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€88 Motivation w

dDiboson production represents an important test
of the EWK sector of the SM

» Sensitive to anomalous gauge boson couplings
» New particles in extensions of the SM

dImportant background to top, Higgs, SUSY

U Proving ground for combined Tevatron
search for low mass Higgs (H ->bb modes)
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 Tevatron: proton-antiproton
collisions at vs=1.96TeV

d Using full dataset (up to~10 fb1)
»~12 fb1 delivered

EM calorimeter

Muon Detectors
Jesus Vizan

Silicon Tracker

Tracking
Chamber
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€88 Diboson Production at Tevatron w
&l

dWW, WZ, and ZZ production are among the
smallest standard model cross sections
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Extremely rare
processes:
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d TeVatron experiments already observed all modes
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§2Diboson at the Tevatron: W/Z + vy
S \\y >y v Ay =2lly  zy sy, vy

E 1
140 D@, 4.2 ib™ v¥/d.of.=46/11| [ DO,62f"' e IyData 1 wvy: photon E; > 100 GeV
—Mor 4 el CDF Run |1, 4.9 fb"
---- Scale uncert. - 1 *
g
g, -
_-_:E ...... J_
[} | =  Zyv—vvy Data !
N | Standard Model Predictio ulalel el
| | | | 1.5¢ 3 [ e he = 0.032 Prediction
"J‘-'H-F:E-L#'E"H*'TH-F“' E - lJI '15- R—— P | - h¢ = 0.0012 Prediction
T L E | I T T
Q|X{TLF-T]') U.ﬁ:f— t t + -i 1 10
] 50 100 150 200 Photon E; (GeV)
> ( 20 1 1 ) pT [GeVic]

>Qi(n,-n) in agreement with SM”> (2012) ~ PRL107,051802 (2011)

f 0.4 <Ak, <0.4,-0.08< ?"T < 0,07"' Oz, xBRI(Z — 1) = 1089 + 40(stat) + 65(syst) fb} Parameter | (A = 1.5 TeV)

: R - SM@NLOGO(Zy)<BRIZ —1)=1096+34fb K7 —0.020. 0.021
» 95% C.L. TGC limits for A = My, > 110 GeV (FSR removal): h? —0,0009. 0.0009
2 TeV 0, xBR(Z — I1)=288 + 15ty + 11isysy fb | 1) ~0.022, 0,020
SM@NLO 0(Zy)<BR(Z »)=294+10f0 K] —0.0008, 0.0008

Cwy «BR(W — Iv)= 7.6+ 0.4stat) + 0.6(syst) pb PTV>1OGeV, AR'Y>0.7, |n Y |<1

SM@NLO o(Wy)xBR(W —1v)=7.6202pp> diff. Cross section (do/dp,Y)> 95% C.L. TGC limits for
E. Y>15GeV, ARY>0.7 in agreement with SM these final states
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> . DATA DQ 12 Z-Peak Region): All Jet Bins ‘ -1 ' '+_ ]
e e 30 h DO 8.6 fb Data (u*u
8103 e =WW - %tZtZCDF 7.1 fb ! () []zzsig. E_ﬂ]Zbgd(. )
X, 252 pbl@ach, wiery MW bgd. [other bd.
010 O Wz+2Z I 2Z — v *
§10 g T e . +
L ' " AT e
e
. TEoN N ol s Ielik_& T Nl Networ O'ft-g“t 1 - -Neurz-:ll network output
0 20 40 60 80 10
» WZ->
> WW-=lvlv > > ZZ-11, wll
> arXiv:1112.2978
> PRL 94, 151801 > a(WZ)=3.9+0'8_0_7pb [hep-ex]
(2005) .
» Set TGZ limits (HISZ> 0(22)=1.44"°35 , ., pb
scheme) '
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€@ Diboson at Tevatron: semileptonic w
s states

4 Difficult to separate WW/WZ due to dijet mass resolution

DO 1.1 fb'l CDF 4.3 fb1
. . -1
5> F N CDF Run Il Preliminary L, = 4.30 fb’' - CDF 3.5fb
s D@, 1.1 16’ - Data - Background o ] S —
s *F Il Diboson Signal E 4000 > Data (4.37) 3 - Daia (35 ) |
~ 200F — *1 s.d. on Background ot w:tgz § F EWK Uncertainty
2 ot E ) £ £ Background
o 100p 5 ?CD o F———— —] Diboson Signal
@ f o =S Top i
oF w 300 Z+ets : :

(@)

@) E
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Phys. Rev. Lett. 102, 161801 (2009) Pt

T s T
P : : A 40 60 80 100 120 140 160
TR LR Dijet mass (GBVICQ)

50 100 150 200
M, (GeV/c?)

» WWIWZS i 3 WW/IWZ-> Ivijj » WW/WZ/ZZ->vvjj

» PRL102, 161801 » prL 104, 101801 » PRL 103, 091803
(2009) evidence  (2010) observation (2009) observation
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» WZ/ZZ ->1lbb, Ivbb, vwbb same final states as most important
channels for low-mass Higgs searches at Tevatron (WH/ZH)

Tevatron Run Il Preliminary H—bb L <9.7 fb”

95% CL Limit/SM
o

L I | I
100 110 120 130

» WZ/WZ~ 4-5 times larger cross .Emé_

section than WH/ZH

Final State |(W/Z)H (115 GeV)| (W/2)Z
lvbb 27 fb 105 fb
llbb 5 fb 24 fb

vvbb 15 fb 73 fb
V(olv)+2 jets, 2 b-tags
%095 pg Runll, Preliminary +Data
120 150 G700E W0 V+hi
my, (GeV/c") 600 +H -"r’c;p
S (] VH (x50)

» WZ/ZZ harder to distinguish from " = '

large irreducible background (WW...) "

100F
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E# 5 Diboson with heavy flavor jets
k Application of b-tagging key to separate WW from WZ/ZZ

> Fix WW/WZ ratio to SM, Fit for WZ/ZZ

> 100:D@4.3 b, 2 b-tag ma LT
o 80F =
¥ -
2 20 +
S oF P
o 20F
:282: | | 1 l\)(xz) :|0263
0 50 100 150 200 250 300
M; (GeV)

> lvtjets
» 0,1, 2-tag channels

\ 4

to PRL)

2.2 (1.2) o observed
(expected) significance

Number of evel
w

arXiv:1112.0536 (submitted »

CDF Run Il Preliminary ( 7.5 I‘b'1)
50

160 180 200
M, (jet1, jet2) Gevic®

lv+jets
1, 2-tag channels

Measure 1.1%0-26 , . X SM
Cross section

1.08 o observed

Evidence when WW
contribution is included

» 1 tag important (W->cs)

>

<L>=5.2 fb"'

2 10* ®-Data [ Jewk ClTer
(] [Mmuttijet  [ww
2 WZ+ZZ
2 10*
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§400:— Ewazz ‘
; I === Standard Model
E 200 g
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3 o +
g F
o | T(ov1)tag
40 60 80 100 120 140 160
(a) Dijet mass [GeV]
» METH+jets
» 0,1, 2-tag channels

A\

Measure 1.1*07 j - X SM
Cross section

1.9(1.7) o observed
(expected) significance
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) _l Diboson with heavy flavor jets w

d Another further step

» Replicate Higgs-low-mass analyses (see Tevatron combination by
Daniela) to search for WZ/ZZ

» 3 main low mass final states: Ivbb, llbb, vwbb

> NEW Tevatron combination

» Require at least 1 b-tagged jet
» Train multivariate discriminants as for Higgs searches
» Some signal contribution from (W->cs, Z—>cc)

e A :

q W< q Zﬂ< EI_ q zﬂ‘< Vv
W ) W | W

» " E.-' '"\\ Hﬂ b

“H° 9 ~L““h"ﬂ< b 3 .
< s 5 b

— b —
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D WZ->1vbb

O Highest cross section

5(V2),,= 4.42 pb w

O High PT muon/electron + 2 or 3 jets + MET
O QCD rejected by use of multivariate techniques

d DO (7.5 fb-1): MVA

O b-Id output used as input of MVA
O o(VZ2)=7.2+2.03(stat)£2.74(syst) pb
O 2.2 o significance, 1.4 o expected

_ V(=lv)+2 jets, 2 b-tags

8,00 D2 Runll, Preliminary + Data
S 700% F B Multijet
S F \s=1.96TeV,L_=7.5fb
8600 — " v
L o W Vahf
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- 5 - ww
: B VZ (x1.6)

400}
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e |
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O CDF (9.4 fb-1): Bayesian Neural
Network discriminant

O Sensitivity improved by use of
new NN tagger (HOBIT)

0 o(V2)=7.78"247, ,c pb
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Evenis

Z1.27-1lbb

c(VZ)s,,= 4.42 pb

70 | owest background, worse statistics

O 2 High PT muon/electrons + 2 or 3 jets
O Fully reconstructed final state: allows to improve Mjj resolution

d DO (7.5 fb-1): Random Forest
d o(VZ)=0.4+2.8 pb
0 0.2 o significance, 1.5 o expected W 0(VZ)=0.7971%% ;74 pb

0

Double Tag

D@ Preliminary, 7.5 fb ™'

0 01 02 03 04 05 06 07 0.8 09 1
VZ RF Output

Event/Bin

d CDF (9.4 fb-1): Combine 4

80

40 §

60 |-

20 |

different NN

CDF Run Il Preliminary 9.4/fb

- Full CDF Fit

|- showing : pu Twodet ThreeJet TT TL Tx LL

1

Diboson Discriminant

« data
ZHIf

15 Z+bb
] D Z+cc

tt
77

1wz

WW
fake Z
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Z.Z->vwvbb

O Large MET + lepton veto + at least 2 jets
O Sensitive to WZ—Ivbb with a missed lepton

O Large MET provides large background regectlon ) o
DF (9.4 fb-1): multijet artificial NN

DO (8.4fb-1): multijet DT + Final Boosted
Decision Tree + Multilayer perceptron
Include b-ID ouput as part of BDT Jd 2or3jets
o(VZ)=6.9+1.3(stat)x1.8(syst) pb Q o(VZ)=2.477257 1 40 Pb
2.8 o significance, 1.9 o expected O Does not make use of HOBIT yet yet
N VzAnaI}'als sample {twn b Ia s) ‘@ gof- T ﬁ-r"b'ie‘s = f"‘“.P:E'se"-'C“"", Se:ﬂf +tSEcV:( (ss)
1! © - WiZ + hf. op . Multije ww
1-45“ gfpﬁﬁ"m'"“” Hun “B“‘h —+ Data g 70— i wzizz - Data — Higgs 115 GeV/c? (x5)
E 400" =_‘:'_E E 6 = [CDF Il Preliminary] J
g 330 -vifﬂm =, - % E
i 20 e 12 8 :
LT ‘f
w - :
303— ,I_, ?— +‘+ _E
20 + E
10i _i
“* Final Discriminant 0 -

0 01 0.2
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0F ~4-Data - Bkgd
100 — Bkgd Uncert.
' . VZ

D0 Combination

700£ D@ Preliminary, 7.5-8.4 iy’ & 4ﬂ1]§ D@ Preliminary, 7.5-8.4 fb'
600 -+ Data - Bkgd 2 300-
5005 — Bkgd Uncert. | H3 200= _|_ +
= . WZ E
400 100=
: C1ZZ ;
3005 i

ey |

All tag bins

Dijet Mass [GeV] 0 010203040506070809
MVA ordered by s/b

DO Note 6260
do(VZ)=5.0+1.6 pb
d Evidence with 3.30, (2.9 o expected)
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o
CDF Combination NEW

G 180 CDF Preliminary, L_ <95 " w00 O ey T - Dt Bt ] B
= 140 Two b-Tagged Jets 2300 f L<95® [ wzszzSignl 3 5

- B r ]
g 12I]:— — Data - Bkgd 2200 = — =ls5d on Ba-:k_._c'_rmnd_: E
o 100 — Ekgd Lncert. F 3 E
8 80E v gl © = ER
g 80 [zz 0 . 15
w4a0E -100 E 1%
20F : ]a

- =200 r Tk

= [ Febrnary 27, 2012 Single+Double Tagged Events J

:_ _BDG'....I._...I....I....I....I....I....I._...'

-20E 4 35 -3 25 2 -15 -1 05 0

_4 D __ 1 1 11 1 | I 11 1 1 I 11 1 | | 11 1 1 | L1 1 1 I 11 1 1 I 1 11 1 ]'DE\- lnis'rb::

0 50 100 150 200 250 300 350 400

Dijet Mass [GeV/c?]

1 CDF Note 10805
1 Compatible with the SM prediction
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Events / 0.0778

Tevatron Combination NEW

600

400

200

-200

-400

do(V2)=4.47 £0.64 £0.73 pb
d Compatible with the SM prediction

1 Evidence with 4.60

d FERMILAB-CONF-12-063-E

NI JIJIIlllll‘lIJllIllJlI\II‘IIl\l\\lJlJ
0 01 02 03 04 05 06 07 08 09

6(VZ)g,,= 4.42 pb

- Tevatron Preliminary, L <9.5 fb”
- 142 b-Tagged Jets

- ~+- Data - Bkgd
- — Bkgd Uncert.
vz

MVA ordered by s/b
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&85 Summary w

d Tevatron sensitive to diboson WW/WZ/ZZ
dEven in some of the most challenging decay modes
Like final states with b-tagged jets
» New Tevatron combination (WW as background)
» 0(VZ)=4.47%0.64(stat.) 073 , ,,(syst.) pb
» 4.6 o evidence for WZ/ZZ with HF jets

» Validates Tevatron Higgs searches in VH
(H—>bb) channels

» Compatible with SM expectations
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Y (2011)

¥« Probe of new physics above some higher energy scale Axp

q e L w 9 w §2€lG: D@ Preliminary, 4.2 fb'
S W Tree-level interferences - » 'daig: backgromnd
. 150— — SM Wy MC
j ' ", ~ between these amplitudes -t AC (ax,=-2, }.,=0) Wy MC
— e g ¥ produces a zero at a k. =i
B P certain 8* (W,incoming q) g :
ﬁw in the Wy rest frame—> dip i !
. . at~-1/3 for Q, (n,-n))
q 4 3 2 1 0 lel.m‘_!i}
ev?y channel pry channel
e Cross section measurement W+ jet 33.9 + 3.7 64.6 + 6.8
« A3 ap leX 1.1+06 2.1+ 0.7
J"_“ fb™ of da_ta Zy — lly 1.8 + 0.3 17.6 + 1.9
« High py . high pr 7. and E; Wy — vy 2.3+03 5.4+ 0.6
7 . . Total background 39.1 3.8 89.7x7.2
. 40D W :
492 ¥y candidates SM Wy prediction 150.9 + 13.8 282.1 +25.4
~ Expected signal: 376 =42 Data 196 363
~ Expected background: 134 £ 9
: — E= iz = o
- 100 from F+jets o (pp — Wy) =15.2 £ 1.6 (stat+syst) pb

Gparo= 16.0 £0.4 pb
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yWW and ZWW TGCs

General Lagrangian has 14 TGC parameters

Assume EM gauge invariance and C and P conservation 005

z
A

-

= ] in the SM
= () 1n the SM

Photon E; spectrum sensitive to anomalous TGCs ¢ Q
- . E - 20 -0.02;—

- DK

> o Probe of new physics above some higher energy scale Ayp

Set 95% CL limats on
anomalous TGCs (Ayp =2 TeV)

004" D2 Preliminary, 4.2 ' —— 1D limits @ 95% C.L.

0.03F w— 2D limits @ 85% C.L.
0.02
0.01
<0

T T T T Tarry o

- D@, 4.2 fb 1 = -0.03
250 215 i
200%_ §10 --------------- e v e ';I: S B G
- Wl |, | ——
150C 80 100120140160180
- Er (GeV) 1D limits: Vary one coupling at a time
100  data - background =
C = SM
sob | by - AC (Ax, = 0.6, A, = -0.13) -0.14 < Ax, <0.15
%2040 60 80 100 120 140 160 180 -0.02 <4, <0.03
E! (GeV)
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yZZ and yyZ TGCs
General Lagrangian has 8 TGC parameters

Assume CP conservation

= h’” h% h' h* =0inthe SM
3 3 4 4
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vy =>lly, vwy (CDF)

([y: photon E;> 50 GeV vvy: photon Er> 100 GeV
I -
. CDE Run II. 5.1 fb 1P CDF Run II, 4.9 it
—i s Fy—/"ly Data L ; g E
- Standard Modal Prediction i 1 .
| Ll | ey h = 0.032 Prediction —4
i f"““'-?r_"'_‘ ------ hZ = 0.0013 Pradiction £ ! -
Y e -
: +_ LLI 10 == + - _:_,_ b =
« Zy-vvy Data - ]
0. Standard Model Pradiction phe.
T—— [LETTIETERTTF TRLTPEEE CCLLTTLT ng = 0.032 Predictlion
E g |- h? = 0.0013 Prediction
1 1 1 T T T
107 107
FhitorEx{Eey) Photon E, (GeV)

* Photon E spectra sensitive to TGCs

e — ¢ Combination of two selections
Parameter (A = 1.2 TeV) (A = 1.5 TeV) —/ly: 5.1 b = x

= - . o :} “\I_ !
"% —0.024. 0.027 —emooozr | = 4y—Hyi 31107, Ey)> 50 Gel

2 < & : ' ;
0 0.0013, 0.0013 0000000 | L 7 sy 4.9 b1 Eo(y)> 100 GeV
hy ~0.026, 0.026 ~0.022, 0.020 |

h} —0.0012. 0.0013 —0.0008, 0.0008 | * Observe 176 candidate events

~ Expected signal: 140 £9
= Small background (mostly cosmic u)
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oc(WZ)=3.9"7¢

BRWZ ->lily (CDF)

sy Event selection:
@ Exactly three leptons (1st with p > 20 GeV and 2nd, 3rd with pr > 10 GeV),

E7 > 25GeV

@ Z-selection, a pair of same flavor, opposite charge leptons with 76 < m;; < 106 GeV
@ ZZ biggest background — Trilepton + track rejection to remove events with a 2nd

Z-boson.

A neural network to separate S from B — Templates are fitted to data using a

binned maximum likelihood fit.

Extract from Z »+ distribution also TGC limits — HISZ scheme= 3 parameters

95% CL limits on TGCs (Z pr spectrum)

A TeV) Az Ayt Akg

Expected L5
Cibserved 1:
7

& (—0.11, 0.12) (—0.12, 0.23) (=058, 0.94)
] (—=0.09; (L11) [(—0.09, 0.22) (=042, 0.99)
)

I':}:| TR | 1'41

A (—0:10, 0.10) (—=0.11, 0.20) {—0.53, 0.86G)

Observed 2.0 (—0.0%, 0.10) (—0.08, 0.20) (—0.39, 0.90)

Events/7.11b"

CODF Run Il Preliminary _[ Ldt=711ib"

—_— L"_A.g‘:_.d.w"_n-

= > =
AT - A - 0 AT - O
e gy = o

RS _A.g:_ O, AxT = 2.0

2w At e AT = 05

PR S T [ T S T s L
q:l S0 100 150 200 250 300
£ P, fGevic

= (stat. )_I_0 4(syst)pb (SM = 3.46 £ 0.21pb)

ui  CDF7.1fb-\ psta [zeets
| Cwz Bz

! Z
129 . B
{ by = 0,90
101 Ay = 0.80
0 - Agh =020
g1 I
! _r\_IE 4
G
[

'.' 1

[
}l
| Vi =000
%:I'—'EL v =028
|

0 50 100 150 200 250 300 350
), March 2012 Zp_ [GeVic]



Do not restrict the offline event selection to events satisfying specific trigger
conditions — analyse all recorded data in order to maximise the event yields
Event selection:
@ Exactly three leptons: 1st with p > 20 (15) GeV and 2nd, 3rd with pr > 15 (10)
GeV

@ Z-selection, a pair of same flavour, opposite charge leptons with 60 < my; < 120
GeV

Likelihood fit to the M+ to extract cross section

Total cross section uncertainty reduced by taking the ratio to Z — ¢¢ and then
multiplying to theory

o(WZ) =4.50 + 0.61(stat.) 03¢ (syst.) pb (SM = 3.46 & 0.21)pb

_rar)(i".f:12{]1 .5652 [hep-ex)]
5 D08.6fb!  4Data
[ |wz sig.
[ Z bgd. o(WZ)=450+ 0.61(5fat.)tg:%g(5yst.) pb

Jl Other bad.

15

10

SM@NLO: 0 =3.21+0.19 pb
(60 < M, < 120 GeV)

c"IJ 20 40 60 B0 100 120 140 160 180 200

MY (GeV)
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» Maximum likelihood fit of
the signal and background
distributions to the data

=, <F ¥ Standard Model
845 - DO[Prelimipary o %
g aE = 5 ® Measurement
E : 55 o — 68% Contour
2 o = N — 95% Contour
oA I
o C
.7 S -
U [ #.-"" hhhhhhhhhh .
ﬂ 2: "1_,;" = "«-._‘*
i - F H‘-u
15— ﬂ/’ > Y N
1 b
=X \ N
ﬂ;i 1 1 ..:““I" 1 I\I [ | T [ | 1 \ 1 |11'| 1 1
0 2 4 6 8 10 12

WZ Cross Section (pb)
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