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Gargamelle bubble chamber

1973
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Discovery of neutral currents

1973
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νµe neutral currents

1973
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SppS collider at CERN
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SppS collider at CERN
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Discovery of the W boson (1983)

L. Di Lella in CERN Courier Vol. 63 no. 1, Jan/Feb 2023.

Again nice nistorical perspective in article to celebrate this year 
the 40th anniversary of W discovery at CERN 

Must find charged and neutral weak bosons

C. Rubbia initiated SppS with second “p” really an anti-proton!

Two experiments: UA1 and UA2; January 1983: 4 and 6 candidates

No imaginable background
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Discovery of the Z boson (1983)
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Events at CERN

Scientific seminar this year at CERN: 31.10.2023

Celebrate 50 years of discovering neutral currents with Gargamelle

Celebrate 40 years of discovering W and Z bosons at SppS

Before: Official inauguration of new Science Gateway: 07.10.2023

Architect R. Piano & CERN DG F. Gianotti
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H1

ZEUS

HERA: 1992 – 2007
Collisions of e+-p, e--p
HERA II: E

cms
 = 319 GeV

HERA Collider at DESY
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Deep-inelastic scattering at HERA

H1 Event Tutorial, J Meyer, DESY (2005)

H1 Detector

Electromagnetic reaction:
Backscattering of electron off charged proton constituent
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DIS kinematics

Deep-inelastic scattering (DIS)

Many Hadrons

Gestreutes
Elektron

Neglect electron and proton masses:

Center-of-mass energy:

Elastic → one independent variable:

Inelastic → 2nd variable:

Alternative:

Bjorken scaling
variable:

Inelasticity:
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Infinite momentum frame

Deep-inelastic scattering (DIS)

Many Hadrons

Proton equals collinear stream of fast moving “partons”, masses negligible
→ factorised incoherent partonic scatter
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Infinite momentum frame

Deep-inelastic scattering (DIS) at LO 

One parton

Proton equals collinear stream of fast moving “partons”, masses negligible
→ factorised incoherent partonic scatter

Quark parton model (QPM) → scaling variable x:
momentum fraction of struck parton in proton
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Target rest frame

Deep-inelastic scattering (DIS)

Inelasticity y is relative energy loss of electron in target rest frame:

Only two of the four invariant variables are independent!

Conversion formulae
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H1 Experiment @ HERA

Neutral current DIS
HERA e-p collider at DESY

3 km circumference

27.5 GeV e± on 820 or 920 GeV 
protons

2 large omni-purpose detectors H1 
and ZEUS

HERA tunnel with magnets

supraconducting: p

normalconducting: e

NC DIS: photon exchange

http://h1.desy.de/
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Charged current DIS
Exchange of charged boson W±

Changes charge and flavour

Neutrino escapes undetected

Clear signature of missing transverse 
energy

CC DIS: W exchange
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Maximally parity violating
Exchange of charged boson W±

W- couples to left-handed νe

W+ couples to right-handed anti-νe

HERA provided partially polarised 
beams of electrons and positrons

W- couples to left-handed νe

H1, JHEP09 (2012) 061.LH RH
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CC and NC cross sections

Low Q2: CC almost constant dominated by factor 
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CC and NC cross sections

Q2 ≈ mW
2: NC and CC equally strong
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CC and NC cross sections

High Q2: CC drops off slightly faster since                         , BUT ...
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Proton structure 

Gluons: Do not participate in CC

Low x: Roughly equal numbers of u, d, ubar and dbar (sea)

High x: Valence quarks, uv ≈ 2∙dv

Valence quarks

Gluons

Sea(anti)quarks
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CC cross sections
CC cross section e-p → νe + X

Changes charge and flavour

Neutrino escapes undetected

Clear signature of missing transverse energy

e-p: dominated by u(x)

e+p: d(x) < u(x) & suppressed by (1-y)2

→ e-p CC cross section larger than e+p at large Q2 
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Coupling strengths
Ratio of weak to electromagnetic coupling

→ Weak coupling even stronger than electromagnetic one!

Relative weakness at low Q2 stems from propagator of massive W boson

Where is the Z boson (NC) at high Q2?
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CC and NC cross sections

High Q2: NC cross section starts to differ between e-p and e+p beyond mZ
2
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Z production with e+e- 
Projects to directly produce Z in huge amounts e-p → νe + X

e+e- colliders with √s = mZ ≈ 91 GeV (“at the Z pole”)

Linac at SLAC (SLC) and ring collider at CERN (LEP)

Hermetic “4π” detectors



Klaus Rabbertz Karlsruhe, 09.06.2023 TP II – WZH 27

Production cross section
Resonant (“s-channel”) production of Z bosons in e+e- collisions

Photon and Z boson have same quantum numbers → interference!

Add LO matrix elements:

Cross section:

√s << mZ: Photon exchange dominates → only QED effects

√s = mZ:   Z boson exchange dominates

√s >> mZ: Both contribute → unification
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√s << mZ: Total cross section
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√s << mZ: Bhaba scattering
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√s << mZ: Scattering angle θ
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Asymmetry: First indications of Z
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Asymmetries
Generic definition:

Divide dataset into two parts X and Y

Predict and measure asymmetry, which is a ratio!

Identical or similar backgrounds and systematic uncertainties cancel 
at least partially!

Improved sensitivity to small differences
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Again: Scattering angle θ
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Now with Z exchange
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Forward-backward asymmetry
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