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A detailed overview about “Precision Electroweak Measurements on the Z
Resonance” can be found via e.g.: https://arxiv.org/pdf/hep-ex/0509008.pdf



https://arxiv.org/pdf/hep-ex/0509008.pdf

2 4.1 Precision Measurements of the '
Electroweak Interaction
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The W boson

e Predicted in the 1968 by Sheldon Glashow, Abdus Salam und Steven Weinberg

e Discovered in 1983 by the UA1 and UA2 collaborations at the SppS (CERN)
e Properties:

o m, =80.385%0.015 GeV Decay Mode BR

o T, =2085 #0.042GeV WS ov (1071 £ 0.16)%

o T, =3-10%s W — uv (10.63 + 0.15)%
W — 1v (11.38 £ 0.21)%

W — hadrons (67.41 +0.27)%

e W boson decay (Lepton universality):

o  All three types of charged lepton particles interact in the same way with other particles.

o The three lepton types are created equally often in particle transformations, or decays (once
differences in their mass are accounted for)



The Z boson

e Predicted in the 1960s by Sheldon Glashow, Abdus Salam und Steven Weinberg

e Discovered in 1983 by the UA1 and UA2 collaborations at the SppS (CERN)

e Properties:
o m,=91.1875+0.0021 GeV
o [,=24952+0.0023 GeV

o 1,25-10%s Decay Mode BR
Z—s.g e (3.3632 + 0.0042)%
Z— uu (3.3662 + 0.0066)%
A o (3.3696 + 0.0083)%

Z — invisible  (20.000 + 0.055)%
Z — hadrons  (69.911 + 0.056)%




e

¥ 4.1.1 Measurements on the Z°
boson resonance
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Measurements on the Z bOSOIl resonance
10
10

0

O [mb]

0
0

0

0

1

1 IIIHI]

1 IIHIIII 1 lllllﬂl I lllll”l

LI ]Illlfl

IIIIII] | I IIIIIII

il b T/

¥(25)

Hadronic annihilation cross-section in
ete” collisions

lllllll | 1 lllllll

I

|

IIIIII

—3
=
—
—4
—
—

1 10




Measurements on the Z boson resonance

e Between 1989 and 1995 (LEP phase I), the LEP experiments measured the
production of fermion-antifermion pairs in the e*e™ annihilation at the Z° peak (i.e.
at a center-of-mass energy of s = m.)

e At this energy, electrons and positrons create almost exclusively real (i.e. on-shell)

Z° bosons
o Basically at rest
o With subsequent decay into fermion-antifermion pairs (2m < m.,)

e In general, significant contributions of interference effects between photon- and Z°
exchange (electroweak interference between these two NC-processes):



Measurements on the Z boson resonance

The fermion-antifermion pair production cross section (via e*e™ annihilation) is a
function of the center-of-mass energy s = 2E_ and the scattering angle 6 and is
given (in lowest order) via:

d -
d_g (e+e_ — ff) = const.-s-|Mqgep + My eak|?

= const.-s- [|MQED|2 +2Re (MQEDMweak) + |Mweak|2]

2
= Néj—s [le(l + cos2 0) + CS cosO}

1 3
— ﬂaff [g (1 + cos? 0) —|—AQB cosQ}

10



Measurements on the Z boson resonance

with:
Ci(s) = Q2 Q7 + 8QeQrvevsRe (x(s)) + 16(vZ + a2)(vF + a7)Ix(s)I?

Ci(s) = 16Q.QracarRe (x(s)) + 32veaevrar|x(s)|?

2w p+1 d 4 2
/ / —OdCOSHdCD NE 7;(3 . Cl(s)

+1 do do
d cos ) — f 1 dQ d cos 6 Coupling constants of the weak

f _ 0
AFB (S) — +1 vector- and axial-currents v, & a,
f do d 0
-1 dq 9 cos

Ne—Ng 3 Cj(s)
Ne + Ng -8 le(S)

Z° boson propagator x(s)

Forward-Backward asymmetry A_;

11




Measurements on the Z boson resonance

Coupling constants of the weak vector- and axial-currents:

1

VF = /,9 — 2Qf sin29W = 5 — 2Qf sin2 9W
0 1 In the center-of-mass system:
ar = /f = 5 9= (p,*+p,)* =:'s and Vs = 2E_
Zo boson propagator' G.= 1.166 3787 x 10 GeV? (Fermi coupling constant)
1 S
X(S) — & 2 2 : M2 -M I—
16sin“ Oy cos“ By, S — Mz + Mzl z
2

871-04\/5 ‘ S — Mg + iMz[
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Measurements on the Z boson resonance

The QED contribution (only photon exchange) is described via:

G0 o A pr o QF 2
E( e —>ff)—NC S (1—|—COS H)
do 4 87 nb > f
. — — — 102 « I
i / 2%~ 73 s[GeV?] QF - e

For leptons N, is 1, while for quarks it is equal to 3.
e Thus:

o (e+e_ — ZQ(ECMS>2mq) qa>
olete™ — putu—)

=3 2 &

q(Ecms>2myq)
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Measurements on the Z boson resonance

e Since the Z° boson has a finite lifetime 1, and width I',, the curve of the Z°
resonance is described by the Breit-Wigner function

e Atthe pole mass of the Z° boson, the cross section is given via:

¢ GEM
6Wr%

1275

M2r2

a?;(s =M3) = N - (ve + a2)(vf + af)




Measurements on the Z boson resonance

Decay width of the Z° boson are given via:

r(z° — ff)

rt, =

€
7 =

GrM3

671'\/-

6v/2

2.7
f

= quz
q

with Af =

2Vfaf

;R
Vf &

Z(vi + a7) - N¢

(v + a2)

Define:

Re = y9/r%
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The ALEPH Detector

) Vertex
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] Inner Tracking
Chamber

= Time Projection
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Electromagnetic
Calorimeter

. Superconducting
Magnet Coil

. Hadron
Calorimeter

. Muon
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. Luminosity

Monitots
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Forward Chamber A

Forward RICH

Forward Chamber B /// /
Forward EM Calorimeter ‘,4‘

Y ars

Forward Hadron Calorimeter

Forward Hodoscope
Forward Muon Chambers )
Surround Muon Chambers ™\

DELPHI

From: https://cds.cern.ch/record/295267 /files/ppe-95-194.pdf

Barrel Muon Chambers
Barrel Hadron Calorimeter
Scintillators
Superconducting Coil
High Density Projection Chamber

Quter Detector

- Barrel RICH
N\

\‘ Small Angle Tile Calorimeter

i
I ’ uadrupole

// Very Small Angle Tagger

Beam Pipe
Vertex Detector
Inner Detector

Time Projection Chamber
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Cross-sections of electroweak
SM processes at LEP

ete™ — ff

ete” - WTW~

ete” — Zh

Cross section (pb)

10

104"5

| ® ete SW'W

1 ® e’e >yy
j=e'a HZ

L3

e e'e —e'eqq
® e'e —>qq(y)
°* e'e suu(y)

e'e 727
e'e SW'Wy

m,, = 115 GeV

80 100 120 140 160 180 200

Vs (GeV)
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Measurements on the Z boson resonance

Number of Events
Z — qq 7 — (Tl
Year A D L O | LEP A D L O | LEP
1990/91 || 433 357 416 454 | 1660 | 53 36 39 58| 186
1992 | 633 697 678 733 | 2741 77 70 99 88| 294
1993 || 630 682 646 649 | 2607 )| 78 75 64 79| 296
1994 || 1640 1310 1359 1601 | 5910 || 202 137 127 191 | 657
1995 735 659 526 659 | 2579 90 66 54 81| 291
Total |[ 4071 3705 3625 4096 | 15497 || 500 384 343 497 | 1724

The qq and £*{” event statistics, in units of 10° , used for Z analyses by the experiments ALEPH (A),

DELPHI (D), L3 (L) and OPAL (O).
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e Angular distribution observed in _ Vs = 189 GeV
the lepton pair production at LEP L3

o Characteristic forward background

asymmetry A g 6 °° e’e ()

1428 e’e>t1(y) "

do/dcos6 (pb)
=

Vs : centre-of-mass energy ' é
_ ! é% — SM: s’ > 75 GeV
Vs’ : effective centre-of-mass energy after )f ------------- R R SM: Vs/s > 0.85
initial-state photon radiation 04— : ' l ' : ,
-0.5 0 0.5




b b
= =

Cross-section (pb)

[a—y
—
w

10

10

h

2

£~
T

Hadronic cross section

LI | S ! T LI LI LI I | LI T | IR | LI B | LI B =
| ! | | | | | | | | E

e'e —>hadrons

: - |
" TRISTAN SL.C

B PETR
| KEKB
PEP-1I

LEP I LEP II

l-lllllIllllllIllllllIlllllllllllllllllllllll-

0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

23



Hadronic cross section

e Measurement of number of light
neutrinos (2m_< m.):

N, = 2.9841 + 0.0083

o Equivalent to a measurement of
quark-lepton generations

o Measured in 1989 by the LEP
experiments (but also by MARK-II
at SLC)

G, .q [Mb]

20

10

. ALEPH

- DELPHI
L3
OPAL

|+ average measurements, //
error bars increased |
by factor 10

86 88 90 92

Y

E_ [GeV]

24



Hadronic cross section

wl ALEPH

C,.q [MD]

e The total decay width of the Z° boson T, - DELPHI
depends on the number of neutrino L3
generations i
o while M2 does not 20 | OPAL
— The hadronic cross section -+ average measurements,

error bars increased |,
by factor 10 /

o l2xreripd 10 |
Ohad —

M2 |—2

Z Z

| . ) 86 88 90 92 9
varies as a runctuon o e neutrnno numpers
E_ [GeV]
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» 4.1.2 Measurement of the W boson l
production process
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W boson production at LEP

Between 1996 and 2000, the center-of-mass energy of the LEP collider was
increased (step-by-step) to:

o 130, 161, 172 GeV (1996)
183 GeV (1997)
189 GeV (1998)
192, 196, 200, 202 GeV (1999)
208 GeV (2000)

© O O O

With these scans, the W*W- production threshold (and thus the W boson mass) was

measured precisely

27
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W boson production (and decay) at LEP

Lowest order diagrams:

7

f

WW decays:
WW — qqqq 45.6 %
qgev
WW — qc ] Cv qquv 43.8 %
qqTv

WW — lvibv 10.6 %

4z

semileptonic hadronic
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W*W- production cross
section at LEP

02/08/2004

—_ T v | . |
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= }
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W boson mass measurements (at ALEPH)

The W boson mass and width are extracted by fitting simulated invariant mass spectra to
the observed distributions.

Use an unbinned maximum likelihood procedure

(@)

Y
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Taken from: https://arxiv.ora/pdf/hep-ex/0605011.pdf
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https://arxiv.org/pdf/hep-ex/0605011.pdf

W boson mass measurements (at LEP & Tevatron)

Mass of the W Boson
Measurement 5 My [MeV]
CDF-0/1 L 80432+ 79
DO-| . 80478 + 83
D@1l o) —— 80402 + 43
CDF-Il e2w) - 80387 + 19
D@-Il a3t} '—0-‘-' 80369 + 26
Tevatron Run-0/I/11 '-Q- 80387+ 16
LEP-2 + 80376 + 33
World Average -0- 80385+ 15
I SN
80200 80400 80600

MW [MeV] March 2012
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4.1.3 Precision tests of the
Standard Model

TR




Precision tests of the Standard Model

ALEPH | —6—  91.1893+0.0031

DELPHI —e— 91.1863+0.0028
L3 —ea— 91.1894+0.0030
OPAL —@— 91.1853+0.0029
LEP '

. 91.1875+0.0021

common: 0.0017

v’ /DoF = 2.2/3

91.18 91.19 91.2
m, [GeV]

ALEPH +@— 2.4959+0.0043
DELPHI —6— 2.4876+0.0041
L3 —e— 2.5025+0.0041
OPAL —e— 2.4947+0.0041
LEP + 2.4952+0.0023

common: 0.0012
¥ /DoF =1.3/3

248 249 2.5 2.51
r, (GeV]
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Precision tests of the Standard Model

ALEPH — 66— 41.559+0.057

DELPHI i —&— 41.578+0.069

L3 —6&—  41.536+0.055
OPAL  —&— | 41.502:+0.055
LEP

. 41.540+0.037
: ' common: 0.028
¥*/DoF = 1.2/3

414 415 41.60 41.7

Ohaa[nb]

ALEPH —@— 20.729+0.039
DELPHI O 20.730%0.060
L3 I—-@— 20.809+0.060
OPAL ——@— 20.822+0.044
LEP * 20.767%0.025

common: 0.007
¥*/DoF = 3.5/3

20.7 20.8 20.9

R!
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Precision tests of the Standard Model

B

ALEPH . 0.01730.0016
DELPHI | —S—  0.0187+0.0019
L3 —S—  0.0192+0.0024
OPAL —O—i | 0.0145+0.0017
LEP ° 0.01710.0010
L common: 0.0003
v*/DoF = 3.9/3
| 0015 u |0.02‘ | 66925
Ap

Width of the W Boson

Measurement ; I, [MeV]
CDF-la - 2,032+ 329
CDF-Ib e 2,043+ 138
DO e 2,242+ 172
CDF-II — et 2,033+ 72
DI —— 2,034+ 72

| x2/dof=1.4/4
Tevatron Run-ill  —e—- 2,046 + 49
LEP-2* |- 2,196+ 83

: World Av.* = 2,085+ 42

| * (Preliminary)
1600 2000 2400

'y [MeV] February 2010
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Precision tests of the Standard Model

Electroweak radiative corrections modify the calculation of Z-pole observables.
o Virtual W and Higgs bosons as well as top quarks contribute via loops

The contributions from radiative corrections depend on the masses of these
particles:
o m, and Moo (quadratic)
o m, (logarithmic)
Taken from: https://arxiv.org/pdf/hep-ex/0509008.pdf

= W
Z/W W/y,Z

Higher-order corrections to the gauge boson propagators due to boson loops

36


https://arxiv.org/pdf/hep-ex/0509008.pdf

Precision tests of the Standard Model

Comparisons with the high precision measurements allow for an indirect
determination of My My and m,
o Prediction:
s m,=80.364 +0.021 GeV
= m = 172.3 £ 10 GeV

to

s m, =91%45GeV

o Direct measurement:
m m, =80.399 *0.025 GeV
= m = 173.2 £ 0.8 GeV (early: TEVATRON + LHC combination)
m m, =125.09 £ 0.21(stat) *+ 0.11 (syst) GeV

37
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150 - -

50

{ffii ts

Precision tests of the Standard Model

The shaded area denotes the indirect
determination of the top quark mass at
the 68% Confidence Level (C.L.) derived

<

¢ Tevatron -
] SM constraint
68% CL .

1

Direct search lower limit (95% CL)

1990 1995 2000 2005

Year

from the analysis of radiative corrections
within the framework of the SM using
precision electroweak measurements.

Taken from https://arxiv.ora/pdf/hep-ex/0509008.pdf 38



https://arxiv.org/pdf/hep-ex/0509008.pdf

Precision tests of the Standard Model

80.5

— High @ except m, — High Q? except mwlrwl
68% CL 68% CL

Exclpdgd i

Exclpde_d _

10 102 10 10 10° 10
my, [GeV] m, [GeV]

Taken from https://arxiv.org/pdf/hep-ex/0509008.pdf 39
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https://arxiv.org/pdf/hep-ex/0509008.pdf

2  4.1.4 W & Z bosons at the LHC .




‘ W + jets ‘

‘ Z+ jets ‘

W/Z + jets production

u Vy
W+
d A
(1 é a —Pp—T"NNANNNN Z
Y
Z]v*

22
(9
+

41



Charge asymmetry in W boson production

Parton distribution functions (PDFs) of u and d quarks in the proton U Uy
differ (mainly due to the fact that protons contain two valence u quarks
and one valence d quark) W+
o) - @/0O ATLAS/CMSW—IN  eeeeew W (pP)
= C W/ ATLAS/CMSW'-s I'v —_— Wi(pp)
et | A/A ATLAS/CMSW —Iv . R =
= ®/O CDFW-(e)v va.((Pp)) ““““ d €+
= 10 m/O0 Dow- (ery)v - P!
i - @ UATW-Iv e B
; : v ouAWosey o ‘.““‘..-“"““‘-‘,|
[/ [ ®/0 Phenix W' (e'/e )y =
a |00 e ATLAS
x TE & Data 2010 (\'s = 7 TeV)
¢
B 21.05; wooww
1k s
- MSTW2008 NNLO g i # i #
- %) 68%CL PDF uncertainty ~ >2°F
r Lo L 1 L

1 10




W boson production

x10°
> C T I B ]
e \W boson candidate events are selected 3 sof W—pv 1
. N = ATLAS —
by requiring: g . 13TeV,81pb"
o Exactly one identified electron or muon £ F & [Dats .
o MET > 25 Gev L 20:_ %:\IAVC Stat. ® Syst. Unc. _:
- —pv ]
o m;>50GeV 151~ Bl Muttijet -
C [Jz-pyw ]
10— B Wty —
e Roughly 20% of all selected events - % [ Other backgrounds -
stemm from background processes: e ‘ E
o Most dominant contributions: ot »
= Multijets (10%) 812
m Z— % (5%) Ty
8S09—
S08
4

From: https://arxiv.org/abs/1603.09222 43



https://arxiv.org/abs/1603.09222

Run: 152845, Event: 3338173 \ ' ; TL p S

- —— D:000-12 16:56:44 CEST 7’; /';
AR TR
AR ET AN )0 G

— n(p-) = 2.0
] E,™s=41 GeV
M, = 83 GeV

1 mEsm—— Y remmm— v SRV

in 7 TeV collisions




Z boson production

x10°

> I LN L U LN IR R IR LU ]
8 8 e Data Zsptw -
e Zboson candidate events are selected 5 7o LMCS@t®SystUne ATLAS -
- £ | LJoonw 13 TeV, 81 pb :
by requiring: £ 6 EDiboson ‘ =
- 75T -
o Exactly two leptons: 5 ST;,Tqﬂarks E
m Same flavour & opposite charge 45_ E
m  66<m,<116 GeV s E
3 E
e Roughly 0.5% of all selected events =3 E
stemm from background processes: - .

g,

o

(Al

E

©

a

From: https://arxiv.org/abs/1603.09222 45



https://arxiv.org/abs/1603.09222

AI LAS Run: 267639
Event: 173263110

EXPERIMENT 2015-06-14 13:13:03 CEST

proton-proton collisions at 13 TeV




; L L L '
T [ ATLAS
B . 13 TeV, 81 pb

b 1.05 68% CL ellipse area
~ L
o
T
ES
©
| - ['@ | Data
= == R,, PDG average

o 0.95— | R, PDG average
B * Standard Model

1 | 1 1 I 1 1 | 1
0.85 0.9 0.95

From: https://arxiv.org/abs/1603.09222 RZ = GZ - / GZ S



https://arxiv.org/abs/1603.09222

W/Z production cross sections

From: https://arxiv.org/abs/1603.09222

1.15

O —
“';,'\ E ATLAS luminosity @ experimental uncertainties
g 1.1 :_ 13 TeV, 81 pb'1 experimental uncertainties
o) — ® MMHT14nnlo68CL
~ 1.05 m NNPDF3.0
3 — % $ ii v CTi4nnlo
ol = T i T - A ABM12
o) - = 1 T A ATLAS-epWZ12nnlo
~ - i 1 HERAPDF2.0nnlo
0.95[— } (inner uncert.: PDF only)
09— .
e = + T
- W W W Z
0.85

W & Z boson production cross section measurements are sensitive to the PDF sets

— Can constrain them

48


https://arxiv.org/abs/1603.09222

EW Z boson production cross section

Insights into the mechanism of electroweak > F ATLAS '! (s = 1 TeV, 139 fb!, Zj—> 13
. . . C : Dat ]

(EW) symmetry breaking can be achieved via S L FVBF antlysi B EW Zj (Powsca+Pv8)_]
= F 1 region [ Strong Zjj (SHERPA) 3

(VBS) processes £ F : B ZV(V>jj) ]
. . — ! I it, single t |

o Via studies of vector boson self S 10°E £ Other WV

i i T B “~ Total uncertainty 3
interaction 10 ]
Sensitive to BSM contributions: ;
o Heavy-vector triplets i E
o Extra dimensions "

q q —2 1 ot 1 ! 1 1
10 3x102 10° 2x10° 3x10° 7x10°

m; [GeV]

VA
oy = 37.4 £ 3.5 (stat) £ 5.5 (syst) b

1 q 49

Taken from: https://arxiv.ora/pdf/2006.15458.pdf



https://arxiv.org/pdf/2006.15458.pdf

Cross section for a Z boson produced in association with b-jets

T T 71 I T T T 71 l T T 7 | T T T | T T TT

ATLAS
s=13 TeV, 35.6 fb
Z(—-ll) + > 2 b-jets

-- 1.32+0.01£0.21+ 0.03 pb
Data (stat.)l Data (stat.+syst.)

e Test of:
o Perturbative QCD
o b-quark PDF

b Z

m Sherpa 5FNS (NLO)

A MGaMC+Py8 Zbb 4FNS (NLO)

v MGaMC+Py8 5FNS (NLO)

O Sherpa Zbb 4FNS (NLO)

O Sherpa Fusing 4FNS+5FNS (NLO)
A Alpgen+Py6 4FNS (LO)

¢ Alpgen+Py6 (rew. NNPDF3.0lo)

& MGaMC+Py8 5FNS (LO)

0.5 1 1.5 2 2.5 3 3.5
From https://arxiv.org/pdf/2003.11960.pdf 6(Z + = 2 b-jets) [pb] 50

q Z



https://arxiv.org/pdf/2003.11960.pdf

Status: November 2019
I T T  § I T

[\©)
6
o

B Theory (NNLO) ATLAS Preliminary |

% Measurement

N

o

o
I

Zpp->wW Tpp—>2Ziy

2.76 TeV, 4 pb’, arXiv:1907.03567 (for Z/W)

5TeV, 25 pb’, Eur. Phys. J. C79 (2019) 128 (for Z/W)
150 7 TeV, 4.6 fb", Eur. Phys. J. C77 (2017) 367 (for Z/W)
B 8 TeV, 20.2 6", JHEP 02, 117 (2017) (for 2)

L 8 TeV, 20.2 ft", Eur. Phys. J. C79 (2019) 760 (for W)
13 TeV, 81 pb™, PLB 759 (2016) 601 (for W)
13 TeV, 3.2 fb", JHEP 02, 117 (2017) (for Z)

Total production cross section [nb]

100+ W/Z boson measurements are an _
B important test of perturbative QCD i
B predictions |
50 -
O | 1 1 | I & 1 1 I 1 1 1 I 1 1 1 I 1 | 1 I 1 1 1 I 1 j

2 4 6 8 10 12 14



Diboson production (WW, WZ, ZZ)

) .
S~ e 7N SN )
J | q A | s
Z
— % / T !
. q z

Na)
=
QI
A
N






WZ production cross section measurements

eee

nee

epp

—/ \/\’\N\N U
q w+

qd A combined

| I I | [ [ [ [ | [ [ [ | [ [ I [ | [ [ [ [ [
1.07 £ 0.08 —®
;! ATLAS
i 's=13TeV, 36.1 fb™
0.99+0.05 ——@—H— N
= wW~~Z
1.01+ 0.07 > ® Data
i === MATRIX, NNPDF3.0
2 T MATRIX, MMHT2014
1.06 * 0.06 o—— ... MATRIX, CT14
______ _L { == Sherpa2.2.2,
o NNPDF3.0
1.03 +£ 0.05 o+
| | | | | | | | Ei | | | | | | ] | | | | | | | |
0.9 1 1.1 1.2 1.3
fid. theory
o o
W*Z / W*Z



Same-sign WW boson pair production

CMS 137 b (13 TeV)
> L B I TR I
e Insights into the mechanism of electroweak (EW) S — i
. . . 2 Wrong sign wW'w*
symmetry breaking can be achieved via vector boson 5 I Othor bikg. WK Wz
. w B mwz 1
scattering (VBS) processes 1 2z .
. . . . - Nonprompt
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o BR(W:W: s F:gt) = 3.98 + 0.37 (stat) + 0.25 (syst) fb

From https://arxiv.org/pdf/2005.01173.pdf



https://arxiv.org/pdf/2005.01173.pdf
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e Rare processes with cross sections in the order of 1pb

Triboson production

e |mportant background to Di-Higgs searches

e Test of the non-Abelian gauge structure of the SM

o Any deviations from the SM prediction would provide hints of new

physics at higher energy scales
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