compared to 3% achievable at
LHC using Van der Mer scan).




[Luminosity Measurement at LEP

« Events with forward going electrons are recorded at the same time of all other processes — reflect any data-
taking inefficiencies (readout deadtimes and detector downtimes).

* The cross-section is high — many events produced — the statistical precision of this process is high, matching
well even the high statistics of hadronic events at the Z resonance.

OPAL
§ g 1.4 - L R N TS ‘[.. ' '46§64:
§ The topology of these events is extremely clear: 2 {0 E L E
|« back-to-back electrons and positrons close to the beam direction. < - -
= Their positions and energies (E, and Eg) are measured by W q = -
§ calorimeters placed at small angles with respect to the beam line, 08 - -
= polar angle range: 25 to 60 mrad. coo -
&+ The energy of electrons and positrons is equal to the energy of the 06 =
beams — E R/ Epeam =1. N ]
» The cross-section is twice the hadronic peak cross-section — 0.4 - B
small statistical errors arising due to luminosity. 02 i -
0 - | TR M T l -

0 0.5 1

typical experimental signature
of luminosity events ER/Epeam




. Ntotal _ Nselected o Nbackground [ = Nselected
L L - Etrigger * Eselection * Acceptance gstgnal . Acceptance
" 46364

T T T [ T [EenfRes [
R Very small background, very large sample of Nggjected
BUT
the main systematic error from the definition of the

geometrical acceptance for this process.

Toni Baroncelli: Precision Measurements

IS w"’ i angular distribution falls like 1/6*
_ _f-_ JLIEY, SR 1 — aprecise knowledge of the inner radius of the
:_ Ran dom 2 \g; : | calorimeter needed
L L LB |
- ..co-tr:-c::ﬁe.n?es_ : fi: 4 The Bhabha cross-section at small scattering angles is
- sl -__,';, | ] 4 dominated by the well-known QED t-channel scattering
— LT e 8] - process known to ~ 0.05 %
R R R R T el N
0 0.5 1
E/E

R ™= beam



Toni Baroncelli: Precision Measurements

LEP at High Energy: Phase-2

Cross section (pb)

e e'e se’eTqq
* e’ —qq(y)
* e'e suu(y)

80 100 120 140 160 180 200
Vs (GeV)

b et W+ € e W+
e W . e W~
Pair production of Ws
d ot W+ f et Y
< X 1
e ' e 7

Pa|r produchon of /s

Pair production of ys

Lowest order Feynman diagrams (a), (b), (c), and (d) for the
process ete™ - W*TW ™, (e) the ZZ production and (f) the
annihilation in two photons



Dy W LEP Measurements & its Mass

rr

ete" > WTW~ - q&'g"q
ete” > WTW™ - qq'ly,




W Mass at Colliders & Other Observables

o

ALEPH 80.440.20.051 Stqndard Model: precise rlelatlons among many observables, — well
i defined ratios and/or relations.
DELPHI — 803360067 | « The mass of the W, of the Higgs, of the top quark are some of these
@ L3  — 80.270+0.055 obsgryables. o
; | * My is important because it is the best measured observable — check
4 | opaL ——8— 8041520052 the consistency of the SM predictions with data.
= | LEP2 — 80.376+0.033
2 : 80.389+0.01¢ i~ L AL R B £ SN IR R
- oo _'._ R < > o - 68% and 95% CL contours ﬁ;ﬂ‘igg;"é&" e
O] : +2 e 80.5 — Il fit w/o M, and m, measurements i1 -~ =076 Gov T
% DO —i— 80.383+0.023 T2 O E; - fit w/o M,,, m and M, measurements | | — =076 ©050, dev d
«:‘E E :_ [ direct M, and m, measurements : ’ _:
= | | Tevatron - ‘ 80.387 +0.016 ‘ All these 8045 g
- | yror=aap measurements coa b ] e
i 1 — M, world comb. + 1 e
ATLAS _.i_ ‘ 80.370+0.019 ‘ Of SU,()GFDOSITIOH 80.35 :—Mw=80.385 +0.015 GeV /,— —:
World av. (new) 4 80.379+0.012 Inconsistencies 80.3 - : -
1 . . — N 3 . n
T could give possible T R~ R | 2 .
H . . . 80.25 — .°.- 2 2. 52 fd i anlE T
80.2 80.4 80.6 indications of new Coue e
hvsics 140 150 160 170 180 190
My, [GeV] b m, [GeV]



Methods to Measure the W Mass

-

ALEPH 8044020051 | YV Mass and its width I'is are the parameters that appear in a Breit-Wigner
5 expression for the cross-section vs centre-of-mass-energy
DELPHI o 80.336+0.067 _
i ; 2027040 0t Decay WHtW- WtW™ - qq'ly, WHTW™ - lyly,
- " S— i : +0. NI
*é —qqq q
2 | opaL _._._ 80.415+0.052 Fraction 46% 44% 10%
% LEP2 + 80.376:+0.033 Topology 4 jets, no missing 2 jets + missing No jet + missing
2 ’ —— energy energy + lepton energy
% i _ Present
: DO + 80.383+0.023 Machine Method orecision
5 | Tevatron - ‘80-387}0-_016 . 1-cross-section at threshold, +33 MeV
= | ¥ </dof = 4.2/6 e'e . .
World av. (old)  -m- 80.385+0.015 2-direct reconstruction
ATLAS -Ii- ‘ 80.370+0.019 ‘ =16 ey
— pp High pr charged lepton from its decay. (CDF and
World av. (new) -.- 80.379+0.012 Due to the presence of vs the mass is DO) (=9 MeV?)
T determined by comparison of the +19 MeV
80.2 80.4 80.6 pp transverse mass my with MC predictions (ATLAS
M, [GeV] only)




W mass measurement at Colliders

SM
DO | 80478 + 83 &
— Tevatron (pp, 2 TeV)
(| CDF I 80432 + 79 ®
e
DELPHI 80336 + 67 e )
=
L3 80270 + 55 ®
= LEP (e*e™, < 200 GeV)
g OPAL 80415 + 52 ®
: ALEPH 80440 + 51 @ y
' DO I 80376 + 23 —e—
[ ATLAS 80370 + 19 —o— LHC, pp, < 13 TeV ]
-[CDFII 80433 + 9 @ ]
N T T T T T B

79900 80000 80100 80200 80300 _80400 80500 34



Lowest order Feynman diagrams for the production MMQQ < gluon radiation, additional jet
of pairs of Ws and of Zs at LEP phase-2:
Centre-of-mass energy has to be larger than a o W+ b ot W+ C et W+
2 M (mZ) B AVe + >~cv1-< + >v\«zi<
§  Fully hadronic: 44%, four jets whose energy sum e wW- e w- e w-
‘g is consistent with centre-of-mass-energy ‘CCO3 diagrams’
5=+ Semileptonic: ~46% d . . ¢
2=+ Fully leptonic: 10%, topology two acoplanar e’ w* € e_‘_wv\z,\, & Y
= energetic leptons with significant missing energy in HO A ]
S detectors. ———l A~ -
3 e wW- e z0 e v
o LEP Phase 2 — W properties (& quest for the Higgs) Z
Period Energy (GeV) Luminosity (pb~1) |
1 130/1 6.2 Typical situation at LEP for the WW selection (Aleph)
1996 161 12. Efficiency (%) | Purity (%) | Exp. N evts | Obs. N evts
1996 172 11.3 qqqq 71.4 84.7 1173 1068
1997 183 63.8 qqev, 81.3 92.7 371 358
qauvy, 84.1 96.6 365 363
1998 189 196.4 qqrv; 41.5 95.4 176 159

1999 192 30.



W+W- Decay lopologies

WW™ — e Ve 1PV, “Veq4C W*W™ — q1029304

Toni Baroncelli: Precision Measurements

At LEP two point-like objects collide and this allowed the use of constraints:
« Total energy = /s (= 2 x beam energy); — v energy known
» Total momentum in 3 directions = 0;

At LEP rate is ~ low, events are clean, no pile-up!

— adjust directions and prand E of objects to satisfy these constraints (fit) — improvement of my, resolution

- If both Ws are reconstructed than also impose mi;, = m#, (however in full hadronic topology 4 jets and 3
combinations; use pairing that gives best masses)



Toni Baroncelli: Precision Measurements

14

Close to the W*W- threshold (161 GeV), the dependence of the W-pair %
production cross section rises as

oww X f = \/1 —4mg, /s

— The measurement of gy, at /s gives myy (see plot on the right).
The most sensitive /s to my was determined to be /s = 161 GeV, but data
at 172-183 GeV were also analysed to extract my.

12

The potential precision is similar to the direct reconstruction method,

described below. However, LEP (mostly) operated at higher centre-of-mass 4

energies (NP + precise EW) and only 3% of the full data set was taken at

161 GeV. 2 |

Threshold Analysis
Experiment | my|[GeV]

ALEPH 80.20 = 0.34

—0.42
OPAL 80.401045

>z

'l" "'"‘ 'l" T "" " L} " L2
Bt \l —798Cc\/c
L e \I .= 80.0 G (\/t

MY w=80.2 GeV /c2

: ............ \l _804(‘0\/c
[ e My = 80.6 GeV/c?

- .‘.
1 .;.. I
(e
4 I
|

AT Erirait Lrirtr sl B fa R EEPEA SR

Larger opening

| BTSN BTSN AP

L

o The combination gives

+

DELPHI 80.4529 41 my (threshold) = 80.42 @@ Lep) GeV
L3 80.7810-15

Amy~200 MeV, energy knowledge plays no role!

" 156 138 160l To2 164 166 168 170 172 174
12.1 pb' at 161 GeV

Js (GeV)



Direct Reconstruction of m,

The direct mass reconstruction method was used at 172, 183 and 189 GeV centre-of-mass energies.

W mass is reconstructed using the pairs of jets from each W decay.

» A constrained fit, mentioned before, is used

» fully hadronic and semileptonic channels are used

» In the fully hadronic channel ‘pairing problem’; (12+34, 13+24, 14+23) — combinatorial background.

—
2
S—

(b)

Toni Baroncelli: Precision Measurements

Example: L3 60 e PrSiminary 150 reer e gy PrciTIETY
| ® Data qgev 1 | ® Data qqqq, 1st pairing |

- | MC rteﬂwgighted I_(a)3- S l M.C. -reweighted“ I_(a)3- qqqq some background,
D i M.C. background ) | BM.C. incorrect pairing i . - .
RN G @ sackround 1 significant pairing

ggev: almost no Z 40 4 <100 A 71 contribution

baCkground’ no palrlng g 1 My, =79.99 £0.22 GeV g { My, =80.61 £0.17 GeV

problem - o 1 — similar precision to the
g 20 1 1 8 90 41 semi-leptonic case even if
§ | t § | | statistics is larger
z z : %

Full leptonic topology limited | 5" 0 8 90 50 60 70 80 90
statistics (10% decays) m,,, [GeV] m,,, [GeV]




Toni Baroncelli: Precision Measurements

Getting the Mass and the Width

In the direct reconstruction method, the mass of the W boson is obtained by comparing data to simulated

ete- — WHW-

event samples generated with known values of my, and I'y, in order to obtain those values which describe the

data best.

These Monte-Carlo samples are of large statistics, typically 108 events. Since the generation of event samples for all
possible parameter values is very computing time intensive, different methods are used to perform the my, and I'y
extraction in a more efficient, but still precise way (typically re-weight events).

The individual results of the four experiments are combined
taking into account correlations

ALEPH

DELPHI

L3

| e—— 80440 +0.051

OPAL

LEP2

80.336+0.067

80.270+0.055

——— 80.415:0.052

+

80.3%%0393
x2idof = 49/41

\

X?/dof is ~good

Direct Reconstruction

WHW~- — qqly, | WTW™ — qqqq Combined

Experiment my [GeV] mw [GeV] my [GeV]
Published
ALEPH 80.429 £ 0.060 80.475 £ 0.080 | 80.444 £+ 0.051
DELPHI 80.339 £ 0.075 80.311 £ 0.137 | 80.336 £ 0.067
L3 80.212 +0.071 80.325 £ 0.080 | 80.270 £ 0.055
OPAL 80.449 £ 0.063 80.353 £ 0.083 | 80.416 £+ 0.053
LEP combination

ALEPH 80.429 £ 0.059 80.477 £0.082 | 80.444 £+ 0.051
DELPHI 80.339 £ 0.076 80.310 £ 0.101 | 80.330 £ 0.064
L3 80.217 £ 0.071 80.324 £ 0.090 | 80.254 £ 0.058
OPAL 80.449 £ 0.062 80.353 £ 0.081 | 80.415 £ 0.052




Higher Order Diagrams

Higher order diagrams include loops with known
and (at the time of LEP) yet unknown particles:
the top quark and the Higgs boson.

The effect of these higher order diagrams is to
modify slightly axial and vector couplings Qvs, gas

sin? Gfaﬁ = | ks Bin? Oy
gvi = [V (T3 — 2Qysin® 6L)
gar = |Vor Ty,

= R(Rs) = 1+Ap,. +smaller
ki = R(Kf) = 14+ Akee terms

Toni Baroncelli: Precision Measurements

— One has some sensitivity on m; and mgy:
» Dependence is quadratic on my — more visible

« Logarithmic on my — weak ﬂ' ﬂ'
At ~ low energy you open a small window on kinematically 3Gemd [m?  sin? 6w md 5
inaccessible regions Apse |= - In +---
8v2r2 |m3y cos?Oy \ my 6
Global fits of all observables give some indication on my 3Grmd, [ m2 cos2fw 10 m% 5
= . A — — |
and my even before their direct discovery and Kse SV2n? |ml, simZby O ( ) + ‘

measurement




Toni Baroncelli: Precision Measurements

| | |
200 - ]
Points: direct
_ measurement o
> 150+ S
D ¢ Tevatron o\ E
O, "1 SM constraint - &2
- 68% CL |
E l .
100 Blue band: “fit" "
measurement I
Direct search lower limit (95% CL) o
0 - - r - - 1 1
1990 1995 2000 2005 é
Year
Parameter Value Correlations
Aafoh(m}) as(m2) myz  my  logg(mu/GeV)
Ao (m2) |l 0.02767+0.00034 1.00
as(m%) 0.1188=+0.0027 —0.02 1.00
mz [GeV] 091.1874+0.0021 —0.01 —0.02 1.00
my [GeV] 178.5+3.9 —0.05 0.11 —-0.03 1.00
10g 10(my/GeV) 2.11+0.20 —0.46 0.18 0.06 0.67 1.00
my [GeV] 129:tZ$ —0.46 0.18 0.06 0.67 1.00

i [l Theory uncertainty
: Ao =

— 0.02758+0.00035
----- 0.02749+0.00012
«=« incl. low Q° data

30

| Excluded




How Precisely one has to Measure m,,?

One could ask: down to which level do we need to know my,?

‘ W
the effect of higher order diagrams: M m
i

2 Wh,Z
myy T
mﬁ,(1——2)= (1+ Ar) H
msy \/iGF H PAOEERN
Ar: J\A/\/\W\/\/\/‘ WVVAAAMANN
* Dependence is quadratic on m; — more visible ZW ZW Z/W Z/W
Z/W

« Logarithmic on my — weak
In extended theories, Ar receives contributions from physics beyond the SM.

Toni Baroncelli: Precision Measurements

The current Particle Data Group gives the world average of my (dominated by the CDF and DO measurements):
world average of my, = 80385 eV
Given the precisely measured values of , Ge and mz , and using m; and my we can use the above relation to derive
SM prediction of my = 80358 eV and my = 8036 eV (different calculations).
[The SM prediction uncertainty of 8 MeV represents therefore a target for the precision of future measurements of mW.]




W Mass Reconstruction at Colliders

We have seen that at LEP my, could be reconstructed using ALL decays of the W. JThis is possible because

Electrons and positrons are point-like objects

The centre-of-mass energy is defined

The background: both hadronic and leptonic decays

Conservation of energy and momentum allows to calculate the momentum and direction of one undetected
particle (like neutrinos in the decay W — vl)

At hadronic collider machines there are difficulties in the use of hadronic decays:

» the QCD background is >>>>>>> the EW production of W’s
« High energy W — the two jets W — qq' are ~merged. Sophisticated techniques look for internal structures in ‘fat
jets’.

Toni Baroncelli: Precision Measurements

In practice all my, measurements
at hadron colliders are based on
the study of W’s leptonic decays




PN P
p =,.==( ™ Hadronic recoil p =,.L( T Hadronic recoi
3 Df, £+ e",p'f'
u,d u,d
One lepton and one Two same flavour
W undetected neutrino 1 Z opposite charge leptons
d, i,d
) Py ) AN
’ *’( [ Hadronic recoil g ="H [ Hadronic recoll
N N4

Neutrino is not »***~, « p,

/ measured

P =~ + )

Toni Baroncelli: Precision Measurements

Difficulty: pt of the neutrino can be calculated only
in the x-y plane.

measured
— how to compute the mass of the W using

measurements in the transverse plane? — my W:  lepton & neutrino; Z:  two leptons;
hadronic recoil (u) : hadronic recoil (u)




Toni Baroncelli: Precision Measurements

L; Invisible particle (like vs in W decays)

o

" Py, Visible particle (like leptons in W decays)
where
The mass of the parent particle M7 = [E7(1) + E(2)]* — [pr(1) + pp(2))° Lammmmm——n
can be constrained with the = m2 +m3 +2[Er(1)Er(2) — pr(1) - pp(2)] ( pr(1) = Emlss:’

observable MT defined by
For m1~m2~0— Mz = 2|pp(1)[|pr(2)|(1 — cos ¢12)

Important characteristic: the end point of this distribution is
MPex = M

Also the distribution of the pt of the lepton has memory of

my: the end-point is my/2

ow- (pb)

400

300

200

100

~--——-——’

T l T T T T I T T

T I T L) L) i
XX MSTW2008NNLO
7774 HERANNLO )
Y NNPDFNNLO |
M; > 40 GeV

Ermis > 25 GeV _]
Priep > 20 GeV |

Breit-Wigner+
Resolution effect
— sharp fall —»

— smooth fall



Effect on M+ of Resolution & Breit-Wigner Shape

Also the distribution of the py of the lepton has memory of my,: the end-point is m/2

The figure <« shows the Jacobian peak of the pr
distribution when

0.06 ..L T T T T T T T T T T T T | T T T T J

* no Breit-Wigner distribution, ideal detector with
perfect acceptance and resolution

« the W is produced according to a Breit-Wigner
distribution, ideal detector with perfect ~  wmm—"
acceptance and resolution

« Breit-Wigner distribution, detector with realistic =~ 444ssssssssa
acceptance and resolution

0.04

Toni Baroncelli: Precision Measurements

0.02

— the distribution becomes broader and broader

\ ,‘-- N -‘}‘- By LI T YOV
50 60
E; (GeV)




my, and M (and p%)

Strategy:

— Generate MANY s imulated events including physics and detector effects with slightly different
values offmy, and I'y fand find which one fits best the experimental My distribution.

One needs to have

I | of
excellent control o My =81 GeV

« Physics effects (d(x), u(x) Monte Carlo template

+ QCD...)
» Detector effects

Toni Baroncelli: Precision Measurements

Also the distribution of the pr
of the lepton has memory of
my: the end-point is my/2

EEEEE

— find ways to verify the
quality of your simulation

90 95 100
Transverse Mass (GeV)

v
wm
o
o
o
v
3
~
v
©
o
®©
"




m,, Measurement Strategy

DO myy result

Each point of this ~parabola is the result of a comparison
between data and simulated templates

P The X2 as a function of myy is interpolated (solid line)

Problem: very many large (*) simulated samples with
different values of my, and I'yy are needed.
Computer resources needed — affordable?

No!

Toni Baroncelli: Precision Measurements

502 S04 S0€ 508 8'1 : (*) you want your simulated sample to be much larger than
o M .(GeV) your data sample not to have a statistical error due to
W L
limited number of MC events!

1 1 | 1
80

The minimum of this curve gives the most N events — Ospar =

probable value of myy

=l

Nsimulated > Ndata



If you weight down E<Egr and weight up E>Er you move to
the right the peak of the Breit-\Wigner

» Predictions for different values of myy from A -

a single (.. a few) MC sample(s), by 10F————————— : | =

reweighting the W-boson Breit-Wigner
distribution.
» |n practice this is more complex but you
manage to have many simulated samples g
©
©

starting from a few ones 05F--—-— _ r

Toni Baroncelli: Precision Measurements

Simulated samples are called “templates”

|

|

|

|

|

|
_|_ —

|

|

|

|

|

|

' >
Eg

* The templates in small steps of of my:1 to 10 MeV around the reference value
« Systematic uncertainties due to physics-modelling corrections, detector-calibration corrections, and
background subtraction, are studied.



m,, Measurement Strategy. Use Z Boson

« ~107 (108 W=tolv (Ztoll) — The sizes of these samples give a statistical error on my, smaller than 10 MeV

* My is sensitive to the strange-quark and charm-quark distribution functions of the proton used in the of templates
(less well known than u(x) and d(x)!)

Use Z — /I events to calibrate the detector response: treat one of the reconstructed decay leptons as a neutrino.

The accuracy of this validation procedure is limited by Z-boson sample, ~ 10x smaller than the W sample.

. =_L( \: Hadronic recail , / \: adronic recol %The

Toni Baroncelli: Precision Measurements

wd €k et reconstructed
) u d .
’ lepton is
i\ [ > ¥ cancelled via
i,d . a,d software
. _ i . : ) e_’u_
£ ="H [— Hadronic recoil p =)-ﬁ Hadronic recoil
S —

S



CDF & DO

My electrons | =41

[e—
o
[S¥]

events / 2GeV
o
w
ev/Ge
number gf events
S B

(<)
[l
o

[—
o

:
s
§ 1 by v by o v by by T 200 |
E 40 60 80 100 120 140 160 180 20 s
= M. (e,v) (GeV 25 30 35 40 45 50 55
: CDF e.v) (GeV)| po |” ey
g > 3T £ 700
c L 10 = > r
S 2 | 3 o]
(@] - S :
10 2 3 E 500 |
= F E |
g L +| = 400
o 10 3 300 |
: 200
1 b f
: 1 1 I 1 1 1 l 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 100

&

60 80 100 120 160 180 700 050 55 60 65 70 75 80 85 90 95 100
1
MT(p V) (GeV) m; (GeV)




Toni Baroncelli: Precision Measurements

Result

Systematic Unc.

v

Stat.Unc.

Channel mwy Stat. Muon Elec. Recoil Bckg. QCD EW PDF | Total
m-Fit [MeV] [ Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc.
W* = pv,Inl < 0.8 80371.3 | 29.2 124 00 15.2 8.1 99 34 284 | 47.1
W* - w08 <Inl< 1.4 | 80354.1 | 32.1 193 00 13.0 6.8 96 34 233 | 476
W s v, 14 < gl <20 | 804263 | 30.2 35.1 0.0 14.3 7.2 93 34 272 | 569
W+ - u,20<pl<24 | 803346 | 409 1124 0.0 144 9.0 84 34 328 | 1255
W~ = pv.Inl < 0.8 803755 | 306 11.6 0.0 13.1 8.5 95 34 306 | 485
W- - 08<pl<14 | 804175 | 364 185 0.0 12.2 7.7 97 34 222| 497
W- - puv14<p <20 | 803794 | 356 339 0.0 10.5 8.1 97 34 231 | 569
W - w,20<nl<24 | 803342 | 524 123.7 0.0 1.6 102 99 34 3411399
W* = ev,Inl < 0.6 803529 | 29.4 0.0 195 13.1 153 99 34 285 | 508
W* - ev,06 <|gl <12 | 80381.5 | 30.4 00 214 15.1 13.2 9.6 34 235 494
W* s ev1,8<|yl <24 | 803524 | 324 0.0 26.6 164 328 84 34 273 | 626
W~ = ev,Inl < 0.6 80415.8 | 31.3 0.0 164 11.8 155 95 34 313 521
W~ = ev,06<|gl <12 | 80297.5 | 33.0 0.0 187 1.2 128 97 34 239| 490
W-—er18<|pl <24 | 80423.8 | 42.8 0.0 332 12.8 351 99 34 281 | 723
pr-Fit

W* = pv.nl < 0.8 80327.7 | 22.1 122 00 2.6 5.1 90 60 247 | 373
W* - v, 08 < gl < 1.4 | 80357.3 | 25.1 19.1 0.0 2.5 4.7 89 60 206 | 395
W+ - v 14 < gl <20 | 804469 | 239 33.1 0.0 2.5 49 82 60 252 | 493
W* > u,20<pl<24 | 80334.1 | 345 110.1 0.0 2.5 6.4 67 60 3181202
W- — pv. Il < 0.8 80427.8 | 233 1.6 0.0 2.6 5.8 8.1 6.0 264 | 39.0
W - 08<pl<14 | 803956 | 279 183 0.0 2.5 5.6 80 60 198 | 405
W™ - un14<pl<20 | 803806 | 28.1 352 0.0 2.6 5.6 80 6.0 206 | 509
W~ - u,20< gl <24 | 803152 | 45.5 116.1 0.0 2.6 7.6 83 60 3271296
W* = ev,Inl < 0.6 80336.5 | 22.2 0.0 20.1 2.5 6.4 9.0 53 245 | 407
W* > ev,06<|nl <12 | 80345.8 | 22.8 0.0 214 2.6 6.7 89 53 205 | 394
W+ S ev,1,8< gl <24 | 80344.7 | 24.0 0.0 308 26 119 6.7 53 241 | 482
W~ = ev,Inl < 0.6 80351.0 | 23.1 0.0 198 2.6 7.2 8.1 53 266 | 422
W- = ev,06<|p <12 | 80309.8 | 24.9 0.0 19.7 2.7 7.3 80 53 209 | 399
W-—ev,18<|g<24 | 804134 | 30.1 0.0 30.7 27 115 83 53 227 | 510

Error — Uncertainty, more correct

Systematic effects include knowledge of

background,
trigger efficiency,
energy resolution,
detector efficiency

systematic error.
Strategy for handling systematic errors:

» All parameters of your analysis are known with
SOme precision:

* You do your analysis with best values of your
parameters;

* yOu repeat it with one ‘detector’ or ‘theory’
parameter changed by your uncertainty

— the variation on your result is a systematic
uncertainty
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=2 for W+ and W-
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W+ cross section is larger and flatter than the corresponding W- cross section. \Why? y = 1 (E + Pz)
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These processes need both quarks and anti-quarks

proton = uud, proton = uud
— Tevatron (pp collider) has both quarks and valence anti-quarks — ~high values of Bjorken x
— LLHC (pp collider) has quarks and sea anti-quarks — low values of Bjorken x
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) Average of LEP (A¢ = 0.1465+0.0033) and SLD (A¢ = 0.1513+0.0021) measurements, used as two measurements
in the fit. The fit without the LEP (SLD) measurement gives Ay = 0.1470 =+ 0.0005 (A¢ = 0.1467 % 0.0005).
(¥)Combination of experimental (0.46 GeV) and theory uncertainty (0.5 GeV).(PIn units of 107°. (“)Rescaled due

to as dependency.

O '
Y, Global EW fits — Input Parameters
_-// >
Free . Fit w/o exp. input Fit w/o exp. input )
Parameter foput value -y gy P Result inlme inline, no theo. wne.  [NPUL Values and fit results for the observables used
M [GeV] 1251402  yes 1251402 90+21 89+20 in the global electroweak fit.
My [GeV] 80.379+0.013 -  80.359+0.006  80.354 + 0.007 80.354 % 0.005
T'w [GeV] 2085+0042 - 2.091+0.001 2.091 + 0.001 2.091 + 0.001 1. the observables/parameters used in the fit
My [GeV] 91.1875+£0.0021 yes 91.1882+£0.0020 91.2013+0.0095  91.2017 < 0.0089 their experimental values or estimates
Tz [GeV] 24952 £0.0023 -  24947+£00014  2.4941+£0.0016  2.4940 + 0.0016 o : o
o0 [nb] 41.540£0.037 - 4148440015  41.475+0.016 sars=o01s 3. indicates whether a parameter is floating in the
R 20767 £0.025 - 2074240017 20.72140.026 20.719 % 0.025 fit
A% 0.0171+0.0010 -  0.01620+0.0001  0.01619+0.0001  0.01619 < 0.0001 L , ,
A, 0.1499+00018 — 01470400005 0140+00005  oiss9+00003 4. theresults of the fit including all experimental
sin®f¢g (Qrn) 0.2324+£0.0012 - 023153 4+0.00006 0.23153 +0.00006  0.23153 % 0.00004 data.
sin?6g(Tevt.)  0.23148+0.00033 —  0.23153 +0.00006 0.23153 +0.00006  0.23153  0.00004 : : : :
A, 0670£0027 -  06679:000021 06670000021  06679:000014 O fit results are given without using the
A, 0.923 + 0.020 ~0.93475+0.00004 0.93475 + 0.00004  0.93475 + 0.00002 Corresponding experimental or
0,c _ ' . ' '
A 0.0707 + 0.0035 0.0736 +0.0003  0.0736+0.0003  0.0736 + 0.0002 phenomenological estimate in the given row
A% 0.0992+0.0016 -  0.1030+0.0003  0.1032+0.0003  0.1031  0.0002 o I
RY 0.1721+0.0030  —  0.17224+0.00008 0.17224 + 0.00008  0.17224 + 0.00006 (Iﬂd Irect determlnatlon) :
R 021620£0.00066 - 021582+000011 021581£000011 021581£000000 6§ rggylt using the same setup as in the fifth
e [CeV] L27%g yes 12775 - - column, but ignoring all theoretical uncertainties.
i [GeV] 4.20 1027 yes 4201087 - -
me [GeV]() 17247+£0.68  yes  172.83+0.65 176.4 + 2.1 176.4 + 2.0
Ao (M2) (12) 2760 + 9 yes 2758 + 9 2716 + 39 2715 + 37
a,(M2) - yes 01194400029 01194400029  0.1194 +0.0028
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M, A 0.0 Comparison of the results with the indirect determination in units of the
M, 15 total uncertainty, defined as the uncertainty of the direct measurement
Mw o1 and that of the indirect determination added in quadrature.
M, 0.3
% OOFZ :’z The indirect determination of an observable corresponds to a fit
> RS 1o Without using the corresponding direct constraint from the
= A 09 measurement.
= A(LEP) 0.1
g A(SLD) -2.1 Result — Indirect Determination
3 sinZ?:;f':‘(oFB) 0.7
,;.E? smz(a:ff (Tel\\rltg’.g (())81 \/ O-I%esult + Glzrld.Det.
5 Ay 24
A [ 0.0
Ag - 0.6 In the context of global fits to the SM parameters, constraints on
23 — g: physics beyond the SM are currently limited by the measurement of
m, 05 the W-boson mass. Therefore improving the precision of the
Aa® (WB) 02 measurements of myy is of high importance for testing the overall
%(Mf) L 13 consistency of the SIM.

II_3IIII_2IIII_1II o ] 2IIII3
(Om - omeas) / Omeas
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(] 80.35 g LEP+Tevatron @-20385+15 MeV )
= - . of the experimental
o o -
@ 80.3- W 68/95% CL of Electroweak | ATLAS 980870219 Mev measurement of my.
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e — (Eur. Phys. J. C 74 (2014) 3046) - Elect k Fit 80356+8 MeV
;8 8025 C o C e ecirowea | | _?_I | |
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ks m, [GeV] m,, [MeV]
:

Need to improve:

« The modelling uncertainties, which currently dominate the overall uncertainty of the my

« Better knowledge of the PDFs, as achievable with the inclusion in PDF fits of recent precise measurements of \W-
and Z-boson rapidity cross sections

* Improved QCD and electroweak predictions for Drell-Yan production

All these uncertainties are crucial for future measurements of the W-boson mass at the LHC.
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Measurements of many
different EW processes
have been performed:

Many different cross
sections have been
measured at different
centre-of-mass energies,
spanning over ~9 orders
of magnitude.

The comparison with SM
predictions is also
shown.

Agreement is generally
good.

CMS Preliminary

Jan 2019
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Standard Model Total Production Cross Section Measurements satus: Juiy 2018

Very similar situation in ATLAS —

L= 500 ub!
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As an example the inclusive cross-section for the production of Ws and Zs is also shown compared to theory.

This is the end of the SM? Do we need to measure some observable to a better precision?
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Let’s consider the case of a W produced at rest. The cross section can be expressed as
do

— = a0(3)(1 + cos §
d(cos 6) 70(8)(1 + cos™0)

where s is the center of mass energy of the colliding quarks and where 0 is the polar angle of the electron with
respect to the proton beamline. The function 6,(s) is proportional to a Breit-Wigner distribution.

d_a 2 do
dEr NE d(sin é)
2 do 'd(cos é)
V4 d(cos §) | d(sin §)
This quantity is useful because it is invariant under 2 R 5 A N
—=00(8)(1 + cos” 0)| tan 4|

longitudinal boosts. In the W rest frame we can write the — \/g‘f 0
differential cross section in Et as AR |
T

— 0'0(5) 3 (2_4E%/§)\/1—4E2/.§

We define the quantity E = V8 and Er = V/§ * sin(8) _




\/gd(sin é)

d(cos é)

d(sin é)

(3)(1 + cos? §)| tan 4|

\/gd(cos é)

(2 — 4E2/3

)\/1 — 4F2/3

Toni Baroncelli: Precision Measurements

0.06

0.04

0.02

For E; = V§/2 we have a singularity! However o, has the shape of a Breit-Wigner thus all these values are
smeared and the discontinuity is recovered

Aay
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
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The Properties of the W-Boson

fo

W Leptonic Branching Ratios

ALEPH

LEP W—ev

ALEPH
DELPHI

LEP W—pnv

ALEPH
DELPHI

LEP W—lv

10.78 + 0.29
10.55+ 0.34
- 10.78 £ 0.32
10.71+ 0.27

10.71 £ 0.16

10.87+ 0.26

10.65+ 0.27

—A— 10.03 + 0.31
e 10.78 £ 0.26

. 10.63 + 0.15

. 11.25+ 0.38
1146 + 0.43

+
. 1189+ 045
1114+ 0.31
- 11.38 + 0.21

x2ndf=6.3/9

10.86 =+ 0.09

¥Zndf=15.4/11

10 11 12
Br(W—=lv) [%]

W Hadronic Branching Ratio

ALEPH
DELPHI
L3
OPAL

LEP

- 67.13+ 0.40
- 67.45+ 0.48
= 67.50 + 0.52
M 67.41+ 0.44
4 67.41+ 0.27

¥2indf =154 /11

66 68 70

Br(W—hadrons) [%]
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