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Chapter Summary
v

Forward-Backward asymmetry

The line shape

Tau polarization asymmetry and Left-Right asymmetry at SLC
Radiative corrections

Measurements: Z mass, Z total and partial widths, Z couplings
Measurements: Forward-backward asymmetries for heavy quarks
Measurements: sin? 0,

Number of neutrino families



taken from my thesis in 1988

[ Higgs boson discovery;
[ Quark top discovery and measurement of the topponium energy levels;
1 Supersymmetric particles discovery;

d Measurement of the Z mass with an error of 50 MeV;

> o(M;) about 340 MeV from UA2+CDF in 1989.

> Hoped to reduce it to about 10 MeV (limited by beam energy precision).
 Precision measurement of the Standard Model parameters;
(d Measurement of the number of light neutrino families.

> 2.5 generations were known in 1989, top quark and v; not yet established.

> Number of light neutrinos limited by big bang nucleosynthesis to < 4. Expected precision of
about £ 0.2 on the number.

[ Lep2: measurement of the W mass and check of the triple gauge boson coupling.
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Z precision physics




sis experimental steps

“Transform” N into
cross-sections (o) by
using the luminosity.
o(s) = line shape

Select a sample of
“pure” events (Ne*):
ete ,utu-,tt17,

hadrons, [bb]

“Transform”
dANExP do
—) —
o Qo
From this we get the
forward-backward

asymmetry (Arg)

This is just a“rough” scheme of

the analysis steps, since there

are many iterations to evaluate
backgrounds, efficiencies, efc ...
Moreover, Z properties and couplings
are estracted with global fits.

Comparison with the
SM predictions
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We get the Z
resonance parameters:
peak, total width and
partial widths

We get the Z
couplings to the

fermions (gy, ga)




The lineshape




Cross-section as a function of Vs

LEP collected 4.5 million Z,
12 thousand WW per experiment
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O in the SM, at the lowest order (Born approximation, no radiative corrections), for f # et andm < my:

* 0, (e'e >ff)=0, + o

Zs

74
(s-channel)

o Gys

s]"é . 127trerf .
(s—m2)>+mal2| mil2
100 ()

3s

c;Q;; :cf =1 (leptons), 3 (quark)];

,Y*
(s-channel)

2 2
(s —m;)m;

Zﬁa(s)

B 2\2 212
(s—m;) +m;I;

I, =

° 0-Born(e-'-e_ — fi \/— = mZ) =
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I', =T = ZIF(Z - f?):

3

—  Gm.c
NZz—-ffl=—=2L|g*+g!* |;
(Z— ff) Gﬁn[gv gA:|

212
VAR

for \/s ~ m, — interference and y *negligible;
127l I,

interference

Z <> Y¥

ooc|d + 4] =4[ +|4,[ +2Re(4, - 1)

\ The Z couplings intervene linearly in the interference term

(and not quadratically as in the partial widths), so any
parity violation effects, like the forward-backward asymmetry,
will be due to this term.

In the e*e" final state we have to take into account
also the photon exchange in the t-channel
(the Z contribution in the t-channel is negligeable)




ete > 7 o ff: gy

and g

O In the SM, at the lowest order, the partial width I (e.g. I,) has the following expression:

I

3
_ Gimyeg

f_G\/En

(e’ +¢g)

O All partial widths can be summarised in this table:

. 1 Gim,
2] > (f=n) > I,

46x/§1t

~83MeV,

f Q g\ g |Ty(Mev)| T} /T, | R (%)
VeV, V, 0 +% +% 166 1.99 6.8
e U T -1 =Y -.038 83 [1] 3.4
uct] % +% +.192 286 3.42 11.8
dsb -V =Y -.346 368 4.41 15.2
U Then, at the loweste order (Born approximation) we have:
> I5=2423 MeV, '}, = 1675 MeV, T2 .. =T =498 MeV;

> Rpagr. = 69.1 %, Riger = 10.2 %, RY i = Ry = 20.5 %,

\ B B
L Rhadr./Rvis.
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=87.0 %.

c, =1 -2Q sin’g,| |c, = I
r
R =L
Iz
R, = —b = 3% 9oy
b= .. 1675 °7

It was particularly important

to measure precisely the b-quark
B.R., since a deviation from

the SM prediction could have been
an indication of new physics.




ete” - Z — ff : predictions
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The interference term is zero at the Z-pole
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Vs [GeV]

The interferference term is negative below mg,
therefore here is plotted the module.

quark pair thresholds
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ete” - Z - ff:hadrons (1)

. _
o6kt data1994 e'e” — hadrons(y) Example (L3): etet — hadrons (ete® — qq)
[Je'e” — hadrons(y)
, » Aot of energy;
E ¢ ¢ — e e hadrons (two photon physics) o .
L « No missing energy; Event selection
10° ee >t Many particles in the final state;
y P ’ « 0.5<E, /Vs<2.0;
. |E||| /Evis< 0.6;
o ele - hadrons(y) 3 ele” > hadrons(y)
4 s s *E, /E, . <0.6;
g 10 10 4 data 1994 107 { data 1994 J'/ vis !
~ [ ¢'e — hadrons(y) s [d¢'e” — hadrons(y) ® Nclusters > 13 (barrEI),
& E e ¢ — e ¢ hadrons - E e e —e¢ ¢ hadrons
g o 104 Aee—»tvmy 1045- Aee -ty >17 (endcap)
LI>J 3l e — — E c e »ee(y)
10 . g s |
o. g \,3 103.
' X g - 2 reenlP
m m = N
.'. Ev|s Seenl pJ Ir
2 —
" " =Y.P
5 ‘*;" seen' J/
¥ # 10 -,g | E” |:| PZ |’ EJ‘ - PT.
10 = +H = .
= 1 0 0.2 0.4 0.6 0.8 1
0.5 1 1.5 2 |EL|/Eyis

E . /s
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ete” - Z - ff:hadrons (2)

ee — hadrons(y)

(|cos 6] <0.74)
barrel

ee — hadrons(7y)

(|cos 6> 0.74)
endcap

A cluster is defined ‘
as a continuous group 10 *HH
of crystals or hcal cells. H

It could very roughly
identified with a particle,
or at least they are
proportional to the number
of particles.

¢ data 1994
[Je’e — hadrons(y)
ee >TT(Y)
Nee see(y

Events

So, requiring a large
number of clusters in the
event, is equivalent to
require a large number of
particles in the event,

as we should have in

the Z hadronic decay

0 . 25 . .50. - .75. . .100. 0 25 50 75 100

Example : e'e” — hadrons (i.e. e*e™ q@)in [Ngusters > 13 (barrel), > 17 (endcap)]
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ete > Z7Z > ff:

Example (L3): etet - utu=(y)

Events / 0.02

10

4l 4 data1993-94 e'e > u'u(y

F Oe'e>u'um
[ PAe'e >ttt (y
i B ccC
7 B cosmics

>cc U U

IH--

1.5

o
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Events / 0.5 ns

+

4 e'e > p'u(y
10
¢ data 1993-94
Oce »u'wm
1031 Ae'e >t
o I___I cosmics
&
()
o
n
(=]
~
@2
=]
(5]
>
m

Event selection
* > 1 pidentified;
* Ip,|>0.6 (\s/2);
) “small”;

< 15;

° a(i
*N
* time,

clusters

cintillators*

b)

+§fiff

t t
. y .i+.++.+*l.§t*+.1 A

It| [ns]

Q. : why p’s have

smaller acollinearity
than v's ?

Usually it is not possible
to identify the photon
emitted from the final legs,
therefore the finale state

is given as ff(y)

At=|t,-t
| At=|t,,

Distance between 2
scintillator is (at least) 1.8 m

A cosmic muon takes 6 ns
tocover 1.8 m
A muon pair from Z decay

hit the two scintillators at
the same time.

J
15




ete” - Z - ff:lineshape

40 2
L3

1990-92

1990-92 - L3

1993 1993

o
Notice: Fee U (Y) -
1.5 F A 1994
[ o

O
[+ u
~¢ ¢ — hadrons(y)
30 A 1994
i ® 1995

Ohadron > Olepton

1995

O [nb]

10 I 92: peak only

10T 1.0SF

ratio
+
-
-
ratio
——u—
-l
——

0'99 -_ 1 I 1 1 b l L 1 L l L Il 1 I 1 0'95 - Il I L Il 1 I 1 L Il I Il 1 1L l L

88 90 92
Vs [GeV]

Vs [GeV] Ratio = data/SM

93-94: only 3 points
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* Bhabha scattering is more difficult, due to
the presence of another Feynman diagram: 4
the y* / Z exchange in the t-channel;

* 4 Feynman diagrams — 10 terms :

> Zs-channel (Z,);

> 7*s-channel (y,);
> Zt-channel (Z,);
> v* t-channel (y,);

> 6 interferences;

e "
* qualitatively :
’ : .y v* [ Z*
> Z, negligible;
> @ s~ m,and 0 >> 0°, Z, dominates. e e
(S J

> @ 0=0° v, dominates for all \/s;

> @ Vs <<m,and 0 >>0° Y, and y, are
both important, while Z; is negligible.
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ete > Z 2 e*e : Oy

—_— 0.7 —— .

{ IcosB, | <0.72 E { lcos6,| <0.72 .
—_ t channel "
Qo
c o~ total
- =
— | 0.3-
- 2
~ O el N
o T TR
T 2 .-
! L o4 .
2@ e s channel
9’ < p -
© o ) _

s/t int
: -i(i..-e-[-%""‘ sit interference 3
EE—— 05 ey
87 90 93 96 87 90 93 96
Vs [GeV] Vs [GeV]

* s, t, interference s/t vs \/s, with a 0 cut * notice : the cut on cosO is NOT
(|cosO| <0.72, i.e. 44° < 0 < 136°); instrumental, but used OFFLINE to
enhance Z_ over y,, to increase signal/

* data @ |cosO| > 0.72 available, but not
bckgd and decrease stat error.

used here [used for lumi];

16
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ete - > Z > e'e : results

2
: L3 O 1990-92 L3 O 1990-92
» i c+c_—>r"r_(y) m 1993 1 F e el (y) m 1993
SF A 1994 A 1994
[ ® 1995 </' ® 1995
o) - =)
s 1 F k=)
© [ ©0.5
05 " s t-channel (i
[ 0 -_ " '-,...interference ‘‘‘‘‘
1.0k s 1.05:—
RN S B S s b4 4
S : + S - ¢ +
0'95-.|...|...|...|. 095 . 4 o
88 90 92 94 88 90 92 94
Vs [GeV] Vs [GeV]
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Forward-backward asymmetry




(] Differential cross-section at the lowest order:

QZQ; -2[xJa,Q.8}8} cosd, +
2

dog,, (:;Z; - ff) _ nazz(ss)cf < (1+cos2 9)x e [(gi )2 +(g‘\3/ )2} [(g{\ )2 +(g{/ )2} " |

v

+2cos0 x[—ZeQTngf_\ cosd, +4|y’ gig;g\e,gﬂ

G sm> m, [’
Z ; tand, =—+

= F X
x 2\2na(s) \/(mﬁ_—s)2+m§1“§ m; —s

[—) cosSR(\/g =m,) =0];

Definition
c(cosO > 0,\/;) —c(cose < O,\/g)

c(cosB > 0,\/§)+c(cose <0,)

A is the "forward-backward

asymmetry" for e’e” — ff.
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do(ete” > ff)/dQ: comments

( + _ , . QﬁQ?—Zergf,g{, cosd, + 1) G sm?
a 0
dGBom(e e —>ff) _ no®(s)c, < (1+cos )x +|:(gi)2+(gf,)2] [(g£)2+(g{,)2J +

X = . x .
2\2ma(s) \/(m§ _S)Z +mir?
dcosO 2s
+2c059x[—2leg§g£ cosd, + 4 f\g{\gf,g{,}

Vv~
~e

cosép =m: —s

mediators : y, Z [=Z, + Z,];

P-cons: vy, yZ,, 2Z [= 23 + Z2);

G(C059>0,\/§)—0’(C059<0,\/;) ooy ggt y g{,gﬁ -
P-viol. :yZ,, Z,Z,.

c(cose> 0,J§)+c(cose<o,J§) i (83)2 +(geA )z (8{/)2 +(g£)2 .

J

[the photon-Z interferference

 at the pole (\/s=mz), only few terms : terms vanish]

 standard SM computation for Z, @ y, only

(average on initial and sum on final > cosd; =0;

polarization), then sum on o: > the asymmetry, i.e. the term o« cos 0,
* notice : the term o« (cos 0) is anti- is oc gy, (very small) for all fermions;

symmetric; it does NOT contribute to o, > for the p*pu~ case [easily measurable],

([ cos® dcosd = 0), but only to the (P- it is even smaller (oc gsgc)'

violating) forward-backward asymmetry;

We will see later other asymmetries
related to the polarization states.
Here, no polarization is taken into
account

* the PP-violation clearly comes from the
interference between the vector (y + Z,)
and axial (Z,) terms.
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do(ete” - ff)/dQ: data

* Experimentally, the main problem is the
L3 e'e > u'u(y selectionf <> F (i.e.0 <>-0 ). Thisis
i > essentially impossible for light quarks
¢ peak-2 u< 0, d & d (despite heroic efforts
& peak based on charge counting);
> difficult for heavy quarks c,b (based on
L1 peak+2 : ) :
= 075 lepton charge in semileptonic quark f_
E 2T decays, e.g. ¢ > s*v, ¢ —> s€V); e- /4
D > "simple" for u* (only problem: wrong >< +
4 . . . f+ e
S sagitta sign because of high
= o) momentum);
= 050 45
_8 i Lr > best channel for do/dcos® and Ag:
' Q ,.5' e*e” > purp(y);
ot * unfortunately, S=m,) Is very small in
i o i f ly, Arg(Ns=my) i i
[ ® n l_:]_fz'l-"'n the €*€- channels, due to the extra small
025 ?".,"E'E'ﬂ' e fact M,
@ ...0-" actor g,;
e B BB _
g * notice the asymmetry change for peak +2
GeV.
0.00 ——— '_0'.5' —— (') —— 'Ofsl E— Pay attention: in the plot is shown the differential cross-section, and not the
cos 0 forward-backward asymmetry. Then, from this plot, we build the Agg.

Claudio Luci — Collider Particle Physics — Chapter 7 21



SPEAR PEP PETRA TRISTAN  LEP
0.6 - O MARKI  * HRS CELLO  ®m AMY ® 13(1993)
* MAC 0 JADE 4 TOPAZ
04 - # MARKII 4 MARKJ v VENUS
r ¢ PLUTO
02 © TASSO
0 = \fi" . »‘L P ¢
r T :;L
C ¢ VAT~ |
0.2 A
04 F
r AFB (ete~ — utu-
e ( H)
¥ Vs (GeY)
_08 11 MR AR VA BT AAErAr AT 7 Jf S Srararane i i D
0 20 30 40 50 60 80 901 | 100

vy only — V only
—>AfB=0

Vs ~ m, —> A dominates
Z~A,y=V—> AP max —>A® =0

@ max interference
[no exp ever]

full \'s range +
SM prediction
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0.25 F ® 1995
2 |
< 0
025 |
0.05 7
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5 o:
St + *
S E
005 by o 4 1y
88 90 92 94
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do/d cosO: another set of formulae

d 2 U Z couplings
3 af@ Nf gi {Q? (1 + cos® @) (v exchange)
cos s g{, = T:,f — 2 Qs sin*dw
f f
— Qf[2 9595 (1 + cos? ©) + 4 g5 g’ cos @] R{x} (Interference) gr = Tj
f f f f . 2
gL = 9gv t+ga=2T3—2Qssin"dw
+ ([(99)7 + (98)?] [(9V)* + (94)%] (1 + cos? ©) .
([ ] [ ] gﬁ = g{‘, — gg = -2 Qf SlIl2'l9W
+89%959vgh cos O) |x|2} (Z exchange)
et f et f
1 S
- 1 for leptons ) Z
X 4 sin®dw cos2dw s — mZ +ilzmy N = { 3 for quarks >W< + M
e f e f
4o i A2 £ e\2 21T, £12 £2]) 12 These are the same formulae we met before,
7% = T3 Nc{Qf —2Qsgvgy W{x} + [(gV) +(93) ] [(gV) +(9a) ]|X| } but written in a slightly different manner.
It could be usefull to see them, just in case.
'y = er (mg < mgz/2) af(\/; =mg) =~ 12_27" I.I'¢
f my T
_ f amz £ 12 £ 2 127 N _
I's ¢ 12 sin?dy cos?dw [(QV) +(9a) ] = m—%BR(Z — ete ) - BR(Z — ff)
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Polarization asymmetries




Helicitiesinete™ —

Q Let’s consider the helicity of the initial and final states.

U Since they are connected by a propagator of spin 1 (Z),
the total angular momentum of the initial and final
states must be also 1, with J,=+-1

L So, we can look only at the helicity state of the
electron in the initial state and of the fermion in the
final state. We have four combinations:

U electron left-handed and fermion left-handed: LL

U electron left-handed and fermion right-handed: LR
U electron right-handed and fermion right-handed: RR
U electron right-handed and fermion left-handed: RL

U the final states are distinguishable due to the spin, so
the cross sections can be calculated separately.

U To be noticed that we can not have the spin flip along Z
(J; must be conserved, either 1 or -1), therefore the
differential cross-sections are 0 at theta=0° or at
theta=1800°.
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at the Z pole

f

OLL

et

— /

e /0
7 g

f ll

ORR

%

e Q]
— =
%
= Orr
f

da’u e d
dcos © (95)*(91)* (1 + cos ©)? ch;rO x (98)%(g%)% (1 + cos ©)?
f f
OLrR ORL
e /(; et o / +
9 &) e
? = == —
f 7l f / 01l
A% & (g5)(gh)? (1 - cos@)? | | _dow 2o :
dcos © deos © (98)°(91)" (1 — cos O)




Helicitiesinete™ —

O From the four helicity cross-sections (67, O r, Orr, OrL),

we can get all the asymmetry cross-sections.

U Total cross-section (just the sum of the four):

Oiot = 01 + OLp + Ogg + Opy,

O Left-Right asymmetry (initial state polarization);
we need to measure the initial state polarization:

og = (o + o) — (Oggr + Ogy)

U Polarization asymmetry (final state polarization);
we need to measure the final state polarization:

Opot = (01, + opy) — (OLp + ORR)

Q Forward-Backward asymmetry; it can be built from
the helicity cross-sections since the differential cross-
sections have a different theta behaviour

opp = (0, + ogr) — (O g + OpL)

Q We get the asymmetry values at the Z pole by
normalising the cross-sections with a;,;.
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at the Z pole

f
f ORR
o 7
e” (6} et e (&) et
— — — =
_ / on /‘
f f UII
doy e\2( f Aoy,
Teos 6 (9£)*(91)? (1 + cos ©)’ dc(‘; 5 (98)*(sh)? (1 + cos ©)’
f i
OLr ORL
% Z,
e~ (6) et o A ot
< — — —
_ / O / o
f f 1l
A ()26 (1 - cos@)? | | _dom . :
dcps ® L R deos © (9r)°(91)" (1 — cos ©)




U Helicity cross-sections are proportional to g couplings, for instance:

To notice: we have also
+1

1 doy e[ 8 % 1 — cosf)?d cosf = o
oL =j dcosedcose o« (g£)%(g1) j (1 + cos8)?d cos 6 3—(gf)2(gL) . (1 —cos@)*dcosb = 3
-1 -1

U Let’s consider, for instance, the polarization asymmetry:

Opot _ @i+ 0r) = (O + oxe) _ (99*(a])” + @9)*(9)" = @0)*(ah)" - @9)*(gh)” _
Otot Oy, + Opp + Org + Opp (gg)z(g{)z + (gg)z(g[)z + (gf)z(g{;)z + (gg)z(g{;)z

((g{ ) - (g{;)z) (G0 + @) 61"~ 6l
((g{ )+ (g{i)z) (g2 +(g)?)  (91)" +(g)

Apol = :Pf ==

U We can define the fermion asymmetry parameter A;:

N2 ()2
_ (g L ) (g R ) We can also write it

B 12 12 as a function of 2. g2 2
(9:) +(9:) e A = Gesdn Sovin _, gli
v A gir + 98 vt 9% 14 (gve/9ar)

gy + g = 275 — 2 Q¢sin*dw
9% — g = —2 Q¢sin’dw

Af

Parity violation is contained in A¢




Asymmetries at the Z pole

U By using A;we can define all the asymmetries at the Z pole.

U Polarization asymmetry:

A =

9te — Ghe _ 20vigar

gvt / gAf

Gie+ gk G+ 9% 14 (gve/gan)?’

Opol
P = —2==—4
Otot

Minus sign is due to historical definition of the asymmetry as Right minus Left

In order to measure the asymmetry, we need to measure the polarization of the final state fermions.
It can not be done, except one case: tau lepton.

U Left-Right asymmetry at the Z-pole:

OLR A
Otot

AiLr =

€

In order to measure this asymmetry, we need to have polarized electrons in the initial state. This was not possible
at LEP because any longitudinal polarization would have been destroyed while the electrons were going around
the ring, while it was possibile to achieve it at SLC since the electrons went around the circular part only once.

U Forward-backward asymmetry at the Z-pole; we got it in terms of g, and g,:

Aop(s=mg) = 39

95 i
(9%)% + (95)* (¢%)2 + (41)? -
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Polarization Asymmetries at LEP/SLC

U o,,: and A;; can be measured for all charged leptons, heavy quarks and, inclusively, for all five quarks flavours.
O The polarization of the final state fermion is observable only in the reaction ete™ —» 7t~ where P, is inferred from
the energy spectra of the decay product of the tau.

U For the measurement of A ;; all Z decays into hadrons and charged leptons can be used. However, it requires the
longitudinal polarization of the incoming electrons in e*e” collisions which was achieved only at the SLC collider.

O The cross section differences of left and right-handed fermions in the initial and final state o,z and o, can be
measured as a function of the scattering angle 0. This way we define:

pol 1 ! ao'pol _ /0 a‘Tpol ]
Apg = . !  9cosO dcos © L Bcos O dcos ® apol § ]
FB 4 €
E,l: 3
1 L Qo 0 Jo A%% - 4 As
LR _ L LR B LR
Afg = p_— [ . Bcos© dcos ® /;1 5 c0s O dcos @] .

U As a consequence of helicity conservation at the Zff vertices, the measurement of the angular dependence of the final
state polarization asymmetry provides information on the couplings of the initial state electrons and viceversa.

U Thus the measurement of the tau polarization as a function of cos 0 yields a measurement of the electron coupling.

U Therefore, polarization asymmetry measurements at LEP and SLC are complementary.

29
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Tau polarization

U Tau leptons decay close to the interaction point before the decay products reach the detector.
U The energy spectrum of the final state particles in the two body decays depends on the tau polarization.

= =

- - + + .,

T T . (K™

tau line of flight 300 ToT (K )V
1 P_=-0.148 +0.046 10.033
= Spin 0 Spin 0 = 250; ® Data
v, T T v, ] Il Fit
200 [1] Bke.
Example:t > v+m - | 1823 Decays
> || i
* pion preferentially escapes in the direction of the tau helicity § 150+ ‘h=-1
a T =
* Hence, when boosted into the Lab frame, the pion receives on average 100
more energy from the decay of a right-handed tau than from a -
left-handed tau. |
501 —
* From the distribution one can fit the contribution from the two helicity states. | - i?;;__j
P B af_ _ gf_ L 295 9% _ 4 0 02 04 06 08 1 12 14
™ — R | L T2 | (=72 T
of + ol (73)° + (3%) E./E,
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Tau polarization

(1+cos?6) A, +2cosf A,
(1+cos?0)+2cosf A A,

O Polarization as a function of the angle: P, (cosf) = —

Measured PT VS cos(-)r_

i B ALEPH o 0.1451:0.0060 T
ol b ALEPH ¢
T DELPHI e 0.1359-0.0096 /
P DELPHI + -
T | L3 —e—+ 0.1476+0.0108 e (&) et
N L3 + - OPAL e 0.14560.0095 = —
I OPAL + ] A_(LEP) ™ 0.1439:0.0043 N % o
I ] T
-0.1
I ALEPH O 0.1504+0.0068
02 L DELPHI ——— 0.1382:0.0116
I L3 o 0.1678:0.0130
- _ _ 1 OPAL e 0.1454:0.0114
03 - no universality » . .
L universality A (LEP) = 0.149820.0049 From gy (contained in Ay)
- e |We getsin By
_0.4_HN‘HJIHMHM'WHH'H'HNHWJH_ 006 008 01 012 014 016 018 02 022 024
-1 -08 06 -04 -02 0 02 04 06 08 1 Ae .
COS@I_ Al (LEP)=0.1465+0.0033 ’
x*/DoF=4.1/7 2 plept
From this distribution we get A, and A, \ sin® 0, = 0.23159 £ 0.00041 .
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SLC: Initial state polarization

SLD experiment at the Stanford Linear Collider
p 1992 - 1998 SLD Polarized Beam Running ~ 500 OOO Z decayS Observed

~ 1/10 of typical LEP experiment

20000 400000

[ Z°s per Week
o BUT

18000 + —Total Z’s
300000 . . . .
~ 1'7% longitudinal electron polarisation

16000 +

14000

12000 | 250000

10000 200000

Z’s per Week
Total Z’s

Beam Polarization SLD 1992-1998 Data

8000 + 150000

[
=3
=

6000 +

100000 Strained Lattice Cathode Strained Lattice Cathode

B for 1994 SLD Run for 1997 SLD Run

\o
<

4000 +
50000 | Source 5.1
Laser s
Wavelenght®t " *
| Optimized *

o]
<

2000 +

o
~
<

S
<
=
&
%]
=)
] =
R85 55387 33333885588:563060383%3°%53 S |/
FI37 27537 FRRRifrRiiiiiiRiigd o 1996 Run
) 199 o g‘IWI N 1994 1995 T e T lov?.o; 8 o !
= 50|
* Longitudinally polarized electrons were produced at the Polarized Electron = 0 7'1\
Source by illuminating a GaAs photocathode with circular-polarized light from = For 1993 110 Run 00
a laser of wavelength 715 nm. £ 30 ;‘
. : , & 50 i
« A system of bending magnets and a superconducting solenoid were used to N20F
rotate the spins so that the polarization was preserved while the 1.21 GeV =10 |
. . . —
electrons were stored in the damping ring. £ ol ‘ ‘ ‘ ‘ ‘
« Another set of bending magnets and two superconducting solenoids oriented 0 1000 2000 3000 4000 5000
the spin vectors so that longitudinal polarization of the electrons was achieved Z Count x10
at the collision point with the unpolarized positrons.
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SLD: Left-Rig

U The Left-Right asymmetry, taking into account the average beam polarization, is:

ALg = :
TSRS N+ N

=

O Electron asymmetry: A, = 0.1516 + 0.0021

A = (Pe)ALR

A, = 0.1498 + 0.0049 (at LEP)

sin?9y = 0.23098 + 0.00026

Best single measure of the World

U By measuring the forward-backward asymmetry for a given final state,
it was possible to measure the asymmetries for the different fermions:

0.1516 + 0.0021
AH 0.142 +0.015
A, 0.136 + 0.015

0.85 + 0.09
AC = 0.922 +0.020
4, = 0.670 +0.026

S quarks were identified by tagging high-momentum K and A
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events

events

1000
900
800
700
600
500
400
300
200
100

450 E
400 E
350 E
300 E
250 F
200 E
150 E

100
50

450
400

350 E
300 F
250 f

200
150
100
50
0O

SLD Preliminary Z°—> e*e” 96—98

¢ Left polarized €™ beam
+ Right polarized €™ beam

LA LELA LA B A LLLR) LAARE AR LRI RERR L

e by e b by b b b

— ¢ Left polarized e~ beam
E ¢ Right polarized e beam
S R S N R

| I B

SLD Preliminary Z°—> 77~ 96—-98

\ﬁ
%fx

E_ ¢ Left polarized e” beam

+R|ght po!or 4ede beom
£ L1y MR R

-0.8 -0.6 -0.4 -0.2 o 0.2 0.4 0.6 0.8




Radiative corrections




Standard Model relationships

depend on SAME mixing angle

v/ 9a gives sin? Oy if you know |Q|.

charge e: g = esinfly, ¢’ = ecos by

f
—ieQ,
Y
f
f
z
f
f
W ievu(l —s)
f

Ja = T = *=

Masses of heavy gauge bosons and their couplings to fermions

COS ﬁ\\' = A\[\\'/J[z

SU(2) x U(1) coupling constants, ¢, ¢, proportional to electric

1

L€ (q’“ o ga%) 2 sin Oy cos Ow

1
2v/2 sin Oy

where (), g, and g, depend on fermion type, with

A ) 1 ,
g, = (T?—2Qsin*Oy) = i;(l — 4|Q| sin” Oy)

Relate e, sin Ay and My to the best measured parameters:

[}

e

— 1/137.035999 76(50)

s
5|

)

/

T
V2MZ, sin? Oy

Gr =1.16639(1) x 107> GeV 2

My; = 91.1875(21) GeV

G'v measured from muon decay; My, from LEP.

These relations are true at tree level, but to check that they are
valid, must take into account radiative corrections, which give

sensitivity to virtual heavy particles, and possibly new physics!

Aside: Other SM inputs needed are fermion masses, Higgs mass,
CKM matrix (quark mass eigenstates are not weak eigenstates),

strong coupling constant, o
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The need for radiative corrections

O the mixing angle s,, = sin 6,, can be extracted from the ratio of the coupling g,/ /g,/ that enters in the cross
section measurements. From the observables with leptons in the final states, the latest LEP measurement of
sy’ from leptonic observables, which we will identify as s?, gives an average value:

St = S, =0.23159 £0.00018  (i.e., 0.08% precision).

Q This angle also describes the ratio M,,> /M, and therefore could be extracted from a combination of entirely
different measurements (LEP1 and LEP2). The latest data give:

Mz =91.1875£0.0021 GeV (AMz/Mz ~2 x 107°)

AMW —4
Mwy = 80.451 +0.033 GeV Mo ~5x10 ,
w

U leading to: sjzw =0.22162 +0.00067 (i.e., 0.3% precision).

U Not only do we get a much better precision on the effective mixing angle extracted from the Z observables, but
more telling is that this value is about 140 away from that extracted from the mass ratio, M,,?> /M,? . The Born
approximation is insufficient to explain the LEP measurements. Improving on the Born approximation
necessitates the inclusion of radiative corrections which are contributions from the quantum fluctuations of the
vacuum.
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Radiative corrections

= > >

top quark

higher
orders
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Radiative corrections

Propagator corrections are the same for each fermion type.
f w H

H ZWH

Electroweak corrections absorbed into effective couplings:

wv=g = V(1 +Ap)(T? - 2Qsin’ Oug)
ga =gy = V1 +Ap)T?

sin?f.g = (1 + Ar)sin? Oy

M2, (M2
Ay = 3Cr W( L tan? Oy

8v2m2 \ My

8/2m2

Extra /7 / M, contributions for b quark

M2, 6

Z/Wiy Z/W/y Z/Wiy Z/Wiy W
zZw

QED, QCD and vertex corrections give fermion dependent terms.

The value of GF is also modified:

TO 1

Gy = :
I \/E‘\[\")\ Hill_) (’)\\' 1 —Ar

where

Ar=Aa+ Ary, = Aa — Ak + -+
A« term incorporates the running of the electromagnetic coupling
due to fermion loops in the photon propagator. The difficult part of
the calculation is to account for all the hadronic states. Use
experimental measurement of e"e~ — hadrons at low /.

als) = 1(1((2(1

a(0) = 1/137.035999 76(50) ; a(My) = 1/128.936(46)

Mi 5
21+
Mg 6

[111
3G M MZ2 11 M: 5
Ark = EW (ot gy —t — — |In L)+
9 Mg,

Quadratic dependence on M
Logarithmic dependence on My
Can fit both M and My

Use programs such as ZFITTER (D Bardin et al.) and TOPAZO
(G Montagna et al.) for calculations to higher order.

Leading order expressions above are for large M.
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QED corrections

I

. v — T T T T T
e f ) - 0
Dominant QED correction from Z o i o >
initial state radiation. — 40 + ‘ -
+ r ﬁ Fo N
e f (a1 B PR 7
= i ALEPH A
Accounted for by radiator function H. We want gy, (s) @) I DELPHI { \
1 i L3 f
a(s):/ dzHEip (2, 8)Oew(25). 30 | OPAL _
4m?/s | ! '-. |

U The emission of the photon from the initial legs

modifies the effective /s of the Z interaction 20 F |
U We have to take it into account by doing an integral -
over all the possible center of mass energies. I
L ® measurements, error bars ;
O As a consequence the lineshape is heavily modified increased by factor 10 /
by the initial state radiation (ISR). 10 s fromfit
U Cross-section at the peak is reduced by about26% | .-~
U The peak is slighlyt shifted at higher energies (112 MeV) seczz=— 0 UM, _
O The lineshape becomes more asymmetric 86 88 90 92 94
E_ [GeV]

39
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Differential cross-section and asymmetries

Improved Born Approximation for eTe~ — ff //
(Ignoring fermion masses, QED/QCD ISR/FSR ...) e , 0 +

e
o fo . 7rN,f /

_ v(s)|2 :
dcosf 2s 16]x(s)[" x f

[(9% + 9ke) (93¢ + gie) (1 + cos® 0) + 8gvegacgvigas cos f]
+[vy exchange] + [yZ interference]

Where Gl ]f <
(\S - . ¢ . /
. 812 s — M2+ isT'z/Mjy

\x(5)” gives lineshape as a function of s.
Even term in cos 0 gives total cross-section

o % (g% + gae) (95¢ + 9a¢)

Odd term in cos @ leads to forward-backward asymmetry:

where op = fol (do/d cos@)d cosb. Atthe Z peak:

3 20vegpre 2 3
A% é _ 9 29V gA2 QQVfQAQf = 2 A A
49ve + 9Xe Gve + 94 4

App depends on gyt /gar, i.e. on sin? fg
Cross-section plus Arp allow gy and ga¢ to be derived.

Final state fermions in eTe~ — ff are polarised. Polarisation can

be measured for 7 lepton final states at LEP.
Pr= (04 —o0-)/(o++0-)
where o () cross section for producing + (-) helicity 7~ leptons.

Eg. 7 — 7, momentum of the ™ depends on the 7 helicity

Initial state: LEP beams are unpolarised (except for special energy
calibration conditions)

Stanford Linear Collider - longitudinally polarised electron beam to
detector SLD. Electron beam /2 75% polarised from 1994—1998.

Spin Rotation et Extr. Line
Solenoids - Spectrometer
e— i 0%
Damping Ring — / et e~ Spin

LR Source Vertical X

Thermionic Solenoid)
Source ~ £ \EIEI K
> Y € Y Collider Final § p
Polarized ~ J \ Arcs  Focus
e~ Source bf ot ‘W U TN
. Return Line Inac Compton
Electron Spin Polarimeter
Direction
e+ e~ Extr. Line ./~

Damping Ring Spectrometer

Knowing polarisation of final (7) or initial (SLD) state, can construct
left-right, left-right-forward-backward... asymmetries, and measure

A, or Ag, eg.
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Cross-section and

nartial widths

Cross-section as a function of s (from | x(s)|?): “Z lineshape”
sT'2
s — Mz)? + s*I'3 /M7

Uff(s) = Uff(

where pole cross-section is
127 FeeFff
2 2

0 _
Og =

with ' /Tz = BR(Z — ff) and partial width is

GpM3
[ = N(f 6\/573 (gif + g%/f)

+ QED/QCD corrections eg. QCD: I' g — Tq(1 + a5 /m + -+ )
Total width of Z
I'z = I'had + 300 + I'iny = XTqq + 3L'ee + N, T,
Comparing total width to partial width gives IV,
Cross-sections and widths correlated. Choose to fit:
e My, 'z, 0

® Ratios: Rg = Phad/ree’ R?L = Fhad/Fuw RQ = Fhad/PTT
or R? = Fhad/rgg

. 0 0, 0, 0,
e Asymmetries: Apy, Aph and Apg or Apg

Extra information from tagging some quark flavours

ALEPH
- hadrons - ee
30 - 1.4 #
20 * ! 1.0 y
‘\ "
I.v : )
90 91 92 90 91 92
88 8‘9 9‘0 9‘] 9‘2 ;3 88 5'9 9‘0 9‘] 9‘2 9‘3 9‘4
1IN o N JILLE i
el e e almnrmilyi
89‘.2 89‘.4 9]‘.2 913 9‘3 89‘.2 39‘,4 91‘.2 913 X9I3 932
L UK N TT N
1.4 1.4 ‘ +
’ | !
1.0 111.0 /
d W
¥
# *
K *
3 *
90 91 92 ' 90 91 92
88 819 9‘0 9‘] 9‘2 ;3 88 8‘9 9‘0 9‘] 9‘2 9‘3 9‘4
| i : | "lf | {
' b + ;7‘ ] 5-?# : 4 4 1
A il HCe
39'1 3;4 91'2 913 9'3 "39|1 39'.4 91'1 913 9'3 93'1
1990  + 1991 v 1992 = 1994 e 1995 Vs(GeV)
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Measurements




Measurement of the Z partial widths

The emission of a photon from the inital state lower the %
p - effective center of mass energy. This effect is taken into H—g 40
e Y f account in the fit by a “radiator” function (it is a pure QED g
AV effect and can be computed with great precision). -
Z [
20 i
= =N\-2
. ! s 12z s Ty =Mz | o 1220 Ty
“ M? 2 T @~ a2
Fo-Mz) S M,
zZ
» To measure the partial widths of the Z decays in the Z—qq 1
various fermionic channels, we need to measure the Z > uu '
cross-section at the peak: _ 2.
P . Z—>1t1
e We select the following channels: . 3.
/Z—ee

T T T B s e s e
I 0
GJ
P G CEEE
I

I ¥
| @ measurements, error bars

10 F

ALEPH { i 4
DELPHI

increased by Tactor 10 4
/
9'/

— G from fit

Peak cross-section;

Partial width;

Z couplings

» N.B. The total width I; is the same in all channels; from a channel to the other does not change the resonance shape but only the

peak value;

e N.B. the electron channel is more complicated because there is also the photon exchange in the t channel;

e N.B. in the hadron channel it is possible to distinguish the b quark from its impact paramenter (B, mesons live long enough); therefore
we can measure the partial width also in the bb channel.
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L1 SM Fit

single channel

[e.g. e*e" — hadrons single o

@ s = 95 GeV] =
“lineshape”

The LEP game

- - — e— A W W W e
channels [q,

wer ..

all e.w. ® many
parameters SIIEI G230 | ) distributions [c
Delphi, L3, OPAL] !

[really] do/dQ, ...]

Fits are done using Model Independent programs
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M; history
Mass of the Z Boson
Experiment IVIZ [MeV] 91'31439 1901 1903 1905 1907 1999 2001 Date
' m(z)
ALEPH — 91189.3 = 3.1 SRR P ovs wptmd . o Eo
DELPHI @ : 91186.3 + 2.8 o1 ?
' ’ 91.200
L3 : & 91189.4 = 3.0
, 91.0
OPAL ¢— 91185.3 = 2.9 91195
E X2 /dof = 22/3 e 91.190 ! I
LEP ¢ 91187.5 = 2.1 %08 i i T # ; ; } } }
: 91.185 I i T
common error ' 1.7 %0.7
: 91.180
91182 91187 91192 %08 .
MZ [MeV] [ . 1993 1595 1997 1999 2001
90.5
M, =91.1875+0.0021 GeV N.B. _th_ere is no SM prediction for the Z Mass because
it is an INPUT parameter of the Model
A]\42 = 4L -5 . . g .
=12.3-10 The y-Z interference term is taken from the SM. If it is left as a free parameter
z in the fit, it would add an additional 9 MeV error on the Z mass
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Z total width and Hadronic Pole Cross Section

Total Z Width
Experiment I, [MeV]
ALEPH 1t 2495.9 + 4.3
DELPHI —e— | 2487.6 + 4.1
1
L3 ' —e— 2502.5 + 4.1
OPAL —teo—1| D494.7 + 4.1
1
: x?/dof = 7.3/3
LEP [ o 2495.2 + 2.3
1
common error X 1.2
1
10 34 r
1
1
1
1
S
(0]
S 10 2-.
] N
= ag = 0.118:0.003
linearly added to
M, = 178.0:4.3 GeV
10 -
2.483 2.495 2.507

I, [GeV]
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Hadronic Pole Cross Section

Experiment q‘;d [nb]
ALEPH : @ 41.559 + 0.057
DELPHI —P 41.578 + 0.069
1
L3 « 41.536 + 0.055
OPAL ——@—— 41.502 = 0.055
1
: x?/dof = 1.2/3
LEP ® 41.540 = 0.037
1
common error X 0.028
1
10 3-. :
: 1
1
1
: GO _ 127[ reJ’e*rqg
: 99 Mz F2
— . 7z 4
% i
0] 2 !
—_ 10 -1 1
] ! |
= : ag = 0.1180.003
: linearly added to
! |
: M, = 178.024.3 GeV
10 I L T T
41.45 41.55 41.65
Gac [nb]
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Ratio of Hadronic to Leptonic Width Forward-Backward Pole Asymmetry

Experiment R=Tq/T Experiment AO'&I'
ALEPH S 20.729 + 0.039 ALEPH » 0.0173 = 0.0016
1
DELPHI of— 20.730 = 0.060 DELPHI —1®—— 0.0187=0.0019
1
L3 L L 20.809 = 0.060 L3 : ® 0.0192 + 0.0024
OPAL \ —8—— 20.822:0.044 OPAL —@—1 0.0145 x 0.0017
1
; %% /dof = 3.5/3 ! x°/dof = 3.9/3
1 1
LEP —?— 20.767 = 0.025 LEP —@&— 0.0171 £ 0.0010
1
common error : 0.007 common error : 0.0003
1
1
3 1
1073 : 10 3 !
] . :
1 1
1 1
1 1
1 1
1 1
= : - :
® >
O 42 ! > 1
—_ 10 1 1 1
- ] ' . S.10 2] .
= ! ag = 0.11820.003 < A=
|inear|y added to 0.0275810.00035
. linearly added to
M, = 178.04.3 GeV L]
10 . . M, = 178.0+4.3 GeV
20.65 20.75 20.85 10 _ | _
R 0.013 0.017 0.021

0,
Ats
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The measurement of the Z couplings

Model, for instance they could not

need the asymmetries to do it.

before LEP did not have enough precision
to make stringent tests of the Standard

disantangle the sign of the couplings, we

gy=-0.03783(41)
ga=-0.50123(26)

* Lepton coupling to the Z

Ratios of coupling constants:

ga"'/ 9, = 1.0002 +
g,'/9,¢ = 1.0019 +
gv*/9\¢ = 0.962 =+
g9v'/9.° = 0.958 +

""""""

-0.04 T T .
-0.506 -0.503 -0.5 -0.497

0.0014
0.0015

¥ o w—
.

0.063
0.029

Lepton universality is verified at
the per mill level.
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gy = Ti-2Qssin*Vy
g = 1%
-0.032 N
[ Im=178.0 + 4.3 GeV
,,,,,,,,,,, TH= 114...1000 GeV -
-0.035 - |
>
o))
-0.038 -
-0.503 -0.502 -0.501 0.5
Iai
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gL, = gv+ gy =2T; —2Qssin*dw
grR = 9V —gh = —2Qssin*Vy

0.234

0.233

o
(@)

0.232 1

0.231

68% CL

I | I | I
[ Im=178.0 =+ 4.3 GeV

m,= 114...1000 GeV _|

"""""
.

0.23

20.271 -0.27 -0.269 -0.268 -0.267

9
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Final result for tau polarization

Average Tau Polarisation

Experiment A,
ALEPH ] 0.1451 = 0.0060
DELPHI —o——:r 0.1359 = 0.0096
L3 S 0.1476 = 0.0108
OPAL ' 0.1456 = 0.0095

x?/dof = 0.9/3
LEP 0.1439 = 0.0043

10 °5

M,, [GeV]
o
lf\)

10

(8) _
AOLhad_
0.02758+0.00035

linearly added to

M, = 178.0+4.3 GeV

0.18
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9% gt

(9%)% + (g})?

Forward-backward Tau Polarisation

Experiment
ALEPH o+
DELPHI —@——
1
L3 L ——
OPAL —p—
1
1
1
1
LEP e
1
1
1
1
10 3- r
1 1
1
1
1
1
1
1
— 1
o
9:1021
210
s
1
1
1
1
1
1
10 }
0.12 0.15 0.1
A

(0]

Ae

0.1504 = 0.0068

0.1382 + 0.0116

0.1678 = 0.0130

0.1454 = 0.0114

x?/dof = 3.1/3

0.1498 = 0.0049

(5) _
AOLhad_
0.02758+0.00035

linearly added to

M, = 178.0:4.3 GeV

8
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Lepton Universality

M, = 174.3 £5.1 GeV
My = 3007792 GeV (low My preferred)
as(M2) = 0.118 £ 0.002

Plot AOF’é VS. R(} = I'yaa/Iee- Contours contain 68% probability.

Lepton universality OK. Results agree with SM (arrows)

Ratios of couplings:

ga*/gat = 1.0002 + 0.0014
ga*/gac = 1.0019 £ 0.0015
gv*/gve = 0.962 =+ 0.063
gv'/g = 0.958 + 0.029

Lepton universality
tested to 103 in ga
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0.022

0.018 -

0.014

.....

68

% CL |

0.01

20.7
0
Ri =rhad/ L

51




ALEPH le})t()ns
991-95

DELPHI lelgtons
91-95

L3 lept
Boo5s

ALEPH inclusive
1991-95

DELPHI inclusive
1992-2000

L3 {'et-ch

994-95

LEP
Winter 2005

my, [GeV]
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0.1003 = 0.0038 = 0.0017
0.1025 = 0.0051 = 0.0024
0.1001 = 0.0060 = 0.0035

0.1010 = 0.0025 = 0.0012
0.0978 = 0.0030 = 0.0015
0.0948 = 0.0101 = 0.0056

<A°F’]';5> = 0.0992 = 0.0016

Include Total Sys 0.0007
With Common Sys  0.0004

E m,=178.0 £ 43 GeV

7 Aay,, = 0.02761 = 0.00036

ALEPH leptons
1991-95

DELPHI leptons
1991-95

L3 leptons
1990-91

AO,cE
FB

eopocce

ALEPHD’ —
1991-95 o
DELPHI D"
1992-95 by
LEP -¢-
Winter 2005 1T
20, [GeV]
5
%
1<
=
E 10%
0.04 0.08 0.1
AO,cE
FR

bb and ct Forward-Backward Asymmetry

0.0734 = 0.0053 = 0.0036
0.0725 = 0.0084 + 0.0062
0.0834 + 0.0301 + 0.0197

0.0698 + 0.0085 + 0.0033
0.0695 = 0.0087 = 0.0027

<A°Ff> = 0.0707 = 0.0035

Include Total Sys 0.0017
With Common Sys  0.0009

E] m,=178.0 =43 Gev
Ao

=0.02761 = 0.00036

X,
had




I_‘b/l—‘had
ALEPHmult  —bb
1992.05  weiede
DELPHI mult b
1992-95 oopoe

L3mult ———a
1994.95 secscecieefosccccccceces

SLD vtx mass —1—
199398

LEP+SLC o
250

m, [GeV]

150

1N

R
Rg b

0.2158 = 0.0009 = 0.0009

0.21643 + 0.00067 = 0.00056

0.2166 = 0.0013 = 0.0025

0.21576 + 0.00094 = 0.00076

0.21629 + 0.00066

corrected for y exchange

100
02125 0215 02175 0.22

rb/rhad
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ALEPH
lepton 1992-95

ALEPH

D-meson 1991-95

DELPHI ——&—-

D-meson 1991-95

I‘C/Fhad

. == Sa—

oooooooooooooooo

eocccscccsscccoe

SLD 40—
mass-+lifetime 1993-98 S
ALEPH S
charm count. 1991-95 socccccetheccoscocece
DELPHI S
charm count. 1991-95 secscecceeiaeces
k
LEP+SLD o
0.16 0.18
1—‘c/l_‘ha\d

Rc

0.1685 = 0.0062 = 0.0080

0.1682 = 0.0082 + 0.0082

0.161 = 0.010 = 0.009
0.1741 = 0.0031 = 0.0020

0.1735 = 0.0051 = 0.0110

0.1693 = 0.0050 = 0.0092

0.1721 = 0.0030
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The partial widths Z = bb and Z = cc

019 " Preliminary T
' ] R " b,c
b,c
S
had
0.18 1 =
o O -
oC
SM,
0.17 - 68% CL =
95% CL
0.16+——m
0.214 0.216 0.218 0.22
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Neutral current coupling of quarks

b-quark:
T Hlehminary]
||| <.‘<<* AL
0.9+ s i
<_Q
0.8 LEP

3 -

LEP & AFB=ZA1Ab i

o7t S
0.13 0.14 0.15 0.16 0.17

AI

3
SLD: App'®=<P.> 1A
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0.8 ' " Plelminary]
0.7 / -
17X AL {
“4444 gzz‘
0.6 4 —
0.5 +————— L T
0.13 0.14 0.15 0.16 0.17
AI
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Measurement of sin?J

o,

Aq ——] 0.23099 + 0.00053 " Asymmetries at Z pole
A(P.) —— 0.23159 + 0.00041 - forward-backward
- left-right (SLD)
- tau polarisation
b
o v 0.23221 + 0.00029
0.c sin?0 is a renormalized value of sin?8y, . The tree
Apy ] * 0.23220 = 0.00081 level prediction of the SM is not sufficient to have an
thbad » 0.2324 = 0.0012 agreement with real data.
Average iy 0.23153 = 0.00016 From the measured values of various asymmetries
102 wdof:118/5 we can get the value of the Weinberg angle.
: The radiative corrections depend of the top mass
S cl =p’ (1/" _20sin 91’_‘) and Higgs mass, therefore with a comparison with
8 ) R the measured value we can make a prediction on
= Ci=~p'l these two parameters.
EI
102— ® — 0. = 0. .. ] ]
] mfn‘j‘:%g{’_o‘)?ﬁﬁ 62\90035 From this kind of measurements it has been possible
— T T to predict the value of the top mass and to put
0.23 0.232 0.234 . .
lept constraints on the Higgs mass.

. 2
sin Geff
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Lep combined results

Z resonance parameters - recall pre-LEP hopes:
e 0(My) = 10 MeV (limited by beam energy precision)

e Number of generations o(NN,)) ~ 0.2

M, =91.1875+0.0021 GeV
Fitted M7 [GeV] 91.1875 4 0.0021
AM s
' [GeV] 24952 4 0.0023 ZZ =423-10
oy [nb] 41.540 =+ 0.037
R) 20.767 + 0.025 _ _
0/ Summary - Very precise measurements of Z mass, width,
AF’B 0.0171 4 0.0010 cross-sections, partial widths and lepton forward-backward
Derived I,y [MeV] | 499.0 +15 asymmetries.
Tpaq [MeV] | 17444 +20 High statistics data samples. Careful control of systematic errors.
a . .
I'yy [MeV] 83.984 + 0.086
N, 2.984 4+ 0.008
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Number of neutrino

families




ht neutrinos

Measurement of the number of lig

Particle Interactions

Three Generatlons of Matter

U The number of lepton families is not foreseen in the Standard Model but it has to be
I II III

determined experimentally.
U Before LEP operations a fourth family of leptons was not excluded by the available data.

U In every family is present a neutrino, massless or in any case with a negligeable mass;
therefore the LEP strategy was to look for the presence of a fourth light neutrino (where light

means of mass less than half of m;).
Q If the forth neutrino were identified it would have been the first hint of a fourth lepton family.

U Therefore the goal was to measure the Z partial width in the neutrino channel and from

this deduce the number of light neutrinos.
L Let’s recall the fact that neutrinos are not “seen” in the LEP detectors, so we need a

“trick” to perform the measurement.

+N-I' -

r Z=F charged leptons +I hadrons

O There were two kind of measurement of the so called invisible width (;,,): an indirect
measurement where [, is obtained as a difference by subtracting to I, the “visible” partial
widths, and a direct measurement where it was detected the photon emitted from the initial

state; in this case the event signature was a single photon with energy around 1 GeV.

59
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Z partial widths

Finv = I'z — Thaa — 3 1.

LEP averages of leptonic widths Invisible width T, |
I, —- 83.92+0.17 MeV ALEPH —O— 499.6 + 3.6 MeV
r, —— 83.92+0.23 MeV DELPHI — U —— 5040+4.1 MeV
. —A— 83.85+0.29 MeV L3 —A— 500.3 +4.4 MeV
OPAL —%—1— 498.0 +4.1 MeV
. LEP —o— 499.9+2.5 MeV

L ® |, =83.93+ 0.14 MeV. CT

Dl common 1.8 MeV

notcom 1.8 MeV

2\ 372 y/dof = 1413
I, ~T, (1 —4 —;) =T, — 0.190 MeV. 250 E :
250 my ’ ‘
; 200 +
;!200- [5) E mZ=91 1881’2MCV
c m, =91 188 +2 MeV <} |
e £ 150 [ ; E= m,, = 60 - 1000 GeV
£ 150 [ E= my, =60 - 1000 GeV é
100 1 : N 1
100 B 495 500 505

835 84 84..5
I (MeV] Thoq = 1744.8 + 3.0 MeV Tz MeV]
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N.. with the “indirect” method

1 The invisible width is obtained as a difference between

the total width and the “visible” width.

Finv = FZ - Fhad - 3Pt

O Using the average LEP results we obtain:

Finv = 499.9 £ 2.5 MeV

20

U If the Z would decay in any new particles not interacting
in the detector, their contribution would enter in the invisible width.

U In order to get the number of neutrino families we have

to use the neutrino partial width predicted by the SM.

U To minimize systematic errors we use ratios:

N — Finv . I?inv (FC)SM
v I‘V B F[ Fu
I‘l SM
(r_> = 0.5021 T390 (my, my, a(mz))
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10

| ¢ average measurements,

2v

ALEPH
DELPHI
L3
OPAL

error bars increased
by factor 10

8 88 90 92 94
E_, [GeV]

N, = 2.990 + 0.015 F0-998 (my, my, a(mz))

Latest EW group result:| N = 2.9841 =+ (.0083 | |1.9 o away from 3

2020: new result after

an update of the Bhabha
cross section used in the
luminosity measurement

N, = 2.9963 + 0.0074
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N.. with the “direct” method

U N, is measured very precisely with the “indirect” method, so ... why do we need another measurement, with a
bigger error?

QO A direct measurement, with different systematic errors, is necessary to confirm the indirect measurement and, in
case the result would have been different from 3, to understand the origin of the discrepancy.

U For instance, if the Z would decays in new "visible” particles not taken properly into account in I';,4, and/or in
I\ept » they would appear in IT';,, with the indirect method, but maybe not in the direct measurement.

U The direct method exploits the emission of a photon from the initial legs:

+

2 \Y
= We have only a photon in the detector and nothing else,
) so we have to be sure that no other particle is present.
z = The energy of the photon is very little (around 1 GeV) at the Z-pole
= |tis difficult to trigger on such a low energy photon.
» The signal cross-section is very low (around 30 pb)
e Y
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: cross-section and experimental issues

U The cross section falls rapidly as a function of the O Experimental background:
photon energy and depends on the theta angle of
emission. »ete— YYY

with X =1y, 7% n, n'..
" »>ete—e'e X

; vy
»>etee—etey

60

dofdE, (pb/GeV)

g o Radiative Bhabha scattering

so:-”.

beam pipe

40 [ \ve=g1.2
| \

3 -
[ \ / \
10 - L The amount of background depends on the ability to detect
[ ) particles at small angle and on the overall hermeticity of
ol bl the electromagnetic calorimeter.

5
E., (GeV)
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N.: selection cuts (L3 experiment

U Photon selection

1) an energy deposit in the BGO greater than 1 GeV and less than 10 GeV, at a polar angle
between 45° and 135°, shared amongst at least five crystals;

2) the lateral shape of the energy deposit must be consistent with that expected from a
single electromagnetic particle originating from the interaction point.

U Veto cuts to make sure the detector is “empty”

| f [—

e ———— A ——— = ===-=-5

3) no other energy deposits in the BGO, consisting of 3 or more contiguous crystals and . . “ " . .
) . gy ¢l _ s & 8 : There is a little “hole” between lumi monitor and ALR
exceeding a total energy of 100 MeV;
4) no tracks in the central tracking chamber (TEC);
} _ ) o o _ SLUM Hadron Calorimeter
) less than 1.5 GeV deposited in either luminosity monitor; Endcaps HC1
6) no signal in the ALR; J ] L] Hcs HC2
n

7) less than 3 GeV deposited in the HCAL; _'_\-_I_'_ -------- =+ ---]—
8) no tracks measured in the muon spectrometer. J I i

Luminosity

BGO ’—‘
+Z Active lead rings
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er efficienc

U Given the rapidly falling photon spectrum, the L1 trigger should go
down in energy as far as possible.

U The L1 trigger had 1 GeV threshold.

U The trigger efficiency was determined in two ways: from data
and from a detailed simulation of the single photon trigger.
> The first method uses a sample of radiative Bhabha events with an
isolated electron in the BGO barrel (the single electron control
sample), which is triggered by requiring the coincidence of a charged

track and an energy exceeding 30 GeV in one of the luminosity
monitor.

> The second one uses unbiased triggers (the so called beam gate) as
input of a dedicated simulation program.
U The agreement of the simulation with the single electron data at
the level of 1%, justifies the uses of the simulated curve also for
periods with limited statistics.
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L3 experiment

trigger efficiency

L3

O single electron data
® simulation

o c o o O
©®© = N A O 0 =
- P PR T T I S N N A .

o o O
N} BN (0)]
I

o




N. : event samg

le (L3 experiment

Selected data sample and expected number of events

Year | /s (GeV) | [ L dt | Observed Expected events
(pl)"l) events Nuo, | Nete- | Nother back. | Total MC
1991 | 88.56-93.75 | 9.57 202 169.6 25.0 4.9 199.5
1992 91.34 20.52 456 381.3 60.1 9.0 450.4
1993 91.32 4.12 99 74.8 10.8 2.0 87.6
1993 89.45 8.25 77 46.5 19.6 3.9 70.0
1993 91.21 9.25 180 152.4 23.6 4.3 180.3
1993 93.04 8.30 375 370.7 20.9 3.8 395.4
1994 91.22 39.88 702 596.1 93.8 16.9 706.8
| Total | 99.89 | 2091 [1791.4 | 253.8 | 448 [ 2090.0
Total efficiency and corrected cross-section
| \0d1| Vs (GeV) |Eﬁﬁ(unu\ I o (pb) |
1992 91.34 0.572 32.9 £ 1.8(stat)=40.6(sys)
1993 91.32 0.594 35.2 + 4.1(stat)=+0.6(sys)
1993 89.45 0.578 11.2 4 1.8(stat)=+0.3(sys)
1993 91.21 0.570 28.8 £ 2.5(stat)£0.5(sys)
1993 93.04 0.602 70.1 £ 3.9(stat)£1.1(sys)
1994 91.22 0.505 29.4 + 1.3(stat)=£0.5(sys)
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800+
: 600+

400+

number of events / (0.5 GeV)
N
o
o

L3

* Data 1992-94
[_lvvy signal
__leey backgr.
[@yyy+2y backgr.

(hole between
LUMI and ALR)

-

2

4
E (GeV)
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: results (L3 experiment

[ Invisible width:

[y = 498 £ 12 (stat) £ 12(sys) MeV.

J Number of neutrino families:
N, = 2.98 £ 0.07(stat) £ 0.07(sys).

U This result is compatible (and support) the one
found with the indirect method.

[ Breakdown of systematic errors:

| Systematic error source | ATy, (Mev) | AN, |
Trigger efficiency 8.4 0.050
Background subtraction 4.8 0.029
Selection efficiency 4.0 0.024
Energy scale 4.0 0.024
Monte Carlo generators 3.5 0.021
Cosmic ray background 1.7 0.010
Luminosity error 1.8 0.011
I',, theoretical error - 0.004
Fit procedure 2.5 0.015

| Total error 12.3 0.073 |
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