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Physics Motivation

Di-boson final states:

Charged: WW, WZ, Wy

Neutral : ZZ, Zy, (yy)

Similar to WH, ZH, gg—>H—->WW.

o Test the electroweak sector:
— Cross-sections, kinematic distributions,
gauge-boson couplings
» Search for new particles decaying to
the same final state

« Known benchmarks for Higgs search

— demonstrate sensitivity and constrain
backgrounds




Di-Boson Cross-Sections

_Observation of Bosons at Hadron Colliders So far, the primary
measurement
~ Observed -
Theory channel Is through
£ leptonic decays.
g This means that we
% E are probing c-B
3 Fermilab | | wz | values orders of
» ; :2005: i ZZ -
8 Fermilab 3007 . M magnitude smaller.
o : Fermilab: 2008 : :
’ Fermllab Example-
| 5 c-B =~ 1.5 fb for
LZ — pppp.

In practice, we measure final state topologies like: lepton+photon+MET (W),
di-lepton + photon (Zy), photon+MET (Zy), di-leptons + MET (WW)), tri-
leptons+MET (WZ2), lepton+jets+MET (WW+W2), jetstMET (WW+WZ+Z22),
four-leptons (ZZ). We often retain acceptance for new physics sources of the
same final state topology: eg. Higgs, SUSY, technicolor.



Outline

Introduction

Zy + anomalous neutral gauge couplings
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Jets + MET (WW+WZ+Z2)

lvij ( WW+W2Z)

Combining charged gauge boson coupling measurements
Summary



Charged Triple Gauge Couplings

One of the potentially most sensitive tests of the
SM is the self-interactions of the gauge bosons

E WWYV

%

 Analyses usually use this C,P, and CP
conserving form of an effective Lagrangian for
the WWy and WWZ vertices with up to 5 free
parameters. (g,* = 1)

* In the SM, g,¥Y =, = 1 and A,,=0 for V=y,Z
» Analyses often use reduced parameter sets
based on additional constraints.

CSREIEWNECE (SU(2)xU(1): Ak, =Ag — Ak tan'®,,A =A, |
2-parameter YWW = ZWW: Ak, = Ak, A, = A,




Complementarity to LEP2

Experiments at LEP2 primarily tested a
combination of WWy and WWZ TGCs
in ee > WW by full reconstruction of
the event kinematics and cross-section
measurements at Vs < 209 GeV.
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Many of the collisions producing di-
bosons extend significantly above the s
explored at LEP2.

The Tevatron provides clean signatures
In the leptonic decay modes to test
directly WWy couplings in the Wy final
state and to test directly WWZ
couplings in the WZ final state (in
addition to channels like WW).



Zy + Anomalous Neutral TGCs

L,y =—ie|(hF* +hlF")Z,

+ (hY F™ 4 h} Fr) z¢

For Zy, explore using eey, puy
and vvy final states.

Lots of ISR and FSR (I*ly) to
deal with.

CDF Run Il Preliminary (5 fb")

x ee Data

o uu Data

40 50 60 70 200

M, (GeV/c’)
+ vvy

More details see T. Phillips’ talk at
ICHEP and Y. Maravin’s talk at Blois.

SM has no ZZZ, ZZy or Zyy couplings.
h,, h, couplings conserve CP

DO, 3.6 !

——Data
--- Sum of backgrounds
1. i — SM signal MC + backgrounds
L}| — ATGC signal MC + backgrounds

dN/dE, [GeVT]

cf4.5+0.5pb (NLO) arXiv:1004.1140
with E > 7 GeV, m; > 40 GeV

h,? 0.017 h,? 0.0006 g?bipre'-
hy 0.017 hy 0.0006 pERREY



L -1
- DO, 0.7 4 Data Candidates
er~y channel pr~y channel —+— SM MC + Background (k=1, A=0)

Luminosity 720+ 44 pb- ' 660 + 40 pb ! ---4---- AC MC + Background (k=1, 2.~0.2)
Acceptance x efficiency 0.063 +0.003  0.045 + 0.003 Background

W + jet background 34 +3.8+3.1 18+29+1.9
feX background 17T+274+13 27+£1.3+£0.2
W — 7 background 1.1+01+01 1.4+02+0.1
Z~ background — 3.8+ 0.53 £0.42
Candidate events 180 83
Measured signal 130+14+34 57+88+1.8
SM prediction 120 £ 12 T7T+£94

1 1 | 1 | 1 1 1 1 | 1 1 ! | 1 1 1 | 1 1
100 150 200 250 300

Photon E_ (GeV)

Interference leads to radiation amplitude zero
in the photon angular distribution
Studied by DO: PRL 100, 241805 (2008)

D@, 0.7 fb
C + Data (total uncertainties)

—— SM (systematic uncertainties)

o

i

i

Direct test of WWy couplings alone




DO WW (Ivlv)

PRL 103:191801 (2009)

pr > 25 GeV, p; > 15 GeV
MET > 20 (en), 35 (un), 45 (ee) GeV

(a) eeteu+un pg, 116" 3 Hb) ee‘+eu+uu D@, 1 fb'

D Multijet,
W/Z+ify
Hwz zz

W
|

W
(=)

N
Iol T T T T

Process ee & [LpL
Z/y" —ee/pp 0.27+0.20 2.52+0.56 0.76 +0.36
Zy* — 71T 0.26 £0.05 3.67+0.46 —
tt 1.10+£0.10 3.79£0.17 0.22+0.04
W2z 1.424+0.14 1.29+0.14 097+0.11
VA 1.70£0.04 0.09£0.01 0.84+0.03
W~ 0.23£0.16 521 £297 —
W + jet 6.09+1.72 750+1.83 0.12+0.24
Multijet 0.01£0.01 0.14=£0.13 —
WW — e 10.98 £0.59 39.25+£0.81 7.18£0.34
WW — br/r7 — 0" 1.40+0.20 5.18+0.29 0.7140.10

Total expected 23.46 =1.90 68.64 £ 3.88 10.7940.58 r 0 o
Data 22 64 14 04~ 95%CL limits

A0
- - A
a (P}j — WW ) — (© . Y
11.5 +2.1 (stat 4+ syst) + 0.7 (lumi) pb i

Future measurements will likely take advantage of
considerable progress on improving the sensitivity | ; o
for these channels in the context of the Higgs search a4 %2003 o4 5anz 0 03 04

AKy=AK,

Events / 12.5 GeV

—
T Iol T T




Events / 0.04

CDF

otal Expected
Data

PRL 104.20180 (2010)

Background

—1 Data

Py
(=1
~

- Agl=0.34

— Ak, =0.72

Events / 20 GeV ¢’

400 450 500

Lepton p_[GeV ¢
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WW Cross-section Summary

CDF Run Il
184 phs'

DO Run |l
224-252 ph'

CDF Run Il
825 pby'

DO Run |l
1000 pb’

CDF Run Il
3600 phb’

6 8 10 12 14 16 18 20
WW Cross Section (pb)

NLO prediction: 11.7£0.8 pb

(+ Higgs(165) : + 0.4 pb)

Current and future
measurements are taking
advantage of ongoing H>WW
experimental developments.

D@ Preliminary
L=6.7fb"
eu + MET

preselection

0 20 40 60 80 100 120 140 160 180 200
E; (GeV)



CDF WZ-=Ivll Cross-Section |

CDF has two recent CDFRwnm et

W Z signal Low Ev Control No-Z Control
measurements of WZ cross- To T 066 607 =
241 + 0.59| 414 +

section. A 0.77 + 0.27| 714 +

' 0.15 = 0.04| 0.02 £
Total Background 8.20 4+ 0.97
40.2 £+ 4.06| 6.25 =
Sig.+Back. 48.5 £+ 4.20(126.0 =
53 118

12-variable NN plus ML fit
to WZ Likelihood Ratio
formed from ME for
WW,ZZ, W+jet, Wy using
control regions to constrain
background normalizations

o(pp — WZ) = 3.7+ 0.6(stat) 705 (syst)(pb)

s

o

02 04 06 08
LR,z
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CDF WZ-=Ivll Cross-Section Il

Input WZ(Z—ee) WZ(Z— pu)

CDF’s second measurement N(signal) 28 22
- Background 6.4+1.2 48+1.1
normal 1zes to the NNLO Z . (0.997 £+0.036 (MC stat))=10~? (0.981 +0.036 (MC stat))x 10"

Acceptance

Cross-section redUCI ng some Scale Factors(ID+trig+reco) 0.84 +0.05 0.77 + 0.05

: Lint /fb 6.04 £ 0.36 5.86 +0.35
SySte matics.
WZ(Z—ee) WZ(Z— pp)

Demonstrate reasonable

‘- . . 77 24+£0.2 23+£0.2
detector stability with time Zv 16406 07 403
wrt lumi, acceptance, lepton BEARCCEEEXES! 1841

CDF Run Il Preliminary _[ Ldt=6M""0xBZ—>ee) | o cor e

CDF Run Il Preliminary j Ldt=8 fb'l

TT

—
N
T T

* data

[ Iwz
[]Z— pp +jets

8 e i ElZ- ee +jets

[(TNZ—pp+y

L |Z—ee+y

[Flzz

Events/15.0
)

T T l[ll [

]ll

—ee, uu combined

— Measure o, * B(Z—ll) = 247+4 pb
: consistent with NNLO prediction of
,.251.3+50pb

o 5 10 20

3
run range

U(pj!j—> “rz) — (—Ll j:[]ﬁ(staf) 1 04(3y8t))ph qJ 50 100 150 200 250 300 350 4?/[\)/%5
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DO WZ — IVl
arxXiv:1006:0761

o Se I eCt 3 I e pto nS (I :e ; M) Source eee eefl epLf UL
77 0.39+0.07 1.48 +0.20 0.40 £ 0.07 1.26 £ 0.23
1 0.63+0.17 0.56 £ 0.24 0.03 4+ 0.01 0.17 £ 0.05
eaCh Wlth pT > 15 G ev- Zy 0. ;: +0.08 ) |ﬂ 001 0.66 £0.34 'l 0.001 )

0.03+0.01 0.054+0.01 0.044+0.01 0.03+0.01

Require MET > 20 GeV. m
WZ signal 59+08 69+£08 47406 58408
e 34 candidates

Observed 9 11 0 5

=
=

Events/10 GeV
[#=]
Events/10 GeV

D@, 4.1 fb!

b=l

120 140
MT: W {Ge")

3.9075 0% (stat +syst) +0.31 (lumi)

NLO: 3.25+0.19 pb



WZ Candidate Event

Run 243209 Evt 3141310 Sat Jun 21 10-195 P Run 243209 Evt 3141310 Sat Jun 21 10:13:56 2008

_ i Triggers:
ET scale: 4 GeV yd OMUA_1LIMM2 TLM3

DMU1~1L1MM2_TLM3_NOLUM
DMU1_2LM8
DMU1"2LM8_NOLUM
DMU1_2MMZV

MB—TK12-
MU1~LMB=TK12-NOLUM
DML TKAD 2LMS
DMUT_TK 1 O

Bins: 191

Mean: 0.177

Rms: 0.323 4. mu particle et: 84.32

Min: 0.0115 MET et: 5.022

Max: 3.45 mu particle et: 14.27
mu particle et: 38.77




DO WZ — Ivli

Use Z p distribution to test TGCs Set 95%CL limits in
— 2D and 1-D

&% Background
SM WZ + Background
---- A=-01,Ax= 02
A=-01,Ax=-02

DJ. 4.1 b

0 005 01 015 02
Ay

DJ. 4.1 fb'!

Az =Arz =0 —[’J.H 3 < .Aql

Az =Agf =0 —0376< Akry < U.bt%t_»
Akyz =0 (HISZ) —0.075 < \z < 0.093
\z =0 (HISZ) —0.027 < Axz < 0.080

0. 13 15 -0.1  -0.05 0 0.05 0.1 0.15

Ay

A=2TeV
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LL

ZZ production at the Tevatron
IS now well established by both
collaborations.

Use both 4l and llvv final state.

DIOMIN- (Z2) = 1.60+0.63 (stat. )102% (syst.) pb

777 = 156708 (stat.) £ 0.25(syst.) pb
D@ Run I, 1.7 fii’

Events/50 GeV

SM: 1.4+0.1ph [N

(u_ 50100 150" 200 250 300 ‘i{) 4{“[} 500 Phys. Rev. Lett. 101, 171803 (2008),

4-lepions mass [GeV/c)]




CDF ZZ—4l update

Require 4 leptons

0+ > 20, 15, 15, 15 GeV
Require |m, — m,| <15 GeV
Require my, < 300 GeV

~ind 4 candidates

Tiny background (0.01 events.)
Normalize to Z— I

Measure:

%20 40 60 80 100 120 140 160 180 200
ms,

P'
[2)]

w

€ : ot ¢
(S S T R N R

olpp— 727) = (1.7 J_rlﬁf?.(amf) + 0.2(syst)) pb

-
llIl'.I'.l.I'.'.|r‘.—|"_|r'£.’.le.-ll'hz'-h.l.J.l_._ll.'l.'J_I]JlJ
20 40 60 80 100 120 140 160 180 200
m,

SM: 1.4+0.1pb

Di-leptons per bin

o

18
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CDF: Jets + MET (WW+WZ+ZZ)

PRL 103 (2009) 091803 Acceptances: 2.5% (WW), 2.6% (WZ), 2.9% (ZZ2)
Expected o (pb) 11.7, 3.6, 1.5

. MET>60 GeV

e =2 hadronic jets, E;>25 GeV, |n| < 2.0 © DSk

« 40< mj; < 160 GeV g?bc:sggﬁusninal

 MET significance > 4
e« AY(MET-jet) > 0.4 rad

o Use tracking-based MET to
constrain QCD MJB model

* Data

EWK

MJB
Uncertainty

120 140 160
Dijet mass (GeV/c”)

I}
c
)
o
©
—_
™
o
—
@
a2
[=
2
w

oc(WW+WZ+Z7Z) =
18.0 + 2.8(stat) £ 2.4(syst) £ 1.1(lumi) pb,
i 16.8+0.5 expected
5.3c significance

Azimuthal angle between MET and nearest jet
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CDF Ivjj (WW-+W2Z)

e Recent paper, PRL 104 (2010) 101801 with two separate
techniques with little statistical overlap with each other or
the jets+MET analysis (only =~ 15%)

— Di-jet mass fit (3.9 fb?)
— Matrix-element technigue with event-probability discriminant

(2.7 fb1) (5.4 )
— Combined result: o(WW+WZ) = 16.0£3.3 pb

— SM expectation: 16.1 £ 0.9 pb.
* Recent updates of both

— Di-jet mass fit (4.3 fb) 18.1+3.3+2.5pb
— ME (4.6 fb'1) 16.5 +3.3 - 3.0 pb



CDF lvj] (WW+WZ) Di-jet Mass

Sample CEM CMUP 4+ CMX

Require MET>25 Ge\/, d|_Jet Pt > 40 GeV. MC W +jets 18010 £ 531 16673 + 182

. MC Z+jets 353 + 42 066 + 115
Leads to reasonably smoothly falling diboson 750 68 651 + 50
background in signal region —and visible | APRRRIE R I

bumps I Total MC + QCD ] 20078
IP0LL 19| 19738 & 111

CDF Run Il Preliminary IL dt =4.30 fo CDF Run Il Preliminary IL dt =4.30 fo

¥2Indf = 40 21/37 |—— Electron Data
: ] W+jets
Il QCD
B Z+ets
Il Top
 Ww+Wz

¥2Indf = 25 61/37 | — Muon Data

Y
o
(=
o

b 2
= =
[+] 1]
O O
=t =
—— .
2} 2
C C
Qo Q
> >
1] I

G=135+4.4+1.9pb 6=235+49+32pb

21
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CDF Ivjj (WW+WZ) ME Technique

CDF Run Il Preliminary, L=4.6 " [IlWW+WZ

: [ W+jets
M;;<55 or M;;>120 GeV & Non-W

MET>40 GeV
Exactly 2 jets, ET>25 GeV, |n|<2.0

Form EPD (basically a LR) from
ME prob. for WW,WZ and W+jets,
single top.

CDF Run Il Preliminary, L=4.6 fb'1

Candidate Events
Events / 0.05

150 200

0.2 0.4 0.6 0.8 1
Event Probability Discriminant



lvij WW-+WZ (DO)

DO, 1.1 v ~+Data
Il Diboson Signal
O W+jets
[ 1ZHets
B Top
[ Multijet

Events / 10 GeV

150 20 250 300
Dijet Mass (GeV)
DO. 1.1 ! —+ Data - Background
[l Diboson Signal
— =1 s.d. on Background

/10 GeV

Events

0.018

0.016

Data-BG-Sig

100 150 200 2 300

250 3 0.014
Dijet Mass (GeV)

0.012

S(WW-+WZ) (pb) = oo

20.2+2.5(stat)+3.6 "'51,.-'5:'} +1.2( Tum )

PRL 102 (2009) 161801.

Use di-jet p; to constrain TGCs
PRD 80, 053012 (2009

DO Run 11, 1.1 fb-! -+ Data

- Diboson Signal
[ W+ets

l:l Ztjets

B Top

[] Muttijet

100 150 200
Dijet p_ (GeV)

m—— Standard Model

Area normalized

100
Hadronic W P,

23



DO lvj] (WW+W2Z) TGC constraints

¥ SU(2)xU(1)

Equal couplings ~ ~2T€V

PRD 80, 053012 (2009)

E (a) D@ Run 11, 1.1 fb-! - (c) DO Run L. 1.1 fbr!
= 02

0.1 B
C 0.1

0.05— L
C N~ C

- 0__ D__

-0.05 0.1
C r % SM

01 * Sh_dl O @ Minimum
- ® Minimum 0.2 68% Contour
- 68% Contour O == 95% Contour

—DIS——QS%Conmur ST S T TN TN N N TN SO TN SO TN SN TR NN TN N Y N NN S G

0.1 -0.05 0.05 0.1

-0.6 -0.4 -0.2

o
=]
[
<
.
=
=3

Ax,
~ 0.15 = I
- (b) D@ Run 11, 1.1 fb-! r D@ Run 1L 1.1 fbr
0.2 :— 0.1 :_
0.1 0.05 -
N — C < 0=
111 ol =
<] C C
- -0.05
0.1 F x sM
- * SM 0.1~ ® Minimum
- @ Minimum F 68% Contour
0.2 685 Contour [ = 95% Contour
OIS = v e .

— 95% Contour
I T T I T T T T T T T T T N T T T Y N I

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Ak,

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
AK
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DO Charged TGC combination

T AR arXiv:0907:4952
Combine 1fb? results

from Wy, WW, WZ,

WW+WLZ. Recent WZ
TN analysis not included.

A — 95% Contou:r
DO Run I1.07-1.1 6! A—ZTGV

I
—
=)
—t

R ¥ S

)

D@ RunIL 0.7-1.1 f&'

2
W

(e/M

W

¥ SU(2)xU(1)

: i'{\iqninunn Equal Coupllngs
== (8% Contour
=9 9‘5% (onlmll L

Y

* SM
* Mimimum

= 68% Contour
[ = 95% Cogtour | . .

1 6 18 ') 2 2 4
Magnetic Dlpole Moment My L (e2M )

Electric Quad. Moment q

)

D@ Run 11,0.7-1.1 fB' D@ Run IT, 0.7-1.1 f*

lx)

G

D@ Run L, 0.7-1.1 f&'

¢

| T I‘I T | T
(e/M?
W W

. * SM
: SM ® Minimum
Minimum == 63% Contour

— 68% Contour [ a0,
- 95% (.‘ulnmur | Tl 95 /" Contou:r el

MEETENT INETE IS AN

Lo ' _ i i 5 2
o1 ‘D08 02 015 01 00) 0 005 01 015 02
Ak

* SM

* Mimimum

== 63% Contour

—QS%C‘oqtou:rl [ B B
18 2 71 77

T[T I T T[T [T T[T 7T
[T T T T[T T[T T[T IT[TTTT]

Electric Quad. Moment q__

Ma gnetlc Dipole Moment ey (e/2M )




Outlook & Summary

o With 8 fb-! per experiment and prospects for doubling the

Integrated luminosity, diboson physics is very much alive and well
at the Tevatron.

— Current data-sets, once fully analyzed and exploited, promise a wealth of
Information on interactions at mass scales in the few-100 GeV range.

— So far all expected di-boson processes have been observed and
measurements are in accord with theoretical predictions — but often with
relatively large statistical errors — so still room for surprises.

Increased statistics, and maturing analysis techniques are leading to

measurements in challenging channels.

— Channels like WW, trileptons, jets+MET and lvjj, test electroweak
Interactions, provide benchmark channels relevant to the Higgs quest, and
also lend themselves to Higgs searches themselves.

In a few years, the LHC hopefully will have many more collisions to sift through
and at a higher energy. For now, p-pbar at 1.96 TeV at L up to 4 x10°2 may not
be that novel — but it sure continues to be fun — and scientifically compelling!

26
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Tevatron Luminosity

Integrated Luminosity History

m Run Il Integrated Luminosity [, ———— ——

==Delivered

- Recorded

Luminosity (/fb)
o
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Detectors

D&J: calorimetry and p coverage
e 2T Solenoid
e trackerto R =52 cm

* Runllb: Layer 0 Silicon.
Upgrades to trigger

CDF: general purpose
e 1.4T Solenoid
* High precision tracker (R = 1.4m)

Both detectors have Si VTX detectors
optimized for b-tagging

Tevatron: 1.7 MHz BX frequency <n;,>
on average = 4 (store start = 10)




Hadron Collider Physics

D@ Run i ly[<0.4 (x32)
0.4<|y|<0.8 (x16)

0.8<|y|<1.2 (x8)
T T LI B 3 - 1.2<|y|<1.6 (x4)
o 1.6<|y|<2.0 (x2)
ot 2.0<|y|<2.4
Tev:atron LHC

proton - (anti)proton cross sections

\s = 1.96 TeV
L=0.70 fo’
Rcone =0.7

— NLO pQCD

+non-perturbative corrections

CTEOG.SMI Ho=p_=p.

_ 50 60 100 200 300 400 600
. (GeV)

cm's

I
Foul(E">100Gev)

events/ sec for » = 10

Physics program depends a lot on being able to
E oja,[(F_rH:-\"thr) 4 | reconstruct jets reliably and requiring leptons to
o, (M=120 Gev)” A/ reduce QCD bkgds. Control lepton-id and trigge

‘ 200 Gev? ® /™ efficiencies using Z — 11 samples.
500 GeV /.

]

All measured cross-sections typically
have 6% normalization uncertainty
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o See slides from M. Martinez talk yesterday.
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/7 — 4]

e Previous CDF result

Candidate leptons M1 I\In 4 lpptun invar 1ant mass
trkp/ e 90.5 GeV/c® 88 eV / :f" 324.8 Ge
trku/pp 91.6 GeV 2 16 9.4 (
ee/pp 93.0 G 2 1"]1 "} (

ee I,:"’,u.,u. .0 . g C
— T If i) — — T I" _l._
pp/ppe 917 GeV /e 55.1 GeV/e

* Yielded 5 candidates
consistent with SM
expectation

e /7 resonance search In
m,;; > 300 GeV region in K
progreSS- 0 50 100 150 700250 300 350 400 450 500

4-leptons mass [Gr:.V/c:]
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