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» Single top cross section measurement
» Heavy di-boson cross section

» WZ

» ZZ



Single Top Cross Section: Introduction |

LO diagrams
1 s-channel f

Ii\\/

Standard Model prediction:

d gt-channel NLD= 20x03 pb
gs-channel NLCI= 0.90.1 ph

t-channel

""""" 1 1::'+ Vm H+¥ Osingle top NLO™ 2904 pb
| /\ Harris et al., Phys. Rev. D 66, 054024
t_i 1_7 b Vn’r { Sullivan, Phys. Rev. D 70, 114012
associated Pmd“""“;" °.. 729% 04P5 | Most important NLO diagram
Gs+t ~ 04 0-t»::‘;::c pair U d
negligible TN~—"
919 t-channel q’ ‘/V+
(0,~0.3pb) W-g fusion V ,, p—> {
......... W"
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Single Top Cross Section: Why Interesting? |

Production of single top quarks:

® Test of SM prediction

u d
° g ~|V_|* = measurement of V \/
single top th th SIHQIE top
Wt t-channel
® Test of b-quark structure function V> )
(DGLAP evolution) ;
q
® Search for non-SM contributions
7
(W' or H*) . W
q b

® Technical motivation- WH, H — bb

(Same final state,o,, ~ 010, . )
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Single Top: Event Topology |

) s-channelr Wb fusion f}-channe{l{ W-g fusion
. i B W
d h h } ih i 2 b
Leptonic | V
W decay \/ b-jet b-jet f\] b-jet
':=:- -,‘_15‘; ".-,1"‘: .:]

b

jet

b-jet Beset

Signature: Exactly one isolated high P eorp, missing ET, > 2 jets, =2 1b-jet
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Single Top Cross background process |

Apply a QCD-veto  w.LE
(mistags) Wc s

Require at least one jet with a secondary vertex
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Single Top: background estimation |

Diboson-, Z+jets- and
top pair production:

Determined with MC

-\‘-pred — Ttheo * Eept J[ C dt

W +HF jets:

g g
g W +jets normalization
b from data, HF-fraction
ff b

from ALPGEN MC

(calibrated in W+1jet events
with b-tag)

Mistags (W+LF jets)
and QCD:

Determined from
data
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Single Top: events selection |
e 1 Lepton (e or p)

il SecondaryVerten
High p_lepton triggers, s MET
MET+jets trigger (ME, BDT analyses) s
p. > 20 GeV/ & Inj< 2.0 EM- ”””””'UUF:U.S::%M-::;:‘;
> .I'I"'L =81 m-qﬁ#@fi
e Missing E,(MET) o v
MET > 25 GeV

U bet2)
0.5} !II
JETH 38,7 GeV
Ak L1\ b-jet 1
e 2 or 3 jets (hadron level) T e
E;> 20 GeV, [n/< 2.8
: W+2jet W+3jet
e At least one b-tagged jet b e +3Jets
secondary vertex tag s-channel 12+ 6 1412
t-channel 62+ 9 18+ 3
e Z-veto and QCD-veto Total pred. 103 + 15 22 + 5
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Single Top: Analysis Strategy

Full selected data set

EP“? in subsets
of different purity

W + 2 jets W + 3 jets
1 1 1 l
1 tag = 2 tags 1 tag = 2 tags

1 | 1 1

Multivariate methods

Matrix elements Boosted decision tree MNeural networks  Likelihood function

Combined search Separate search
- t- + s-channel = one single-top signal - g ratio is not fixed to SM value

- o ratio is fixed to SM value - Sensitive to new physics processes

- important for ,discovery” OId LF (1.5/fb), NN (1.0/fb) results;
New s-channel meas. (optimized sel., LF)

" Dot 8
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Single Top: Decision Tree example |

Idea: Effective extension of a cut-based analysis

* Use many input variables (20)

* Non-discriminating variables are x>c1

automatically ignored, but don't
degrade the performance

® Optimize series of binary cuts
with training sample

¢ Calculate for each leaf purity
p = s/(s+b)

* Sort events by output purity

* Create series of “boosted™ trees

by reweighting based on value of
misclassification
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Single Top: Cross Section measurement

. CoFflun I memnany, L2210 Idea: Combine many variables into one

S 180 | o e W e o New SR

R qon | M tohemel M Wookoo @ Zrjs Olvoon more powerful discriminant

W

E 0 . . . .

£ 120} H ¢ Binned likelihood function (LEP technique)

100 T

80 | ® Correlations between variables not taken
e

wh advantage of

20 ;I

¢ Use 7-10 variabes .
Fit output

2
= -1 ‘g .
= 10 j'\,?"_'"?'” r &g
5 =g IJH.E'IH . J'H\" i
-2 q- Tr. ] -
10 'rhk_f_.’ 2 fﬂlﬂ bhkqg T hk‘g

0 0.20406 08 1 0 02040608 1

Licran Ly Norm. values Bkg: Wbb,top pair,
i — tchan Wece/We, mistags
< 10 8| — ﬁa:han
IE — whh Thegsan e HJ'_I'_"
=1I:I 2l M :ﬁﬂgs L(z) = ].l.é.:l o (@)

T, . 1 - Thgyaer 810 ¢ Thibge g Thyar  BRG ¢
W L2 e () + 327 TL2T Py ()
0 0.2040608 1
Lychan
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Single Top: Results

Matrix element method Neural networks Likelihood function
COF Run Il Praliminary, L=2 2 fo’ o W+2/3 Jats CDF Il Preliminary 2.2 fi”" CDF Run Il Preliminary, 2.2 b
T T T é’:’: ‘g E 5-1 ' ) Il =-channel
300 == $ E 8 e
£ 250 ] ® g -t
2 0 = = .
I Wl F
%Em “ + - ‘E E =E1f:m
g . : & 2
E 1':I'D lﬁ.‘ O7% 0&F RS 09 08Es 1 Ef. §
50 12 o
g = -
ﬂu 0z 0.4 0.6 0.8 1 0.5 1 a 02 04 OB 08 1
Event Probability Discriminant NN Output L tran 25
,=2.272% pb ,=2.0702 pb o_.,=1.8,; pb
SM prediction:
s [ Boosted decision tree
g c = 29+ 04pb
1L B0 b L 1 9+D.B b S+t
E awl g a +t~ —==-0.7 p
£ i .
O 2} ; Analyses are consistent
e e with each other
N s 6073 BDT2jt
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__ Sirgle Tops Significance |

Cr'OSS S@C'Hon: Significance: Definition of p-value
® Bayesian treatment (flat prior in o...) £ o — g o e
® Binned Likelihood fit including all rate £
and shape systematic uncertainties X
o
Significance definition E
> Perform Pseudo-experiments (PE) -
with and without single top -15!57“:6”-50 A g% 150
fluctuate systematic rate and shape in PE . S
binned likelihood fit for each PE defined via likelihood

> -2In(Q), Q=L(SM o...)/L(6.+=0) «— ratio is the most powerful
criteria to distinguish among
Probability for data to come only two hypothesis

from background
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Single Top Combined Cross Section

Combine ME, NN, LF discriminants as inputs to a neural net (NEAT)

Neuro-Evolution of Augmenting Topologies: designed to optimize the discovery
significance

B oTiane |

COF Run Il Preliminary, L = 2.2 fo (B8 10w CDF Run Il Preliminary, L = 2.2 b

B b Digptan )
- ' Expectad p-value =514 Signal + Background
Observed pvalue = 3.7 o Backgraund erily

=i AV Exp. p-value:
0.00002% (5.10 )
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=k
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Wz
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| LLaahy

Pzeudo-Experdments

=i
=
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=
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Obs. p-value:
0.0094% (3.7 o)

=
=
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---------

L Rpaly 03 PEZ)|ELLUDK
-k —
- a %
o C —— ,
g ] n

% 0102 03 04 0.5 0.6 0.7 0.8 0.9 1 T — o0 50 100
Neural Network Ouiput Test Statistic [-2in(Q)]

Cross section: o o _lower than SM prediction but
SM prediction: St

0..,=2.2°27 pb o ~29+ 04pb consistent with SM prediction
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Single Top Cross Section Results

Tevatron Single Top Summary CﬂmbinEd seq I‘l:h .
Likelihood Functin?’ﬁ. DF 0.9 . +0
(2200 pi) 1.8% g3 Cross section: a . _2 2 D j.' pb
Malrx Eloment cor @ 22+ 08 Exp. p-value: 5. 10 Gbs, 3.7 0
MNeural Metwork: Eﬁ' 20+ 09
(2200 pb) =08
Decision Tree: COF®—— 19+ 08
(2200 pb ¥, nat in combination) =07
Comoington COF @~ 394 07 Wait for more datal
- . &

Die Tree: DO 1.4
Decision Tree 49+ 14
Matrix El t: DO g 16
fgiun_:ﬂ--‘ljemen 4 i 14
Bayesian NN DO 15
fgcﬂjm'j £4i 14
Combination: DO —a T
ff&l;ﬂj o I.i" 'hllT 4:‘””:: .I‘I!J:IE‘ l"'-"ll.hl

| | B i

0 2 4 B
Single Top Production Cross Section (pb)
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Heavy di-boson Production: Introduction

Leading order diagrams :

t-channel s-channel

» (QCD) production : PDF’s, (NLO/LO) k-factors, diboson-p; spectrum.
» (EWK) production : Triple Gauge Couplings predicted by SU(2), ® U(1)y.

« Measuring the production cross sections and kinematics provide a verification of
all these production model ingredients.
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Heavy di-boson Production: Introduction

* Heavy diboson production as a signature of new physics :

:||'.|
W
for H

example

W

n

* Indeed, heavy diboson production is intimately related to Higgs searches:
» WW production is a (quasi-) irreducible background to H—-=WW
» WZ and ZZ production are critical backgrounds to WH & ZH assoc. prod.
» Technically many of the techniques developed for diboson measurements

have applications in Higgs searches. )
» Heavy diboson measurements provide a “standard-candle” *
for the measurement of very small cross sections. @
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Heavy di-boson Production: Analysis |

Decay modes used:

Fully leptonic decay modes  Semi-leptonic decay modes
® small branching ratio ® branching ratio ~10xleptonic
® low background ® background ~1000xleptonic

Donatella Lucchesi 17



Heavy di-boson Production: Techniques

Finding electrons, muons, and neutrinos
~

@ ~ 1000 times more jets
than leptons!

@ hadronic fluctuations
@ decay in flight

@ heavy flavor

o fakes either e or u

@ W~ and Z~ still 100

times bigger hadronic

@ photons convert to calorimeter
et e~ in material

Jet

N
electromagnetic v=F;
calorimeter

@ F+: Measure neutrinos with transverse momentum balance

@ "Missing Transverse Energy”
@ EM and hadronic components measured in calorimeters
@ Corrected for muons

Donatella Lucchesi 18



Heavy di-boson Production: Techniques |

Powerful handle to separate leptons from boson decay from the
products of hadronic processes
Boosted Cone: AR = /A¢?2 + An?

Cone of
) Cone of
AR=04 AR < 0.4
Real Leptons from Boson Decay Fake or Real Leptons in Jet
@ Electrons from converted @ Real leptons in jets from flavor
photons from diboson decays decay (m, K, D, B,...) and
also isolated photon conversions

Cut: non-lepton related energy <10% of the lepton energy in the cone
Donatella Lucchesi 19



_Heavy dicbeson Production: WZ search_|

WZ->828v

Events Selection:

> 3 high Pt leptons: one pair of same flavor.

Opposite sign lepton must be consistent with Z mass
» MET

Main Backgrounds:
Z+Jets, Z+y and 1t

Use Monte Carlo to simulate:
WZ,7ZZ,Zyand tt

Use a combination of data and Monte Carlo to measure Z+Jets
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Heavy di-boson Production: WZ search

CDF Run Il Preliminary _[ Ldt=1.11M" ;
< 100 Y - , CDF Run Il Preliminary f Ldt=1.9fb
. ke rio
& Em,_- o e Signal > 10 gion: Signal .
- .Eaﬂcumunds ® - Data .Z+jetS
> BO O
= : ) Jwz Ozz
2 7o . i =
@ gﬂn({l : P e e
@ G0 i n
® y i g 10
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m >
S a0] L
£
o 30 LowMet 1
:E 20 £ Veto
= 0l h
[} = i - - - !
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CDF Run Il Preliminary j Ldt=1.9fb
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Heavy di-boson Production: WZ result |

Source Expected £ Stat &= Syst &= Lumi
Z+jets 39.35 &= 1.88 £ 7.17 + 0.00
A 0.75 £ 0.01 + 0.09 4= 0.04
Zy 385.31 £ 1.12 + 126.35 £ 23.12
tt 0.05 £ 0.01 + 0.01 4= 0.00
WZ 0.75 £ 0.01 + 0.09 4= 0.05
Total 426.21 £ 2.19 + 126.73 £+ 23.21
Observed 375

4.3715(stat.) &= 0.4(syst. + lumai.)pb
4.3 10 (stat.) 4 0.2(syst.) £ 0.3(lumi.)pb
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Heavy di-boson Production: ZZ search |

@ [wo viable modes

@ // — 4 leptons

@ Very clean
@ Very small BR:
(2 x 0.033)? = 0.0044

@ /7 — v

@ 6 times larger BR:
2 x0.2x(2x0.033)=0.026
@ Several significant
backgrounds
WW, WZ,Drell-Yan
@ Use Matrix Elements to
discriminate signal and
background

@ The strategy is to combine this
Into one result
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_Heavy di-boson Production: ZZ search_ |

Events Selection:

Z->202¢ Z->28w
- 4 high Pt leptons - 2 high Pt leptons
1 lepton pair: 76<M«<106 GeV - MET significance >2.5 GeV"”
1 lepton pair: 40<My<140 GeV - Njet<2 to cut tt
Main Backgrounds: - MET not along leptons
Z+J g’rs: N 3 WW
two jets misidentified as leptons
£ : . r W+je1‘5
v and jets misidentified as leptons
fakes like trackless electrons W7

Use Monte Carlo to simulate:
ZZ and ZyUse a combination of data and MC to measure Z+Jets
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Heavy di-boson Production: ZZ->£0£¢

CDF Run Il Preliminary _[ Ldt=1.9fb"
L o] =] D5y , .
S o 1. | ¥pata Three candidates out of five
T N SEE T pass the mass cuts
| R ¥ :&%ﬂ: '

0] R
201 i
20 40 60 80 100 120 140
M, leading P_Z (GeV/c?)
Candidates without Candidates with
Category a trackless electron a trackless electron
A 1.990 4= 0.013 = 0.210 0.278 & 0.005 4= 0.029
Z+jets 0.01479:989 4- 0.003 0.08215-985 4+ 0.016
Total 2.00410-018 4+ 0.210 0.36017 05 == 0.033
Observed 2 1
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Heavy di-boson Production:

Events / 10 GeV/c?

Signal and background exgec’ra‘ruons
Fit Region
Category | WW WA ZZ tt DY W~ Wjets Total Data
e e 43.7 4.8 5.4 2.7 8.7 24.8 19.3 | 109 +£10 118
e /L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0O + 0 0
oL 33.7 3.7 4.4 2.4 7.0 0.0 2.7 b4 =+ 5 45
e trk 35.3 2.3 2.2 24 3.8 5.9 9.9 62 £+ 5 69
w trk 19.2 1.5 1.5 1.4 1.5 1.1 5.2 31 £+ 3 44
Total 131.8 12.3 13.5 9.0 21.1 31.7 37.1 | 256 +£21 276
CDF Run Il Preliminary [Ldt=1.9m" IR = PZZ [Ldt=19"
| 2z Fit Region . data D Pzz + Pww
0 Ozz Bwy | Pz
so] Owz Dw+jets 0 10°] Ozz  Bwy LR =
] Oww Oby S Owz DOws+jets P P
50] Syst. Uncertainty Lﬁ 5 Oww Ooy : ‘Z‘Z WW
1 107} Nsyst. Uncertainty
10 1
| ———|
. i Fit to extract
N — the p-value and

0;

0O 20 40 60 80 100 120 140 160 180 200
2

M, [GeV/cT]

-35 -3 256 -2 15 -1 -05 O

log, (1-LR) (ZZ, WW bkg)
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Heavy di-boson: ZZ->8888+ZZ->88w |

Combine the two modes:

Test Statistic = Likelihood Ratio
e ZZ floating = test hypothesis (value — cross-section)
@ // fixed to zero = null hypothesis

ts = (—2INLzz fee) — (—2INL77 fived)
10 million pseudo experiments (bin statistics & systematics varied)

# of background experiments with larger ts than data

-value = .
P # pseudo-experiments generated
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Heavy di-boson: ZZ->0888+ZZ->88w |

Probability of Observing a Signal

Significance [/lvry 4 lepton combined

20 0.55 0.82 0.87
30 0.33 0.67 0.75
Sa 0.06 0.34 0.50

Combined Results

lvv  4lepton  Combined
Significance P-Value 0.12 1.1x10™ 5.1x107°
Significance 120 420 4.4 o

Measured 9 4+07(stat + syst.) pb (NLO prediction is 1.4 pb)
Cross-Section |
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coton 1 lepton 2
TEF :’"I ) Central 1
pr = 92 GeV pr =74 GeV

r=

n =-0.6

n=1.2

1
lepton 4
Centraln*
pr = 23 GeV
n=04
lepton 3
Forward p*
—— pr = 35 GeV = |
n=16

mn=90.92 GeV  |£;|=8.7 GeV
my>=83.03 GeV Niets = 0
MHHZ312.4 GEV!"CE



lapton 1
Contral
pr = 123.5 GeV

T = =0.4

A/7ViiIAlVIIA L/UuVViIIVOL

Run=203265 Event=23792931
m1,=91.22 GeV

F+|1=180.5 GeV

Type Pr n @
Centrale 123.5 -0.4 1.0
Centrale 515 -1.1 0.1

PO AV 4



Summary

Tevatron Run I, pp at Vs = 1.96 TeV

,D‘I‘J
{Jets 0in
1P = 2 CDF Preliminary
Heavy Flavar e :OF Fublishad
1#1 - M Theory
7 3
10 1
Lol
10 W
a 7
1 ! -
l'l;"a-: Wy 7+
1 ~10 Ulﬁﬂﬁ Wi t- "ﬂ,z ElllglE Fh.::r s1ciE?
104 | |of magnitude! = 2 TOP __ i
zz rig
1 3 T T Il
- 1
O 3
DE‘ L] L] T T
dogy Mo W' 2 W, 5 WMy We f 2 K Nn,
"".'l--'Jr.g_,,w:hr

M =164
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Next two lessons

- will be for high

statistic sample
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