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Chapter Summary

=
The line shape

Forward-Backward asymmetry

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,y

Number of neutrino families



taken from my thesis in 1988

] Higgs boson discovery;
O Quark top discovery and measurement of the topponium energy levels;

(] 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.

1 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” Ne® into
cross-sections (o) by
using the luminosity.
o(s) 2 line shape

We get the Z
resonance parameters:
peak, total width and
partial widths

Select a sample of
“pure” events (NexP):
i
eTe,uTuT,TTT,

hadrons, [bb] “Transform”

ANEXP do
—
Qo Qo
From this we get the
forward-backward

asymmetry (Agg)

We get the Z
couplings to the
fermions (gy, ga)

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.
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Comparison with the
SM predictions




The lineshape

Namely, the cross-section as a function of /s




Cross-section as a function of Vs
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Dominant at low energy Dominant at Z-pole Equally important
In the slides of this chapter we will consider only the cross-sections and the asymmetries of the Z resonance
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Q in the SM, at the lowest order (Born approximation, no radiative corrections), for f + efandm « my:

® cSBorn (e+e_ - ff) = + GYS +Jf;

Peak cross-section

sI“; 127trerf
. GZS = 232 212 212 '
(s—m3)" +mil’; m;1;
Amo’ (s .
¢ o, :T()Cf o _cf=1(Ieptons),3(quark)];
2 2
S )M 2\20(s X
. Jf =i ( 2 22) Zz 2 ()CfO*fGFng{/;
(s—m;)" +m.L; 3

I =z ff)= M
= B P
f 6321

I, =T, = Zfr(z — ff);  Total width is the sum of partial w'ih

[8l* +8l |;

o for /s ~m, —> interference and y *negligible;

* o, (e — ff, \/_=mz) =
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12zl I

272
L=l

Z
(s-channel) f
" U7
(s-channel) i
interference o oc|d, +AZ|2 =|Ay|2 o +2Re(A;, .A;)
Zs <—> y*S

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->Z > ff: g/ and ¢,

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

1Gm

G m; >€
Dtabivad : .
N —=t e’ +el’] > (=0) > T, —\/——n~83MeV' c, =1 -2Q"sin’g,| |c, = I}
O All partial widths can be summarised in this table:
I
f Qs g g, |[;(MeV)| T, /T, | R;(%) R = F_f
VeV, V| O +% +% 166 1.99 6.8 z
e U 1T -1 -V -.038 83 [1] 34
uc [t] % +% +.192 286 3.42 11.8 T, 368 0
dsb | % % | -346 | 368 | 441 | 152 Ry =1 = 1675 ~ 247
U Then, at the loweste order (Born approximation) we have: It was particularly important
to measure precisely the b-quark
> I2=2423 MeV, I'},,, = 1675 MeV, T2 ;. =2 =498 MeV; B.R., since a deviation from
the SM prediction could have been
> Rpagr. = 69.1 %, Rippes = 10.2 %, Ry, = Ry = 20.5 %, an indication of new physics.

> Rhadr / RVIS - 87.0 %.
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The lineshape: let’s look at the data




Events / 0.02

ete” > Z - ff:hadrons (1) [event selection]

4 data 1994

10 °
[J e'e” — hadrons(y)
E ¢ ¢ — ¢ ¢ hadrons (two photon physics)
105 ee >TT(Y)
3k i
10 3
e
%
5 — *
10 A%
%
¢
’m'
10 L fbd
0.5 | 1.5 2
E,/ s

ee — hadrons(y)

Example (L3): ete* —» hadrons (e*e™ - qq)

A lot of energy;
No missing energy;

Many particles in the final state;

Events / 0.01
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e'e” — hadrons(y)
5
¢ data 1994 10
[ ¢'e” — hadrons(y)
E e ¢ —e¢ ¢ hadrons 3
cb’—)t‘ti(Y) 104:-
5 [
= [
i 3
2z 3
g 10°F
> F
m
102
10

-

N

A |
0.2 0.4 0.6 0.8 1

%

e'e” — hadrons(y)

¢ data 1994
[ e'e” — hadrons(y)

E e e — e e hadrons
e Tty

Heeoeem

*N

Event selection

0.5<E, /Vs<2.0;
|Ey| / E, < 0.6;
E,/E, <0.6;

> 13 (barrel),

clusters

> 17 (endcap)

|EJ_|/Evis

EV|5 - Zseen| 5j |’
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ete” - Z — ff:hadrons (2)[event selection]

A cluster is defined

of crystals or hcal cells.

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

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

as a continuous group 10 *RH

e'e” — hadrons(y)

(|cos 6 <0.74)
barrel

¢ data 1994
D e'e — hadrons(y)
ee HTT(Y
HNee oee(y

25 50 75 100
Ng
C
Example : e'e” — hadrons (i.e.e'e” qq)in
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Events

1

[N

ee — hadrons(y)

(|cos 6| > 0.74)
endcap

l 4 data 1994 -

|:| ee o hadrons(y) .‘
MAe'e >ttty .\
Hee oee(y ."

‘

e ¢ — e ¢ hadrons

clusters

> 13 (barrel), > 17 (endcap)]
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Example (L3): ete™ - utu=(y)

104:— ¢ data 1993-94
E [e'e i@
[ Ae'e >trw

- cosmics

102

Events / 0.02

10

i Dccf >e e LU

e'e > p'n

IH--

Claudio Luci — Collider Particle Physics — Chapter 7

1.5

o

Events / 0.5 ns

event selection

p e u'u(y
10
¢ data 1993-94
Oc'e »>u'wm
103H Aee -1t
é-l.: D cosmics
)
)
e
Pl
=
P
2
=
(5)
>
m

Event selection

e > 1 nidentified;
lp,| >0.6 (\s/2);
e a0 ) “small”;

S W [

* time

scintillators®

Q. : why p’s have

smaller acollinearity

0 20 40 60 80
Acollinearity [degree]

thant’s ?

b)

+o+***

-]

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

is given as ff(y)

i
5

t t
i J thy ot ,
|t| [ns]

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.

Y
5




ete” > Z - ff:lineshape

40 2 2
- L3 O 1990-92 - L3 O 1990-92 - 13 O 1990-92
:c'cf — hadrons(y) it Fee o (Y = F ee o T 1 (Y) o 1993
30 F A 1994 1.5 A 1994 1.5 F A 1994
[ 1995 [ 1995 [ ® 1995
20 g )
(o) © (o)
10
92: peak only Notice:
101F Ohadron > Olepton 1.05:- 105k + +
2 # s * ER i * $ g * '
S = & F +
099: T T T 095'-_ PR T SR T T SO T NN S NN T 095- PR [T R T [ TR T T T T S S
88 90 92 94 88 90 92 04 88 90 92 04
Vs [GeV] Vs [GeV] Vs [GeV]

Ratio = data/SM

These are data,
93-94: only 3 points no interpretation yet
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* Bhabha scattering is more difficult, due to (" | et )
the presence of another Feynman diagram:
the y* / Z exchange in the t-channel;

* 4 Feynman diagrams — 10 terms : ' e M:

1990-92

1993

L3

fee >ee(y)

» Zs-channel (Z,); )
> v*s-channel (y,); 005

e* +
> Zt-channel (Z,); / ©

Y* 7% y e

> ’Y* t-channel (’Yt),' E - a— t-channel .

e e L
> 6 interferences; N J 0 i ", interference

* qualitatively : = The analysis is restricted in the barrel LOSE
> Z, negligible; region (|cosf,| < 0.72;44° <6 < 136°) |o - # +
_ in order to reduce the t-channel 8 If +
> @ Vs~ m,and 0 >>0°, Z, dominates. contributions. [ x +
09 I s o5 8 i i e blaiilsi
~0° i . * Thet-ch | and s/t interf:

> @ 0=0° v, dominates for all \s; e t-channel and s/t interference - %0 - o

> \s < d0>>0° d are subtracted from the total cross-section
@ s <<m; an , Ysandy,are to extract the “pure” Z resonant

both important, while Z_ is negligible. cross-section

s [GeV]
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Forward-backward asymmetry




(] Differential cross-section at the lowest order:

=

QlQ; -2[xJa,Q.85g) cosd, +

e tind) NSO Coaeh v SIS  ORATG |

N

+2c0s0x| ~2[1[0,Q 8¢} coss, + 4’ Eielele! |

G sm? m, [
X=2\/5ﬂ;(5)x\/(m§_s)zz+m§r§; tanESR=m§Z_ZS [—)COSSR(\/;:mZ)=O];
Definition FB(\[ | )
A S$=m 'Zs—c anne on =
. c(cosO>O,\/§)—G(cose<0,\/g) f Z h |e . V ;s
)= 0> 0 om0 <0  SE g
c(cos >0, s)+c(cos <0,) (83) +(gf\) (g{,) +(g{\)

A;B is the "forward-backward

c, =If-2Q sin*q,| |c, =1,

asymmetry" for e’e” — ff.

Asymmetry is caused by the parity violation of weak interactions
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do(ete™ - ff)/dQ: comments

G —Zergf,g{, cosd, + Mediator
+ - . fF 2 _
chom(e e —>ff) naz(s)cf (1+cos 6)>< b 2 £\2 =il photon: & Q
= 3 X (gA) +(gv) (gA) +(gv) ’) 7 toC f
dcos@ 2s vect.. & g i
+2c056x[—2eQTng£ cosd, +4 xz gigi\gsg{/} Zaxial: < g,
. G sm> 5. = m?2
Zﬁna(s) \/(m§ _S)z T i COSOgr =My — S
* Notice: at the Z pole (/s = m,) we have cos §; = 0, therefore the
«  Notice: the term prop. to cos 6 is antisymmetric; phoicon/Z-vector interference terms vanish gnd we are left only with
therefore it does NOT contribute to the total the interference between Z-vector and Z-axial:
cross-section (f cosf -dcosV = O), but it is the QQ?
only contributing term to the forward-backward do

1+cos’0 &
N ( cos )x +[(g:)z +(g§)z} [(gL)Z +(g{/)z:|
+2c059x[428£\838{/}

» The asymmetry, i.e. the term « cos 8, is < gy, (which is very
small) for all fermions;

asymmetry. 1cos0

* The parity violation comes from the interference
between the vector current (photon or Z-vector)
with the axial current (Z-axial), that are the only

- 2
terms proportional to cos 6 and not to (1 + cos“6) > for the channel u*u~ , where the asymmetry can be measured

more easily with respect to other channels, it is even smaller

We will see later other asymmetries related to the polarization o e U
states. Here, no polarization is taken into account because itis < gy gy
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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

> essentially impossible for light quarks
u<> 0, d & d (despite heroic efforts
based on charge counting);

¢ peak-2
Q peak
L1 peak+2

> difficult for heavy quarks c,b (based on
lepton charge in semileptonic quark f

decays, e.g. c > s€*v, C > 58V); e- /4
> "simple" for u* (only problem: wrong >< P
sagitta sign because of high f/
o) momentum);
0.50F
i l:l"ﬁ > best channel for do/dcos® and Agg:
- b ete” > php(y);
‘&ﬁi o, « unfortunately, Acz(Vs=m,) is very small in

i e L P =! the € channels, due to the extra small
0.25| ?-gﬁ-ﬁ-n" ot

0.75F

Lo |
O
S
@
w
)
o
=
—~
©
=

factor gi;

* notice the asymmetry change for peak 2
GeV.

0-001 o (') — 'Ofs' 7 Pay attention: in the plot is shown the differential cross-section, and not the
forward-backward asymmetry. Then, from this plot, we build the Agg.

cos 0
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do(ete -

Z~A,y=V— A8 max

@ max interference
[no exp ever]

0.8
I SPEAR PEP PETRA TRISTAN  LEP
0.6 |- O MARKI  * HRS CELLO  ® AMY ® 13(1993)
* MAC 0 JADE 4 TOPAZ
04 - # MARKII 4 MARKJ v VENUS
o PLUTO
02~ & TASSO
L 4 ‘ J A
0 F—=—F——7
] ® $ %
0.2 - ‘ [ ™7
04 F
r AFB (ete~ > utu-
e ( Hu)
- Vs (GeY)
08 L PPN BN PPN PRI ITIT IV B AN A 1 fl
0 200 30 40 50 60 80  90] 1 100
vy only — V only
—>AfB=0

Vs ~ m; — A dominates

—> AFBxQ

full s range +
SM prediction
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dQ

A

difference

0.5

0.25

-0.25

0.05

-0.05

L3
e'e - U (y)

1990-92
1993
1994
1995

N PR P
88 90 92 94
\/s[GeV]

20



do/d cosO: another set of formulae

d 2 O Z couplings
] af@ Nf gi {Qfg (1 + cos® @) (v exchange)

o ’ gy = Ti—2Qssin’dyw

— Q¢ [2 9595 (1 + cos? ©) + 4 g5 g’ cos O] R{x} (Interference) ¢ = Tf

f f f f . 2
e e g = gv tga =2T; —2Q¢sin"dw
+ ([(69)% + (95)°| [(9v)* + (94)°| (1 + cos® ©) .
([ ] [ ] gt = ¢ — 4\ = —2Q¢sin?y

+8 47930594 cos0) [} (2 exchange)

1 s -
= £ 1 for leptons ) Z
2 4 sin’Vw cos?dw s —m3 + iz mg g = { 3 for quarks +

4ma? §l xa These are the same formulae we met before
s f e \2 e \2 f\2 f\2 2 )
“ = 5 Nc{Qf —2Qrgvav Rix} + [(gV) +(g3) ] [(gV) + (g4) ]|X| } but written in a slightly different manner.
It could be usefull to see them, just in case.

127 I'.T
'z = er (ms < mz/2) O'f(\/.;:mz) ~ _27r_2f
f mz Iy

_ f amz Fya f\2 12« _ _

Tr = N oes [(60) + (64 = 2 BR(Z— &) BR(Z — 1)
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Polarization asymmetries




Helicitiesinete™ —

U 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=180°.
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at the Z pole

f
L ORR
OLL y 7
e @ e+ e G) e+
= — e g—
f f UII
A e 40
dcos © X (gL)2(9£)2 (1 + cos @)2 dc;fs : (gf{)z(gﬂ)z (1 + cos @)2
f f
OLRrR 7 ORL /
e~ /0 et g A ot
— — — —
I / Ol B / oq
: f
d% e\2/7 .f\2 _ 2 d
dc_os ® x (9L)"(gr)" (1 = cos ©) dc::('D (gle{)z(g{‘)z (1 — cos @)2
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Helicitiesinete™ —

U From the four helicity cross-sections (6, G1r, Orr, OrL),

we can get all the asymmetry cross-sections.

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

Otot = O + O g + Opp + Opy,

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

og = (o, + o) — (Opr + OgL)

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

Opot = (01, + og) — (O g + Ogp)

L 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) — (OLg + ORyL)

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

f
d ORR
OLL y Y
e Q] et e (6 e+
= — —— —
-z, 7
f f O-Il‘
d011 d -
dcos © X (g )2(9L)2 (1 + cos G-))2 dc;fs > (gﬁ)z(ga)z (1+ cos@)2
f f
OLR GRL
% /,
e~ (&) et &= A ot
— — —y —
= / O'h \/ o
f f 1l
doy eN2( £1\2 (1 _ 2 1
dos (VR (1mcos@ || T g2l (1 cos0)?




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

To notice: we have also
+1 dO' +1 2 _ 8
oL =j — Qdcose oc (gf)z(g{) f (1 + cos 8)?d cos 6 o (gf)z(gL) . (1 —cos#)“d cos 6 =3
-1
U Let’s consider, for instance, the polarization asymmetry:
_ Opol _ (0 + og) — (opr + O'RR) )2(9 ) + (QR)Z(Q ) )2(9 ) (gR)Z(g )

Otot Oy, + Opr + Ogr + Opy (g¢ )z(g{) + (QR)Z(QL) + (gf)z(g};) + (QR)Z(QR)
~ ((QL) - (g}];) >((9L)2 + (gR)* ) (g{) (gR)
((g )" +(g}) )((g y+py) (@) + o)

 We can define the fermion asymmetry parameter A;:

gL, = gv+gs =2T; - 2Qssin’*dw
gy — g% = —2Qysin’dw

Vi
A (g L ) (g R) We can also write it
as a function of ng = 9}2{1‘ 29vegas gvi/ gas
(gL) + (gR) A = = = =2 ;
gvand ga Giet 9k Fetgir 1+ (9ve/gar)?

|Parity violation is contained in A; |




Asymmetries at the Z pole

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

A = gl2,f - 9}2& _29vigar gvi/ gas
f = 3 2 — 2 2~ 2"
9is+ 9re  Gvr T 9as + (gvi/gar)

U Polarization asymmetry:

Opol

po
Pr = — —0_ = —Af Minus sign is due to historical definition of the asymmetry as Right minus Left
tot

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.

TLR _ 4
Otot

U Left-Right asymmetry at the Z-pole: ALr =

€

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,:

e e f f

gv 9a gv 9a 3 oFB 3

Abs(Vs=mg) = 3 Apg = = =44
5 ( ) (95)% + (92)% (65)% + (¢1)? # e '
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Polarization Asymmetries at LEP/SLC

U o, and Az 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™ — 771~ 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.

0 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:

Apo1 _ b [/1 990l dcos © — / 90l dcos @] 3
Otot LJog Ocos® 0 cos ® APOl — Z A,
ED 3
1 1 Qo 0 Jo A%% N 4 As
LR LR LR
Arp = Tiot [ o Ocos® Bcos® €0~ / dcos © Bcos © 1 G)]

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.
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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
| P_=-0.148 £0.046 +0.033
= Spin 0 Spin 0 = 250; ® Data
Vi T T V. JL Fit
200 [] Bke.
Example:t - v+ » | 1823 Decays
A B
* pion preferentially escapes in the direction of the tau helicity § 150 | ¢ th=-1
@) 1 5
* Hence, when boosted into the Lab frame, the pion receives on average 100 1—
more energy from the decay of a right-handed tau than from a ..
left-handed tau. 50 i
» From the distribution one can fit the contribution from the two helicity states. = H_%__ﬁ_,ﬁ_
0\ 1 \\
b B oL 2020% _ _ 4 0 02 04 06 08 1 12 14
™™ T TR | L T (a7\2 , (aT\2 T
ot o (93)" + (4%) E./E,
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Tau polarization

(1+ cos? 0) Ar + 2cosf A,
(1+ cos?26) +2cosf A A,

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

Measured PT Vs cosﬂt_

e 'j ALEPH o 0.1451:0.0060 T
o1 L ALEPH ¢ | |
T 1 DELPHI —o—+ 0.1359:0.0096 /
P DELPHI + |
N L3 - 0.1476=0.0108 e (&) et
0 == L3 + ] OPAL - 0.1456:0.0095 = =
N OPAL + 1 ) /
| AT (LEP) + 0.1439:0.0043 N -
; T
-0.1
ALEPH - — 0.1504:0.0068
02 - DELPHI —ea 0.1382:0.0116
L3 ——S—— 0.1678+0.0130
f ' _ g1 OPAL —e— 0.1454:0.0114
03 no universality ; . .
-------- universality A (LEP) + 0.1498+0.0049 From Ov (Conta|ned in Af)
i ‘l\\e‘\\\‘\\\l\\\‘%IJ‘]]\‘\\\‘\\\‘I\\‘ WegetSineW
_0'47‘1,[‘\.Jum.umumW|H.m.m”m“,i 006 008 01 012 014 016 018 02 022 024
-1 -08 -06 -04 02 O 02 04 06 08 1 Aer
cost._. A, (LEP)=0.14650.0033 ’
x'/DoF=4.7/7 -
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

1992 - 1998 SLD Polarized Beam Running ~ 500 OOO Z decays Observed
20000 - w0000 ~ 1/10 of typical LEP experiment
[ Z’s per Week
18000 —Total Z's

16000 +

[ BUT

~ 77% longitudinal electron polarisation

14000 +
12000 +

10000 +

Z’s per Week

T

o
[—3
S
[—3
=]

Total Z’s

Beam Polarization SLD 1992-1998 Data

8000 +
100

6000 +

Strained Lattice Cathode Strained Lattice Cathode

4000 9 |- for 1994 SLD Run for 1997 SLD Run

2000 - 80 | Source

Wavelenght
70 | Optimized *

\L » - R - .
60 ?m 1996 Run

[t

(=]

2-May-92 %

mmmmmmmmmmmmmmmmmmmmm

6-Jun-92

£ 119

15-4ug-92

* Longitudinally polarized electrons were produced at the Polarized Electron
Source by illuminating a GaAs photocathode with circular-polarized light from
a laser of wavelength 715 nm.

« A system of bending magnets and a superconducting solenoid were used to
rotate the spins so that the polarization was preserved while the 1.21 GeV
electrons were stored in the damping ring. o L | ‘ ‘ | ‘

«  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.

40 ™ Strained Lattice Cathode

for 1993 SLD Run
30 |-

20.--ﬁ

10 |-

Polarization of Electron Beam (%)
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SLD: Left-Rig

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

¢ 1000 ¢
1 Nel_ - Ne,‘ 4 = (P )A § 90 F SLD Preliminary Z°—>e"e” 96-98
— 5]
ALr SN N e = \Fe)ALR 800
< e> el— -I_ el‘_ 2899 5 -
600 ¢ Left polarized €™ beam
500 F ¢ Right polarized e” beam

400

O Electron asymmetry: A, = 0.1516 + 0.0021 |A4e = 0.1498 £0.0049 (at LEP)| 77

100

L LRLR§™ A LRI LA L

[e]

< <>
3 -
Ee o b o by o by by by
o +, -

"g 450 E
sin29, = 0.23098 + 0.00026 Best single measure of the World s 0k
300 E
250 ;
U By measuring the forward-backward asymmetry for a given final state, 200
o . . . . 150 E
it was possible to measure the asymmetries for the different fermions: 100 E ¢ Left polarized e~ beam
50 £ ¢ Right polor|7ed e” beam
o Ofalaaabeendereleieleiataad,

0.1516 + 0.0021 0.85 + 0.09 M/
2505 7—_’/<:>’ %*/*

AH = 0.142 +0.015 AC = 0.922 +0.020 ol e
A, = 0136 +0.015 Ay = 0670 +0.026 S F § Rant porarizas e saom
-0.8 -0.6 —-0.4 -0.2 o 0:2 0.4 O.iOS'L(;.B

S quarks were identified by tagging high-momentum K and N\
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Radiative corrections




Standard Model relationships

Masses of heavy gauge bosons and their couplings to fermions

depend on SAME mixing angle
COS 9\\' = A\[\\'/A\ [Z

SU(2) x U(1) coupling constants, g, ¢’, proportional to electric
charge e: g = esinfy, g’ = e cos Oy

f —1eQVy

Y
f
f

- ieYu(9v — 9675) 3500, sonvr
f
f

o~ ieYu(1 — ) 3755mee
]

where (, g, and g, depend on fermion type, with
= 7 = :I:é

A y 1 5
Gy = (T; =5 2(2 sin” f)n') = i;(l =5 4‘(2‘ S1m”- f)n')

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

Relate ¢, sin Oy and Myy to the best measured parameters:

2

€ - .
1= = 1/137.035999 76(50)

/"

Y

iyer
\/i]\[\%v sin2 e'w

Gr

=1.16639(1) x 107° Gev 2

M; = 91.1875(21) GeV

G¥ 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:

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

Q This angle also describes the ratio My,? /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°)

Mw = 80.451 +0.033 GeV M—NS x 10 ,
w

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

U Not only 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

Propagator corrections are the same for each fermion type. The value of Gy is also modified:

T 1

f w H ¢
; : ﬂA\[\-)\- sin? Gy 1 — Ar
ZWry Wy ZW ZWry W
i ZWry zZw

where
Ar=Aa+Ary, =Aa— Ak +---

QED, QCD and vertex corrections give fermion dependent terms.

Y e q
e f
z z
g
e* f _
e* q

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 /s.

a(0)
as) =
Electroweak corrections absorbed into effective couplings: 1-Aa
gy = g%ff _ i Ap)(T3 —20 a2 Ousr) a(0) = 1/137.035999 76(50) ; a(M7) = 1/128.936(46)
ga=gx = VI1+Ap)T?
sin®fe = (14 Ak)sin® by Quadratic dependence on M,
Logarithmic dependence on My
3GrMZ, [ M? M i
Ap = Gr My < L _ tan? By [hl i _ ?]) 4. Can fit both M and My
8\/571-2 A\[{\ .\[\“\ 6
A 3GF M\le 9 A [1‘-’ 11 1 A []3] 5 Use programs such as ZFITTER (D Bardin et al.) and TOPAZO
e = 8\/5772 <C0t Ow ‘\[\'—)\‘ 9 = A\[\'—’\. 8 ) o (G Montagna et al.) for calculations to higher order.
Extra M2/ M2, contributions for b quark Leading order expressions above are for large M.
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QED corrections

)
. ¢ = ¥y T Il r E T rry Ty
Dominant QED correction from Y4 'g 00>
initial state radiation. B 40 + /\ —
e* f = i /i !
“ ' . .
= i ALEPH ER
Accounted for by radiator function H. We want ey (5) © DELPHI { : \
! I L3 i
o(s) = / dzHgpp (2, 8)0ew(25). 30 | OPAL ] N
4m?2/s L
U The emission of the photon from the initial legs i
modifies the effective /s of the Z interaction 20 - N
L We have to take it into account by doing an integral -
over all the possible center of mass energies. [ /
L o m.easurementsi_error bars Vi
U As a consequence the lineshape is heavily modified increased by factor 10
by the initial state radiation (ISR). 10 [ 6 from it
U Cross-section at the peak is reduced by about26% | [ .-~ :
U The peak is slighlyt shifted at higher energies (112 MeV) =R T E Y . R
O The lineshape becomes more asymmetric 86 88 90 92 94
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Measurements




Measurement of the Z partial widths

The emission of a photon from the inital state lower the = [ o Oj
+ - effective center of mass energy. This effect is taken into E 40 - jfg\ i
e y f account in the fit by a “radiator” function (it is a pure QED 8 | e, / “-.‘ 1
A effect and can be computed with great precision). - = { i ]
[ i/
Z |
20 - k o
e f N2 [
o l2r ST Ty _SME o 122D, T, o momempyemarors £ /|
qq 2 212 - = ; H
M 2§71 qq 2 2 10 | ciroms / :
z (S—M;) _}_722 MZ 1—‘Z [ s QIfEDmff:)lded _//
z I -~
I I L .\E/MZI P |
86 88 92 92 94
E_, [GeV]
» To measure the partial widths of the Z decays in the Z—qq .
. - 1. Peak cross-section;
various fermionic channels, we need to measure the Z > u
cross-section at the peak: . 2. Partial width;
Z—->1T

e We select the following channels: 3. Zcouplings

Z—>ee
* 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;
¢ 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

@ Vs = 95 GeV] %
“lineshape”

The LEP game

B B P N —— e— AT W W W

channels [q,
e ..

all e.w. &® many
parameters SIERTCHh by distributions [c
Delphi, L3, OPAL] ’

[really] do/dQ, ...]

Fits are done using Model Independent programs
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Mass of the Z Boson Mz history
Experiment M, [MeV] e o s prms g pr 2001 Detd
ALEPH . 91189.3 = 3.1 ne -
DELPHI @ : 91186.3 + 2.8 o1 I * T
L3 | 91189.4 = 3.0 —
OPAL | 91185.3 « 2.9 v SRS
x?/dof = 2.2/3 e r 1,190 -
LEP 0 91187.5 + 2.1 03 o 11 T T } % } } } }
common error : 1.7 5
. 91,180
01182 91187 91192 e 01175 | ‘ ,
M, [MeV] e 1993 1995 1997 1999 2001
Mz —901.1875+0.0021 GeV N.B. _th_ere is no SM prediction for the Z Mass because
it is an INPUT parameter of the Model
AM, =423-10" 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 Hadronic Pole Cross Section
Experiment r, [MeV] Experiment qu [nb]
ALEPH ——P—— 24959+ 4.3 ALEPH : L 41.559 = 0.057
DELPH| —e— : 2487.6 + 41 DELPHI I P 41.578 = 0.069
1 1
L3 : —— 2502.5 + 4.1 L3 q 41.536 + 0.055
OPAL ——.I—— 2494.7 + 41 OPAL —0—:— 41.502 = 0.055
1 1
! x?/dof = 7.3/3 ! x?/dof = 1.2/3
LEP o 2495.2 = 2.3 LEP ® 41.540 = 0.037
1 1
common error ' 1.2 common error ' 0.028
1 1
10°- : 10 % :
1 1 1 1
1 1
1 1 F F
] : 00 _ 12” ete 44
! 99— 3 r2 2
— . ' M, T
> > '
8 2 8 2 !
=10 "1 =10 "1 !
- 10 ] _ : H
= ag = 0.1180.003 . : ag = 0.1180.003
linearly added to : linearly added to
| ! |
M, = 178.0+4.3 GeV ! M, = 178.0+4.3 GeV
10 . . 10 - - -
2.483 2.495 2.507 41.45 41.55 41.65
r, [GeV] Gaa [Nb]
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Ratio of Hadronic to Leptonic Width

Experiment R=T.4'T
ALEPH —Q——: 20.729 = 0.039
DELPHI @ : 20.730 = 0.060
1
L3 L 20.809 = 0.060
OPAL | ——8—— 20.822 = 0.044
1
: x?/dof = 35/3
LEP —+— 20.767 = 0.025
common error X 0.007
]
10 3—. :
] 1
1
1
1
1
1
1
> :
O] 2 !
=10 "o !
] : []
= : ag = 0.11820.003
linearly added to
M, = 178.0+4.3 GeV
10 T T
20.65 20.75 20.85
I:ll
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Forward-Backward Pole Asymmetry

Experiment
ALEPH

DELPHI
L3
OPAL —@—

LEP

AoF,||
0.0173 = 0.0016

+— - 0.0187 = 0.0019

0.0192 + 0.0024
0.0145 = 0.0017
+?/dof = 3.9/3
0.0171 = 0.0010

common error 0.0003
10 3,
>
S.10 24 []
T : Aoy
= 0.02758+0.00035
linearly added to
M, = 178.0+4.3 GeV
10 f
0.013 0.017 0.021
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Measurement of g, and g,

The line is the SM expectation as a function of my,, and m,

The measurement of the Z couplings
before LEP did not have enough precision
to make stringent tests of the Standard
Model, for instance they could not
disantangle the sign of the couplings, we
need the asymmetries to do it.

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

* Lepton coupling to the Z
Ratios of coupling constants:

ga"/9,° = 1.0002 + 0.0014
g,7/9,° = 1.0019 + 0.0015
gv*/9\¢ = 0.962 + 0.063
gv*/9y¢ = 0.958 + 0.029

Lepton universality is verified at
the per mill level.
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¢ = TL—2Qssin®dy
g = @
-0.032 ——
[Im=178.0 = 4.3 GeV
mH= 114...1000 GeV
-0.035 A |
5 Il SM no
7 =@ rad. cor.
-0.038 - b4
Ao
'0041 — — ————— 68% (I:I—
-0.503 -0.502 -0.501 -05
9al

Claudio Luci — Collider Particle Physics — Chapter 7

g,
f
JRrR

= g+l =27 — 2Q¢sin’dw
= gv — g = —2Q¢sin’dy

0.234

0.233

o
O

0.232

0.231 -

68% C

I | I | I
[ Jm=178.0 + 4.3 GeV
my= 114...1000 GeV

......

0.23
-0.271

-0.27 -0.269 -0.268 -0.267
g,
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Final result for tau polarization

Average Tau Polarisation Forward-backward Tau Polarisation
Experiment A, Experiment A,
ALEPH —p1- 0.1451 + 0.0060 ALEPH 1 0.1504 = 0.0068
DELPHI —etr 0.1359 = 0.0096 DELPHI —@—f— 0.1382 = 0.0116
1 1
L3 A ¢ 0.1476 = 0.0108 L3 \ —@®—— 0.1678 +0.0130
OPAL I 0.1456 = 0.0095 OPAL —O—E—- 0.1454 + 0.0114
x°/dof = 0.9/3 ! x?/dof = 3.1/3
LEP 0.1439 = 0.0043 LEP —+— 0.1498 = 0.0049
\
1
102, 10 35 :
] f f ] '
Ar = 2 gv 9a :
- f 2 f\2 !
(9v)* + (94) :
] 1
3 3 '
. 102, (] S.1024 []
EI Aaiff EI Aotgd:
0.02758+0.00035 0.02758+0.00035
linearly added to : linearly added to
|| : ||
M, = 178.0+4.3 GeV ' M, = 178.0+4.3 GeV
10 10 } -
0.12 0.18 0.12 0.15 0.18
A

]
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Lepton Universality

M, =174.3 £ 5.1 GeV
My = 300ﬂgg GeV (low My preferred)
as(M2) = 0.118 £ 0.002

Plot Ag’é vs. RY = I'y.q/T . Contours contain 68% probability.

Lepton universality OK. Results agree with SM (arrows)

Ratios of couplings:

gat/gat = 1.0002 + 0.0014
ga'/ga® = 1.0019 + 0.0015
/g = 0.962 + 0.063
gv'/gv° = 0.958 + 0.029

Lepton universality
tested to 103 in ga
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0.022

- e

0.018

0.014 -

68

% CL .

0.01 —T—

20.7
0

Ri=I',¢/T)
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ALEPH Ielptons
991-95

DELPHI legtons
91-95

ALEPH inc}
DELPHI inclusive

my [GeV]

Claudio Luci — Collider Particle Physics — Chapter 7

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’;l_’> = 0.0992 = 0.0016

Include Total Sys 0.0007
With Common Sys  0.0004

Ac

AO,cc
FB
ALEPH leptons
1991-95
DELPHI leptons
1991-95 sopesse
L3 leptons A
1990_91 esedeccccsececceccece
ALEPH D’ ——
1991-95 eobe
DELPHI D’ —3—
1992-95
LEP -9~
Winter 2005 1T
1002250 [GeV]
>
2]
<
=
g 1%
0.04 006 0.08 0.1
AO,cE

FR

bb and cc 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 = 0.0707 + 0.0035
FB

Include Total Sys 0.0017
With Common Sys  0.0009

El m, =178.0 = 43 GeV

=0.02761 = 0.00036

L
had



Ly Thaa R Rb .
ALEPH mult —— 0.2158 = 0.0009 = 0.0009
1992.05 o
DELPHI mult —— 0.21643 = 0.00067 = 0.00056
199295
L3 mult ——1A 0.2166 = 0.0013 + 0.0025
E P o
SLD vtx mass —1 0.21576 = 0.00094 = 0.00076
199395 ocaes
LEP+SLC i a 0.21629 = 0.00066
250 corrected for y exchange
— 200 |
>
o
°,
= 150

100
0.2125 0.215

Ly

02175  0.22

/rhad
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ALEPH
lepton 1992-95

ALEPH

D-meson 1991-95

DELPHI ———B—-

D-meson 1991-95

Fc/ Fhad

——

SLD 40—
mass+lifetime 1993-98 pece
ALEPH —
charm count. 1991-95 coccccssfrocccccccce
DELPHI g
charm count. 1991-95 ecccccccce(renee
k
LEP+SLD s
0.16 0.18
rc/rhad

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

0.19

' Preliminar
£ _Pb,c
Rbc_
A
had
0.18- —
o O
o
SM,
0.17 1 68% CL —
95% CL
0.16+——m—F————F——
0.214 0.216 0.218 0.22
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Neutral current coupling of quarks

b-quark: c-quark
_ | | Preliminary | 0.8 ' Pleliminary |
: SM Q% :7%:__\
0.9 KN . 0.7 Y/ o
_ @ - »«/%/ VR
<_Q : <o '4 / j ] b
0.8 1 LEP 0.6 1 ~ ~
3 A —]
LEP & || Ars = A, _
o7l S0 1 Y I =
0.13 0.14 0.15 0.16 0.17 0.13 0.14 0.15 0.16 0.17
A A

3
sLD: Afp " =<P.> ZAb
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Measurement of sin?9

o,

A —— 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
0c sin20. is a renormalized value of sin29y, . The tree
fb | * 0.23220 = 0.00081 level prediction of the SM is not sufficient to have an
Q?bad X 0.2324 + 0.0012 agreement with real data.
Average A+ 0.23153 + 0.00016 From the measured values of various asymmetries
102 wld.of:11.8/5 we can get the value of the Weinberg angle.
] The radiative corrections depend of the top mass
S o = \/F([f —20sin? 9/‘_) and Higgs mass, therefore with a comparison with
o : R ! the measured value we can make a prediction on
(.2. 9 =\/1713f these two parameters.
E:|:
104 ) — 0.02758 = 0.00035 .y ) ,
, mﬁ?ﬁ%s_o + 4.3 GeV From this kind of measurements it has been possible
' L E R to predict the value of the top mass and to put
0.23 0.232 0.234 : .
constraints on the Higgs mass.

. 2 lep
sin Geﬁ
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Lep combined results

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

e Number of generations o(N,) ~ 0.2

M, =91.1875+£0.0021 GeV
Fitted M7 [GeV] 91.1875 + 0.0021
AM E
'z [GeV] 24952 + 0.0023 ZZ =42.3-10
oy [nb] 41.540 =+ 0.037
R) 20.767 + 0.025 _ _
0.2 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, [MeV] | 499.0 +15 asymmetries.
Tpaq [MeV] | 17444  +20 High statistics data samples. Careful control of systematic errors.
a . .
'y [MeV] 83.984 4 0.086
N, 2.984 + 0.008
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Number of neutrino

families




Measurement of the number of lig

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

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 my).
Q If the forth neutrino were identified it would have been the first hint of a fourth lepton family.

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

this deduce the number of light neutrinos.
O 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=r charged leptons +I hadrons

O There were two kind of measurement of the so called invisible width (I;,,): an indirect
measurement where I, 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.
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ht neutrinos

The Standard Model of
Particle Interactions
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Z partial widths

Finy = I'z — T'haa — 3 %
LEP averages of leptonic widths Invisible width I, |
T, - 83.92+0.17 MeV ALEPH ~ —O— 499.6 £3.6 MeV
. —— 83.92 £0.23 MeV DELPHI —{+— 5040+4.1 MeV
OPAL —%¢—— 498.0 £ 4.1 MeV
LEP —— 499.9 +2.5 MeV
T 9 |, =83.93+ 0.14 MeV. ; |
N common 1.8 MeV
notcom 1.8 MeV
2\ 32 x’/dof = 1.4/3
I, ~Ty (1 -4 —;) =T, - 0.190 MeV. 250 -
250 r my
— 200 |
> 2007 s | | m, = 91188 +2 MeV
3 m, =91 188 +2 MeV S | |
pr T 150 L s E= my; =60 - 1000 GeV
€ 150 | = m,, = 60 - 1000 GeV & 150 | 5 H
h 100 I 1 H 1
100 L 495 500 505
835 84 845
T, [MeV
T, [MeV] Thaq = 1744.8 4 3.0 MeV 2 IMeV]
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N, with the “indirect” method

U The invisible width is obtained as a difference between E
the total width and the “visible” width. “-g
g 30
I'iny =I'z — T'haa — 3T%.
U Using the average LEP results we obtain: 20
Tiny = 499.9 + 2.5 MeV _
10
Q If the Z would decay in any new particles not interacting
in the detector, their contribution would enter in the invisible width.
0

QO In order to get the number of neutrino families we have
to use the neutrino partial width predicted by the SM.

| ¢ average measurements,

2v

ALEPH
DELPHI
L3
OPAL

error bars increased
by factor 10

8 88 90 92 94
E_, [GeV]

U To minimize systematic errors we use ratios:

N, = 2.990 4+ 0.015 F 3008 (my, mp, a(mz))

~ — Dinv _ Diny (E) B Latest EW group result:| N\ = 2.9841 + 0.0083

1.9 o away from 3

- I; \I.
T, \SM 100012 2020: new result after
() = oot 38 tmmmcm) e
luminosity measurement
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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?

U 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
[\ept » they would appear in T, 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:

+

e \Y
= We have only a photon in the detector and nothing else,
’ so we have to be sure that no other particle is present.
- = 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 v
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: cross-section and experimental issues

U The cross section falls rapidly as a function of the

photon energy and depends on the theta angle of
emission.

E

60

T

dofdE, (pb/GeV)

a0 [ \ve=81.2

20 \

| 11
45 5
E, (GeV)
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U Experimental background:

»>ete

e e— yyy with X =1y, n°%n, ..
»ete— s ete X
L—— vy
>ete—etey

Radiative Bhabha scattering

beam pipe

L The amount of background depends on the ability to detect

particles at small angle and on the overall hermeticity of
the electromagnetic calorimeter.
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N, : selection cuts (L3 experiment

(] 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”

3 ther energy deposits in the BGO, consisti f3or i tig rystals and . . . » . .
) 110.0 1e1 .elnelg}. (epos‘l vS in the BG consisting of 3 or more contiguous crystals anc 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); l L 7 l ___________
SLUM Hadron Calorimeter R '
5) less than 1.5 GeV deposited in either luminosity monitor; L Endcaps HC1 \j\\\\t\X\\\\\\\\\\\\\“ in‘i AAAAAAAAAAAA
6) no signal in the ALR; } ] [] Hcs HC2 ] Zchamlber }
n ___TC
7) less than 3 GeV deposited in the HCAL; _-_\-_l_-_ ———————— = { - === o —
» AN
8) no tracks measured in the muon spectrometer. } I i
Luminosity
BGO ’_‘
+2 Active lead rings » 1r‘n >
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L3 experiment

U Given the rapidly falling photon spectrum, the L1 trigger should go

down in energy as far as possible. 1 1L3
U The L1 trigger had 1 GeV threshold. 0.8 #
U The trigger efficiency was determined in two ways: from data 0.6 ‘
and from.a detailed simulation of the'su.'ngle photon trlgge.r. - ] 5 single electron data
> The first method uses a sample of radiative Bhabha events with an 004 e simulation
isolated electron in the BGO barrel (the single electron control QC_) |
sample), which is triggered by requiring the coincidence of a charged (:J 0.2-
track and an energy exceeding 30 GeV in one of the luminosity =
monitor. q: 1
> The second one uses unbiased triggers (the so called beam gate) as % 1
input of a dedicated simulation program. D 0.8
- .
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 0.6
periods with limited statistics. ]
0.4
0.2
0 ! T T T I
1 2 3 4 5
E. (GeV)
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N. : event samg

le (L3 experiment

Selected data sample and expected number of events

Year | /s (GeV) | [ L dt | Observed Expected events
(pb™") | events Nuoy | Nete-y | 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 7 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 | 44.8 2090.0 |
Total efficiency and corrected cross-section
| Year | \/s (GeV) | Efficiency | 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 + 1.8(stat)+0.3(sys)
1993 91.21 0.570 28.8 £ 2.5(stat)=10.5(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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: results (L3 experiment

U Invisible width: L3
1004 -
| 60 No=s
[inv = 498 £+ 12 (stat) + 12(sys) MeV. '
| 40- N,=3
U Number of neutrino families: 25 | ﬁ +* AT
AT — 1 20_ ,"" +
N, = 2.98 £+ 0.07(stat) + 0.07(sys). |7
— | "" ‘
'8_ ] ® Nj=2
U This result is compatible (and support) the one Y 1 0— 9155 915 -
. . e 50 : : '
found with the indirect method.
/ ® 1991 data
U Breakdown of systematic errors: 1 é
] = 1992 data
[ Systematic error source | ATy (Mev) [ AN, | 251
Trigger efficiency 8.4 0.050 ] A 1093 data
Background subtraction 4.8 0.029 g
Selection efficiency 4.0 0.024 1 * -
------- * 1994 data
Energy scale 4.0 0.024 1
Monte Carlo generators 3.5 0.021 0 ——————
Cosmic ray background 1.7 0.010 88 90 92 94
Luminosity error 1.8 0.011 Vs (GeV)
I',, theoretical error — 0.004
Fit procedure 2.5 0.015 This is the line shape. The peak of the resonance is much higher than M; due
| Total error | 12.3 | 0.073 | to the very energetic photons emitted by the initial legs
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SAPIENZA  End of chapter 7
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