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Physics with W and Z bosons

• W and Z bosons
• discovered by UA1/UA2 at the Spp̄S collider in the early 80’s
• many measurements at LEP and Tevatron since then

• So, why still bother?
• electroweak interaction, precision tests of the standard model (SM)

• left/right handed couplings of quarks and leptons
• (anomalous?) triple gauge couplings

• precision measurement of W mass
• indirect constraint on Higgs mass due to radiative corrections to MW

• interplay with strong interaction (QCD)
• sensitive to parton distribution functions (PDFs)
• associated production with jets (constraining QCD models)

• standard candles for calibration due to leptonic final states
• important (or even main) backgrounds for top, Higgs, Supersymmetry,

LED, new strong interactions, new gauge bosons, etc.
• essential to measure precisely standard model processes before claiming

discoveries
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W /Z production and detection at hadron colliders

• production of weak bosons via qq̄′ annihilation

• detection via leptonic decays Z → `+`−, W± → `±ν`
• hadronic decays cannot be separated from QCD multi jet background

• Z signature:
2 isolated, opposite sign leptons with
high transverse momentum pT

• W signature:

isolated lepton and missing transverse

energy /Et
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The Fermilab Tevatron Collider

Main Injector
 & Recycler

Tevatron

Chicago
↓

p source

Booster

p 

p 

p p 
1.96 TeV 

CDF

DØ

pp̄ collider

• 1992-95 Run I:√
s = 1.8 TeV,

L ∼ 0.1 fb−1

• 2002-11 Run II:√
s = 1.96 TeV

• major accelerator and
detector upgrades

• colliding bunches every
396 ns with ∼ 4 inel.
collisions at
L = 1032 cm−2s−1

• L ∼ 9 fb−1 delivered
• L ∼ 12 fb−1 expected

by 2011

• 2012-14? further running
being considered
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detector highlights

• high acceptance, low background,
muon system

• finely segmented LAr calorimeter

• 16-layer fiber tracker: only 0.5 m
outer radius

• 5-layer silicon tracker

CDF

detector highlights

• large volume, high precision,
charged particle tracker

• 96-layer drift chamber: 1.4 m outer
radius

• 9-layer silicon tracker
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Z → µµ in DØ
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Z/γ∗ → ee in CDF, Mee = 371 GeV
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CERN’s LHC Collider

pp collider

• 2010/11:
√

s = 7 TeV

• delivered ∼ 0.35 pb−1

• plan: 1 fb−1 until end of
2011

• design:
√

s = 14 TeV

• colliding bunches every
25 ns with ∼ 25 inel.
collisions at
L = 1034 cm−2s−1

• L ∼ 100 fb−1 per year
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The ATLAS detector
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The CMS detector
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W /Z signatures

• Z/W detected as resonances in
Mll or MT

Mll =
√

(pl+ + pl−)2

=
√

(El+ + El−)2 − (~pl+ + ~pl−)2

• longitudinal momentum of ν
unknown → transverse mass MT

MT

=
√

(ET ,l + ET ,ν)2 − (~pT ,l + ~pT ,ν)2

=
√

2ET ,l/Et (1− cos ∆φlν)
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W± → e±ν: backgrounds and selection at LHC

2-dim. kinem.
selection:
/Et > 25 GeV
MT > 40 GeV
46 cand.

→ after

/Et > 25 GeV
cut
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W± → µ±ν: backgrounds and selection at LHC

2-dim. kinem.
selection:
/Et > 25 GeV
MT > 40 GeV
72 cand.

→ after

/Et > 25 GeV
cut
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Z → `+`−: backgrounds and signal

→ very clear, almost background free signature, especially for Z → µ+µ−

due to the smaller jet → lepton fake rate
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W /Z production cross sections

σtot = σW /Z × B(W → `ν/Z → ``)

=
Nobs

W/Z
−Nbgd

AW/ZCW/ZL

• Nobs
W/Z : # of observed cand. events

• Nbgd : # of background events

• AW/Z : geometrical acceptance

• CW/Z : reconstruction/selection
efficiency

• L: integrated luminosity

• LHC meas. still limited by statistics

• Tevatron meas. limited by systematic
uncert. (luminosity, efficiencies)

• well described by O(α2
s ) QCD

• uncert. of prediction ∼ 4% (PDFs
and QCD scale)

⇒ could provide alternative luminosity
determination
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Phenomenology of W /Z production

PA

PB

xAPA

xBPB γ∗

ℓ−

ℓ+

fq(xA, Q2)

fq̄(xB, Q2) • lepton pair production in the Drell-Yan model

• invariant mass of lepton pair M = M`+`−

• parton momentum fraction x

• parton distribution functions fq,q̄(xi ,Q
2)

• factorization:
PDFs ⊗ fundamental 2→ 2 process (qq̄ → `+`−)

⇒ σAB→`+`− =
∑

q

∫
dxAdxB fA,q(xA)fB,q̄(xB)σ̂qq̄→`+`− [+(q ↔ q̄)]

• if M � MZ → only γ∗ contribution, in analogy to e+e− → µ+µ−:

σ̂qq̄→`+`− = 1
N Q2

q
4πα2

3ŝ

• ŝ = M2: cm energy2 of qq̄ annihilation
• 1/N = 1/3: probability that qq̄ is colorless

Thomas Nunnemann (LMU) W and Z at TeV and LHC 27.07.2010 19 / 53



• for larger M2 also Z exchange and γ∗Z interference contribute:

σ̂qq̄→`+`− =

1
N

4πα2

3ŝ

h
Q2

q|{z}
γ∗

−Qq

√
2GFM2

Z

4πα
g `V gq

V<(χ(ŝ))| {z }
γ∗Z

+
G 2

FM4
Z

8π2α2
(g `V

2
+ g `A

2
)(gq

V
2 + gq

A
2)|χ(ŝ)|2| {z }

Z

i

gV , gA vector and axial-vector couplings of the Z to q and `

Z -propagator (Breit-Wigner) χ(ŝ) = ŝ
ŝ−M2

Z +iMZ ΓZ

• with |χ(ŝ)|2
ΓZ�1
≈ πŝ

MZ ΓZ
δ
(
ŝ −M2

Z

)
follows for M ≈ MZ

σ̂qq̄→Z→`+`− =

√
2π

N
GFM2

Z (gq
V

2
+ gq

A
2
)δ(ŝ −M2

Z )︸ ︷︷ ︸
σ̂qq̄→Z

× Γ(Z → `+`−)

ΓZ︸ ︷︷ ︸
B(Z→`+`−)

• partial width Γ(Z → f f̄ ) = NC
GF M3

Z

6
√

2π
(g f

V

2
+ g f

A

2
)

NC = 1 (3) for leptons (quarks)
• full width ΓZ

• branching fraction B(Z → `+`−) = Γ(Z→`+`−)
ΓZ
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in analogy:W boson production

σ̂qq̄′→W =
√

2π
3 GFM2

W |Vqq′ |2δ(ŝ −M2
W )

• Vqq′ : corresponding element of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix
transition probability for qi → qj proportional to |Vqq′ |2

• partial width: Γ(W− → f f̄ ′) = NC
GF M3

W

6
√

2π

W couples equally to all left handed fermions, thus:

B(W− → `−ν) = 1/9, (` = e, µ, τ)

B(W− → hadrons) = 2/3, (ūd ′, c̄s ′ contribution)

Thomas Nunnemann (LMU) W and Z at TeV and LHC 27.07.2010 21 / 53



ΓW : indirect measurement

• can be derived from the W /Z cross-section ratio

R =
σ(W )× B(W → lν)

σ(Z )× B(Z → ll)

=
σt(W )

σt(Z )
× Γ(W → lν)

Γ(W )
× Γ(Z )

Γ(Z → ll)

• perturbative QCD
• electroweak theory
• LEP measurement

⇒ Γ(W )
CDF Run II: Γ(W ) = 2092± 42 MeV
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ΓW : direct measurement
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• from the tails in the MT (eν) distribution
• larger tails for Breit-Wigner (ΓW ) compared to Gaussian (resolution)

• larger systematic uncertainty compared to indirect measurement
(energy resolution for leptons and hadronic remnant)

• CDF+DØ combination: Γ(W ) = 2046± 49 MeV
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Boson rapidity and parton momentum fraction

• rapidity of particle with E , pz : y ≡ 1
2 ln

(
E+pz

E−pz

)
note: if p � m (i.e. not for W /Z ):

y ≈ 1
2 ln

(
|~p|+pz

|~p|−pz

)
= − ln

(
tan θ

2

)
≡ η

η: pseudo-rapidity

• boson y is related (at leading order) to Bjorken x1,2 of incoming
partons with 4-momenta

p1 =
√

s
2 (x1, 0, 0, x1) , p2 =

√
s

2 (x2, 0, 0,−x2)

⇒ 1. ŝ = (p1 + p2)2 = x1x2s = M2
Z/W

⇒ 2. y = 1
2 ln (x1+x2)+(x1−x2)

(x1+x2)−(x1−x2) = ln
(

x1

x2

)1/2

1.+2.⇒ x1,2 = MZ/W /
√

s · e±y
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Z rapidity

Boson Rapidity, |y|
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• at large |y | (forward production): sensitivity to PDFs at large and
small x and Q2 ≈ M2

Z
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Measurements on proton structure

Thomas Nunnemann (LMU) W and Z at TeV and LHC 27.07.2010 26 / 53



W charge asymmetry

• sensitive to PDFs

• u quarks carry larger average x than
d quarks (← F p

2 /F
n
2 )

• ud̄ →W + preferentially boosted
along p direction

• W charge asymmetry:

A(y) = dσ+/dy−dσ−/dy
dσ+/dy+dσ−dy

• A(ηl) is standard observable

• convolution of
W prod. asymmetry
and (V-A) decay

• assumption:
SM W → lν coupling

• cancellation of syst.
uncert. related to
lepton reconstruction
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A(|ηe|) in W → eν events

• exp. challenge: lepton charge determ.

• momentum resolution degrades with pT :
dpT/pT ∝ pT

• bremsstrahlung for electrons
• charge mis-ID rate:

0.2% (|ηe | ≈ 0) to 9% (|ηe | ≈ 3)

• dominant syst. uncert. from charge mis-ID
and multi-jet bgd.

• A(|ηe |) in different ET (e) bins: probe
different yW (→ x) for fixed |ηe |

• yellow band: PDF uncertainty obtained
from global fit to previous data (CTEQ6.6)

• for nearly all |ηe | bins: experimental
uncertainties much smaller than
CTEQ6.6 band
⇒ expect impact on new PDF fits with
improved precision
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Direct measurement of A(|yW |)

• reconstruct yW distribution with MW

constraint

• weight both ν solutions with probability
given by production and decay

• iterate as weight depends on yW

⇒ improved statistical precision w.r.t.
A(ηl)

• for fixed yW± : ηe+ 6= ηe−

⇒ different acceptance for W +/W−

• W → eν, 1 fb−1

• largest syst. uncert.: e-ID efficiency,
modeling of hadronic recoil

• provides new constraints on PDF fits
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A(|η`|) in W → `ν events at LHC

• A(η`) = dσ+/dη`−dσ−/dη`
dσ+/dη`+dσ−dη`

• pp collisions: no valence
anti-quarks as in pp̄ collisions

• u + d̄ →W +, d + ū →W−

⇒ σ(W +) > σ(W−)

• x(u) > x(d), x(ū) ≈ x(d̄)

⇒ |y |(W +) > |y |(W−)
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Forward-backward asymmetry in Z → `+`−

AFB = NF−NB
NF +NB

 (GeV)eeM
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• first: a reminder of electroweak gauge theory

Thomas Nunnemann (LMU) W and Z at TeV and LHC 27.07.2010 31 / 53



Electroweak coupling

gauge theory, unifies weak and electromagnetic coupling:
SU(2)L ⊗ U(1)Y

~Wµ = (W 1
µ ,W

2
µ ,W

3
µ ) gauge field of SU(2)L with coupling constant gw

couples only to left-(right-)handed (anti-)fermions

Bµ gauge field of U(1)Y with coupling constant g ′

couples to hyper charge Y ≡ 2(Qem − I3)

Electroweak gauge bosons
rotation in SU(2)L ⊗ U(1)Y with angle θw (sin2 θw ≈ 0.23)

W±
µ = 1√

2
(W 1

µ ± iW 2
µ ) W±

Aµ = Bµ cos θw + W 3
µ sin θw γ

Zµ = −Bµ sin θw + W 3
µ cos θw Z

using γ couplings: e = ge = g ′ cos θw = gw sin θw
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⇒ W± bosons (charged current) couple only to left handed fermions (parity is
maximally violated)

⇒ Z bosons (neutral current) couple to both left and right handed fermions,
but with different strength

Z boson couplings

g̃L =
e

sin θw cos θw
gL g̃R =

e

sin θw cos θw
gR

gL = I3 − Q sin2 θw
gR = −Q sin2 θw

right and left handed coup-
lings

gV ≡ gL + gR = I3 − 2Q sin2 θw
gA ≡ gL − gR = I3

vector and axial vector coup-
lings
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⇒ forward-backward asymmetry in e+e− → ff

AFB =
NF − NB

NF + NB

• at
√

s = MZ : due to different gL/gR ,
gV /gA couplings
AFB ∝ g e

V · g f
V , small as

gV = I3 − 2Q sin2 θw and sin2 θw ≈ 0.23

• around Z resonance: due to γ∗Z
interference

Peak:
√

s ≈ MZ = 91.2 GeV
P-2:

√
s ≈ 89.5 GeV

P+2:
√

s ≈ 93.0 GeV
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Forward-backward asymmetry in Z/γ∗ → `+`−

LEP
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• AFB = σ(cos θ−>0)−σ(cos θ−<0)
σ(cos θ−>0)+σ(cos θ−<0)

θ− = ∠(`−, p) in dilepton rest frame

• (V-A) coupling: γµ(vq − aqγ
5)

standard model:

aq = I 3
q

vq = I 3
q − 2eq sin2 θw

different notation: gV /A

AFB(s = M2
Z) ≈ 3

4AqA` ⊗ PDFs

with Af = 2
gA,f gV ,f

g2
A,f +g2

V ,f

• sensitive to sin2 θeff
W (but less sensitive

than LEP)

• exchange of additional gauge boson Z ′

would change AFB around mZ ′
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Statistical uncertainty
Total uncertainty
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u/d quark couplings to Z
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68% CL
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• CDF (72 pb−1): AFB in Drell-Yan lepton pair production

• H1: EW+QCD fit (HERA, deep inelastic ep scattering)

• LEP: sign and vq ↔ aq ambiguities
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QCD corrections
pT of lepton pair in Drell-Yan production, pµ(γ∗) = pµ(`+) + pµ(`−)

• graph: expectation from intrinsic kT of quarks inside proton
assumption: Gaussian ρ(kT ) = b/π exp(−bk2

T ) with 〈kT 〉 =
p
π/(4b) = 760 MeV

compare: Fermi momenta of neutrons and protons in nucleus:

pF ≈ ~
R0

`
9π
8

´1/3 ≈ 250 MeV

• excess at large pT due to QCD corrections, expectation from qq̄ → γ∗g scattering:
d2σ
d2pT

∼ αs (p2
T )

p4
T
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Drell-Yan process: Feynman diagrams at LO and NLO

• Born level (lowest order): ∝ α0
s

• virtual corrections: ∝ αs

• real corrections: ∝ αs
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Z transverse momentum
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• QCD corrections result in pT (Z )
• small pT (Z ): multiple soft gluon radiation (resummation of leading

terms ∝ αn
s ln2n−1 M2

Z

p2
T

), in addition non-perturbative form factor (incl.

parton intrinsic kT )
→ resbos event generator

• large pT (Z ): fixed-order perturbative QCD,
next-to-next-to-leading-order (NNLO), O(α2

s )
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Associated production of jets with W /Z
• production of associated jets via QCD corrections

cross section for Z + n jet prod. (LO): σZ+n jets,LO ∝ αn
s

• jet multiplicity and pT in Z (→ e+e−) events:

n jets)≥Multiplicity (
0 1 2 3 4

)* γ
(Z

/
σ

n
 je

ts
) 

/ 
≥

 +
 

* γ
(Z

/
σ

-410

-310
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1
-1

Data
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Jet 
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E
ve

n
ts

/5
 G

eV

-110

1

10

210

310
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+     Data

ME-PS

• MCFM: NLO pQCD, matrix elements

• Pythia: numerical simulation of successive gluon and quark radiation (parton
shower)

• ME-PS: matching of matrix element calculations (LO) with parton shower
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in detail: NJets ≥ 2, pT of 2. Jet, p
jet1
T ≥ p
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• pT shape well described by NLO QCD (MCFM) and ME-PS generators but
large scale uncertainty for LO and ME-PS

• parton-shower generators: spectrum too soft
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W mass: techniques

based on different observables:

• lepton transv. momentum pT (`)

• Jacobian edge at MW /2
• knowledge of pT (W ) is essential
• independent of moderate /Et resolution

• transversal mass

MT =
√

2pT (e)/Et [1− cos ∆φ]

• marginally affected by pT (W )
• largely affected by detector resolution
• in total: highest precision

• (also: /Et → pT (ν))

⇒ W production mechanism and detector (energy
scale and resolution) needs to be very well known!

• Z events as calibration tool
pT (Z )→ pT (W )

pt(W)=0, no
detector reso.

true pt(W), no
detector reso.

true pt(W),
full simulation
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Calibration of energy scale and resolution

• using MZ

LEP: ∆MZ = 2.1 MeV
problem: σZ · B(Z → ``) ≈
0.1 · σW · B(W → `ν)

• using quarkonia resonances
(J/ψ, Υ(1))
challenge: extrapolation to
pT (`) ≈ MW /2
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W mass measurement

• CDF (200 pb−1): W → eν, µν

• DØ (1 fb−1): W → eν

• measurements using
mT , pT (`), /Et (→ pT (ν))

• systematic uncert. (DØ):

DØ: MW = 80401± 43 MeV
(stat: 21 MeV, syst: 38 MeV)
⇒ most precise single measurement
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MW mass combination

• Tevatron: CDF/DØ combination: ∆MW = 33 MeV

• LEP: MW measured by all 4 exp. → ADLO combination: ∆MW = 33 MeV

• Tevatron/LEP combination: MW = 80399± 23 MeV

• for Higgs mass constraint, current ∆Mtop = 1.1 GeV → ∆MW ≈ 6 MeV

• ATLAS (10 fb−1): (over?-)optimistic study: ∆MW ≈ 7 MeV for e and µ
channel separately
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80 80.2 80.4 80.6

LEP2 average  0.033±80.376 
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World average  0.023±80.399 
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Radiative Corrections to MW

• Tree-level EW theory:

• Incl. radiative corrections and
running αem

• LEP-EWWG: Summer 2002
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Boson pair production

• non-Abelian structure of SM: probe
trilinear gauge boson coupling
SM: coupling of only neutral bosons
(Z , γ) is forbidden

• sensitive to new physics via anomalous
couplings

• TeV/LHC and LEP complementary

• at TeV/LHC higher
√

ŝ and pT

• sensitivity to different combinations
of couplings

• background to and reference signal for
numerous searches (H →WW /ZZ ,
SUSY (trilepton))

• small cross sections
→ both CDF/DØ have ∼ 8 fb−1

recorded

Z

Z
= 0 ???
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WZ candidate (CDF)
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ZZ → 4µ candidate (DØ)
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ZZ → 4e candidate (CDF)
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ZZ
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 -1DØ, 1 fb

ZZ :

• DØ: 5.7σ discovery ZZ → ```′`′ and ZZ → ``/Et

• σ = 1.60± 0.63(stat)+0.16
−0.17(syst) pb, NLO-QCD: σ = 1.4± 0.1 pb

WZ :

• DØ: σ = 2.7+1.7
−1.3 pb, CDF: σ = 4.1± 0.7 pb,

NLO-QCD: σ = 3.7± 0.3 pb

• sensitive to WWZ vertex: anomalous couplings alter pZ
T spectrum
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Trilinear gauge couplings

SM (both diagrams) without trilinear coupling
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Conclusions

• Physics with W and Z bosons at the Tevatron and LHC:
• electroweak interaction, precision tests of the standard model (SM)

• left/right handed couplings of quarks and leptons
• (anomalous?) triple gauge couplings

• precision measurement of W mass
• indirect constraint on Higgs mass due to radiative corrections to MW

• interplay with strong interaction (QCD)
• sensitive to parton distribution functions (PDFs)
• associated production with jets (constraining QCD models)

• standard candles for calibration due to leptonic final states
• important (or even main) backgrounds for top, Higgs, Supersymmetry,

LED, new strong interactions, new gauge bosons, etc.
• essential to measure precisely standard model processes before claiming

discoveries
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