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Tevatron Run 1:  
Heavy diboson produc>on: 
  only WW observed, 
  5 events above 1.2 expected bck 

Diboson Physics at the Tevatron 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EM gauge invariance and C and P conservation  
 $   5 independent TGCs for WW {g1

Z, κZ, κ", λZ, λ"} 

W" sensi>ve to κ", λ"  
WZ sensi>ve to g1

Z, κZ, λZ    
Standard Model: g1

Z = κZ = κ" = 1 so consider %g1
Z, %κZ    

                            λZ = λ" = 0 

Z"Z vertex: Z" sensi>ve to h3
Z,h3

",h4
Z,h4

"   
ZZ" vertex: ZZ sensi>ve to f4Z,f4",f5Z,f5"    all zero in SM 

LWWV
gWWV

= i


gV
1 (W †

µνW
µV ν ! WµνW

†µV ν)

+κVW †
µWνV

µν +
λV

m2
W

W †
ρµWµ

ν V νρ





L = − e

M2
Z

!

" fV
4 (! µV µ" )Z#(! #Z" ) + fV

5 (! $V$µ)Zµ" Z"
#

$

! a(ŝ) =
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Fibre tracker to |η|<1.8 
Calorimeter to |η|<4 
Muon system to |η|<2 

Dri\ chamber to |η|<1 
Further tracking from Si 
Calorimeter to |η|<3 
Muon system to |η|<1.5 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Electrons:   
  good EM shower shape 
  small hadronic energy 
  isolated in calorimeter 
  well‐matching good track  
     (except far forward) 

Muons:   
  MIP in calorimeter 
  isolated 
  hits in muon chamber 
  well‐matching good track  

&"*+,+-./01"
  2 oppositely‐charged electrons or muons 
  invariant mass consistent with mZ 

$"*+,+-./01"
  exactly one electron or muon 
  energy imbalance in reconstructed  
     event, associated with neutrino 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W and Z selec>on 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Accepted by Phys. Rev. Lee."

σ(pp → W"+X → l "+X) =  7.6 ± 0.4 (stat) ± 0.6 (sys) pb  

)
l
! - 

"
! (! 

l
Q

-4 -3 -2 -1 0 1 2 3 4

E
v

e
n

ts
/0

.7

0

20

40

60

80

100

120

140 /d.o.f. = 4.6/112#

data - background

SM

-1DØ, 4.2 fb

 (GeV)
!

TE
0 20 40 60 80 100 120 140 160 180

E
v

e
n

ts
/b

in

0

50

100

150

200

250

data - background

SM
 = -0.13)!" = -0.6, !#$AC (

 (GeV)
!

TE
80 100120140160180

E
v

e
n

ts
/b

in

0

5

10

15

20-1DØ, 4.2 fb

2011 
result 

$ #

"#

! "

! #"

! "

! #"

$"
$ #

"#

ET(e)(µ)>25(20)GeV 
MT(W)>50(40)GeV/c2 

ET(")>15GeV 
ΔR(l ")>0.7 
MT(l "ET)>110GeV/c2 

NN for " ID 

(SM: 7.6 ± 0.2 pb) 

95% CL limits (Λ=2TeV) 
–0.4 < %κ" < 0.4 
–0.08 < λ" < 0.07 

ET(")>15GeV, ΔR(l ")>0.7 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New for  
HCP 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σ(pp → Z" → ll")   =   1.09 ± 0.04(stat) ± 0.07(sys) pb 
M(ll")>60GeV/c2; |η"|<1; ET(")>10GeV, ΔR(l ")>0.7 (SM: 1.10 ± 0.03 pb) 

Total cross‐sec>on uncertainty reduced by 
taking ra>o with Z→ll and mul>plying by theor. 

Differen>al through matrix inversion 

New: electron + muon 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New for  
HCP 

2/3"4,,"M5ll"6"
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non‐SM 

h A
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|h3| < 0.037, |h4| < 0.0017  
@95%CL  (Λ=1.2TeV) 

hAB"&""#

CD"

0/0ECD"
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Using (Z→ll)+"#
and (Z→&&)+" 

2011 
result 

ee/µµ channel: ET(")>50GeV 
&& channel: ET(")>100GeV  

95% CL limits (Λ=1.5TeV) 
  –0.020 < h3Z < 0.021 
–0.0009 < h4Z < 0.0009 
  –0.022 < h3" < 0.020 
–0.0008 < h4" < 0.0008 

Phys. Rev. Lee. 89F (2011) 051802"
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Phys. Lee. B GF8"(2009) 349"

]2 [GeV/c!llM
100 200 300 400

2
E

ve
nt

s 
/ G

eV
/c

0

1

2

3

 background!SM Z

)2 = 120 GeV/c
V

Signal MC (M

)2 = 180 GeV/c
V

Signal MC (M

)2 = 260 GeV/c
V

Signal MC (M

 -1D¯, 1fb

]2[GeV/cScalarM

200 400 600 800
) 

[p
b]

!
 Z

"
 x

 B
R

(S
ca

la
r 

#
-110

1

10

Observed combined electron+muon channel limit

Expected combined electron+muon channel limit

 1 s.d. band!

 2 s.d. band!

 -1DØ, 1fb



CDF WW ! "

! #"

$"
&%"#

$ #

0 50 100 150 200 250 300 350 400 450 500
-210

-1
10

1

10

210

-
W

+
SM W

Background

Data

 = 0.16
Z

!"

 = 0.34Z

1
g"

 = 0.72#$"

]-1 [GeV c
T

Lepton p

-1
E

v
e

n
ts

 /
 2

0
 G

e
V

 c

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120 W+jets
!W

WZ

ZZ
*!Z/

tt
WW
Data

Nominal MC

Matrix Element Likelihood Ratio (LRWW)

E
v

e
n

ts
 /
 0

.0
4 Fitted Templates

CDF Run II Preliminary
-1

 L = 3.6 fb"

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120

) [GeV]
, nearest lepton or jet

T
E
! " sin(TE

0 20 40 60 80 100 120 140 160 180 200

E
v
e

n
ts

 /
 5

.0
 G

e
V

0

10

20

30

40

50

60

70 #W

W+jets
DY-ee

!!DY-
$$DY-

data
ZZ
WZ
WW

tt

CDF Run II Preliminary

Region: Same Sign

-1
L dt = 3.6 fb%

Phys. Rev. Lee. 89H (2010) 201801"

R = 
Ps 

Ps + ' kb
iPb

i 
i 

σ(pp → WW)  = 12.1 ± 0.9(stat)       (sys) pb  +1.6 
–1.4 

3.6 t–1 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Phys. Rev. Lee 89A"(2009) 191801"
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σ(pp → WZ)  
  = (4.1 ± 0.7) pb  

14 

σ(pp → WZ) / σ(pp → Z)  
  = (5.5 ± 0.9) x 10‐4 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σ(pp → WZ)  =  3.89         pb  +1.07 
–0.90 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95% CL limits, Λ=2TeV 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< %κ(  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0.675 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< 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–0.077 <  %κ(   < 0.093 
–0.029 < %g1Z < 0.080 ) 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2011 
result 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single lepton  dilepton 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σ(pp → ZZ) = (2.3        (stat) ± 0.2 (sys)) pb +0.9 
– 0.8 

SM, NLO: (1.4± 0.1) pb  

K/"0+L"=>M*N-*; 
ll+ET and lljj  
channels are  
more sensi>ve  
and exclude it 

ll+ET  lljj 

ZZ$ llll 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Rev. D OH"(2011) 011103"
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SM, NLO: (1.4± 0.1) 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σ(pp → ZZ) = (1.26        (stat) 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0.14 (sys)) pb 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< 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Phys. Rev. Lee. 899"(2008) 131801"

Earlier 95% CL limits (Λ=1.2TeV) 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CDF

  –0.12 < f4Z< 0.12 
  –0.10 < f4" < 0.10 
  –0.13 < f5Z < 0.12 
  –0.11 < f5" < 0.11 

95% CL limits (Λ=1.2TeV) 

f4Z=0.3 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CDF

Similar final state  
to low‐mass Higgs: 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CDF

σ(WW+WZ )  
= 18.1 ± 3.3(stat) ± 2.5(sys) pb  

5.2)  significance 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CDF

Use matrix 
element 
techniques 

σ(WW+WZ )  
= 16.5 +3.3‐3.0 pb  

5.4)  significance 

Mjj (GeV)  Mjj (GeV) 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95% CL limits, Λ=2TeV 
–0.44 < %κγ < 0.55 
–0.10 <  λ( =λ" < 0.11 
–0.12 < %g1Z < 0.20 
Phys. Rev. D O9"(2009) 053012"

From 1t–1 results: 

New for  
HCP 

For more, see  
J‐F Grivaz’s talk  
on dibosons with  
Z$ bb in Higgs  
session. 

σ(WW+WZ )  
= 19.6 +3.1‐3.0 pb  

8)  significance 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CDF

D0 W" 4.2/t#
–0.4 < %κ" < 0.4 
–0.08 < λ" < 0.07 

CDF Z" 5.1/t (Λ=1.5TeV) 
  –0.020 < h3Z < 0.021 
–0.0009 < h4Z < 0.0009 
  –0.022 < h3" < 0.020 
–0.0008 < h4" < 0.0008 

D0 WW 1/t (Λ=2TeV) 
–0.54 < %κ" < 0.83 
–0.14 < λ" = λ(  < 0.18 
–0.14 < %g1Z < 0.30 

D0 WZ 4.1/t (Λ=2TeV) 
–0.400 < %κ(  < 0.675 
–0.077 <  λ(   < 0.093 
–0.056 < %g1Z < 0.154 

  –0.28 < f4Z< 0.28 
  –0.26 < f4" < 0.26 
  –0.31 < f5Z < 0.29 
  –0.30 < f5" < 0.28 

D0 ZZ‐>4L 1/t (Λ=1.2TeV) 

D0 WW/WZ $  l&jj 1/t (Λ=2TeV) 
–0.44 < %κγ < 0.555 
–0.10 <  λ( =λ" < 0.11 
–0.12 < %g1Z < 0.20 

D0 1/t Combina>on 
–0.29 < %κ" < 0.38 
–0.08 <  λ(    < 0.08 
–0.07 < %g1Z < 0.16 

All 95% CL 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Results shown today : 1‐7 t‐1 

2002 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Outlook 

 �   Rich programme of Tevatron diboson physics 

 �  Huge advances over ten years of Run 2 
   �  tes>ng standard model 
   �  probing for new physics 
   �  underpinning symmetry‐breaking searches  

27 Diboson Physics at the Tevatron 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Limits, Expected Limits and Probabilities for Obtaining Observed Limits (tex)

Analysis Methods

The leading lepton pT distribution measured for the observed 654 events is Þtted for each of the paramaters: &lambdaZ, &Delta g1
Z and

&Delta &kappa&gamma. The leading lepton pT distribution is used since it is sensitive to these couplings and it can be measured
experimentally. In order to avoid CDF full simulation for every possible coupling it was shown that the efÞciency at a given leading lepton pT
is similar for any given coupling. This was investigated using leading order MCFM interfaced to Pythia followed by full realistic Monte Carlo
detector simulation using cdfSim and standard reconstruction. The resulting efÞciency curve is then applied to MCFM next to leading order
matrix element simulations of a given coupling combination to arrive at an expected observed leading lepton pT distribution for each
combination of coupling values.

eps

WW Anomalous Triple Gauge Couplings http://www-cdf.fnal.gov/physics/ewk/2009/wwtgc/index.html
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PT(ZZ)  

M(ZZ)  

Very general goodness‐of‐fit test: 
p‐value is frac>on of PEs that have KS distance 
greater than that of observed distribu>on: 0.14 

More powerful test sta>s>c for resonance search: 
ra>o of bck and bck+sig likelihoods (bck= SM M(ZZ); 
sig= Gaus with width = detector resolu>on at mean) 
p‐value is frac>on of PEs that have likelihood ra>o 
LSM/LSM+G lower than data:  (1–2)x10–3 

For PT: no physics model, so p‐value  
is frac>on of PEs sampled from SM 
distribu>on that have KS distance 
greater than that observed:  (1–2)x10–4 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95% CL limits, Λ=2TeV 
–0.44 < %κγ 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< 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–0.12 < 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