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@ Massive diboson cross sections
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The Tevatron
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e 1987-2011
@ 6.9 km ring
@ pp collisions at /s = 1.96 TeV
@ Peak luminosity 4 x 103?cm™2s71
@ Two experiments: DO and CDF
o Integrated luminosity ~ 10fb~?
» ~ 8,000 WW — llvr events
» ~3002ZZ — III'l"/llvv events
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Physics Motivation w

@ Massive diboson production is
an important test of standard

model predictions
Process o (pb)
ww 11.74+0.7
Wz 35+£0.2
7z 1.4+0.1

@ Dibosons are sensitive to
trilinear and quartic gauge
couplings

@ New physics could appear as
deviations from predicted
diboson cross sections

@ Background to Higgs analyses
and new physics searches
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77— 'y D&

CDF Run Il Preliminary rL dt=9.7"
R I S IS B R

> r * Data

) S [smzz
o Final states: eeee, eeps, ppipefs yoof MFakes
@ Small cross section ;{100;. E
@ Very clean final state =F ]
. . sor . .
@ ZZ production is a background L

for ZH — Zbb, H — ZZ

L n n L L a ety
295720 60 80 100 120 140 160
M, leading P Z [GeV/c’]

e DO: o CDF:

e 4 [ with pt > 15 GeV o 4 [ with pr(f;)) > 20(10) GeV
e My > 30 GeV for both pairs @ Minimize |My — M| for both
e OS pairs for muons pairs: 76 < My 1 < 106 GeV,

@ All eeee pairs considered with 41 < My2 < 141 GeV

no Charge requirement e All Ieptons OS same flavor pairs

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson



Z7 — III'l" Analysis and Result DES

[ DO, L<9.8fb™ —~Data  (a)
b Oz

g @ instrumenal @ Instrumental background:
C [ Migration
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o Fake rate from jet-trigger
events

o Applied to 2/3 lepton + jets

Four-Lepton Invariant Mass (GeV)

Process  Yield(CDF)  Yield(D0) events

7z 9.594+ 155 15.31+1.84 @ DO0: Looser acceptance,
Bkg. 0.06 20.03 1.48+£0.31 separate lepton categories
Data 7 13

o(pp — ZZ) (pb) (')
CDF 0.9970 32 (stat) To 57 (syst)

DO 1.057030 (stat) T3 15 (syst) + 0.06(lumi)
MCFM 1.4+0.1
CDF: PRD 89, 112001 (2014); DO: PRD 88, 032008 (2013)
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O 77 — llvw Selection D>

% MetAx Ag 1
e
e
Hadronic recoil MetTr

Met

~

@ DO: Two OS / of p > 15 GeV

or PT(/1(2)) > 20(10) GeV ° Smxular CDF selectlonA: .
e 60 < my < 120 GeV ° Ef\r = —fr cosA¢(ET,pT) >
30 GeV

o <2 jets with ET > 15 GeV

e No additional isolated jets/EM
clusters/us/ts

o pr >30 GeV, 47 > 5 GeV

o Er/\/(ET) > 3.0 GeV'/?
e 76 < my < 106 GeV
@ No jets with A¢(j, Z) > /2
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77 — llvw Analysis 2 ]

. CDF Run Il preliminary rL =97
T T =Y T T T T T > of - 3
(b)D0 8.6 b 4-Data(uiy) | 8¢ S
: ) 0 107E Ewy  Eww
DZZ sig. .Z bgd. g 1053 BEw-+ets [l zz
g E

Oby - CDF Data

W bgd. []Other bgd. B b
10‘—
10°E
10%E

11
10 20 30 40 50 60 70 80 90 100
pr (GeV)

i g el eleel
156 200
zaxs) [GEV]

DY and WW validated in m,//Ef\rX and e — p control regions
Modeling: Pythia

DO: reweight pl according to RESBOS(DY), POWHEG(VV)

CDF: MCONLO(WW), Baur(W+)

W-jets: data-driven

Neural networks based on kinematic inputs to enhance separation of
signal and background

- L R
0 50 100
-E, cos(A @
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O 77 — llvy Result and Combination LI

: — : :
“0/(g)D0 8.6 b + Data (e'e) T T e ]
35 [Jzzsig. [JZ bgd. i =w;1915 E\ZNZZ E
30 W bgd. [[] Other bgd. R = « Data ]

&8 25

=

2 20

iy
15
10
5
=1 o 1 =z 3

Neural network output

o(pp — 2Z) (pb) (IIvv)
CDF 1.187931(stat) 1037 (sv5t)  Combination of decay modes:
MCFM 1.4 +0.1 . o(pp — ZZ) (pb)

DO? , 1.64 & 0.44(stat) g 15(syst) ~CDF 1.0470 3% (stat+syst)
MCFM?  1.3+0.1 DO 1.321033(stat-+syst)

“For 60 < my < 120 GeV

CDF: PRD 89, 112001 (2014); DO: PRD 85, 112005 (2012)
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Will Parker, UW Madison

-4 Data
[Jwzsig.

[z byd.

[l Other bgd.

20 40 60 80 100 120 140

T (GeV)

e DO:

e Exactly three / (one OS) of
pT > 15 GeV or
pr(h.as3) > 20,15,10 GeV

e 60 < my <120
o £ >20GeV
4] |m3, — mz| > |m// — mz

BNL, October 28", 2014

WZ — Illv Selection

CDF Run Il Preliminary [L:Mm‘

F Wz signal (z-Peak Region): All Jet Bins l[{

Bo(W-Lep., E)

o CDF:

o Exactly three / (one OS) of
pr(l;) > 20,10 GeV

o ET > 25 GeV
e 76 < my < 106

Tevatron Diboson




WZ — Illv Analysis

CDF Run Il Preliminary [Lzraw!
25 (C) D0 8.6 fb -1 -+-Data [ wz signal (z-Peak Region): All Jet Bins B
[Jwz sig. o 1z
20 5 zy
" [z bgd. sl Zi
@ 15 [l Other bga. r wz
2 s ~Data
0 49 r
4
5 j’
%20 40 60 80 100 120 140 160 180 200 105 06 o4 02 0 02 04 06 08

1
NN Output

MY (GeV)
@ Minimal background in signal region: ZZ, Z + jets
e DO: fit to m¥
@ CDF: neural network trained on kinematics and lepton types
o(pp — WZ) (pb) (1llv)

CDF 3.931053 (stat) Lo g (syst) @ TGC limits shown below
MCFM 3,50+ 0.21

Do? 4.50 £ 0.61(stat) "9 32 (syst)

MCFM?#  3.214+0.19 CDF: PRD 86 031104 (2012);

DO: PRD 85 112005 (2012)

?For 60 < my < 120 GeV
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WW — Il DES

CDF Run Il Preliminary I'L =9.71b?
@ 1400 T :
™ D@, 9.7 fo %, Il + E; :\?Va\ll%l 1 o 280 ~Data [mW+ets
% 12000 OzZ+ets ° [ WW(llv) Cross Section WW+y
= r EWZzZ | £ o0 14.0%0.6(stat) “L3(syst) £ 0.8(lumi) pb .btvz
2 1000 EW+ets 3 ¢ L mzz
L r OMultijet 1 @ r DY
L .tf 4 L
F Bkg. syst. 150~ Oww
E ] 100
2009 == . 501~
0 = L
5 -] 2 - -1 - cle v b b b b b b
3-25-2-15-1-050 05 1 15 07" 08 06 04 02 0 02 04 06 08 1
log, (s/b) NN Output

@ Highest-statistics massive diboson process
@ Multiple significant backgrounds

@ Background to - and extension of - H — WW analyses
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WW — llvw Selection DS

Events/0.10 ‘

. n Aoy CDF Run Il Preliminary [L:g.ﬂb"
D@, 9.7 b, ee + Er_gjgnay % 500f OS 0 Jets Wijets 22
Dztets ©  Eww(iv) Cross Section Wy oY
ODiboson < r L1 oww
EW+jets @ 400 wz —-Data
DMultijet 5 r +
B @, F
NBkg. syst. i 300f
200;
100;
0202 06 L o220 _sorzh 80 100 5140 ""Te0
O-jet DY-BDT B SINAR, et o or o) (GV)
e DO: o CDF:
h2
o p;? > 15(10) GeV o Er(pr)h@ > 20(10) GeV
> ee/'u'ui5 GeV (4] ET(pT)/2 > 10 GeV
my > e N
. o -
Cut on anti-DY BDT Cut-based DY rejection
» Veto 80 < my < 99
> el— H: » Require £ transverse to
> p7* > 15(10) GeV nearby object
Cut on Mr(/,#+), M1, » Relaxed for e —
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WW — llvv Analysis - DO

é Sdala 00 0 i de + By § cof moad D, 0710, ee + E g 10 e g, 0.7 e + B, § sdata T 000 7 1) e‘u+ET‘
g 30 Oz+jets S 3 3
8 owz,zz 2 2 8o 2
g g § §
2 e $ g 2
fin) DOMuitijet fin} OMultijet fin) it}
Httbar Htbar 60
EBkg. syst. SBkg. syst.
40|
20|
ob L e of oli= ~ =
[ 02 04 06 08 1 0 02 04 06 08 1 04 06 08 1 ¥ 04 06 08 1
Ojet WW Discriminant 1jet WW Discriminant Ojet WW Discriminant 1jet WW Discriminant
@ Modeling: Pythia(VV), Alpgen
(tt, V+jets), data-driven
b8 0d§ba r T -1 T T b8 ‘dbla r T -1 T T
" 2 120f @ DZ,9.7f" yu+E 3 2 160F g D@, 9.7 b, pp + E.
(multijet) S o ER-De "
§ 100 18
Second f BDT's trained ‘ S
@ Second set o s trainea to & ]

discriminate WW 1

o Additional variables: lepton 5 S5 4 ; »
quahty’ b_tagg|ng 0="02 04 06 08 I 0==02 04 06 08 1

0jet WW Discriminant 1jet WW Discriminant

@ Trained separately for ee, ey,
e, and for 0 and 1 jet events
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WW — llvw Analysis - CDF DS

CDF Run Il Preliminary [L =9.7fb" CDF Run Il Preliminary [L =9.7fb"
0 220F wn E
o EOS 0 Jets ~Data W+ets o 6°: 0OS 1 Jet ~Data W+ets
2 200F ww(iiv) Cross Section mW+y 2 Fww(iw) Cross Section mW+y
2 180F- it 9 50 it
S = Wz S C wz
Lﬁ 160— Lﬁ r .ézy
E 40—
140 m
E F aoww
120 L
£ 30—
100 E
80F- 20 B
60— L
40;— 10}
20— C
E oC | ! |
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I I I I
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NN Output "~ NNOutput

e Modeling: Pythia(tt, DY, VZ), 8 Fosmrm — fLW:::
Alpgen(DY+jets, WW), S mw) cross secon mwy
Baur(W~), E z:: .g’zyz
data-driven(W+jets) b +

@ Neural networks: 0, 1, 2+jets 1{— o8

@ 1l-jet region binned by E7(j1) 1:: 5

@ Veto events with 2-+jets, f“ p e

1 + b—tagS ! o ’ ’ ) NN dulput
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‘ WW — llvw Result DES

D@, 9.7 b Il + E;

Oy —0—13.3+ 1.1 (stat) = 1.1 (syst)
O -+ 11.1+ 0.6 (stat) + 0.6 (syst)

(ol ——  11.5+0.9 (stat) £ 0.7 (syst)
ggombined 11.6 + 0.4 (stat) + 0.6 (syst)

NLO
oo <+ 113%07
Campbell and Ellis, PRD 60, 113006 (1999)

5 10 15 2025
Cross Section (pb)

e DO observed o(pp — WW) = 11.6 + 0.4(stat) £ 0.6(syst)
o Expected(MCFM) o(pp — WW) =11.3+0.7
@ Measured precision equivalent to NLO theory

DO: PRD 88 052006 (2013)
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WW — llvw Result DES

CDF Run Il Preliminary [L:s.ﬂb“
g I WW(llvv) I Data 1
° X ALPGEN prediction | @ Differential cross section
< 10 1. .
F EERRE  --o-ee MC@NLO prediction
I preceren @ Unfolded to
& ] .
g ! 1 hadronic level
st i
gL { N @ Alpgen: fixed order
S 1 o [
° - ]
g ] e MCONLO:
3 JetE; (GeV): ] i
- A S 1 next-to-leading order
Inclusive 0) 1] 27]
Analysis Bins
WW(llvv) Cross Section CDF Run Il Preliminary JL=09.7 bt
o(pb) Uncertainty(pb) o(pb)
Jet Bin Measured Stat. Syst. Lumi. Alpgen MC@NLO
Inclusive 14.0 +06 112 +0.8 11.3+ 1.4 11.7 4 0.9
0 Jets 9.57 +0.40 7082 10556 8.244+1.04 8.62+0.63
1 Jet Inclusive 3.04 +0.46 1% 4018 243+031 24740.18
1jet, 15 < Ey < 25 GeV 1.47 +0.17 Q% +£0.09 1.26+0.16 1.1840.09
1jet, 25 < E7 < 45 GeV 1.09 +0.18 QY +0.06 0774010 0.794+0.06
1jet, E7 > 45 GeV 0.48 +0.15 T4 4003 0404005  0.46 4 0.03
2 or More jets 1.35 +0.30 Q% +008 064008 0.61+0.05

CDF: PRD coming soon

UW Madison October 28“‘, 014 Tevatron Diboson



‘ Diboson Cross Sections Summary w
T -3SS

ocpr(pb) opo(pb) Prediction(pb)  Data(fb—1)
ww 140+16 11.6+0.7 11.7+0.7 9.7
wz 3.9+0.8 - 35+0.2 7.1
wzt - 45+0.6 3.2+0.2 8.6
zz 1.0+£03 13+03 1.440.1 9.7,8.6-9.8

@ Leptonic final states
o WW and ZZ measurements exploit full dataset
@ Consistent with Standard Model predictions

CDF
Obs. Exp. Er(v)
Process o(pb) o(pb) (GeV) |ny| AR, Data(fb™?)
v 123£35 116+03 17,15 1 0.4 95
W(— Iv)y | 18.0+2.8 193+1.4 7 1.1 0.7 1.1
Z(— 1y | 46405 45+03 7 1.1 0.7 1.1-2.0
DO
Obs. Exp. Er(v)
Process o(pb) o(pb) (GeV) |ny| AR, ;. Data(fb~?)
7y 94+04 7.9 18,17 09 0.4 85
W(— )y | 76407 76+02 15 25 0.4 42
Z(— Iy 1.1+0.1 1.1 10 1.1 0.4 6.5

Additional references in backup

160 < my < 120 GeV
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WZ — lllv aTGC Limits DE5

CDF Run Il Preliminary [Ldt=71 ot

(b) D@, L = 8.6 ft + Data
wz

DY 5
I Other bgd.
ZZ7 //// Uncert 4

“A=;00
Ag = Bos :

Events /7.1fb™

Events / Bin(g
]

Cb 20 40 60 80 100120140160180. g5~ om0 300
p!:' (G ev) ZP,/Gevic

@ aTGCs would increase production cross section at high p¥

e Events reweighted according to aTGC simulation

e Fit to p distribution

@ DO: Combination limit described below

aTGC limits from WZ — Illv (A = 2 TeV)

LEP Parameterization Akz A Agf

DO - (—0.077,0.089) (—0.055,0.117)
CDF (-0.39,0.90)  (-0.08,0.10) (-0.08,0.20)
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. WW + WZ — lvjj w

e DO: & (@) D@, L=4.3f +Data
’ > _ Ewv

o Single e(u) with pr >15(20) & [F Sa A2tz Szt

GeV o mTop

[ Multijets

o F+>20 GeV 7 Uncert.
@ 2or 3 jetswith pr >20GeV 10 WL |
@ 55 < mj; <110 GeV 50 100 150 200 250 3
o M > 40— 056 ol (Gev)
@ Reweight pj{- distribution to account for DO WW/WZ — Ivjj

aTGCs Ak,  (-0.27,0.37)

A (-0.075,0.080)

@ Fit SM and aTGC to data
Agf  (-0.071,0.137)

e CDF: Ongoing work on /vjj in backup
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‘ WW — llvy
"“uii Run Il Preliminary [Lzasm’

A
U

Events / 10 GeV/c

N

102

E %QE + Data o N =016

DSMWW g =034
E ]
E ST
F %‘L - § ackgroun a'=0.72
T

T SSSss=—=====m=eee
50 100 150 200 250 300 350 400 450 500
Lepton P, [GeVic]

Previous WW analyses (1.1 — 3.6fb™

aTGC L|m|ts

0,4

0.2r

-0.2F
-0.4r

o

@ D@, 1 b’ 04

0.2
9
-0.2]

-0.4]

®) D@, 1 b’

o
Soaf

-0.2-

-0.4F

702
<
0.1}

-0.1

-0.2]

Limits set by lepton pr likelihood

0402 0 0204
)‘V

Y

-0.4-02 0 02 04
DKy=DK,

Additional eff. x accept. uncertainty as a function of pr(/)

DO0: 2D, combination

aTGC limits from WW — llvv (A =2 TeV)

Ak, A

Agf

DO

(-0.54,0.83) (-0.14,0.18) (-0.14,0.30)
CDF  (-0.57,0.65) (-0.14,0.15) (-0.22,0.30)

Will Parker, UW Madison
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Trilinear Gauge Coupling Limits w

3 D@, L=0.70-86 fb' 93‘.";?,.‘13{& Model N:'“ 0(';'2; Dblb, L=0.70- 8.6 fit 2 ’\sﬂ‘izmﬁm Model @ DO combination
@ —95% Contour Eo® —95% Contour
68% Contour 0.15? 68% Contour e WZ — lllv (86 fb_l)
3
oog @ WW + WZ — lvjj
o (43+ 1171
T Lep 008 gp izati _
o5 opzararge;enzgnono1 62703 A0 03 ozarargelxer Zon 610303 ¢ @ Wy — vy (49 fb 1)
Ky Aky —1
E’" * FDg,L=070-86f" O at_a_ndard Model] ~ 061] D@,L=070-86f" o aﬁﬂmﬂ;ﬁ Model o WW — livy (1 fb )
015 ® Minimum A a i
N S | o S Son o plf, p¥, E7
3 o distributions reweighted
0'0'? o for effects of aTGCs
o -0.0% )
"lOEf LEP parameterizafion ggg: Equal couplings parameterization ° SM and aTGC flt to data
0,06 004 002 0 002 004 006 04005 0005 01 015 ¢ simultaneously in all
A ax samples
WWZ /WW+~ aTGC limits (A = 2 TeV)
WW Wz, W~ A Agi Akz Ak
DO Comb.(8.6 fb—1)  (-0.036,0.044)  (-0.034,0.084) - (-0.158,0.255)
CDF WW(3.6 fbfl) (-0.14,0.15) (-0.22,0.30) - (-0.57,0.65)

CDF WZ(7.1fb~!)  (-0.08,0.10)  (-0.08,0.20)  (-0.39,0.90) -
D0 WW /WZ/ZZ combination comparable to LHC limits

CDF WW: PRL 104, 201801 (2010); CDF WZ: PRD 86, 081104 (2012);
DO Comb.: Phys.Lett B718, 451 (2012)
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’ Trilinear Gauge Coupling Limits w

CDF Run Il Preliminary (4.9 fb") CDF Run Il Preliminary (4.9 fb)
OO Vs IZ, A = 1500 GeV, 1 Z 1 +7 Zovv OO T Vs, L, A = 1500 GeV, y Z5 Il + Y Zowv
0.
st E
) ook )
A , 0.00 ; / /
y 3 Z. //
/V  m— oootl- /£ s p——
E -
/ e = & I
— R—— E — R——
-0.003F
-0]06 -0.'04 -0.‘02 l‘) 0.02 01')4 hz 0.:]5 0.08 .‘)'mﬁ.;]a -0.06 -0.04 -0.02 0.02 0.04 h,y 0.:)5 0.08
3 3
ZZ~/Z~~ aTGC limits (A = 1.5 TeV)
Z A 2
Zy HE, HE, Hy HY,

DO(62fb-1)  (-0. 5260, 026) (-0.0013,0.0013) (-0. 027.0. 027) (-0.0014,0.0014)
CDF(5 fb~1)  (-0.020,0.021)  (-0.0009,0.0009)  (-0.022,0.020)  (-0.0008,0.0008)
77~]2ZZ aTGC limits (A = 1.2 TeV)

24 foa f fou fos
DO(1 fb— 1) (-0.28,0.28) (0. 310, 29) (0. 26,0, 26) (-0.30,0.28)
CDF(1.9 fb~1)  (-0.12,0.12) (-0.13,0.12) (-0.10,0.10) (-0.11,0.11)

CDF Zv: PRL 107 051802 (2011); DO Z~: PRD 85, 052001 (2012);
DO ZZ: PRL 100, 131801 (2008)
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o WW+~vy Quartic Gauge
Coupling (QGC) allowed in
Standard Model

e pp — ppWW

@ Small cross section in Standard
Model: 3 fb - 0.1 events
expected after selection

i1

@ Sensitive to anomalous QGCs
described by a§’, af

o Similar effects expected from

W W
ap’, ac

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson



vy — WW Selection w

10°F

e A
- Data

> W T
i) t D@, 9.7t :
' —Signal
S 1F ge v oo
@ Two OS electrons o 10% E\?\}Elj?tgn
S 10tk Muitijet
o p§ > 15 GeV, p > 10 GV, 5 10'h Bl
Mee > 15 GeV T EDiff. bkg.

XBkg. syst.
@ At least one in central cal.,
other in central or end

o Central jet veto (pr > 20 GeV,
|n| < 2.4) to require EWK

scattering topology ' 200 300 400 500
el
@ Dominant background: Z+jets PT [GeV]

Signal: a¥/ /A2 =5 x 107* GeV~2,
no form factor

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson




WW~~ Analysis w

o Selection BDT against Z/v*+jets based on kinematics - most
significant input: (M7 (ee, ET))

> T T |_ T T T T < T T _| T

o D@, 9.7 b S S 10% pg, 9.7 b :g%tga,
g ee + ¥ OZ+ets € ee +E; OZ+ets
% B 5 Enee”
|2

‘ﬂEJ DMuﬂtuet o DMu tijet
@ bt bkg. Bbit bkg.

NBkg. syst NBkg. syst

2 L
10 0 100 200 300 400 500 600 700 800 04 06 08

M; (ee,E,) [GeV] Final Discriminant

Signal: a§’/A? =5 x 10~* GeV~2, no form factor
e Dominant backgrounds after selection: W /Z+jets, diboson

@ Second BDT for aQGC signal also uses electron reconstruction quality
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WW~~: aQGC L|m|ts

- 0015 — 003
> (D@, 97fb ee+ET > (D, 97fb ee+ET > Dﬂ 9.7, ee+l£T ‘
5‘ .01k A Standard Model B é 001 A Standard Model B &. 002k A Standard Model B
v T 68% C.L. Contour ] v T 151 68% C.L. Contour ] v 11 68% C.L. Contour ]
= 95% C.L. Contour 4 o 95% C.L. Contour 4 =, 95% C.L. Contour 4
©0.005 4 @ooosf 1 © ooif 3
oF \ E of E oF E
-0.005 — 3 00051 3 o0f 3
F No form factor 1 F Ao =1 TeV 1 F Aot = 0.5 TeV 1
0015502 0 0.002 0015552 o 0.002 002 5505 0 0.005
al/A? [GeV?] al/n? [GeV?] alIn? [Gev?)
lag” /A°|
Cutoff Expected upper limit [GeV—2]  Observed upper limit [GeV—?]
No form factor 0.00043 0.00043
AN=1TeV 0.00092 0.00089
A =0.5TeV 0.0025 0.0025
lag’ /|
Cutoff Expected upper limit [GeV~—2]  Observed upper limit [GeV~?]
No form factor 0.0016 0.0015
AN=1TeV 0.0033 0.0033
AN=0.5TeV 0.0090 0.0092

DO: PRD 88, 012005 (2013)

BNL, October 28", 2014
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Conclusion w

@ Massive diboson production: test of Standard Model predictions

@ All SM diboson cross sections have been measured, making use of up
to the full CDF and DO datasets

@ Experimental precision equal to NLO theoretical predictions reached
in high statistics diboson modes

@ Limits have been set on aTGC's and WW~~ coupling
o WW/WZ/W+~ combination limits comparable to LHC

@ All results are consistent with the Standard Model
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Backup
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. ZZ — 4] Systematics

DO
Syst %
Trigger eff. 1
CDF CC/EC e ID 3.7
Syst % ICR E ID 6
Higher Order 2.5 u ID 3.2
PDF 2.7 Instrum. Bkg. 10-50
Luminosity 5.9 tt 20
Lepton ID 3.6 PDF 2.5
Drell-Yan 50 o0(Z2) 7.1
ZZ PT 1-7
ZZmigr. PT 40
Scale 2
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. Z7 — llv NN inputs DES

o CDF NN Inputs DO NN |
t
e pr(h) : pr(h) P
sig T(h
°
T o pr(h)
@ my ° 5
° I !
. pAt;S((//)) @ cost - CM scattering angle
. o Ap(h, Il
e o (my —mgz)/a(my)
o Ap(Er,pT)
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ZZ — llvv CDF Systematics

Source zZ ww wz i DY Wy W+ jets
Theoretical cross section 6 6 10 10
Run-dependence modeling 10
PDF modeling 27 1.9 27 a1l %2
Higher-order amplitudes 5 5 10 5
Luminosity 5.9 59 59 59 o9
Photon conversion modeling 10
Jet-energy scale 2.0 1.6 3.4 53 2.0
Jet-to-lepton misidentification rate 16
Lepton identification efficiency 3 3 3 3
Trigger efficiency 2 2 2 2
DY normalization 10.2
DY mismodeling v
Will Parker, UW Madison BNL, October 281, 2014
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ZZ — llvv DO Systematics w

Nogd Aee Asig Aee/Asig Osig

Linst profile L5 45 52 0.7 1.8
Vertex z profile 1.0 1.3 0.7 0.6 2.5
Z/v* pr 0.0 0.0 0.0 0.0 0.6
Diboson pr 26 0.0 1.8 1.8 3.7

Jet energy scale 1.1 0.8 1.5 0.8 1.8
Jet energy resol. 0.9 0.1 0.1 0.0 1.8
IC jet treatment 0.2 0.2 0.4 0.2 0.6
Jet reconstr. 0.5 0.3 0.0 0.2 0.0
Trkjet reconst. 1.5 00 11 1.2 - K
Electron pp scale 0.4 0.0 0.0 0.0 0.6
Electron pr resol. 1.0 0.1 0.5 0.4 1.8
Electron pr tails 1.0 0.0 0.6 0.6 12
Muon pr scale 0.1 0.0 0.0 0.0 0.0
Muon pr resol. 0.5 0.1 0.5 0.5 0.6
Muon pr tails 0.1 0.1 05 0.4 0.6
Lepton eff. vs pr 0.0 0.0 0.0 0.0 0.6
Lepton eff. vsp 0.0 0.0 0.0 0.0 0.6
W +jets model. 1.9 0.0 0.0 0.0 0.6

W~ model. 3.9 0.0 0.0 0.0 1.8
Systematic 6.0 4.8 6.0 2.6 frail
Statistical — = = — 2740
Stat. & syst. 6.0 4.8 6.0 26 279
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. WZ — Il CDF Systematics DS

Syst %
Lumi 6
PDF 2.1-2.7
HO 10
o 5-7
~ mislD 20
Fake Rate 25
Lep ID 2
Trigger 5.4

Jet modeling 1.2

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson 34/ 28



WZ — Illv DO Systematics

Noga Aee Asig Aee/Asig Osig

Linst profile
Vertex z profile
Z/v*pr

Diboson pr

Jet energy scale
Jet energy resol.
IC jet treatment
Electron prp scale

Electron pr resol.

Electron pr tails
Muon pr scale
Muon pr resol.
Muon pr tails
Track reconstr.
Muon reconstr.

Electron reconstr.
Z[y" +jets model.

Systematic
Statistical
Stat. @ syst.

4.0
1.6
0.0
0.1
6.0
2.2

24
1.3
0.0
0.0
0.1
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.2
0.7
0.3
0.2
0.0

2.9

Will Parker,

Tevatron Diboson



. WZ — llly CDF NN Inputs D5

Only most significant inputs:

fr

AG(W, E7)
o ZET

Lepton flavor combination
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WW — llv CDF Systematics DS

WW(llvr) Cross Section CDF Run Il Preliminary JL=097 fb—1
Uncertainty Source ww wz Y4 tt DY W~ W+jet
Cross Section 6.0% 6.0% 4.3% (0—5.0%")
Acceptance

E 1 Modeling (19.0-26.0% ™)

Higher-order Diagrams 10.0% 10.0% 10.0% ™

tt QCD 2.7%

Conversion Modeling 6.8%

Scale (23.77-3.8%)

PDF Modeling (0.8-1.8%)

Jet Energy Scale (21.57-4.7%) (13.27-6.4%) (13.37-3.5%) (12.97-26.8%) (28.77-10.2%) (22.07-3.5%)

b—tag veto (0.0-3.9%)

Lepton ID Efficiencies 3.8% 3.8% 3.8% 3.8% (0 —3.8%)

Trigger Efficiencies 2.0% 2.0% 2.0% 2.0% (0 — 2.0%)

Jet Fake Rate (17.2-19.0%)
Luminosity 5.9% 5.9% 5.9% 5.9% (0 —5.9%)
* indicates uncorrelated systematic. T indicates anticorrelated systematic.
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. WW — Illvy DO Systematics w

DO
Syst %
o 4-7
Multijet 30
W+jets 15-30
Z+jets 2-15
F+ Modeling  5-19
Shape
JES 4
Jet Res. 0.5
Jet ID 2
Jet Vix. 2
b—tag i2
W-jets Model 10-30
pr(V) Model il

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson



O WW — lluy CDF NN Inputs DES

@ 2+jets:
@ SumEtLeptonsMet
o pr(il+j2)
o 0 Jets: o 1 Jet: ° ET,reI
e SumEtLeptonsMet ] o pr(h)
@ SumEtLeptonsMet s
¢ pri2) o pr(h) ° £
o LRWW o Aplanarity
o my : EE[(T/S/ o AR(I,1)
o Ap(l,1) o AR(L.)) e SumEtLeptonsJets
o M(IILET) .y (”’E ) e cos(Ag(l,em)
o pr(h) oy o Ag(ll, E7)
e E(h) ° pr(h) o SumEtJetsMet
o AR(I,1) o m o my
o pr(h)
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WW — llvv DO BDT Inputs

The following input variables are used for the DY-BDT:

(i) lepton pr

(i) invariant mass of the leptons, My,

(iii) azimuthal opening angle between the two leptons,
Ad(ty, 63)

(iv) separation in 7, ¢ space between the two leptons.

ARy, €0) = yf(ne, = me)* + (be, — b,
(v) minimal transverse mass, M'“‘"
(vi) extended transverse mass, My,
(vii) missing transverse energy, £r
(viii) smallest and largest of the azimuthal angles, A¢
between the £7 and either lepton
(ix) transverse mass of the F; and the dilepton pair,
My (€6, Er) _
(x) special missing transverse energy, £, defined
for object £, which corresponds to either the nearest
lepton or jet in the event relative to the direction of

the E:T:

special _ Er, if Ap(¥r,{)>m/2
o FEr Xsin[A¢(Er, )] otherwise

(xi) jet pr

October 28“‘, 014

UW Madison

(xii) scaled missing transverse energy defined as

Er
STAE® - sing - cosAd (jet, £7)]

Jjets.

Pled —

where AL s a measure of jet energy resolutionand
is proportional to VER the fluctuation in the mea-
surement of jet energy in the transverse plane can be
approximated by the quantity AEI® - singi*t [6]

(xiii) azimuthal angle between the F; and the jets,
Ad(Er. jet)

(xiv) absolute value of the pseudorapidity difference
between the jets, |An(j,, j»)|, where j, and j,
are the two highest-p7 jets in the event

(xv) invariant mass of the two jets, M(jy, j»).

Tevatron Diboson



CDF Run Il Preliminary, L = 8.9 f§

Events/10 GeVic?

=

Dijet-Mass [GeV/cl] o
@ Same topology as WH — bb
@ Small production cross section
@ Substantial backgrounds

o Fr > 20 GeV

o Ml > 40— 05£7

@ Random forest classifier

@ Similar CDF analysis:

@ 2 jets, fit to Mj

Will Parker, UW Madison BNL, October 28", 2014

WZ/ZZ — Ivjj

Events / 0.167

100 pg 4310, 2 btag 5 Rala
o0 =l
+
100 EW/Z+HF
80 - Mur‘;tijets

60 7 Uncert.
40
20

®0102030405060.70809
RF Output

o Single e(u), pr > 15(20) GeV

@ 2-3 jets, pt > 20 GeV

@ Separated by NN b-tags

o(pp — WZ) (pb) (/

CDF(WZ +zZ) 5.173%
DO 3.37%%
MCFM 3.540.3

Tevatron Diboson 41/ 28



€5 w222 = i) DS

%‘0,12:
& 0.1;
. rd . . 0.08-
@ Including a 3" jet improves
0.06; ‘
acceptance by 1/3 o ’
o Exactly three jets, 002" Tl
ET(jlaj2aj3) > 25a 157 15 GeV %% 40. 60 80 100 1"2"01 mj:o[é \9/2%)0
W eV/c
e My > 10(30) GeV for p(e) A R —
o Fr— significance > 1.8 to %OOB;
suppress multijet QCD &
@ Resolution of M(ji,J,2) "
degraded by third jet oo
0.0: :
%20 40 60 80 100 10 II“'""'

M [GeVich]
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WZ/ZZ — Ivjj(j)

:’(Iag sample)

i st vz - ot s

@ Jets ordered by bness(tag) or
Er(notag)

@ Train four neural networks to
select each correct jet
combination

o MJJcoms=(J1 + L,
h+h+ 5 h+ I b+ k)
@ Apply successive cuts to each
distribution to select MJJcoms

Iu i mee]
0 160 180 200
MJJ [GeV/ic?]

Mgy - Yots samplo

Events/5 [GeV]

@ Including 3-jet events with this
technique improves expected
p-value to extract WZ/ZZ
signal from 0.750 to 1.05¢0

sl [ e
00 20 40 60 80 100 120 140 160 180 200
MJJ [GeVicY

CDF: Nucl. Instrum. Meth. A738 (2014)

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson



Additional References

CDF ~+: PRL 110, 101801 (2013)
DO ~~: Phys.Lett B725, 6 (2013)

DO W~: PRL 107, 241803 (2011)
CDF Z~: PRL 107, 051802 (2011)
DO Z~: PRD 85, 052001 (2012)

Will Parker, UW Madison BNL, October 28“‘, 2014 Tevatron Diboson 44/ 28



