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Input to global EWK fit

(in parenthesis the order followed in these lessons)
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Forward-Backward Asymmetries

Cross section for e*e” = p*p-at LEP |

a s(s—M 2
dfosG: [F 0059)+FWZ(C059)—(>T+§%2T2‘+F2(0059)w]

¥ y/Z interference Z

\ J
T

vanishes at s = M E

F (cost) = Q?Qf‘(l + cos? 0) = (1 4 cos? 0)

4sin? By cos? Oy
1

16 sin® By cos? Oy

F.,z(cost) (20790 (1 + cos? 0) + 445 g'y cosb]

H_H

o2 2 2 g es e
Fz(cos6) (g% + 954 )(gt + gl )(L +cos®0) + 8gi g9 ¢4 cos 6]

Stefano Lacaprara (INFN Padova) SM precision measurements Padova 07/03/2019 6/54



Asymmetries [1]

The key features of the SM x-section for ee — ff production can be fully exploited by looking
at the differential x-section dg(ie as well as to effects related to the helicities of the
fermions in the initial or final state.

Both are related to the parity violation present in the neutral current of the SM lagrangian.

Possible asymmetries

dggsa: Forward-backward asymmetry Arg (LEP);

@ Helicity state: Left-Right asymmetry A (initial state: SLD, final state:LEP [7]);

@ Both: Left-Right Forward-Backward asymmetry A;rrg SLD;

We can differentiate the vector- and axial-vector coupling of the Z, including the measurement
of sin 6;9(
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From Z-lineshape we got [2]

_ el hag s . . _ 127 Felpag
o(s) =12w M (s M2y MRS At peak: 09 = M2 T

I haa = zqgétrqc';- and Nz = Tee + I—MM + [rr + Thag + Finy

So we measure the SM prediction for the total coupling of Z to fermions, but not the actual,
inner form of the V-A strucutre

g I f f . f
*Im’yui (CV — CA')/5) N Cy = (T3 — QQSInZ GW)) N Cp = T3
fermion Qf T3 &) o
(VeoVpsvr) | O 172 [ 1)2 1/2=10.50
(e, 1, 7)1 -1 -1/2 | -1)2 —1/2 4 2sin® 6y = 0.03
(e, 11, T)r -1 0 0 +25sin? Oy = 0.47
(u,c,t); 2/3 1/2 | 1/2  1/2+4/3sin*6y =0.19
(u,c, t)r 2/3 0 0 4/3sin? fyy = 0.31
(d,s, b), -1/3 -1/2 | -1/2 —1/2+42/3sin*6y = 0.34
(d,s, b)r -1/3 0 0 2/3sin’ Oy = 0.16
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At /s = Mz the dominating term is the Z exchange.
Absorbing QED correction into effective coupling, and ignoring fermion masses, QCD ISR/FSR, ...

do 167 Qr(Nc) 9
dcosf 2s Xl
((g¥e + 8ac)(80r + 8ar)(1 + cos” 0) + 8gveBacgvr A cOS b)

Where lineshape is
( ) GFM%V S
S)=
X 872 5 — M2+ isT 7/ My
gvr (gar) are effective vector (axial) coupling of Z to fermion f.

At tree level, in S:
CAf = (T(3)), Cyf = (T(3) — 2Qf Sin2 Hw)
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. Belle I AFB def|n|t|0n

Definition

Forward-Backward asymmetry as

where F(B) is the direction of the final state fermion (e, u~, 7, b, ¢) with respect to the
incoming e~ beam

1(0) do
OF(B) = /0(_1) dcos@dcose

Modulo asymmetries in the detector acceptances and efficiencies,

or/g < Nr/p
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do 167 Qf(Nc) 5
dcosf 2s Xl

((g¥e + 8ac)(&0r + 8ar)(1 + cos® 0) + BgvegacBvrgar cOSB)

From %, and integrating over the angles
OF — 0B X fol cos fd cos ) — ‘/\701 cosfdcosh =1
OF + 0B x f_ll(l + cos? §)d cos ) = 8/3

Y 88Ve8AcBVFBAF
FB =
8/3(g\2/e + gﬁe)(ge/f + gif)

_3 < 2gvegae > < 2gvrgar >
4 \&l. + 84/ \8Vr T 8is

3
= Z.AeAf

v
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Alternative

One can rewrite the x-section as:

do 167w Qr(N,) 2
dcosh 2s Ix(s)]

((g\2/e + g/%e)(ge/f + gf\f)(l + C052 0) + 8gVegAegigAf Cos 0)

8Vve8Ae8VrEAf
o [ (14 cos?0)+8 cos@)
( (87 + 82.) (&% + &af)
o ((14 cos® 0) + 2A.Af cos )

03 ((1 + cos? 0) + gA,cB cos 8)

Afrg from counting experiment Arg = %:_%g or via a fit to the differential cross section
dfg‘sg X ((1 + cos? 6) + gAFB cosﬁ) via L fit.

The fit assumes SM for cos @ distribution, so it is more model-dependent but has lower statistical error
Stefano Lacaprara (INFN Padova) SM precision measurements Padova 07/03/2019 12/54




a2
4 Belle IT @ |
n A DE Teeeg N ppe channel
]
£ DELPHI 93 - 85
% 1 e'e > u'u()
[+
b=l
3 Peok
'8 0.8 |
06
4
&
04 P+2 4
'+_ +-F+
0z g
0g ~05 a 0.5
co0s(@,.)

Stefano Lacaprara (INFN Padova)

@ On-peak (Mz) and £2GeV off-peak

@ As described before, there are two contributions:
o (1 + cos? ) symmetical
o cos ) gives asymmetry

@ the asymmetry is small
Arg o gi, which is small for lepton. cf, ~ 0.03

@ dependence of dggse on /s

— M2 H e a8
at /s = M3, resonance function is ~ s

off-peak, the contribution from v — Z interference term
does not vanish and so the actual shape changes

SM precision measurements Padova 07/03/2019 13/54




aE o
B <L 7 in ee channel

dcos@

@ Shape is different wrt to pu

) due to presence of t-channel
Z in ee final state.

5

e @ most of asymmetry comes
=]

S s from t-channel

@ and s/t-channel interference
off-peak
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Afrp for ee channel wrt s

@ Interference contribution vanishes

(only) on-peak;
@ it is dominant off-peak

s(s—M>2
AFg gAegAfW

@ t-channel is important (for ee),

@ s-channel is small;

in particular on-peak, since:

AFB X 8Ve8Ae8VFEAF

gvr is small, expecially for leptons;

8ve,u ~ 0.038;

SM precision measurements
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aE= -
w oA e Corrections

0.4 T T T T
= —— A, from fit ALEPH
\Té I-E E;.LPHJ
{L;_, +-= QED corrected OPAL
average measurements
0.2 - 1
0F
-0.2
M,
ol L 1 L L L | L L 1 L L 1
04 88 9 92 94
o [GeV]
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SM precision measurements

@ As usual, the measured quantities suffers
from large corrections: QED (ISR/FSR),
self-energy, etc.

@ Use pseudo-observable A2, (QED correction
accounted for)

@ Other correction (QCD, top, Higgs, ..
there.

) still

v

Padova 07/03/2019
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Apf in Standard Model

Ay depends on the vector- and axial-vector coupling of fermion to the Z.

A = 28vrBAf 8vr/8Af
g8l +8ar 1+ (gvr/gar)?

In particular, it is strictly null if no axial/vector coupling exists for the neutral current.

Coupling SM: cyr = (T3 — 2Qfsin®6yy) and car = (T3)

Using effective SM quantities, the radiative correction are re-absorbed

2
sin 0y . = (1 + Ap)sin6fy, with Ap = a(fj’z)ﬂ% — 22 in 7y
2Qr .
gvr/gar =1 — 2 sin Oy err
f

So Ay is directly related to sin HCV,eff

Stefano Lacaprara (INFN Padova) SM precision measurements Padova 07/03/2019 17/54



Agfor different fermions

The actual Ardependence on sin 9&/ o Varies with the fermion charge and weak-isospin

T T T |

<~

]
—h
|
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2 1B
« oAbl Agg results

0.022 T —
68% CL |
0.018 1 -
*f V,
Aot
0.014 1 my *
—I'T
ee
sy
""" T
0.01 +——7——— —
20.6 20.7 20.8 20.9
0_
RI_l—‘hadlrll

AZFB: testing lepton universality

A%E =0.0145 + 0.025

A% =0.0169 + 0.013
0,7

A%Z =0.0188 + 0.017

A%L =0.0171 + 0.010

A(,J_-’E suffers from uncertainties related to
t-channel, as well as to s-t interference.
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ALEPH  +OF 0.0173+0.0016

DELPHI | —S—  0.0187+0.0019

L3 o 0.0192:0.0024
OPAL —&— | 0.0145+0.0017
LEP o 0.01710.0010

: commaon: 0.0003
¥’ /DoF =3.9/3

0.015  0.02  0.025
Al
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Agg for quarks

Need to tag also the flavour and distinguish bc from bE, not only bc from g

Done only for A%S and A’,’E‘;’B with different techniques:
o lifetime tagging;
ct for b is ~ 450um (in lab x+)

ct for c is ~ 150pum (in lab x)
detect displaced secondary vertex by impact parameter or decay lenght measurements

@ Exclusive decays:

leptonic decay;
decay with D mesons;

@ additional techniques:

jet charge;

vertex charge;

kaons;
Correction to asymmetries from QCD (gluon radiation from final state quarks), in addition to QED
correction and LEP energy scale.
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dp significance

lifetime tagging

L significance and NN _ _
b <+ ¢ separation via M,y

o data

MC uds
=== MC udsc
' — MCall

DELPHI

Resolution
5/p ~ 16 — 100,um (Rd)/Z) ,
Op ~ 300um

+ 1994 data o 3500
[ Monte Carlob ]
ES Monte Carlo ¢ -
B8 Monte Carlo ud: 2 3000
&
= 2500
E
]
I 2000
=80 =60 =40 =20 o 20 40 60 80 o
decay length significance Lic, S 1500
= =
]
1000
500
[]

o1 2 3 a 5 6
Mass (GeWc2)

tagging variable B

b-tagging performance

| | ALEPH | DELPHI | L3 | OPAL | SLD |
b Purity [%] 97.8 98.6 | 843] 967 | 983
b Efficiency (%] | 22.7 206 |23.7] 255 | 618
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Lepton tagging

A lepton inside a jet is a stong indication of a b or ¢ flavour.

15000
L3 L3
12500
To distinguish from b to b use 2 so00) o D £ o Data
5 0 3 4 uds 3 EA uds
semileptonic decay of b quarks. E .. E s me
0 7500 A o al
_ L I bl = H bl
e b~/ ;N 10% 2 VA bsc) 2 VA bse—
Emo Ezaoo
e c— /It x~13%
2500
@ b— ¢ — £T cascade decay ;
o’ 0 10 20 30 0 50 B

Muon momentum (GeVic) Muon transverse momentum (GeV/c)

@ Distinguish between direct and cascade decay using lepton p7r and p

@ lower purity and efficiency wrt lifetime tagger
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D-Meson Tags

1000 1600
00
Tagging via reconstruction of charmed meson and ;m H
barions in jet: %m 5'222
direct evidence of a jet originated by an heavy quark. i ZZZ
o low B ~ O(%) . 0
@ b — c fragmentation is small e e e e
@ distinguish ¢ from b decay by charmed mesons 2
momentum; o
DO = K—nt s
D, - K nrznt ?
Ds — K*K-n+t
AF — pK—rt :

D*t — xtDO

slow 7", no need for PID

1818519195 2 2052121522 2.1 215 2.2 225 23 235 24 245
M(KKR) (GeV/e')y M(pK) (GeVie?)
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"l D
o - Jet charge, vertex charge and kaons

Consider ee — qgq — jet + jet events.
The average charge of all particles within a jet retains some
info about initial g charge.

Z,q,plkll o [ * ALEPHData
= 1 — Simulation
h Z2 b forward

.k
z[ p’ H 10000 | ™™ b forward

where plf‘H is the p parallel to trust axis of the event

(corresponding to jets' directions)

Likewise, the sum can run over all the charged particles from a secondary (displaced) vertex.
Tag efficieny is rather small: data driven estimation from fraction of same-sign double tag in pure

sample of g quarks.

Kaons: deduce the q flavour via decay chain b— c —sand ¢ — s

)

Stefano Lacaprara (INFN Padova) SM precision measurements Padova 07/03/2019
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Arg for b and ¢

ALEPH
leptons 1991-95

DELPHI =3

leptons 1991-95
L3
leptons 1990-91

PAL
Ieptons 1990-2000

ALEPH —@—
D 199195
DELPHI  —@—
D 199295
OPAL  —|
D 1991-95
LEP 4
I
0.06 0.08

£

0.1

Al
B

0.0734 £0.0053 £ 0.0036

0.0725 +0.0084 + 0.0062

0.0834 +0.0301 + 0.0197

0.0643 £ 0.0051 + 0.0037

0.0698 + 0.0085 + 0.0033

0.0695 + 0.0087 + 0.0027

0.0761 £ 0.0109 £ 0.0057

0.0707 +0.0035

0,c
A%E = 0.0707 + 0.0035

0,b/c
Note that AFB

Stefano Lacaprara (INFN Padova)

ALEP!
leptons 1991-95
DELPHI
leptons 199195

L3
Ieptons 1990-95
PAL

(o)
leptons 1990-2000

ALEPH
inclusive 1991-95
DELPHI
inclusive 1992-2000
L3

jet-chg 1994-95

OPAL
inclusive 1991-2000

0.1003 + 0.0038 + 0.0017
0.1025 £ 0.0051 % 0.0024
0.1001 £ 0.0060 + 0.0035

0.0977 £ 0.0038 £ 0.0018

0.1010 £ 0.0025 + 0.0012
0.0978 + 0.0030 + 0.0015
0.0948 £ 0.0101 £ 0.0056

0.0994 + 0.0034 + 0.0018

0.0992 + 0.0016

0,b
A%E = 0.0992 + 0.0016

(o (AeApc)) > A% (o (AeAyr)), since gb/< > g,

SM precision measurements

Padova 07/03/2019
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D
"é Belle I AFB fOf b and C VS \/E

‘Eﬁ" ol | : : !
Pt
< ]
01
0.05 |
ok
00s L7 ]
% I L L L 0.04 L L L L
89 90 91 92 93 94 89 %0 91 92 3 G 94
Vs [GeV] Vs [GeV]

Note larger error off-peak: contribution from s/t interference term
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Inclusive Hadronic Charge Asymmetry

Do not try to distinguish between quark flavour, but rather measure an “average” asymmetry based on

charge asymmetries.

(QFF) = (Qr—Qe) = Y
g=udcsb
8q = (Qq — Q5) jet charge diff for qg
(QFad) can be interpreted as a function of sin® (Jéfff’t (in ALg)
150
® Data 1994
=13 o
= ---MC Q'
& 1004 — MC summed
o
5 1
S 501 SR
£ r Lo
= | !
=z N : ’,7‘:
Olpest® - tees
-2 -1 0 1 2
Jet charge

Stefano Lacaprara (INFN Padova)

SM precision measurements

ReAfgd,

dq from Z — bb/cc and MC for udc

(large syst uncert)

ALEPH | | 0.2322+0.0008+0.0011
(90-94) 1

DELPHI 0.2345 £ 0.0030 = 0.0027
(90-91) -

L3 o 0.2327+0.00120.0013
(91-95)

OPAL _ ||  0.2321+0.0017£0.0029
(90-91)

LEP M 0.2324 +0.0012

0.225 0.23 0.235 0.24
sin%Q"P!
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Left-Right Asymmetries

@ The forward-backward asymmetry is due to the presence of axial and vector couplig of
fermions in the neutral current, introducing a dependence on cosf which can be measured.

@ Z coupling to left and right fermions are different as well, since L and R fermions belongs to
different multiplet in the SM, with different quantum numbers.

@ This feature can be measured studing the Z production with polarized e* beam, or by
looking at the polarization of the decay product of the Z.
SLD produces Z with polarized e* beams;

Most precise determination of A.

LEP measure the polarization of 7 in Z — 77 decay, studing subsequent 7 decays;
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D
Differential x-section for polarized beam

For unpolarized beam

Differential cross section (born-level) in case of initial- or final-state fermion helicity are:

dcc:!OUSH o (1+ cos® ) + AeAr2 cos f
dovi o< gEegI%(]- + cos ) + f(Ae ) cos 6
dcosf 7
dd;ira o ghe&ir(1 +cos0)’ + ...
dch;ZH < 8Legry(1 —cosO)? + ...
dd;':'e < 8Regif(1 — cos)? + ...

LR is the helicity of initial state electron, Ir is the helicity state of final-state fermion

Stefano Lacaprara (INFN Padova)

SM precision measurements
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For e~ with partial polarization P, and e™ unpolarized (SLC), summing over final-state
polarization

ﬂ — § tot - 2 B
dcos6 8 ff [(1 = PeAe)(1 + cos® 0) + 2(Ae — Pe)As cos 6]

P. is positive for right-handed beam helicity, negative for left.

Measurements (see also next slides)

o if we look at total x-section for left/right-polarized e~ beam:
o[%% sensitive to (1 + cos®) term:
AR sensitive to A,

o if we look at forward/backward x-section for left/right-polarized e~ beam:

F/B ong
UL//R sensitive to cosf term:
ALRrFB Sensitive to Ar

o Agp sensitive to A.Ar

Stefano Lacaprara (INFN Padova) SM precision measurements
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o Measure the x-section for e, e — ff (of)
= 7 f
e and eget — ff (of).
Note: only e~ beam is polarized;
the polarization is not complete P, ~ 0.8

P > 0 for Left, P, < 0 for Right electrons;
Final state is inclusive, no flavour determation needed;

f f
AR 0L —OR
(f{ + U,f?

From A g get Acfrom (14 cos? #) term integration:

o= [ =97 deost o 1£Poa
UL/R— rose COosU X Pe e

NE- NG 1

= — = Ae
NL + Ng (IPel)

ALR

NB. by comparison: A%z = 3A. Af

Stefano Lacaprara (INFN Padova) SM precision measurements
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It is also possible to combine the two techniques: FB and LR.

(0F —oB)L — (0F —0B)R
(cF +oB)L+ (0F +0B)R

ALRFB =

The integration to get £ and g drop the (1 + cos? ) term and keep the cos @ one.
or/8 < (Ae F Pe)Ar,
(0F —oB)1/r < (Pe)Af

(NF — NB)L — (NF — NB)R 1 3

ALRFB = =>A
LREE = (NF + Ng)i + (NF + Ng)g ([P) 47"

Possible to measure directly A¢ for identified final state (f = e, p, 7, b, ¢)
In both case, the precise knowledge of P, is critical
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SLC: beam polarization [3]

Spin Rotation et Extr. Line

B Solenoids Spectrometer

En ing Ri / et e~ Spin —
amping =ing \, [ILTR Source Ver‘tigal

Thermionic Solenoid) .

Source ~_

Collider Final
Polarized -~ Arcs  Focus

e~ Source b"‘_ ot j \ T

. Linac
Compt
El,ecgpn Spin Return Line Polarimeter
irecuon

at e~ Extr. Line .~

Damping Ring Spectrometer
| |
I 1

First e* linear collider 1km

@ ¢ source

» polarized by shining circ. polarized light on a ArGa photo-cathode (P, ~ 22%)
> then “strained lattice” photo-cathode (P, ~ 80%);
» polarization rotated to horizontal and then vertical pol;
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SLC: beam polarization [3]

Spin Rotation e* Extr. Line
Solenoids Spectrometer
/ et e~ Spin
(LTR Source Vertical

-
Damping Ring —\

Thermionic ‘}Solenoid] \
Source ~_
e Collider Final | 1p
Polarized ~ J \ Arcs  Focus
e~ Source b’r ot j y TN
. Return Line inac Compton
Electron Spin Polane oter
Direction
et e~ Extr. Line ./
Damping Ring Spectrometer
| |
I |
1km

@ linear acceleration;
» eT produced by e™ on a target, and collected, squized and accelerated;
@ two damping rings to reduce size and energy spread of e* bunches;
@ final arch to single interaction region 1 GeV lost for sync. rad.
» spin further rotated, and collision with longitudinal pol.

@ repetition rate 120 Hz (45 o 90 kHz at LEP)

@ Polarization randomly rotated every pulse (120 Hz) by changing the laser circ pol

Stefano Lacaprara (INFN Padova) SM precision measurements
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Pe measured continously via a downstream Compton polarimeter [4, 5]

532 nm
Frequency Doubled
YAG Laser

Mirror
Box

Circular Polariser

@ Compton scattering is senstitive to Pe and P,

(0(=3/2) >0 =1/2))

Focusing
and
s Steering Lens

@ maximum for “head-on” v — e collisions i

e High intensity laser (25MW), lead to 1000 compton A'chad'glm:i/ _comon
interaction per pulse T e~ > Deecor

e Compton-scattered e~ are bent by a magnet and b \‘f Cotoimeter”
analyzed by multichannel cherenkov detector

@ Compton-scattered « are analyzed by a quarz-fiber
calorimeter for cross-check

Focusing and Steering Lens

MB4

CKV Detector
Herd Bend Dipole
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Electron polarization durin data-taking

Beam Polarization SLD 1992-1998 Data

100
Strained Lalljct ( athode Strained Lalllct ( athode
92 for 1994 51 for 1997 5L
4
| S =
80 e .
Wavelengh¥F . .
70 | Optimized * ’TI o L 5 H
L .

60 | m 1996 Run
50 |*

40 S0 Strained Lattice Cathode
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Energy calibration

s at SLC was measured and monitored
downstream of the beams:

precise vertical bending dipole to bend the
beam;

two horizontal bending magnets to produce
synchrotron radiation before and after dipole;

syncrotron light monitor to measure the
bending;

@ Expected precision 20 MeV

@ Absolute calibration from Z peak mass and

comparing with LEP results

» At LEP o(y/s) = 1.7MeV (100 keV w/o tidal
effect)

Quadrupole Vertical Bend
Doublet Spectrometer

Horizontal Bends for ~ -1
Synchrotron Radiation

Dump
Synchrotron

Light Monitor

2.90 et 5771A1
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:CD) SLDetector

@ Beam pipe (and beam)
smaller than LEP, closer
vertex detector;

@ Slow repetition rate, use
slow but high resolution
CCD arrays;

@ Central Drift Chamber

@ LAr calorimeter

Event selection as at LEP,
better b/c tagging.
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DD
ezl Results

A% = 0.1514 4+ 0.0022

@ syst. uncert: [ T —— 0.100 + 0.044 + 0.004
0,

> 0Pe/Pe ~ 0.5% 93 —=—(0.1656 + 0.0071 + 0.0028

» interference correction (0.39%)
> \/E (015%) 94-95 ol 0.1512 + 0.0042 + 0.0011
e Additional asymmetries (arc spin trasport, e™ % = |01593 £ 00057+ 0.0010
polarization, lumi) negligible o7.98 = [04491 £0.0024 £ 0.0010

. 2 plept

AO B 2(1 — 4sin eeff ) Average - 0.1514 + 0.0019 + 0.0011
LR %2 IDOF=7.4/4 Prob.=11.4%

- . 2 plept L
1+ (1 —4sin Heff ) 0.10 0.12 0.14 0.16
Al
sin® 9% = 0.23097 4 0.00027
at LEP

sin? 0" = +.00043
SLC 0.5M Z — ff vs LEP 15M Z — g plus 1.7M Z — ¢
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“ D
Mo
ALRFB

@ Computed for £ = e, pu, T

15k Z — ee, 12k — pp, 11k — 77

via likelihood fit to -2

uncertainties dominated by statistics

then radiative corrections, polarization, background

vV vy VvVvyy

@ larger for 7 due to 7 decay ID

@ smaller for e: from A r and A rrB

A =0.1544 + 0.0060
A, =0.142 +0.015
A, =0.136 + 0.025
Ag = 0.1513 + 0.0021, sin 0% — 0.23098 + 0.00026
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S zat
~ Abemd 7 polarization

@ At LEP e® not polarized, but it is possible to look at the polarization of final state in
Z — 77 decays, by using the 7 — v, + X decay.
oy —0_
P o=t "
oy t+o_
where o is the x-sec to produce positive helicity 77 etc.

@ Must take care that 7 have mass, so helicity state do not correspond to chirality state (the
one involved directly in the SM coupling).

» However at LEP, p, = Mz /2 > m., so helicity & chirality

A (1 +cos?6,.-) +2A. cosf,
(1+cos?0,-)+8/3A%; cos b,

P'r:_

@ Can derive A. and A,
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Experimental method

o Consider 7 — mv decay.

@ It is purely V-A charged weak current, and obviously conserve angular momentum. In the 7

rest frame, the neutrino (LH) is emitted opposite to 7 spin, and so the 7 is emitted
backward, namely along the 7 spin.

= —

T T
— _—
= Spin 0 Spin 0 =
V. T T V.

If the 7 has positive helicity (spin || to momentum) then the 7 is emitted in the p, direction
(left configuration), and so, in the LAB (LEP CM), has larger momentum.

If helicity is negative (spin anti||), 7 is emitted in opposite direction and has smaller
momentum.

Bottomline: if 7 has positive (negative) helicity, the 7 momentum is higher (lower)
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(a) Measure the direction of 7 in the 7 rest
frame cos 0

1 dr 1

- g n 1 T ™
[ d cos 0, 2( + Py cosbr)

boosted in the LAB (x; = Ex/E: = Ex/Epeam)

1 dl
= =1 2x; — 1 T4 P s R
I dx i + PT( " ) 'g l Helicity=+1 d)
p = Helicity=1 E
= E
Similar, but more complex, and less sensitive, =

for

(b) 7 — pv

(c) 7= av

(d) 7 — p(e)vv
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A=
« bl P, results

-0.1

-0.2
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SM precision measurements

A, =0.1439 £ 0.0043
Ae =0.1498 £ 0.0049

Ap =0.1465 + 0.0033
sin? /" =0.23159 + 0.00041
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= | |
« bzl Results on axial and vector coupling

f 2 2
8\ _a scale from o o< gi + gar

f : _ gvr/gar
8y _ 4 ratio from Ar = 21+(gw/‘%)2
Alg = A eAf
R :-Ae
0
ALrFB :ZAf
P = = AT
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= | |
« bzl Results on axial and vector coupling

0.032 S
=178.0+ 4.3 GeV
gl scale from og o g2 + g2 U$;= 1141000 GeV |

gl,_ 4 ratio from A = 2% : '
-0.035 1 —

FB :—A Af O?
R :.Ae -0.038 - 4\ 7
—rT Ao
A(L)RFB :ZAf ee

Pr=—A; 0.041 T 68% CL
. -0.503 -0.502 -0.501 -0.5

9l
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= - |
» abemd  Results on axial and vector coupling

g\f/_A scale from og g\2/f + gf\f
gvr/gar
1+(gvr/gar)?

gl,_, ratio from A; =2

3
A?R :.Ae

3
A(ZRFB :Z*Af
Pr=—-A:
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C and B quarks coupling

0.22 T T ' ' !
| -0.3- .
0.2 .
-0.32+ ~
o
5 )
0.18 .
-0.341 -
SM
0.16 68.3 955 995 %.CL 036 68.3|95‘5 99.5 .% CL :
0.47 05 0.53 -0.54 0.52 -0.5 -0.48
gAc gAb

A(,)_-’g x Ap x g\[}gf\’ (anticorrelation between g\[} and gﬁ")
Off by 2.6 wrt SM global fit
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68.3 95.5 99.5 % C

0.155

0.15

0.145

68.3 95.5 8995 % C

0.14

0.75
.65 i
0.55

vert band: Ay, horiz: A,, diagonal: A%J
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D
sin” 617"

0l

A, —o— 0.23099 + 0.00053
. —— AP, —— 0.23159 + 0.00041
0.33 "68.3 955'99.5 % CLl -
| 0b
i ] Ay —v— 0.23221 +0.00029
0.29 — A’ T 0.23220 +0.00081
=< 17 « G 1 ol ———%——— 02324400012
~N
c —I :
n : Average s 0.23153 +0.00016
0.254 - 102 ¥d.of:11.8/5
] >
[}]
- o
68 % CL
0.21 . ‘ — T
0.95 1 1.05 1.1 E jp2 Aaf®) = 0.02758 + 0.00035

m=178.0 £ 4.3 GeV

pf T T
0.232 0.234

. 2. lep
sin“6
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Input to global EWK fit

(in parenthesis the order followed in these lessons)

= Global EW fit o H|ggs mass (4)
-e Measurement fitter[u?
" A A L > LHC
s - e W mass and width (2)
M, -
i i—- » LEP2, Tevatron, LHC
ol - @ Z-pole observables (1)
Arg
s » LEP1, SLD
A(SLD) - > Mz, Tz
sine(Q_)
sin?0/P(Tevt) > g
. > sin® 07"
a5 A » Asymmetries
AF'En 0 _ -
2 > BR Rigp.bc = Chad /T o6,bb,cc
om —r. @ Top mass (3)
Ay (M) -
a M) — » Tevatron, LHC

-3 -2 -1 0 1 2 3
©,,.. -9c,

t

@ other:
> as(M32), Aapg(MZ)

indirect
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Input to global EWK fit

(in parenthesis the order followed in these lessons)

i

‘= Global EW fit
W Indirect determination
- Measurement [EXfitter )¢
e R
M, ]
M, | —e—mmm
Ty .
M, -
T, e
o -
had - -
| T @ Z-pole observables (1)
A% '
= L)
A(LEP) .
A(SLD) -
sinz(a::"(QF!) e -
sin20!°" (Tevt.) —
A,
Ab
Al > Asymmetries
Auvh -
F8 H
R 4
RY ——
m, =
Au‘"?,(mg) -
a M) *
b b b b b b
-3 -2 -1 0 1 2 3
(O, et O/ Oy
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=
B outine

@ W mass and width
@ Motivation
o At LEP II
@ My, at Tevatron
e My, at LHC
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@ Introduction

© Z-pole observables

© Asymmetries

@ W mass and width

© Top mass

@ Higgs mass and features

@ Global ElectroWeak fit
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