earch for the Standard Model Higgs Boson
in the WH->/vbb Channel at CDF

¥
r 5||.2 !
wll sl Rl
e
IIIII+I':I -..ll'l"lrrl'lll
[ f |'-|I

Yoshikazu Nagai
(Univ. of Tsukuba)

Contents
e Introduction & Motivation e Analysis Optimization
e Experimental Apparatus e Systematic Uncertainties
e Event Selection e Result

e Background Estimation e Summary



Introduction & Motivation



The Standard Model

THE STANDARD MODEL

Describe matter and interaction Fermions

» 6 kinds of quarks and leptons (fermions)
» 4 kinds of gauge boson mediating Electroweak and
strong force

L)

suojda

The most successful model of the
particle physics so far !!

Motivation SR

{;’;}s The Higgs boson is the only undiscovered
“elementary” particle in the Standard Model
Its discovery will help answer the questions:

» How do fermions/weak bosons acquire the mass?

» How EW symmetry is broken?

The SM can not predict the Higgs boson mass
> Need to be determined by experiment !!

Yoshikazu NAGAI
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Status of SM Higgs boson search

{;:3 Current constraint on the SM Higgs boson

— LEP Il searches exclude: M, <114.4GeV /c?
— Tevatron searches exclude: 162 < M, <166 GeV/c2 :> SM prefers light SM

— Afit to precision electroweak data: Higgs boson !!
M, =87"2GeV/c® M, <157GeV/c?

EI Augus 2008 m, =157 GeV
| Wit aed-
5 % 1 —D0.02758+0.00035 : |
. 1 % % -~ 0.02748£000012 ¢
LEP II eXCIUS|On 4 ] A e el o Dg data 5 —]
NH 3 ) :':
< Z
2 - - Tevatron exclusion
0 | Excluded W Preliminary-
30 100 300

m,, [GeV]

{;:? We focus on the low mass Higgs search with: WH —> IVbb
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Why the WH — lvbb channel?

Low mass region

1

bb

Branching Ratio

0.1p

Focus on Low mass Higgs boson Search
M, <135GeV /c? .
Dominant decay for this regionis: H —> Db 1050 T80 o 160 T80 200

Higgs Mass (GeV/c’)
SM Higgs cross section (HIGLU,V2HV)

Production?

<

[pb]

—

OF

gg — H— bE : Highest cross section @ Tevatron
But, huge QCD background with pE s bb

{;;} qa “SWH —> lvbb : 2nd highest cross section
W — lv requirement: Cleaner signature

0.1F

100 120 140 160 180 200
Yoshikazu NAGAI my (GeV/c?)
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Previous WH->lvbb studies

{;:?lfb'l analysis (published in Phys. Rev. Lett, Phys. Rev. D)
> Use central electron and muon

» Use Secondary Vertex b-tagging algorithm

> Analysis sensitivity @ m,, = 115 GeV: 17 x o(SM) ma/Provement
{“v:gl.be'l analysis (published in Phys. Rev. D)

» Add forward electron

> Employ Jet Probability b-tagging as 2" algorithm 9%

» Employ an artificial neural network discriminator

» Analysis sensitivity @ m, = 115 GeV: 8.7 x g(SM)
{;:32.7fb'1 analysis (published in Phys. Rev. Lett) -

» Add Isolated track
» Analysis sensitivity @ m,, = 115 GeV: 5.8 x (SM)

Yoshikazu NAGAI
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Event Sighature
One high-p; lepton

Large Missing Energy from neutrino (MET)

Two jets derived from b-quark

Analysis Strategy

Trigger event with high-p, lepton trigger or MET based trigger
Select lepton + 2-jets signature

Use 3 b-tagging algorithms (SECVTX, JETPROB, NN)

Apply neural network b-jet energy correction

Use Bayesian neural network discriminant

Use approximately 4.3fb™! of data

Yoshikazu NAGAI
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Experimental Apparatus

— Tevatron collider
— CDF detector



Tevatron Collider

e Proton-antiproton collision at
JS =1.96TeV =

e Currently > 8.0 fb™! of data is delivered, § : e é ~ 4 Tevatron ‘}‘ _

and > 7.0 fb! of data is recorded. <~ MainInjector == =
<o &Recycler =~
e This analysis uses 4.3fb* of data e
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The Collider Detector at Fermilab (CDF)

e General purpose detector placed at the Tevatron
1.1< |n| <3.6 Inl <06 ml<1.1

@\d Calorimeteer Muon {CMU, C@

5 (Central EM Calorimeter (CEM
entral Hadronic Calorimeter {(CHA)
Seoleneid

Wall Hadronic Calerimeter

(WHA)

0
Central Muon Extension
{CMX)

0.6<|n| <1

Tracking Electromagnetic  Hadron Muon
chamber  calorimeter calorimeter  chamber

photons
et
—_
muoens
—_—
- 1N .
i p
—_—
i %
i r/’
) /
Innermost Layer,., =——————Jp ... Outermost Layer Cad ’J:-qr / Barrel Mucn (BMU)
P\ 4 2
0 o \ ¢
Luminesity Counter {CLC) RN &
n = —Intan(=)
:2 Plug Hadronic Calorimeter (PHA) \L =
Intermediate Silicon Layer {ISL) "’f'fpi’n:;-of-Flight (TOF)

Silicon Vertex Detector {(SVX) Central Quter Tracker (COT)

e Data acquisition system consists of three level triggers
» Reduce the data rate while keep physically interesting events 1.7MHz -> 100 Hz
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Event Triggers

{;:? Use high p; lepton trigger and missing transverse energy trigger

* High p; central electron and muon triggers

Central lepton candidate

* High p;forward electron trigger

Forward electron candidate

e MET + jets or MET trigger

Lepton is reconstructed as the isolated track

180

90—

i [deg]
o

High pT electron trigger n
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Event selection

High p; lepton (e/11) or isolated track h
P;>20GeV
Large missing transverse energy
MET > 20 GeV
Two central high energy jets
E.>20GeV, |[n] <2.0
At least one b-tagged jet

-

W boson

selection

Yoshikazu NAGAI
(Univ. of Tsukuba)

Fermilab Seminar
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Why b-tagging?

{;:? b-tagging is very important to improve S/B
S/B ~1/5000 (no b-tag requirement)
S/B ~1/100 (2 b-tagged jet)

" " -1
CDF Run Il Preliminary (4.3 fb™) CDF Run Il Preliminary (4.3 tb™)
B —e— Data
—+— [Data
== I NonW
- = .o [ Zijets
12000 B diboson(WW WZ,7Z) 50— - gllbolscg(W‘u;J,‘.r:Z,ZZ]
B I Single top (t-ch) [0 Single top (t-ch)
[ Single top (s-ch) [E Single top (s-ch]
- 1 (B.7pb) i L1 (B.7pb)
100001 B WicSlo a0l I W-cBic
i . b5 i - RTTAGS
= WslF 0 WalF
—— Higgs (115GeV)= 100 —— Higgs (115GeV)x 10

8000;— WH 115 GeV x 100 ) 302 WH 115 GeV x 10

6000 -
Apply b-tagging?[

10

4000}

2000}

0 50 100 150 200 250 300 350 0 50 100 150 20q_ 250 300
Dijet mass (GeV/c?) Dijet mass (GeV/c?)

Dominant Background:

Dominant Background: \W+LF
W+bb and

Yoshikazu NAGAI

(Univ. of Tsukuba) Fermilab Seminar 14



b-jet tagging algorithm

e Secondary Vertex (SECVTX)
» B-hadron have a long life time:
typically travel a few mm
» Reconstruct secondary vertex Socondary Veriox
displaced from primary vertex
> Employ as the tightest b-tagging

Secondar
do
algorithm in this analysis
Efficiency ~40% | (% frimary vertex
Fake rate ~“1%
O () ——
os; | Tagging efficiency 0.0st| Fake rate
0.5} ; :
: . 0.04}-
0.4} Q ; :
: ] 0.03[F
0.3 : ;
0.2t _ ] 0.02 :
: Loose SecVix [ ]
01 I Tight SecVtx ] 001 =#Ehiesii$x
03040 60 80 100 120 140 160 180 200 020 20 60 80 100 120 140 160 180 200
Yoshikazu NAGAI Jet Et (GeV) . _ Jet Et (GeV)
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b-jet tagging algorithm

e Jet Probability (JETPROB)

» B-hadron have a long life time:
displaced tracks from the primary vertex

» Calculate probability for a jet to come from
the primary vertex

» Uniform for a light flavor or gluon jet.
Peak at O for a jet from heavy flavor decay

> Employ as the 2" tightest b-tagging .-

algorithm

Efficiency ~50%
Fake rate ~“5%

éb-tagged

Prompt Jet

= Charm Jet
Bottom Jet

Yoshikazu NAGAI
(Univ. of Tsukuba)

0.05

JR
Fermilab Seminar

Track 3

Track 1

Secondary Vertex

Track 2

(Track 1 : D 1 is positive signed)
(Track 2 : D2 is negative signed)

(Track 3 : D3 is positive signed)
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b-jet tagging algorithm

Jet

* Neural Network (NN) Oiplacedracks
» Combine parameters of vertices, oo e eyt

tracks, SECVTX, JETPROB, and a muon in Primapyveak ./
jets using an artificial neural network P
» Optimize to separate b-quark jets
from c-quark jets and light flavor jets
» Employ as the loosest b-tagging
algorithm in this analysis

Prompt tracks

Effi C i en cy it ‘l‘ra:',ks Jet JetProb | SecVtx || Softy Prim ary".yertc;,x
~ 40% (non-muon jet) | s o
~ 75% (muon jEt) Ven'imlnﬂ :% :
Fake rate 5-10% Tk '
[ I [ 0.06
[ J SI'IWLNN l] 0.04:—
Yoshikazu NAGAI cormilab Seminar e 0.5 e T
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b-tagging categories
{;:3 Use three standard b-tagging algorithms in CDF tight
» Secondary Vertex b-tagging algorithm (ST) :

> Jet Probability b-tagging algorithm (JP)

» Neural Network b-tagging (NN) loose

{;:} Define 4 independent b-tagging categories
» Two ST-tagged jets (ST+ST) gOOd S/ B

» One ST-tagged jet + One JP-tagged jet (ST+JP)
» One ST-tagged jet + One NN-tagged jet (ST+NN)

» One ST-tagged jet (1-ST) worse S/ B

This optimization is done to maximize the search sensitivity!!

3 lepton categories x 4 b-tagging categories = 12 exclusive categories !

Yoshikazu NAGAI
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Background Estimation
{xg Mistag: falsely b-tagged W+LF jets {“v:} Non-W: QCD multi-jet fake

-> Estimated from data . -> Estimated from data

q b
q g A5
q' >
| Ty .
a M N
q g

v fake
{;:3 W+HF: W+bb, W+cc/c -> Estimated from data and MC

b(c)

q 9
b

M'
{;:; MC: top pair, single top, diboson (WV\\}, WZ, ZZ), Z+jets
-> Estimated from MC using theoretical cross section

b

Yoshikazu NAGAI

F ilab Semi 20
(Univ. of Tsukuba) ermiab seminar



Number of events

Background modeling

Fronw = 0.135 CDF Run Il Preliminary -(4.3 fb™)

2-jet bin

s000L = 2o
= | =§bg”p o W+jets: ALPGEN + PYTHIA
5“"“?‘ i %?,ﬁ?’p( | MC (it and diboson): PYTHIA
sa0a =l MC (single top): MADEVENT+ PYTHIA
3““";_ . | Central electron| MC (Z+jets): ALPGEN + PYTHIA
2000; Non-W: side band data
1000} (loose lepton selection)

60 100 120

Met (GeV)
The normalization of the Non-W and W+jets background

is determined from the Missing transverse Energy
distribution of the Pre b-tagged sample.

20 40

Data/MC agreement is quite well !!

Yoshikazu NAGAI
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Background Estimation
Mistag: falsely b-tagged W+LF jets {“v:} Non-W: QCD multi-jet fake

W+HF: W+bb, W+cc/c
MC Total: top pair, single top, diboson (WW, WZ, ZZ), Z+jets
Event Yield at 4.3fb™

LEEE

ST+ST ST+JP ST+NN 1-ST
Mistag 20.5 +/- 8.9 53.1+/-23.1 77.4 +/- 33.5 834.7 +/- 361.8
W+HF 116.8 +/-32.6 | 115.9+/-29.6 | 61.1+/-23.2 1435.7 +/- 399.8
MC Total 98.1 +/-14.4 95.1 +/-13.9 45.4 +/- 7.7 509.3 +/- 66.0
Non-W QCD 19.2 +/- 8.5 21.8+/-7.9 17.7 +/- 6.8 464.9 +/- 82.4
Total background | 254.6 +/-44.7 | 285.8 +/-55.1 | 201.6 +/-57.6 | 3244.6 +/- 768.9
Observed Events 258 261 204 3160
WH 115 GeV 3.21 2.62 1.22 6.62

Tighter b-tag requirement ~ Looser b-tag requirement
Good S/B or sensitivity Worse S/B or sensitivity

Yoshikazu NAGAI

(Univ. of Tsukuba) Fermilab Seminar 22



Analysis Optimization

{;t? Counting experiment is hopeless due to the large backgrounds
{f;g We employ sophisticated techniques to further improve analysis
sensitivity

— Neural network b-jet energy correction
— Bayesian neural network discriminant

Yoshikazu NAGAI
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b-jet energy correction
* Di-jet invariant mass is the most sensitive variable in WH->|vbb
* We develop Neural Network b-jet energy correction method
Input variables: Jet £, Jet M. (= (P;/P)x M), Jet Raw E, L,,, o(L,y),
SecVtxP, Track Sum P (P, sum of tracks inside the jet), Track Max P;

CDF Run Il Preliminary (4.3 tb™) CDF Run Il Preliminary (4.3 b™)
—e— [ata i D
= Apply NN correction .| m—y
- [ Z+jets - [ Z+ets
50+ I diboson(WW WZ ZZ) - — digsson(WW,WZ,ZZ]
- (] S!ngletop (t-ch) I Single top (tch)
[ ?mgletop (s-ch) = [ Single top (s-ch)
[ tf(e.7pb — (I—
i — \r15+c6pfc] 401 = (6. 7pb)
40— .y
= 0 WelF

—— Higgs (115GeV)= 10

0 50 100 150 200 250 0 Input Units Hidden Units Qutput Unit 0 50 100 150 200 250 300
Dijet mass (GeV/c?) Dijet mass (NN b-jet Energy corrected) (GeV/c?)

* Di-jet invariant mass resolution is improved ~4%

Yoshikazu NAGAI
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Bayesian Neural Network (BNN)

{;:? Separate signal and background using Bayesian Neural Network

BNN inputs M, Ptimbal, M, ;, Q ., xN,.,,, Z(LooseletEt), p;(W), H;

Ptimbal: p-(j1) + p-(j2)+ p(l) - MET  Ht: p,(j1) + p;(j2)+ p(l) + MET 7 input
Loose Jet: 12 GeV < Et < 20 GeV
BNN output

- WH 115GeV
i

- Single top (s-ch)

0.35 = W-+bb
— W+cT
0.3
0.25
0.2

=
AN RERANRARRS RSN RARRARRAN RARI | I

0.15
0.1
Input node Hidden node Output node
0.05
I..l:llllil 111 L 11 111 I| Lt L
00 01 02 03 04 05 06 0.7 08 09 1
BNN output (MH =115)
Yoshikazu NAGAI Fermilab Seminar 25
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Pretag BNN outputs (Control region)

CDF Run Il Preliminary (4.3 tb™)

30000

25000

20000

15000

10000

5000

—e— Data

B NonW

[ Z+jets

BN diboson(WW WZ,Z7)
[ Single top (t-ch)
[ Single top (s-ch)
] t(e.7ph)

B W+cThe

.\ bb

0 weLF

— Higgs (115GeV)= 100

0 0102 03 04 05 06 0.7 0.8

Yoshikazu NAGAI
(Univ. of Tsukuba)

09
BNN output (M = 115)
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CDF Run Il Preliminary (4.3 b™)

—s— Data
8 B NonW
10 T Z+jets
I diboson(WW . WZ Z7)
107 I Single top (tch)
[ Single top (sch)
6 C— ti(.7pb)
10 B WicTic
5 N vy, bb
10 0 w+LF
—— Higgs (115GeV)x 100

0 010203 04 05 06 07 08 09 1
BNN output (MH =115)

Data/MC agreement is quite well !!
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BNN input variables (Signal region)

CDF Run Il Preliminary (4.3 1b™)

50

30

20

10

50

—e— Dafa
I NonW
[ Zjets
I diboson(WW WZ ZZ)
I Single top (t-ch)
[ Single top (s<h)
[ #(B.7pb)

Wi+ctCle
[
[0 WilF
—— Higgs (115GeV)x 10

100 150

200
Dijet mass (NN b-jet Energy corrected) (GeV/c?)

250 300

CDF Run Il Preliminary (4.3 fb™)

CDF Run Il Preliminary (4.3 tb™)

30

20

10

CDF Run Il Preliminary (4.3 1b™)

—+— Data
[ NonW
[ Z+jsts 50
[ diboson(WW WZ 77)
[ Single top (tch)
[ Single top (s-ch)

1 fi(5.7pb) L
B WS — .
— Py aar M Y
0 welF L
—— Higgs (115GeV)x 10 L
30
Pt Imbalance |
2(]_—
+ 10
e e Lol
200 250 300 a

P; Imbalance

CDF Run Il Preliminary (4.3 tb™)

0 10 20 30 40 50 60 70 80 90 10C

Yoshikazu NAGAI
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2loosejetEt

—e— Dafa

I diboson(WW WZ ZZ)
I Single top (t-ch)
[ Single top (s<h)

| — ]

I WecTle
Ry

[0 WilF

—— Higgs (115GeV)x 10

T E;(Loose Jets)

35

30

25

20

15

10

—e— Data
I NonW
B Z+jets
[ diboson{WW,WZ.77)
[ Single top (tch)
Pt(W) [ Single top (sch)
1 4(B.7pb)
B Wictle
.y ob
— T
Higgs

(115GeV)x 10

P(W)
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50 100 150 200 250

—e— Data
I NonW
B Z+jets
[ diboson(WW WZ.77)
[ Single top (tch)
[ Single top (sch)
1 4(B.7pb)
B Wictle
R
— T
Higgs

(115GeV)x 10

maxMivj

300 350 400

CDF Run Il Preliminary (4.3 1™

50 —e— Data
[ I NonW
[ [ Z+jets
B I diboson(WW,WZ,2Z)
i Q X nl [ Singls top (tch]
101 ep [ Single top (s-ch)
r [ i(8.7pb)
3 B WicSic
+ . i bb
i ‘A“*LF(1156 V)% 10
— Higgs eV x
301
20—
10
25 -2 1.5 -1 05 0 05 1 1°5 2
lep lep

CDF Run Il Preliminary (4.3 ib™)

I
—~+

50 100 150 200 250 300 350 400

—e— Dafa

[ NonW

[ Zijets

I diboson(WW WZ.ZZ)
I Single top (t-ch)
[ Single top (s<h)
1 #(B.7pb)

B W+ctlc

. b

0 WLF

—— Higgs (115GeV)x 10
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All lepton combined BNN output (signal region)
{;:3 Open the box !

CDF Run Il Preliminary (4.3 tb™) CDF Run Il Preliminary (4.3 b™) CDF Run Il Preliminary (4.3 b™) CDF Run Il Preliminary (4.3 b™)
r —s— Data 120~ —e— Data 80 —a— Data - —s— Data
r [ NonW B [ Nonw [ Nonw 300 [ NonW
160~ ) Z+jets F [ Z+jets [ Z+jets 3 [ Z+jets
n [ diboson(WW,WZ,72) = I diboson(WW WZ ZZ) I diboson(WW WZ ZZ) r I diboson(WW WZ,ZZ)
F [ Single top (i-ch) 100 [ Single top (t<h) 70 [ Single top (t<h) N [ Single top (tch)
I [ Single top (sch) L [ Single top (sch) [ Single top (sch) | [ Single top (sch)
1401 ) f(.7pb) i = (s 7p5) = (s 7p5) 2501 = i(6.7pb)
+ WicSic L Wictic 60 I Wictic - Wicic
r [ Ry [ RIS [ RIS 3 N W, 0h
120 WilF — 0 Wil 0 WelF + 0 WeelF
L —— Higgs (115GeV)x 10 o —— Higgs (115GeV)x 10 —— Higgs (115GeV)x 10 200 —— Higgs (115GeV)x 10
100 L r
ST+JP ]
o0 ST+ST -

0 01 02 03 04 05 0.6 0.7

0.9 0 01 02 03 04 05 0.6 0.7 0.8
BNN output (M _115)

0.9 0 01 02 03 04 05 06 0.7 0.8 0
BNN output (M _115)

0 01 02 03 04 05 0.6 0.7 0.8 9
BNN output (M _115)

0.9
BNN output (M = 115)

CDF Run Il Preliminary (4.3 b™) CDF Run Il Preliminary (4.3 b™)

CDF Run Il Preliminary (4.3 tb™) CDF Run Il Preliminary (4.3 tb™)
—e— Dt —s— Data Data —+— Data
B NorW I NonW ° o
[ Zjsts [ Z+jets - gqﬂe‘g - gf{l‘i‘:
1 gl‘bor‘su?(wsf,\mlzz) . [ csll‘bo‘sug(wgfﬂmz‘lli [— diﬁm(ww WZ7Z) [ ] diguson(ww WZ77)
[ Single top (tcl [ Single top (tcl = S . B Si c
30 Singls top (s<h 10 20 Single top (s-h) . Sl o (o) 8 Sl top (o)
— 3\(1'5 7_(:’:) = IIW(B 7_5;1) [ (5.7pb) [ fi(8.7pb)
I Wict I Wact iy I Wecs
ST +ST [ o ST+J P [ g ST+ N N — e 1‘ST — R
0 WeLF WalF —v ="
—— Higgs (115GaV)x 10 —— Higgs (115GeV)x 10 p— mgg(ﬁs(;ev;xm p— mg;sp(ﬁssev;xm

01 02 03 04 05 0.6 0.7 0.8 09 0 0102 03 04 05 06 0.7 0.8 09
BNN output (M _115) BNN output (M _115)

0 01 02 03 04 05 06 0.7 a9
BNN ouiput(M _115)

0 01 02 03 04 05 06 0.7 a9
BNN ouiput(M _115)

No significant excess observed
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Systematic Uncertainties



Systematic Uncertainties on Signal Acceptance

— Lepton identification: The difference of ID efficiency between data and MC
— Trigger efficiency: The uncertainties of trigger efficiency

— Initial/Final state radiation (ISR/FSR): The difference between higher and
lower ISR/FSR MC samples

— Jet Energy Scale (JES): Estimated by JES % 10 shift from default value

— Parton distribution function (PDF): The difference among various PDFs
(Estimated from MC)

— b-tagging: The difference of b-tagging efficiency between data and MC

e Systematic uncertainties N
h-tagging category Lepton ID Trigger ISR/FSR/PDF JES /i,r-ta ggm;é\ Total
1-ST 2% < 1% 3.0% 2.3% | 43% 6.1%
ST+ST 2% < 1% 4.9% 2.0% 8.6% 10.3%
ST+IP 2% < 1% 4.9% 2.8% 5.1% 10.1%
ST+NN 2% < 1% 1.7% 22% 13.6% 15.9%
N

e Luminosity uncertainty 6%



Yoshikazu NAGAI
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Limit Calculation

* We do not observe any significant excess

e Set 95% C.L. limit using binned likelihood technique
e |tis applied to BNN distributions.
Binned Likelihood technique

et \
(0/osg) = / [ H ?35.1 HG(:\';L.__J_%)
ic bins k=1 Bkg
X G(NwH,ONy ) ANkdNwH. pi=>_ fF N+ {770 e Loowp im)

k=1

where, N. is the number of observed data in each bin

N,, Number of background for each process,
fis fraction for each bin, Lis integrated luminosity, € is signal acceptance

Likelihood for 12 exclusive categories
(3 lepton categories and 4 b-tagging categories)

Yoshikazu NAGAI
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Limit Calculation
« Combined likelihood

L({Tf”m} = H L({T_x'fffm ST_ST):‘ X L(”f”&hi ST+IP);
ic leptons

X L(0 /04y STHNN); x L(o/og|1 — ST);

* 95% confidence level upper limit

Likelihood
3, ] (=]
—|—V_|_|_|_

" L(a)da 4
0.95==2 — Set X
; L(a)da 3

95% C.L. upper limit

n

1 2 3 4 5 6 7 8 9 10
o(pPp— WH)xBR(H—> bb) (pb)




Final Result

CDF Run Il Preliminary (4.3 tb™)

=
g {;& 4 b-tagglng categories
E1C°E o oueenesini T SIS St St _
4 [ ExpeotedLimi SO SO SISO N {;:? Bayes|an Neural Network
O [ Psewobperimentzia o0 A
E = Pssuda-Expariment £ 20 ... boooeeesees . - % 4.3fb'1 Of data
10 ZEEZEEEEEEEEEEEEE:EEEEE?**"' SRR Expected upper limit
B S 4.0 x o(SM) (m, =115 GeV)
""" Observed upper limit
] | 5 . Standard Model
100 110 120 130 140 150 5.3 x ¢(SM) (m, =115 GeV)
Higgs Mass (GeV/c?) H
100 105 110 115 120 125 130 135 140 145 150
Expected 2.8 3.1 3.5 4.0 4.6 6.0 7.4 10.0 | 141 | 21.8 | 33.7
Observed | 4.0 4.5 5.0 5.3 4.9 7.0 7.5 11.8 | 15.7 | 25.0 | 37.6




Final result

{;:? 2.7fb ! analysis (published in Phys. Rev. Lett)
» Add Isolated track
Improvement
» Analysis sensitivity @ m,, = 115 GeV: 5.8 x (SM) \

{xg 4.3fb 1 analysis (This result)
» Employ Neural Network b-tagging algorithm
> Develop Neural Network b-jet energy correction 31%

» Implement unused trigger data
» Improve Bayesian Neural Network discriminator
» Analysis sensitivity @ m,, = 115 GeV: 4.0 x ¢(SM)

Significant improvement from 2.7fb! !!

Yoshikazu NAGAI
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CDF Combination

CDF Run Il Preliminary, L=2.0-4.8 fbo™

-
-

-

E III|IIII|IIII|IIII|IIII‘III\|IIII|IIII|IIII|IIII
) - ———  WH+ZH=jjbb 2.0 b Obs ———  WH+ZH—bbMET 3.6 fb™' Obs -
= 3 LEP ... WH:+ZHojjbb 200 Exp  -==== WH+ZH—bbMET 3.6 fb™* Exp
=10 " | Excl ——  H-11201b" Obs (; WHIvbb 4.3 1b ' Obs >
g & BEEErrry Ho1t 20" Exp  ———oo--- WHslvbb 43 b Exp
- L ———  ZH >llbb4.11b" Obs ———  HOWWlowMIl 481" Obs
J . ===== —> - P  ===== — ow| . xp ]
ZH—lbb 41 b1 E H—WW lowMIl 4.8 b E
O L 2 ———  HoWWSS481b" Obs |
----- H->WW SS 4.8 b Exp
\0 > 1
o 2 . ———  HoWWO0S438fb " Obs
g‘; 10 = 20 ..
E ’ == Combined Obs Pt -

Combined Exp _ .~

H—WW 0S 4.8 b Exp =

10

This analysis

—
1

009

ol g Nove

100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)

Single most sensitive analysis at the low mass region !
Combined channels
WH->lvbb, VH->MET+bb, ZH->lIbb, H->WW->|vlv VH->jjbb, H->tT + 2jets

Yoshikazu NAGAI
(Univ. of Tsukuba)

mber 6,
L1 1 |
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Tevatron Combination

Tevatron Run Il Prellmlnary, L=2.0-5.4 fb™
||| '

4 ____Tevatron
% Exclusion

Expected
Observed

-+25 Expected ----- S

95% CL Limit/SM

1
f 1 é L F Nowr-mbers ?009
100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c )

e M, =162 — 166 GeV/c? is excluded at the 95% C.L.
e Observed (expected) upper limit @ 115 GeV/c?: 2.7 (1.8) x o(SM)
e Observed (expected) upper limit @ 165 GeV/c?: 0.9 (0.9) x o(SM)

Yoshikazu NAGAI

(Univ. of Tsukuba) Fermilab Seminar 37



Future Expectation

2xCDF Preliminary Projection, m_ =115 GeV

2xCDF Preliminary Projection, m_ =160 GeV

Summer 2005
Summer 2006
Summer 2007
January 2008
December 2008 _
November 2009 e

Summer 2004
Summer 2005
Summer 2007
January 2008
December 2008 @
March 2009 ...
November 2009

|, With Improvements,

| With Improvements

Expected Limit/SM
Expected Limit/SM

SM=1 ~_ é —
0o 2 4 6 _8_ 10 12 __14 : ' ———
Integrated Luminosity/Experiment (fb™) 0 2 IntggratedGLumingsity/Elgerim;ﬁt (fb"1)4
e Tevatron plan to run through 2011 -> expected > 10fb! of data
e We can reach to the SM sensitivity even at the M, = 115 GeV/c?
e With improvements, we can achieve earlier Higgs discovery!
Yoshikazu NAGAI Fermilab Seminar 38
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What we can do next?

General

% Analyze large data set, Tevatron is performing really well !
-> For this summer, | plan to analyze ~6.0fb-! of data

% Analyze new channel not included for the combination so far
-> ggH -> WW -> lvjj, VH -> VWW -> lvijjjj, etc ...

WH-> Ivbb

% Add 3-jet bin channel to gain the signal acceptance
-> Estimated signal acceptance increase is > 15 %

% Loosen lepton and b-tagging requirement
-> Expect some acceptance gain

% Re-optimize the analysis techniques
-> To further improve analysis sensitivity

Yoshikazu NAGAI

(Univ. of Tsukuba) Fermilab Seminar
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Summary

We have performed search for the SM Higgs boson using
the pE —>W*H — Ivbb channel with 4.8fb! of CDF data
We employ sophisticated multivariate technique:

Bayesian Neural Network
We get the significant improvement from previous analysis
We do not observed significant excesses
We observed the 95% C.L. upper limit @ m, = 115 GeV:
5.3 x 5(SM) (observed) 4.0 x oc(SM) (expected)

Tevatron can reach the Standard Model sensitivity with > 10fb!
of data, even at the low mass region.



Yoshikazu NAGAI
(Univ. of Tsukuba)

Backup

Fermilab Seminar

41



Higgs Mechanism

* Introduce Higgs potential to give mass to W/Z boson with keeping
gauge invariance in Electroweak theory via Spontaneous symmetry
breaking

* Higgs potential : V () = u2¢T¢ + /1(¢T¢)2
(5)-H (0
#° ) ~N2\¢°+ig

SSB 5 — 1 (O
weak boson mass - 2\ V

my, = %vg =80.4 GeV

g, g’ are coupling Spontaneous symmetry breaking

SSB
m, :%V1/92+g’2 constant ( )

v~ 246 GeV
=91.2GeV

Higgs mass

Higgs boson mass is not predicted by SM
m, =~24v =77 =» It needs to determine by experiments



Tracking system

Reconstruct trajectory of charged particles and measure their momenta

Silicon vertex detector (LOO, SVX I, ISL) (|n| < 2.0)

— Typical spa:ciz‘a;ll, resolution in x-y plane is: 25— 100 um J——

i q oy \Layer 00
oo —— | 7'_‘;/ r-zview Xx-yview
'\ e
-
Port Cards \.___LL_/‘ ‘/\i‘{'
A/ /-
:ﬁj: e _a NS L
{ :_...__”4—;.‘4/’/_..-—"'?1;,- T SVX I
= (Layer 00) 64 cm
20 em CDF Tracking Volume
Central Outer Tracker (COT) (|n] <1.0) 1 i

%
’/

— Cylindrical drift chamber - :
o, . . 1.0 = % % - = 2.0
— Position resolution is 140 um : :
5 E g
% % -na=
Yoshikazu NAGAI Fermilab Seminar e wmrenmem}ne _ : o s

(Univ. of Tsukuba) 5 LAYERS SILICON LAYERS



Trigger

e Collision occurs every 396 ns (actual collision rate is ~¥1.7MHz)

-> Too high rate to record every events in disk

-> Need to discard the most events while keep interesting events

Dataflow of CDF "Deadtimeless™
Trigger and DAG

e Three level trigger system:
> L1: 1.7MHz -> 40kHz
> L2: 40kHz -> 400Hz

> L3: 400Hz -> 100Hz = 3w
e Our analysis uses High-p; lepton trigger - o
. : e (200 |
and Missing E trigger |
Central lepton Plug electron oranmer [T
e CEM (4.31/fb)  MET_PEM (4.31/fb)

. CMUP (4.31/fb) Isolated track o
e CMX (4.26/fb) « MET2J (3.95/fb)
e MET45 (4.17/fb)

Fermilab Seminar 44
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b-jet tagging algorlthm (NN)

e Distinguish b-jet from light or charm -1

flavor jet N Boa|

e Consist of vertexing algorithm and three V

neural networks -_

Algorithm

eReconstruct vertices inside the Jet using T

primary vertex and track information .

-0.5 o o0.s
NN ocoutput

e Distinguish reconstructed vertices from:
primary vertex, true displaced vertex

originating from a long-lived particle, or \"‘"‘“_‘““ |
fake displaced vertex. vemmlm«

Trac! Iml\ll\l

T
Veray Tracks Jet JetProb SecVix Softp

e Recover tracks which are not associated
with a vertex but from real B-hadron decay/ " ‘?

e Combine every information and separate
b-jets from c-jets or light-jets

S
e Define output > 0.0 as b-tagged jet Eff'c'ency 40%
Yoshikazu NAGAI : : MlStag rate 5'10%
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Event Selection (Isolated track)

e We use MET2J, META45 trigger parallel
If given event require jetl, jet2 E;>25GeV, |n;; orn;,| <0.9, AR(j1-j2) > 1.0

> We consider this as MET2J region event

If given event fail jetl, jet2 E;> 25GeV, |nj1 or nj2| <0.9, AR(j1-j2) > 1.0

WH (115GeV) signal yield at 4.3/fb

> We consider this as MET45 region event

m,, STST STJP STNN 1-ST
MET2J only 0.59 0.42 0.22 0.94
MET2J + MET45 0.70 0.52 0.27 1.31
Signal gain 18.6% 19.2% 18.5% 39.4%

We largely improve signal acceptance for Isolated track events!!

Yoshikazu NAGAI
(Univ. of Tsukuba)
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Background Estimation Overview

Start from the W+jets data before J‘
b-tagging (pretag) /7 NM{L { Z i< J
Estimate MC-based backgrounds

Pretag
Estimate pretag W+jet yield and ‘|:NN0HI'I’ — .f;mnﬁ’NDam

-W QCD . Pretag

non Q NI*I" T NDam o NHGHW o NM’C

Multiply by heavy flavor fraction i

and b-tagging efficiency to get > NWtalg = N,, F Ké‘btag

W+HF i

Subtract W+HF from pretag and A7btag _ pyNegarive Tag Ny — Ny

estimate mistag (W+LF) —> V. ~ 4V Dara \ Pretag
Data

Estimate b-tagged backgrounds
from MC-based and non-W i N‘i’;‘:’ — LZ 0.6.&,, . JI Ldt
backgrounds ~d ;- }

btag  _ btag
NNG}:H" _ fﬂmrﬁ"N

Data

—



Neural Network

e Neural Network architecture (3 layer) Output node:
Linear combination
@ of hidden nodes
H
fl@) = b+ _Zl@hj(w)
_ J—
@ @ weight determined by training

Training is performed to minimize
\ V; error function

1
Input Units Hidden Units Output Unit E — E ( f (X) T
Hidden nodes: Each is a

sigmoid dependent on
the input variables

target value:
1 -> signal, 0->background

1 I
hj (X) = sigmoid function
1+ exp( Z‘EJ)X ) f(x)= ﬁ
Yoshikazu NAGAI 1+ eXp( X) _/
(Univ. of Weight determlned by training Fermilab seminar x 48




Bavesian Neural Network

e Bayesian idea:
» Rather than finding one value for each weight, determine the posterior
probability for each weight

e Form many networks by sampling from the posterior

P(F(x™ DY x™ (x®,w®),.... (x™,w™))

= [awP(f (™) | X", W) x P(w] X2, (x, £ (x¥)),..., (x“", (<))

if training is ideal:
signal (t=1) -> f(x) = 1, background (t=0) - >S\} -f(x))

P10 W), (7 W) = ] £ (= F (x))

Final estimation is given by the weighted average:

f (Xll (tl’ Xl)""’(tn’xn)) :J. f (XI W) p(Wl (tl’ Xl)’ n’ n))
Yoshikazu NAGAI Zb Sem 4o

(Univ. of Tsukuba)




Higgs signal acceptance

e Expected number of signal is calculated as follows:

N —1ovh = €w it £ - 0(pp — WH) -Br(H — bb)

‘WH—wbb = €Z0 " €trig * €leptonid - F%{I%afubb Z Br(lW — lv)
. . [=e,pu,7
* Each category is exclusive
m, =115 GeV/c?
1-ST Tag ST+JP Tag
CEM 2.68 | CEM 1.07 |
PHX 0.53 PHX 0.20
CMUP 1.39 CMUP 0.56
CMX oo [~ 6:62 CMX 026 [ 2.62
IsoTrk(MET27) 0.95 IsoTrk(MET27) 0.43
IsoTrk(MET45) 038 _ IsoTrk(MET45) 0.11 _
ST+ST Tag ST+NN Tag
CEM 1.25 CEM 0.48
PHX 0.26 PHX 0.10
CMUP 0.66 | CMUP 026 |
CMX 0.33 3.21 CMX 0.12 1.22
IsoTrk(MET2T) 0.60 IsoTrk(MET2T) 0.21
IsoTrk(MET45) 0.11 _ IsoTrk(MET45) 0.05 _

Yoshikazy NAGAI

wniv. ot tOTRI expected number &f$igméal: 13.7 event
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Systematic Uncertainties

Central
b-taggmg category LeptonID Trigger ISR/FSR/PDF JES  b-tagging Total
1-ST 2% < 1% 3.0% 2.3% 4.3% 6.1%
ST+ST 2% < 1% 49% 2.0% 8.6% 10.3%
ST+IP 2% < 1% 4.9% 2.8% 8.1% 10.1%
ST+NN 2% < 1% T.7% 22% 13.6% 15.9%
PHX
b-tagging category LeptonID Trigger ISR/FSR/PDF JES  b-tagging  Total
1-ST 2% < 1% 5.7% 2.9% 4.3% 5.0%
ST+ST 2% < 1% T.7% 2.4% 8.6% 12 0%
ST+IP 2% < 1% 4.5% 3.9% 8.1% 10.3%
ST+NN 2% < 1% 12.9% 6.7% 13.6% 20.0%
IsoTrk
b-tagging category IsoTrtk Reco Tngger ISR/FSR/PDF JES  [b-tagging  Total
1-ST 8.85% 2% 8.4% 4.7% 4.3% 13.9%
ST+ST 8.85% 2% 7.1% 1.7% 8.6% 14 5%
STHIP 8§.85% 2% 6.4% 2.4% 8.1% 14.0%
ST+NN 8.85% 2% 19.5% 1.9% 13.6% 255%

Yoshikazu NAGAI
(Univ. of Tsukuba)
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Pretag non-W and W+jets Estimation

CDF Run Il Preliminary (4.3 fb™)

400

Fronw = 0.135 Fonw = 0.053 CDF Run Il Preliminary (4.3 fb™) Fruonw = 0.060 CDF Run Il Preliminary (4.3 fb™)
N F . . =
= B 24et bin @ 3000¢ 24et bin 2 B 24et bin
9 - * Data = L . S 2000 .
> 6000 I Z+jets g - c [ 33-1:15 g L [ giﬁ;s
= B Diboson . MUP mmo» 2 1800F B Db
E L CEM I Single top (t-ch) E 25007 [ S;ngfeopop (tch) E o CMX [ S;ng\seotrnljp (tch)
3 5000 [ Single top (s-ch) .8 N [ Single top (s-ch) _8 1600 [ Single top (s-ch)
= r L_Ji(6.7pb) C [ f(6.7pb) CJ (6.7pb)
= L B W.cTic g - Wictle g Wit/
Z - B .05 = - - o > 1400 — +ctle
4000 = Wilight C Wbb Wabb
C +Lig I W+Light I W+Light
- N NonwW L B NonW 1200 I NonW
3000 - 1000
20001 o
1000
60 80 100 120 80 100  12( 80 100 120
Met (GeV) Met (GeV) Met (GeV)
Fuony = 0.291 CDF Run Il Preliminary (4.3 fb™) Fronw = 0.202 CDF Run Il Preliminary (4.3 fb™) Frionw = 0219 CDF Run Il Preliminary (4.3 fb™)
@ 2ot bin £ i 2-jet bin 2 12007 2-jet bin
c . @ L * Data @ L * Data
g == gﬁ;s a 1200_ ISOTrk I Z+jets a L I T k I Z+ets
f_’ B Diboson 5 L I Diboson S 1000 solir I Diboson
° B Single top (tch) = - MET2)J I Single top (tch) - L [ Single top (t-ch)
= ‘ ) 2 1000~ ( ) [ Single top (s-ch) 2 L+ M ET45 [ Single top (s-ch)
g E g(\gg:\re gt;p (s-ch) 2 L : [ t(6.7pb) £ I ] fi(6.7pb)
E [ | W+;:Ep.v’c 3 B :.._‘ B w.ctic 3 800 -+--'+'-':_“‘ B W ctic
= [ RYVNAS = L : B\, b5 = Food + 0
= Wiligh 800 -+ 0 WLight L4 I WLight
ght r ; B NonW : B Nonw
I NorW - e en 600 on

200

12( 0 120
Met (GeV)

100
Met (GeV)

80 100 120

(Un#9 of T40uba®o
Met (GeV)



Number of events

Number of events

Fryonw = 0.152

CDF Run Il Preliminary (4.3 b™)

240
220
200

120

=&

Fryonw = 0.247

CEM

2-jet bin
* Data

I NonW

I Z+jets

I Diboson

I Single top (t-ch)

[0 Single top (s-ch)

I (6 7pb)
Wi+ctlc

B . bb

[ Mistag

80 100

Met (GeV)

CDF Run Il Preliminary (4.3 b™)

(Univ. of Tsukuba)

2-jet bin
* Data
0 Nonw
I Z+jets
I Diboson
[ Single top (t-ch)
[ Single top (s-ch)

0 Mistag

Met (GeV)

12(

Non-W fit (1-ST)

Number of events

Number of events

12

100

Fronw = 0.058

CDF Run Il Preliminary (4.3 fb™)

Fryonw = 0.19D

cMup

‘Lﬁ

2-jet bin
* Data

B NonW

I Z+jets

I Diboson

I Single top (t-ch)

[0 Single top (s-ch)

I (6 7pb)
Wi+ctlc

B . bb

[ Mistag

100 120
Met (GeV)

80

CDF Run Il Preliminary (4.3 b™)

IsoTrk
(MET2J)

20

Fe%omilab%]eming?

2-jet bin
* Data
0 Nonw
I Z+jets
I Diboson
I Single top (t-ch)
[ Single top (s-ch)

100 120
Met (GeV)

Number of events

Number of events

Fronw = 0.063

CDF Run Il Preliminary (4.3 b™)

35

30

25

20

15

10

Fryonw = 0.205

CMX
|

CDF Runll

2-jet bin
* Data

B NonW

I Z+jets

I Diboson

I Single top (t-ch)

[ Single top (s-ch)

I (6. 7pb)
Wi+ctlc

B\, bb

[ Mistag

100 120
Met (GeV)

Preliminary (4.3 b™)

L B B

IsoTrk
(MET45)

2-jet bin
* Data
0 Nonw
0 Z+jets
I Diboson
I Single top (t-ch)
[ Single top (s-ch)




S HAAETI Ayl WWHE W W NeU i

S HAAETI Ayl WWHE W W NeU i

Fryonw = 0.09D

CDF Run Il Preliminary (4.3 b™)

35

Fryonw = 0.024

2-jet bin
* Data
0 Nonw
I Z+jets
I Diboson
I Single top (t-ch)
[ Single top (s-ch)

CEM

1 Mistag

100 120
Met (GeV)

CDF Run Il Preliminary (4.3 b™)
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2-jet bin
* Data
I Nonw
I Z+jets
I Diboson
I Single top (t-ch)
[ Single top (s-ch)

HX

80 100 120

Met (GeV)

Non-W fit (STST)

Number of events

Number of events

Fronw = D.086 CDF Run Il Preliminary (4.3 fb™)
. 7]
- 2-jet bin =
12— * Data @
B 0 NonwW 2
: CMUP =X 3
B I Diboson -
101 [ Single top (t-ch) E
i ml [0 Single top (s-ch) E
L I 1i(6.7pb) 3
8 Wacclc =
100 12¢
Met (GeV)
Fonw = D.049 CDF Run Il Preliminary (4.3 fb™)
9 24et bin 2
F * Data
8- ISOT k 0 Nonw 2
C 0 Z+jets 2
F I Dib o
= (M E 2" 1 S;ng\seopop (tch) s
C [ Single top (s-ch) -8
b [ 146.7pb) E
C Wictle =
C B\, b
5 [ Mistag
a- + ‘
3F
2h
1
20 100 120

40 . . 80
Ferm|lab‘§]em|nar Met (GeV)

Fryonw = 0.005

CDF Run Il Preliminary (4.3 b™)

3.5

!IIIII|||II|I|||||III||||||\|||||||

Fryonw = 0.162

T I Single top (t-ch)

2-jet bin

* Data
0 Nonw
0 Z+jets
I Diboson
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0 Mistag

100 120
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|!II\\1IIII!IIII!IIII

L
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2-jet bin
=D
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[ Mistag

120
Met (GeV)



b-jet energy correction
e Di-jet invariant mass resolution is improved ~4%

o 160 Linearity, 2tag - Relative resolution, 2tag
T 150 F-|— nn-corr gt — nn-corr
| - =0.18 |
S 140 5 | — Level 5
130 Leveld @016 |
120 F
g 0.14 |-
110 i
100 £ .12
90‘;_ e e ¢ 0 . ¢ . ¢ 4 e *
80:..|....|....|....|....|....|.. 01 I el R R B B N
100 110 120 130 140 150 100 110 120 130 140 150
m_H gen m_H gen
o 160 Linearity, 1tag < Relative resolution, 1tag
T 150 F|— nn-corr e*?“L|— nn-corr
Ea0F £ oo b
_ - n -
3o Level 5 f,,.f”” ® - Level 5
120 — //f” 018
110 E- — o6l .
100 f — s
gD;_ j/;f/f ) : . N - L . - - - L]
SD:"i""I""I""I""I""I" D_12:--I....I....I....I....I....I..
POONAGAMD 120 130 140 150 100 110 120 130 140 150

m_H gen m_H gen
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