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Al Asymmetry: First indications of Z gTP)

PETRA: Vs = 29-35.5 GeV

o Interference between ~* and Z
boson exchange already visible

fOI‘\/E < My

o Example: PETRA (DESY)
— first deviations from pure QED

sdo/dQ (nb GeV’)

9l —_— Fit to the data
- —-  QED: ~(1+cos?6)

i i i i i i L

-10 -0.5 0.0 05 1.0
Cos 6

Rep. Prog. Phys. 52 (1989) 1329
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A Asymmetries ETP)

@ Generic definition:

+ Divide dataset into two parts X and Y

X -Y
X+Y

A =

@ Predict and measure asymmetry, which is a ratio!

+ |dentical or similar backgrounds and systematic uncertainties cancel
at least partially!

+ |Improved sensitivity to small differences
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A

Again: Scattering angle 6

o Angular dependence from particle spins:
fr

e er*

ff_ (EEEI — fj_}:_ﬁ) !

dcos
~ (1 — cos #)? ~ (1 + cos )2

o For pure QED process

do 2

Ty .
= E 7,
dcosf chfo 28 (1 +cos )

— symmetric in scattering angle
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A Now with Z exchange ETP)

o Angular dependence from particle spins:
fr

ert

ff_ (EEEI — fj_.f_ﬁ) : fR

dcos
~ (1 — cos #)? ~ (1 + cos )2

o For pure Z exchange

doy 3 2
dcosf 8 " (1+cos™0) |+ (2A!AfC059)]

symmetric in cosf@ asymmetric in cos 6
with “asymmetry parameter”
29v/9x  _ (9)* — (9R)°
f = — ; 9i/r = 9v + 9a
1+ (gv/ga)?  (90)% + (gr)? f

— asymmetric in scattering angle?
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A\ Forward-backward asymmetry ETP)

o Cross-sections depending on scattering
angle of final-state fermion

f

f
f
_ .,-«':'BI . _
E.‘—:F-/ e g —»

“Forward”

/2
OF — /
0

do
0
dcosﬁ)d '

6 +
'+ ]
\f

“Backward”

/W do
Tgp —
0 /2 dcosf

o Forward-backward asymmetry

Arg =

OF + 0B

_ 3
— ... = 3AA

Klaus Rabbertz

Karlsruhe, 23.06.2023

dt

do,./dcos(®) nbl

LEP: Vs = mzt 2 GeV

: DELPHI 93 — 95
) "
s e'e” > uu(y) /
4 la s
: _XX} Feak
0.8
0.6 | |
0.4 Fg P+2 4+
0.2 I
Vs =m,—-2 GeV
o
cos(0,.)
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A\ Forward-backward asymmetry ETP)

LEP: Vs = mzt 2 GeV

o Cross-sections depending on scattering = | DELPHI 93 — 95
angle of final-state fermlon % & e*e” —> 1 (y) /*
O -y .
~ [ .
E{ - Peak
e —:-- i \Yl— S 08| \* ; -
“Forward” “Backward” f s = %
0.6 =~
H B
O = / ng, og — / Qdf 0.4 j;3 P+2 +++ E
o dcos /2 dcCOS RESR o S
0.2 _ - = o o
o Forward-backward asymmetry | JS = My 2 GeV
OF — O '
AFB — F B - = %AeAf =5 0 0.5 1
OF + 0B cos(0,.)

We’ll come back to that later for sinZ0,, ...
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A

Institut fur Experimentelle Teilchenphysik
'
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A

Pole ~ infinity !?

/’1; ‘a
Institut fur Experimentelle Teilchenphysik
:

For Vs = m: Z boson exchange dominates

e f
i
e’ f
2 e
J\/[ ~ g ﬁc Ig]uy Jr{lc
(2cosfw)® "M s —m2 4islz T

Propagator:|Z boson unstable — resonance|in scattering amplitude
® Wave function for stable particle at rest: v ~ exp[—imit]

B Unstable particle: v*¢ ~ exp [—%] =exp[-Tt] — v ~ exp[—imt]exp [—g]
B Decay width = inverse of lifetime: I = 1/

® Breit-Wigner prescription: in the propagator, replace m by m-il/2
(quantum field theory: scattering amplitude contains pole in complex plane)
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A Decay width of Z boson ETP)

Total width [z of the Z resonance:

® Sum of partial (decay) width

@ Consider all possible Z-boson decays in the standard model:
5 quarks (top quark too heavy), 3 charged leptons, 3 neutrinos

fz=> = > Tg+ > T+ > T,
f

g=u,d,s,c,b f=e,u,t V=g,V Vr

Partial widths [ (standard model in leading order):

3
GFmZ

. n o f\2 f\2 . f . . 2 f=
[ =T(Z )= Noy Vo [(gu) +(gA)} with g}, = l s — 2Qysin® 0w, gh = b ;

— Measure quadratic sum of vector couplings and axial vector couplings

Lepton universality:
B Same decay width for all charged leptons: le=l,=T,=1T,

@ Same decay width for all neutrinos: =0, =T, =T,

I I"_ recieves a mass correction !
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A Z boson decay channels ETP)

Branching Fraction |Detection at

(PDG 2017) Colliders

Left-handed neutrinos

Left-handed and right-handed charged
leptons

Left-handed and right-handed
up-type quarks (u,c) in three colors

Left-handed and right-handed down-
type quarks (d,s,b) in three colors

20.00(06)% in total No direct detection

e, u “simple”

o
3.3658(23)% each 7. depends on decay

Jets = collimated

0
11.6(6)% each bundles of hadrons

Jets = collimated

(4]
15.6(4)% each bundles of hadrons
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Al Example events from OPAL ETP

Can you identify and explain what is produced?
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Al Example events from OPAL ETP

Can you identify and explain what is produced?
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A Z resonance ETP)

Parametrerization of the cross section around the Z-pole
(neglecting y contributions)

gf = .
m2 2 2 Note: s-dependent
£ (S — ﬂ?%)2 + &2 mé, /L;vidth is a special
: : hoi tLEP!
of Breit-Wigner enoiee @

Resonance peak height: 0 ~ e[«
B Measure of product of partial decay widths, e.9. Ohad® ~ el had

® Determine single partial widths: combine certain ratios of cross sections

Resonance shape depends on number of neutrino generations:

s Partial decay with to neutrinos is invisible in the detector,
but contribues to ',

s with three neutrino generations: T, =T,, +I, +T, =3I,
4 assume there are more (or fewer) neutrino generations:

— height and width of the reconance would change
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A Hadronic coss section ETP)

% I | I Gul
— 40 B SN 2
o Shape of Z resonance g W AR _
= i ALEPH FE
o Energy scan:vary /s © . ommm P
o Selection: Z — qq 30 - OPAL / ' _

— hadronic cross section opag

o Correct generic fit to data for 20 /5 :
QED radiative corrections "+ measurementstrro baes /

o (Pseudo-)Observables 10 - G trom i / -

. : ----- QED corrected _.‘/
o Position of resonance — m;y : L :
O HEight Of resonance — Uﬁad —— .. T DR R .ﬁrMZ. L
o Width (FWHM) — I A P
em LG€V]

Phys. Rep. 427 (2006) 257
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A Radiative corrections ETP)

Initial State Radiaticim Final State Radiatio?
Y
b
yiZ vz
o Precision of LEP and SLC data: °. ; 2 :
sensitive to higher-order
corrections ﬂ,

o Real emission of photons and .-
loop corrections

QED Vertex Correction

+

o Consequence: running coupling

f e
constant : ;
Wz vz ‘

1 1 o

oz(m%)%@>a;uﬁ g ‘

Vacuum Polarization
Phys. Rep. 427 (2006) 257
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| Hadronic cross section results ETp)

Phys. Rep. 427 (2006) 257

ALEPH  i—=—  91.1893+0.0031 ALEPH e 2.4959+0.0043
DELPHI —=— 91.1863+0.0028 DELPHI ——— | 2.4876+0.0041
L3 S 91.1894+0.0030 L3 I 25025400041
OPAL —dr— | 91.1853+0.0029 OPAL = 2.4947+0.0041
LEP o 91.1875+0.0021 LEP P 2.4952+0.0023
; : common: 0.0017 common: 0.0012

v*/DoF = 2.2/3 ¥*/DoF =7.3/3

91.18I ) I9ll.l9'l II 91.2 2.48I | 249 | ”2.5I | 251 |

m, [GeV] T, [GeV]

ALEPH  —&—  41.559:0.057 Combination of LEP results

0 —‘f— 41.57810.069 . :
il relative uncertainty:

L3 —'—3'- 41.536+0.055 A

Z boson mass: 2.3-107°
il T Z boson width: 9.2 -10~*
LEF R =003 Cross section: 8.9-107*

common: (.028
v*/DoF = 1.2/3

Lo v B v by
414 415 41.60 41.7
Ghad{nb]
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A

Z lineshape and N,

Institut fur Experimentelle Teilchenphysik
'

Final measurements
of the Z resonance shape at LEP

=
=
=
o
b.-:
curves assuming 2, 3 or 4 neutrino

flavours are also shown

clearly confirms that there are
three light neutrino generations

Measurement of the number of light
neutrino generations was the first
exciting results from LEP and SLC.

very robust observable:

30

10

ALEPH
DELPHI
L3
OPAL

| ¢ average measurements, |/
error bars increased f
by factor 10

162 (9002) 2zv "dey sAuydq woy

best value today:

N, = 2.9840 4+ 0.0082

Klaus Rabbertz

Karlsruhe, 23.06.2023
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A Asymmetry: Ars LEP results

Institut fur Experimentelle Teilchenphysik
'

LEP average: Arg for leptons

ALEPH  +=+— 0.0173+0.0016
DELPHI —5—  0.0187+0.0019
L3 o 0.0192+0.0024
OPAL —— 0.0145+0.0017
LEP - 0.01710.0010
. common: 0.0003
v*/DoF = 3.9/3
T 0015 002 0025
A

Phys. Rep. 427 (2006) 257

Klaus Rabbertz
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Ars separately for e, 1, 7 vs. R

0.022 | E—
| e 68% CL |
0.018 n
°< v
Ag
0.014 .
— T
----- ee
ST
-_.....T_.-E_
0.01 +—————— —— -
20.6 20.7 20.8 20.9
0
R|=Fhad/rll

— test of lepton universality

TP Il - WZH
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A Weak mixing angle

/’1; ‘a
Institut fur Experimentelle Teilchenphysik
:

o Electroweak theory: (effective) weak mixing angle

. I3 1 g my
Sln2 wajeﬁ — 20r ( — g)f:) — ( — F‘g'

LEP, SLC, » LEP, SLC, TeV, LHC

o Non-trivial dependence on radiative corrections
absorbed in “effective” quantity

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH
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A\ Weak mixing angle ETP)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

o Electroweak theory: (effective) weak mixing angle

/ f m3
sty = g (1-5) = (- %)
A Z

LEP, SLC, » LEP, SLC, TeV, LHC

o Non-trivial dependence on radiative corrections
absorbed in “effective” quantity

o LEP and SLC: sin® fy from Arg

3 2 f f
ALy = 2 Ao with A — —29v/9a
4 1+ (9v/94)

e

1_...

0.5F

OF
- s 0.5}
o Leptons: A, very sensitive to sin“ 6y :
o Down-type quarks: only weak gl
o 0
dependence of Ay on sin“ O
o Experimentally: only down-type
quarks can be identified (b tagging)
Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH 21




| Weak mixing angle: LEP/SLD E1P)

A, — o 0.23099 + 0.00053
. 0.b
o Compare different channels Ao i e
: AS * 0.23220 + 0.00081
o Most precise: Ag Qfﬁm ) it
o 3.2 0 discrepancy between leptonic " S
and hadronic final states! Average 1 0.23153 + 0.00016
. o 3 o ¥°/d.0f:11.8/5
o Additional 3.2 o deviation: =
neutrino-nucleon scattering (NuTeV) 2
0

Unresolved... =
104 23 Aol = 0.02758 + 0.00035
m=178.0 + 4.3 GeV
0.23 II ; ﬁ.2l34
. 2 _lep
SIN"6

Phys. Rep. 427 (2006) 257
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A

WW production at LEP 2

Institut fur Experimentelle Teilchenphysik
'

o WTW™-pair production at e*e~ colliders

g" —e— "N\

6L (£1L02) 25 1day "sAuyd

| Y I
R N ATATATAY: g
W bg
0 Klnematlc productlon 20 -
threshold: /s > 2my D
o Pair production: cross section S5 AT
reaches plateau (no peak!) 7y
10 -
o Threshold scan: scattering matrix YFSWW/RacoonWWw
. . 3 ____no ZWW vertex (Gentle)
only unitary if both ~ exchange A only v, exchange (Gentle)
and triple-gauge-boson vertex 0L | |
(ZWW) are considered 160 180 200
Vs (GeV)

Klaus Rabbertz Karlsruhe, 23.06.2023
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A Global electroweak fits ETP

Institut fur Experimentelle Teilchenphysik

o Free parameters of Standard Model Lagrangian

Gauge couplings: 3 (aem, Qweak, O's)

Higgs potential: 2

Fermion masses/Yukawa couplings: 9 (neglect neutrino masses)
Quark-mixing matrix: 4

Neutrino-mixing matrix: 4

O O O O O

— 14-22 free parameters

o But many more independent properties measured

— constraints of SM parameters
(each property: different superposition of SM parameters)

o Allows prediction of unmeasured quantities,
e. g. top-quark mass before 1995, Higgs-boson mass before 2012

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH 24



A Interdependencies in fits ETP)

o Predictions of electroweak theory
o Interdependence of W and Z masses via weak mixing angle

My

1 — 1 /2 2 _ _
= _qV, Mz = +qg%v — — — 1
mw = 39V, Z VE+g P p—

o Interdependence with masses of Higgs boson and top quark via loop

corrections
H b, t
W, Z W Wz Wz M\/WQ\/\M W, Z
W,Z t
~ d In(my/ my) ~ GF m?
Weak dependence Strong dependence
(logarithmic) (quadratic)

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH 25



| Higgs boson mass prediction

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

ETP)

o Best-fit Higgs-boson mass:

my — 94J_r§g GeV

o Light Higgs boson preferred <
o Logarithmic dependence:

“Blue Band Plot”: Higgs mass limits
(before LHC)

my only weakly constrained

Klaus Rabbertz

Karlsruhe, 23.06.2023

July 2011 m .= 161 GeV
o 2 -
. m
(5) j E
L Ay = |=
+ % —0.02750+0.00033 2
------ 0.02749+0.00010 12
“%-+ incl. low Q° data 13
' Q
1o
c
_‘Ci

EXCIUded ‘ ad _‘4:’.0‘
| I | | I r
30 100 300
m, [GeV]
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| Higgs boson mass prediction

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

ETP)

o Best-fit Higgs-boson mass:

my — 94J_r§g GeV

o Light Higgs boson preferred <
o Logarithmic dependence:

“Blue Band Plot”: Higgs mass limits
(before LHC)

my only weakly constrained

Since discovery of Higgs:

More popular the “brazilian flag” plots, see later ...

Klaus Rabbertz

Karlsruhe, 23.06.2023

July 2011 m .= 161 GeV
o 2 -
. m
(5) j E
L Ay = |=
+ % —0.02750+0.00033 2
------ 0.02749+0.00010 12
“%-+ incl. low Q° data 13
' Q
1o
c
_‘Ci

EXCIUded ‘ ad _‘4:’.0‘
| I | | I r
30 100 300
m, [GeV]
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W/Z at the LHC
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A Rediscovery of the past ...

E P,m J/lp Instantaneous luminosity
> 10° N ¢ | v L =1nb 's™!
1= P
210°
L
104 1950er
1974 1977 /
10°
102
1983
CMS
1
O s=7Tev
_ -1
1 Lint =40 pb w i
IIIIIII 1 1 IIIIIII 1 1 IIIIIII ||
1 10 10°
Dimuon mass (GeV/c?)
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A

... In under 12 hours!

Events / GeV

P, " JA Instantaneous luminosity
6 B 11
10 = TI w' Y £ = 1 Hb S
10°
104 1950er
1974 1977 /
10°
10°
CMS 1983
1
0 \Ns=7TeV
_ -1
1 L . =40pb w i
IIIIIII 1 1 IIIIIII 1 1 IIIIIII ||
1 10 102

Dimuon mass (GeV/c?)

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH
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Institut fur Experimentelle Teilchenphysik

A Inclusive Z boson production ETP)

q [ (= Signature: CMS-SMP-12-001
Zy <% Two leptons (I = e, p):
-+ isolated, i.e. no hadronic activity in vicinity

- large transverse momentum pr;,

q l + -~ same flavour, opposite charge

x10° CMS CMS
~ —— T — S 700 T 71 T
S 10 L=182pb',\s=8TeV — o - e L=18.2pb",\s=8TeV =
e L ) S 600 |— =
— L —e— data ++ ] = - —e— data H .
« 08— Z—up — 9 500 Z—ee ]
[ . n c — + —
() - t — @ C + ]
oo t i > F ]
0.6 = 400 E
B ] - t ¢ ]
- 4 ] 300 — 4 —
0.4 + — - 7]
- | ] 200 [ + t =
B + ] : 4 ]
0.2— — - ‘ 7
s i . : 100 |- o A -
L o - _ 4 hd _
| - o % | |- o |
b _ . 0”’-0”. b 'ﬁo“. Yersgo o = E o 0..'." ..'oo“w " —]
5 : ..................................................................... ’; .............................................. e 5 bossssmsnannusasssnassensnessannenamentLss SaR TSR + ........................................................................................... ]

¢
= 0 6++L+¢++;6#¢++ ¢++’+‘+u.+++¢ ¢i;++#+§’ 66+,++ ’b 6++,6’¢,+§ 2 0 ++¢A’6+¢+++¢+'¢+,¢A+, 66;¢6++".,+,"¢++b+6’+d¢++,a,’+*++b++6+
D e Ao sl D et ]
60 80 100 120 60 80 100 120
Mu*y) [GeV] M(e'e) [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-12-011/index.html

Inclusive W boson production ETP)

Institut fur Experimentelle Teilchenphysik

/ Vl
q = S|gnature: CMS-SMP-12-001
Wy =% One lepton (I = e, p):
= |solated, i.e. no hadronic activity in vicinity
= large transverse momentum pr;
q l—l— = large missing transverse momentum
x10° o= x10° CMS
~> '™ *® * 1 *r°**®™@ " | & & r 1 v =] >~ 10— 71— 1 T 1 T
ot u e L=182pb"\s=8TeV _ s [ e L-182pb"\s=8TeV _|
-> -
g 6_ y —e— data ] g 8 __ \ —e— data __
g L y. - W-pnv . iy B W-oev i
g L B EwK+tt a 2] - B EwK+tt .
> i »* -+ @ QCD QCJ - @ QCD -
Lﬁ > 61— |
4— 7 - —] L - .
L 4 . 4l ]
2 N ]
.l‘...-‘-""i:u e n
5 R YR T —d
+ TR YR
2 0¢’a’éu,¢6’¢;+++5HN+“¢”+¢”J,-,i' " +¢.a+ v ++ = O‘¢¢,H‘,‘+,,,.‘,“,+‘.‘.‘,+,”+¢¢+¢‘+§ ¢ H’ RYLIVYTYL
_5 W 5 S S S S S S S A S - _5 i e 9 S ST RSSO ST SRS SRS R S S ST R S SRRV SRR s
0 20 40 60 80 100 0 20 40 60 80 100
E1 [GeV] . [GeV]

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH 32


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-12-011/index.html

. Al WE bosons at hadron colliders ETP)

What do you expect for W* versus W- production at the LHC?

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH 33



Al WE bosons at hadron colliders ETP)

v
el

o Single W boson production at hadron colliders

pp - W+X
ﬁﬂﬂ T T | T T T T T T T | T
W wt o]
- oo 5 __.---":' d, }
400 — T N0 K ") —=
% B e -o’i’z‘:::::’:%%%% -
> i : e otatatetotetetetotetetetelt 13
2 ' QSRR 12
2 300— EEEEIIRRRE ) — O
B o] | RIS g
P I LO 15
S Ll I
= 200 — e
o B 1=
TIT N 13
o LO:valence-quark annihilation « ! 18
n 100 Vs = 14 TeV 1®
o pp: equal W cross section : M = My
1 L | | M/2 = pu 5|2M |
D pp: uud % W more prObabIe 0 1 " 1 1 1 1 2 1 1 1 1 0 1 1 1 1 > 1 1 1 1 s

Y

o Differential cross-section known at NNLO QCD (partially also EWK)

Klaus Rabbertz Karlsruhe, 23.06.2023 TP Il - WZH 34



! Inclusive W* cross sections  ETP)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

'8 — ® CMS, 18 pb™, 8 TeV W
‘—' O CMS, 36 pb™, 7 TeV Al
M {0~ = CDFRunli W
X — O DO Run |
© B A
v UA1
— Z
1 /
10 &
— Theory: NNLO, FEWZ and MSTW08 PDFs
B | | | | | | | | | l
10 20
Center—of—mass energy [TeV
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| Inclusive V cross section ratios ETP)

L=18.2 pb™, 1s=8 TeV

CMS
| | I | 1 | | |
Wity ——e
W —lv H—o—
Wolv e

7.11£0.08,, +0.14_ +0.18, nb
7.12£0.20 nb

2.09+£0.02_  +0.11, t_013 nb

stat =

5.06 £0.13 nb

12.21+0.08 , +0.24_ +0.32, nb

stat —

12.18 £ 0.32 nb

1.15+0.01,, +0.02  +0.03, nb

+ stat —
2ol II 131004 nb
1.39+0.01._. +0.02
PO - - stat syst
W*sltv / W—lv e { 414 0.01
10.63+0.11__ +0.25
W IV / Z I+I' stat syst
—wVres I — 10.74 + 0.04
| | | | ] | | | | | ] | | | | | ] |
0.9 1.0 11 1.2
ratio(exp./th.)

Klaus Rabbertz

Karlsruhe, 23.06.2023
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