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Closing in on the Higgs boson

Search for the Higgs Particle
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Standard Model

* The Standard Model is defined by the symmetries of
the Lagrangian:

- G, =SU(3).xSU(2), xU(1),
- Interactions: strong, weak, and electromagnetic
- carriers: gluons - g, weak bosons W*, Z, and photon
* matter particles:
- leptons and quarks
* and the pattern of spontaneous symmetry breaking
— complex scalar field

- breaks G, =SU(3).XSU(2),xU(1),—SU(3).xU (1),
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The Higgs Mechanism
Essential ingredient of the Standard Model

- Complex scalar field with potential
Used to break the el. weak symmetry......

M .=1vg M, =1vg/cosB, =M, /cos,,
* and to generate fermion masses:

mf=ng/\/5 [ gf=mf\/5/v

Unitarity requires a Higgs boson or similar

e v Wi Wy Wi wi
- cross section for WW t:‘;,{“: M :
scattering diverges L . S L evy
I 2 (a) & - & Wy \ Wy
like s/M,, o
LU W WI'.'L Wj',ln
- scalar Higgs boson cancels H :::I{:
divergences ) ]
Wy Wy wg W[
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_Bounds on Higgs mass 2™t il

b jet

e Qiﬂ 3
>2 * global SM electroweak fits provide upper
o 2™ limit

. Lower limits obtained from * The bestfitgives m =87" GeV
direct searches at LEP + Limit from fit m_ < 157 GeV

m, > 114.4 GeV@95% CL
* Combined with direct searches:

m H ~< 1 86 G e¥ August 2009 mLiij =157 GeV
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Aﬂ 1 El TT TTT TTT TTT TTT | TTT | TTT | TTT |-Lfl—l—"-l‘l-lf | ..- ‘.l :. |
O u yy ] Aol =
ar LEP /i T 5 . had = |
10 = E 1 1 —0.02758+0.00035
- IE - %} e 0.02749+0.00012
10 -z;_ i _; 4 % ees incl. low Q° data -
aF ™~
10 & Observed _ =2 3 |
E - Expected for <]
B background i
4
0 g = 2 -
5 114 1
10 ¢ i115.3 = 1 _
10-6_||||||||||||||||||||||‘i||||||i||||||||| 0 EXCIUded L Pre”minary
100 102 104 106 108 110 112 114 116 118 120 ' T T T ] '
30 100 300

2
my(GeV/e )J Zivkovié, Closing in o m,, [GeV]



2 COLUMBIA [JNIVERSITY

I THE CITY OF NEW YORE

Experiments
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* Running for 14 years

- 8inrunll L
Sl - Ns=1.96 TeV

* pp collisions
* Js=1.96TeV
* Discovered top quark

* Already excluded
high mass range of
the Higgs boson

Main Injectnr‘
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* First beam on
September 10" 2008

* Expected first
collisions in fall of
2009

 Goalis vs =14 TeV
* Will collect 10 fbl/yr

* Will give us answer
about Higgs

N &I Adantis Canvas <2>

ATLAS 2008-09-10 10:19:10 CEST event:JiveXML_§7764_40050 run:87764 ev:40050 geometry: <default>
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DF and D@ experiments in Run ||

* Both detectors are upgraded

In Run |l
— New silicon micro-vertex
trackers

— New tracking systems

— Upgraded muon chambers

SVXH + I5L

coT N iy
Muon chambers/scintillators

Forward Mini-drift
chambers

Forward Scintillator |

[.Central Scimtillator |
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Mew Solenoid, Tracking System

51, SciFi, Preshowers

=

| Shielding | |

"

+ + Mew Electronics, Trig, DAQ)

D@: new solenoid, new pre-showers,
L@ for SMT in Runllb, new L1Cal trigger

CDF: new Plug Calorimeters, new TOF
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ETRESIAT S ATLAS and CMS

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters = Width: 44m

=

<

Diameter: 22m
Weight: 7000t

. ATLAS \ e Forward Calori;'neters —cea AT
Largest detector in a world 4 T

liquid Argon Calorimeter
excellent muon id

MUONCHAMBERS INNE HTHACK_| [ cRvsTAL ECAL.

VER"’ FORWARD
H.LO IMETER
-
B ey
lllllll
|||||||||||||||||||||||||||||||||
. dl Y=
"y Ay

HCAL

i Inner Detector v ieldi
Barrel Torold Hadronic Calorimeters Shielding

. i::“ / . one
Lead Tungstate crystal
EM calorimeter

— superior energy resolution

Total Weight
Overall diameter: 14.60 m
Overall length : 21.60 m
Magnetic field : 4 Tesla

: 14,500 t.
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Luminosity (/fb)
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Data taking

Run Il Integrated Luminosity

19 April 2002 - 15 November 2009

Fall 09 analyses

> More than 6.4 fb! on tape |
* More than 85% efficiency 259 |
> Peak luminosity ~3.5E32 A —
==Delivered
= Recorded

1 Run llb

>
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Higgs searches at Tevatron
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Production ...

* Main production process is gluon
fusion

* Associated with vector boson, and

vector boson fusion are significant

)
|
L 10°
10°
10
m m m ] m m m | n n n | n m A m
100 120 140 160 180 200
m,, [GeV]
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.. and Decay
\

n';:;"s High mass
* At lower masses
— W —— dominant decays
- to bb
0 gg |
: cc v * At higher masses
/ | *\x \ dominant decays
10300 120 140 160 180 200 to WW
m,, [GeV]
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How do we searcn?

Jet™ " p

background separation

10°-
* Then we need to extract tiny signal
from huge background

s, PPppcrosssections e We have to be able to measure known
S o pppP | processes
- Cwt |
13 .
10 g z - Good background modeling
10" S =~
E L4 . . an
ol /H/,//’/ - Good estimation of multijet
1010, Oup - production
90 . . .
N /f_, - Extensive application of advanced
0 F oy — analysis techniques to find phase
v or space regions with good signal and
][Iﬁ= jet z ></
- G. (E = 100GeV)

10°-
10°F _
E D-ﬂ

o, H(Ef:' > Vs/4)

- Measurement of low cross-section
3 SM processes, like single top and
17 Criggs M,=S00GeV) N L VV, can help
10 10’ Vs (GeV
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Overview of the Higgs search at Tevatron

Gluon fusion VH

Overwhelmed by H->bb V=W->lv, low mass
multijet produ.ction if H->bb V=Z->ll, low mass
searched for in gg->H H->bb V=Z->wv, W->,KI, [ y——

H->yy Low mass Low mass

H->WW->lv+X V=W->lv, Intermidiate mass

H->WW->lvlv | High mass

H->WW->lvjj = High mass

* Common challenges:

- lepton and jet id, MET reconstruction, b tagging, QCD estimation,
systematics

* Recent improvements:

— Better trigger and b-tagging algorithms, better lepton ID, improved
dijet mass resolution, precise measurements of some known SM

processes
11/18/09 Lidija Zivkovié. Closing in on Higgs
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H->WW->1vjj - Motivation w

* H-WW0®is very important for Higgs o
searches for m, > 130 GeV w

- Searches in dilepton (where lepton is e or ) channel
give sensitivity o _/o.,,<~1.5 per experiment

* Already allowed exclusion when combined
- lvjj has ~6 times bigger

100 - IV”

xsxBR X —
* but also huge W+jets E j /\
background 2 o
m 305—
* on the other hand, wecan &= =

fully reconstruct Higgs mass T T T T
for m, >~160 GeV m,, [GeV]

11/18/09 Lidija Zivkovié, Closing in on Higgs 16
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| H> WW m [GeV] |

W
v
J
W
J

 Real Missing E. (MET) is
coming only from W—ev

- we can reconstruct p,_ and
then full momentum of

. h_ww_mass .
900 - ;r;::‘es 1‘;?‘8* n e U tl’l n O
800— RMS 40.98
= %2 ndf 29.16/5
= C 877.3+15.9 —_—
00 Constant we cah reconstruct full
soof— Sigma 12.07 + 0.26 .
ool Higgs mass
4005—
woE. Generated
- m =160 GeV
200:—
1002—
0:| 1 e 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I e T
100 150 200 250 300 350 400
m., [GeV]
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Modeling of the signal
* We model our signal with PYTHIA

- But we know that PYTHIA has some issues

- We use other generators for comparison, MC@NLO with

Herwig or Sherpa, for the signal mo
14&0___ —Siutﬂl
mm' — NLO
o}

200}

4 230 60 B0 100 120 140
H— WW p_[GeV]

* Look for variables that are not
modeled well

* Select the minimal set and
reweight at parton level

11/18/09 Lidija Zivkovié, Closing in o ruggs
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~ Modeling of the background

* Many LO MC programs on * MLM

the market: - matching parameters chosen, ME

- MEPS: Alpgen, Sherpa and PS jets matched in each n-

' ’ ’ parton multiplicity, events vetoed
Madgraph, Helac, which do not have complete set of
Madevent, matched jets

- PS: Pythia, Herwig,
Ariadne, ..

Modeling of the angular
distributions of jets,
V p, Is not correct

Simulation 0]

W/Z+jets ALPGEN + PYTHIA 0O(103 pb) {

Normalized with highest

: order cross section

Multijet (QCD) From data better)

11/18/09 Lidija Zivkovié, Closing in on Higgs
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2000F

e

1000

00

Modeling of tn

e l

ALPGEN+PYTHIA does not describe vector boson p.

Correct distributions from data or from other MC generators

For the Z p, we correct Alpgen to match the measurement

- Measurement agrees with calculation from ResBos

backgrounds — W/Z p.

For W p. we compare Alpgen with measured Z p. corrected to the
predicted NLO ratio between W and Z

- Compare to data to correct the remaining difference

inclusive

+ Data

V+jets

I diboson

B top
Qaco

== H—WW
m = 160 GeV
(x500)

200

] 300
W ev P; [Ge‘u’]

inclusive

2000}
1500

1000,

cuicight

+ Data

V+jets

Bl diboson

B top
QcD

== H— WW
m = 160 GeV
(x500)

200

] 300
W ev P; [Ge‘u’]
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Modeling of the ¢

packgrounds - jet angles

* ALPGEN+PYTHIA does not describe jet angles correctly

* Correct distributions from data or from other MC generators

D-Ovs

(Sherpa)

V+jets channel SUPER RATIO

11/18/09

4000

2000

Centrality = Z

pl2. E
visible

4000

wszble
+ Data + Data
Vijets 4000 o, Vijets
Bl diboson B i Il diboson
B top B = -+ B top
Qco 3000 + - Qaco
- = H— WW L - == H—WwW
m = 160 GeV C = m = 160 GeV
(x100) 2000 (x100)
before rewelghtlng = __-""-l|._*
..... | t L ___'____--"'----'----- ey
.4t %02 04 06 08 *
L Centrality
« Data
‘ 5:_‘:1 4000 oy \.:je'ts
il ih:o:on L -a-+ N = diboson
L - top
B top 3000 N L Qco
ﬁCwa B - == H— WW
-t B = m = 160 GeV
;:11;;5“ GeV | 20001 (x100)

after reweighting

0.6 0.8
Centrality
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* Data quality

0o 8000~ —_ :;j:t:m
- ~81% efficiency o 1 e
_ 6000 i “aco
* Triggers ] m = 160 GeV
4000~ - (x100)
- single electron or R
electron+jets / -
%" 50 1 0
. MET [GeV]
gooo - B cibocon
- - B top
Sooor- | i
o B = m = 160 GeV
{x100)

11/18/09

Event Selection

4000

2000 pem

Lidija Zivkovié, Closing in on Higgs

00
lepton P; [GeV]
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j

« Data

)

e Missing E. MET > 15 GeV

- calculated from calorimeter

cells
* Electron (lepton)

20

V+jets
Il diboson
B top
Qaco
== H— WW
m = 160 GeV
{x100)

i 0
MET [GeV]

+ Data

8000

4000

— combine track and calorime-
ter information i

5000

- p,>15GeV, In [ <11

11/18/09

Lidija Zivkovié, Closing in on Higgs

V+jets
Bl diboson
B top
Qco
== H— WW
m = 160 GeV
{x100)

00
lepton P; [GeV]
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W
S
w
* Atleast 2 jets:

- jetp, > 20 GeV

* QCD reduction

- electron faking jet

- missmeasured jet
energies give MET

* Triangle cut between

- Jata
6000— Vijets
i +_'_ Bl diboson
B top
B i QcD
4000— L. - = Ho WW
T - n m = 160 GeV
- [x1ﬂﬂ]
2000 i
G- ) 0
jet. p_ [GeV]
177
| «+ Data
== l+jets
R Bl diboson
20000 B top
C QcD
15000 72 Lo
C m = 160 GeV
C (x100)
10000
5000 _
I
G B0 IO TR 200

transverse mass and MET

11/18/09
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4000

2000 . -

e

—_-_l-.- 'l_l--- : -*-'-—_.._%
Oy == 100 300 300

Data
Vijets
Bl diboson
B top
QcoD
== H— WW
m = 160 GeV
{(x100)

W= jj m [GeV]

« Data

4000— -

2000 B -

11/18/09

V+jets
Il diboson
B top
Qco
== H— WW
m = 160 GeV
(x100)

Data/MC Agreem

)

N—

nt

+« Data

3000

2000

- V+jets
N Bl diboson
-+ B top
QcD

- - = Ho WW

= m = 160 GeV

(x100)

+« Data

10000

5000

V+jets
Bl diboson
B top
Qco
== H— WW
m = 160 GeV
{x100)

qi',;_—-_ -
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* Excellent agreement between observed data and expected

prediction

\ a - - f'l_ ' - - a
(ields arter selection
Number of Signal Events
Higgs mass [GeV] | 145 | 150 | 155 160 165 170 175 180 | 185 190 @ 195
Run lia 1.08 fb*! 5.76 | 6.96 8.28  10.07 | 103 | 9.74 | 939 | 846 7.2 | 6.34 5.8
Runllb 3.89 fb' |17.09|20.57 25.14 29.33 | 31.11 | 29.68 | 27.76 | 26.16 | 21.7 18.84 17.6
Data | Total Background | V+Jets | Diboson Top QCD
Run lia 1.08 fb’! 21460 21431 16438 375 646 3972
Run IIb 3.89 fb! 50263 50279 39328 1018 1898 8035

* Expected 41.4 signal events for the Higgs mass of 165 GeV,
and 71710 background events

11/18/09
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Multivariate techniques

* Once we understand data, we want to try to extract signal

* Multivariate techniques are more powerful than simple cut

method

* One output, usually between 0 (background like) and 1 (signal
like events)

» Neural networks ”

- trained on a set of discriminating variables for signal and
background
* Decision trees /6'?‘/\
- simple “yes/no” answers for different cuts

* Matrix elements [ g

- use LO matrix elements to calculate event probabilities
11/18/09 Lidija Zivkovié, Closing in on Higgs 27



A “forest” of many decision tree classifiers
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* Many different tree classifiers

- Each tree classifier performs a series of optimized
cuts to separate signal from background

* Train signal and combined background samples
for each Higgs mass point

 Select variables based on two criteria:

- discriminate signal vs. background - well modeled - good data/MC
agreement

= — Signal -  aa
D.?’: —B y k 6000 & -:;:fm

L ac : - . B top

i L - Qco
I.'J.Z_— 4000 == H— WW

| L = m = 160 GeV

L L _ - {x100)
0.1~ r 20001 -

00 ——100 200 300 _ 400 _ 500 Q=485 200 300 400200

H— WW m [GeV] H— WW m [GeV]

28



Gi;) (COLUMBIA [JNIVERSITY

I THE CITY OF NEW YORE

Random Forest

-~ B

E . omeror RF output is:

- 1.modeled well
T R e autput SO R T e cutput 2_discriminating

|{ﬂ.-.ta.-t:.lugu:nma.tjn|é B We" bEtween

o signal and
backgrounds

Ll 1l I L1l L1 1.l I L1 1 I L1 1l I L1 1.l I L1 1 I L1 1l I L1 1.l I I I s :
[THE %61 6z 63 64 65 66 67T 68 08
RF output RF output

i€ o7 o

LT I T

11/18/09 Lidija Zivkovié, Closing in on Higgs 29
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Systemafic

w1

* Uncertainties affect both the normalization (flat systematics)
and the shapes (Jet Energy Scale, ID and resolution, QCD
shape, reweighting)

Example of flat systematics

Background Signal
Luminosity 6.10% 6.10%
Cross section 3-10% 10.00%
QCD nomalization| 20.00% X
lepton ID 3.00% 3.00%

Example of shape systematics

100 = 5¥5 high 11.2% E.E:

0.4f

g ST NP NP A IS A AL S
EIA 02 0 02 04 06 0B 1 12 14 04 02 0 02 04 06 0B 1 1.2 14
Final Variable Plus 1-sigma

11/18/09 Lidija Zivkovié, Closing in on Higgs
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When we don't observe any excess in data we set limits on

production

Use RF output distributions as discriminant to set upper

limits

Systematics have significant impact

W|thout systematlcs

o0
o

b h =] =~
=] o o o

Limit / o(pp—H)x BR(H->W"W)
(%]
o

= Observed Limit
Expected le|t

Standard Model =1.0

21{]

0 ...........................................................................................................................................................................
= | 1 | | | | | | | | 1 1 |
1 2{} 130 140 150 160 170 180 1 90 20{]
my, (GeVic?)
11/18/09

Limit / (pp—H)x BR(H->W'W)

h
o

E
o

(7]
o

e
o

-
Q

0

1
12{]I

with systematics

= Observed Limit
Expected lelt

1 3{]' 140 150 160

Lidija Zivkovié, Closing in on Higgs

170 180 190 200

210
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Low Higgs mass - WH->Ivbb,
l=e,u

* Efficient lepton id and b tagging

* Combined Matrix elements and
Neural Networks

DO (5.0 fb)  Exp. Obs
M,=115GeV 51 6.9

M,=130GeV 94 10.7

* Systematics dominated by
b-tagging - total 15-30%

[72)
£2000 . c i . W+ 2jet/2b-ta
S D Preliminary W+2et 8 4| DO Preliminary o Datag
2 | i + Data @ 'YF L=50M" Waj
@ [ L=50fb ] Waiet E L=5. [JWajet
10000 B Multi Jet - [ Multi Jet
Ewbbict I CIwob/ct
: reta =ts{-to 10°F 2 b_tag =tst-top
8000 _— p g — Dibg)son - [ Diboson
— \WH i = WH
115 GeV (x10) 115 GeV (x10)
6000/ 10
S:8~1:3000 IEEEGPP S:B~1:100 |
4000—
10
2000— i
: b
% 20 40 60 80 100 120 140 : 02 04 06 08 1 1.2
W Transverse Mass (GeV) Neural Net output
11/18/09 Lidija Zivkovié. Closing in on Higgs
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Low Higgs mass - ZH->llbb 'vvvvx,%
|
* Crucial understanding of Z+jets : <|
processes
* We employ both lepton ID and DO (4.1fb™)  Exp. Obs
b-tagging to the maximum M,=115GeV g0 9.1
M, =130 GeV
* We use Boosted Decision Trees L 14.5_20.3

to separate signal and

background
—— Data ——data
. _ Z+jets
£ 3500 D@ Run Il Preliminary (3.1 f6") Z+jets = wa D@ Run Il Preliminary (3.1 fb') 7 HF
..;.- g reta Z+HF -\9 - - TOp
§ 3000 p g | Il Top & - - I Diboson
i F : B Diboson G 257 2 b-tag Multjet
2500 Multijet : —— ZH X 100
= 20[-
2000 — s u ‘
- 15 4
1500— - I
1000 . 10 =
500 :— aAAL,, N 5= : //(/.:/
s “—_
0 AL T_AA‘MAM*? L] - = 9 Al b oo n P ey
0" 20 40 60 80 100 120 140 160 180" 200 0 01 02 03 04 05 06 07 08 09

M, [GeV] BDT Output
11/18/09 Lidija Zivkovié. Closing in on Higgs 33



‘Gi:) (COLUMBIA [JNIVERSITY

I THE CITY OF NEW YORK

Low Higgs m

—-
(
- -

5SS -VH->E bb N

<
ve o HOS
<

S O

\Y

%

34

* Excellent b-tagging and
measurement of the missing ot ?'Q“a'
energy J QCD Di-jet (bb)
£~ m'ﬂ\ 2nd jet
* Multijet mostly from | .> -
_ _ b-jet Fake Missing E,
mismeasurement of jets 15t jet
. . -1
- dedicated decision trees DO (5.2 b")  Exp. Obs
. . . M,=115GeV 46 3.7
Systematlc_s dominated with trigger M, =130 GeV 76 8.2
and b-tagging
AnaIyS|s sample (pre- btag) o 80— 'A'r-‘al-y'sll-s 's?'n"p!? { wplglsymmet-r'l?'btfa'gs)
© i(-1'q- EEARE RLEED RELLE EREEDY DA RELAE SRREL RN KR, Q = ﬁ _Brellmlnary (5. 2 fb™) after multijet veto
@ 12 DO prellmlnar[y (52fb )_ © 70 S =
8 - . — foe] P> I Multijet - ; - Db_o;on 3
8 10 — = B e TR c 60: Wablojors E
5 | MUNE_paER T im 50 = sive E
> gt . : Z+blc-jets - = I Top a
- E —% -\rl:|?11SGeV)><500 E 40 ;_ = VH(HSGEV)—X*O— _;
B = - Si XSOO = =
4:— | -—: 9 20;_ —+— _;
oF - 10} =
0 01 02 03 04 05 06 0.7 0.8 09 1 % - 1
multijet discriminant final discriminant
11/18/09 Lidija Zivkovié. Closing in on Higgs sigx10
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Hligh mass Higg

* Characteristics:

= In signal WW pair is coming from
spin 0 Higgs boson

* Leptons prefer to point in same

direction

W+
DAREEN =-:>—-:>—>

«——— <M <>
v W- ¢

« Di-lepton opening angle A¢,

discriminates against dominant WW

background.

— Dilepton mass is small and broad

* Discriminates against Drell-Yan

PI

2

- H->WWY- /I\/Iv

w

10

events/0.1 rad

102

10

—

\

events/2.5 GeV
3

10"

T T
" + B 11/ .
D@ s4f! TR e
_ Prelimina -
§ ry = Z+jets
i ] W-+jets
== - —- (=
= . = I
W Mutjet
L e et |
= Ll_h|—|_h_l_‘__ Diboson
- 3 |=—Signal (x 10)
il | | I T T T N T S T I Lo
0 0.5 1 1.5 2.5
Aq> [rad]
SN T =T T T g .
= Wp DY, 5.4 fp"' 3| Data
L Preliminary — Bz s
= = +
Eg ?E _W+jets
E€ ] Multijet
E _Top
E Diboson
= Signal (x 10)

L3y
0 20 40 60 80 100 120 140 160 180 200
M, (GeV)
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Hlign mass Higgs - H->WW->|vlv

* Neural Network is used as final

discriminant g
* Detailed study of systematics ® g 4|
* This search contributed to the first ol '.I" 1 [T
Tevatron exclusion | [
DO (5.4fb) Exp. Obs Pl [Joioson
MH = 165 GEV 1_36 1-55 T T — Signal (x 10)

0 01 02 03 04 05 06 07 08 09 1

M, =130 GeV 540 6.63

E ....... Dilepton+MET_ .................................................
7o) — T 1 A L GHUCPWON T VA L T— Qbserved L1m1t
g 60 DO Preliminary, 5.4 5" —— Data % .. D@ Preliminary, L-S 4- fbl - Expeeted-Eimit--
7 I signal x 2 EE November__l._zoo_Q ________________________ e B ........ Expected £1-G..
540 )1 s.d. on Backe. - 8 1 Expected £2-0
LE 20 + Ci 10 ..“0. L, l,f.;',ITTTIZZZZZZZIZI?IZI
2

0

o [ 11 + :
40 + I
bbb 120 .... 130 .... 140 .... fEe s cees 80190200
NN Output my; (GeV/c?)

11/18/09 Lidija Zivkovié. Closing in on Higgs 36



‘Gi:) (COLUMBIA [JNIVERSITY

Combining channels
* Our goal is to understand the theory of the SM Higgs boson

- The answer is either “The SM Higgs is there” or “It's not
there”

* We test our data for compatibility with one of two hypotheses:
- SM+Higgs or SM-Only

* We use a semi-Frequentest statistical model to perform this test

" D@ Preliminary, L=5.2f6' —e— pata
| ZH— vv bb, 2 Tags

—_
o
©w

* D@ Preliminary, L = 5.4 f5'
£| Dilepton +MET

-
[=]
o

—@— Data

Sum of Backgrounds

Sum of Backgrounds

Events / 0.06

| signal (m =165 GeV/c?)x10

Events / 0.03

[22]
o
T
jary
(=]
]

10

0..._._I_L.

0 0.1 0.2 0.3 0.4

BDT Output

NN Output
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‘Gi:) (COLUMBIA [NIVERSITY expected observed

IN THE CITY OF NEW YORK [GeV] 115 130 165 115 130 165

2.80 | 3.30 | 1.35 | 405 | 453  1.53

LLR

Bkgd-Like

Outcomes C

95% CL Limit / SM

Signal-Like
Outcomes -

||||||||||||||||||||

100 110 120 130 140 150 160 170 180 190 200 100 110 120 130 140 150 160 170 180 190 200
\ November 3, 2009 my; (GeV/c?) November 3, 2009 my; (GeV/c?)

 The width of the LLR, distribution (16 and 2c bands) provides an estimate of how

sensitive the analysis is to a signal-like background fluctuation in the data, taking
account of the presence of systematic uncertainties

~— For example, when a 1o background fluctuation is large compared to the
signal expectation, the analysis sensitivity is thereby limited.

« Thevalue of LLR , relative to LLR_, and LLR, indicates whether the data
distribution appears to be more like signal-plus-background or background-only.

11/18/09 Lidija Zivkovié, Closing in on Higgs 38
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DO progress

g E['Ved L:'mi 2 ............. S
? cted Lfmi[t o SM Higgs Combination S:i:?::g Il:urlrllutt _______
2 Expecied 16 £ | DO Preliminary, L=.1-5.4 Expodiod £1-0
= cted ¥2-0 A
o 3 10
§ ................ <
N el e, N e 162
AT T S T N N
. Standar -1el - 10 1 Standa:rd Model = l:
R € - R B L 100" 110" 130° 130”146”135 160" 170”180 156 300
mH (GeV/CZ) November 3, 2009 mH ( CV/C )
expected observed Gevi expected observed
m, [Ge
m, [GeV] 115 165 115 | 165 1 115 165 | 115 | 165
Limit 4.6 1.9 53 ) Limit 2.80 1.35 | 4.05 | 1.53
t‘l; L0 = SM Higgs Combination — }S s ]?Ej ::‘?
* We are approaching to the single || D7 Prelminegy, L2, 1947 Expeced 410
experiment exclusion 095 e
\ 0.9 f_ﬁ
0.85
0.8
0.75
0.7

150 155 160 165 170 175 180 185 190 195 200
o <100 6 ., 2
11/18/09 lel_]a ZleOVIC, Nov::)mber 3, 2009 my; (GeV/c?)
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Tevatron limit - exclusion

Tevatron Run Il Preliminary, L=0.9-4.2 fb™!

I THE CITY OF NEW YORE

* The first Tevatron exclusion 7 | LEP Exclusion Tevatron
Higgs mass is not between -
160 and 170 GeV @95% CL 3
expected observed
m,[GeV] 160 = 165 | 170 160 165 170 f P —
Limit L1 11 | 13095 081 0.922 10610 720 130 140 150 160 170 180 1;0 200
. mH(GeV/c )
- update will be released soon

- Tevatron RunII Prehrmnary L — CLs Obsierved

» 1-CL_ distribution as a function of_lo5 C 1094210
- March 5, 2009 Expected +1 o
the Higgs boson mass | Expected £2-0

1 .............. ; A ................ ................ ; ................ ; ...............

directly interpreted as the level of (s 95”/CL

exclusion of our search

09) 90%2 L.

@90% CL we exclude range
from ~156-180 GeV

0.8

190"19% 200
My (GeV/c )

11/18/09 Lidija Zivkovié, Closing in on Higgs 40
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We are coming closer to start
excluding lower Higgs masses

With improvements, we can be
there within a year

expected observed
m,[GeVl ' 115 | 130 | 115 | 130
Limit 2.4 29 | 26 4.0

95% CL Limit/SM

10

Tevatron Run Il Prellmlnary L=0.9-4.2 fb™

LEP Exclusmn

Tevatron
Exclusmn

March 5 200?
b l

11/18/09

0 170 180 190 200

mH(GeV/c )

Tevatron limit — low mass

* Projected median expected upper limits

on the SM Higgs boson cross section,
scaling CDF performance to twice the

luminosity.
2xCDF Prellmlnary Prolectlon mH_115 GeV
\ T

5 — Summer2005 '
= ——  Summer 2006
g —— Summer 2007
%I Thls —— January 2008
210 @y . > - ——  December 2008
o X0 wiInter¢ - O withimprovements
L \N—

=

Lo T W———————

* The solid lines are 1/V(L) projections,
as functions of integrated luminosity

per experiment.

Lidija Zivkovié, Closing in on Higgs

4 6 8 10 1 i
Integrated Luminosity/Experiment (fb ')
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* Data set has doubled every

year

* Expect ~

8 tb! by the end of
2010 from Tevatron

* We could have more than
6.5 fb'from each experiment

11/18/09

13

12

11

[
O Nk O O

Integrated luminosity (fb™

5
4
3
2
1
0

o0° oo
xl‘\pll “Jai \]'\01 'ﬂg 11 ,Lr@\ '510&\1' I\GH GMQ '|1 P_oil

Tevatron projections
Running through FY11 would yield FY11 start

~10 fb~1 of data for analysis

Shown today\

Real data for FY02-FY09 __

aAsxs JG"

m pl* ol

Tevatron perspectives

* Tevatron has a potential to
exclude almost whole range of
Higgs masses below 200 GeV

 Masses around 130 GeV are the

most difficult

|

< ready

FY10 start

- Highest Int. Lum
B [ owest Int. Lur
o0 o o 0 a® o ot
&011’ ‘kan' cJ1»\,()'{" 0610 i 1&»01.1’ HO 11 r& P’
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11/18/09

Higgs future

Lidija Zivkovié. Closing in on Higgs
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Tevairc

15 pp/pp cross sections
~10 '-\5 T T TTTIT] T T T I .
= oM PP pp
plld =
F O tot
10 3L 5 E
1] - =
10 10;_ Gbﬁ/ /
10 9;_ /
f _F'-’_'_I_o-'-"‘-'d

8
].“ 3 Ujet{Eltl = '\'S.IHO] ///__z—ff

77 /

6F GZ /

10 7 OB > 100GeV)
10°-
1“4é_ //&

3 —
10°F Ot =
10 2L UJH{E‘“'Msm} o
1“ £ GHiggS {h[HZISOGEV}

: ;_ \
(M, =500GeV)
l“-1 Ihgﬁ Iu e | | |
3 4
10 10 §(GeV
11/18/09

Lidija Zivkovié, Closing in on Higgs

on vs.

10

loo—

Tevatron@+/s=1.96 TeV
gg—H

M B R R
140 160 180 200

m, [GeV]

—-—- WH
— ZH
—
-\-\--\_
S,
- - -\--\--\__\_
. —
A D e
-
-
— =
M
il T
-
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* ltis expected that Higgs boson will be found in the first few
years of physics running

 Masses around 130 GeV are still the most difficult to access

- One of the channels, ttH->ttbb, is not sensitive any more

significance

—_
o

ATLAS

Preliminary

Luminosity [fb_1]

Significance

- N w £ 63 » ~ [o] ©

120 140 160 180 200 220 240 260 280 300

) m,, [GeV]
11/18/09 Lidija Zivkovié, Closing in on riggs
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10°*

y (fb)

O,

102.

100
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|11l|1.-:|IJ11|||
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i I S
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&
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* LHC will start running at
900 GeV later this year

* Collisions expected at

~2.4 TeV at before 2010
* Run at 7 and then at 10

TeV after few months

* Collect few hundreds of

pb~

2 4 6

11/18/09

8 10 12 14 16

Vs (TeV)

m =140 GeV

99

VBF

Vh

tth

o) (o)

10 TeV/ 14 TeV

0.56

0.56

0.63

0.41

Lidija Zivkovié, Closing in on Higgs
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Higgs LHC vs Tevatron
* Exclusion: * Discovery (evidence):
— Combining ATLAS and — Combining ATLAS and
CMS: CMS:
* @ s =14 TeV * @ +s=14TeV

- 0.1-1 fb! of good data for
95% C.L exclusion

e @Vs =10 (7) TeV - needs
~1.6 (3) times more
luminosity

* Won't happen before 2012

- Tevatron can exclude the
whole accessible mass
range by 2011

11/18/09

- 0.5 -5 1fb for 50
discovery

- Tevatron

* 30 for high masses within
reach

- currently excluded

Lidija Zivkovié, Closing in on Higgs
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ssons from Tevatron

Efficient data taking

- Lower downtime to fix problems in control room, providing

data of the best quality

Object reconstruction and identification

- High efficiency and purity

Excellent modeling of known processes

- Understanding the problems

Powerful multivariate techniques

- They are not an answer, but valuable tool

Systematic uncertainties

Superb statistical tools

11/18/09

Lidija Zivkovié, Closing in on Higgs

48



‘;i;) (COLUMBIA [JNIVERSITY

I THE CITY OF NEW YORE

summary
The first exclusion at Tevatron

- Higgs boson does not have mass between 160 and 170 GeV
Searches at Tevatron are mature

- improvements are still possible

| HC will give the final answer about existence of the
Higgs boson

| essons from Tevatron are very important for future
searches

- QCD handling, background modeling, estimation of
systematics, advanced tools for data analysis

Higgs is around the corner - watch out!

11/18/09 Lidija Zivkovié, Closing in on Higgs
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11/18/09

Backup

Lidija Zivkovié, Closing in on Higgs
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95% CL Limit/ 6(SM)

[wm]

1

DO progr

DO Brelimihary

Li=1.0-3.0 8

m— () hsd

rved Limit

SM Higgs Combination

= Expdeted Limit

 Expected TG

. Expected £2-¢

Standard M

ogel = 10

95% CL Limit / SM

6 months

SRS
_.SM Higgs. Combination..............s . Observed Limit
| D@ Preliminary, 1=0.9-4.2 fb| - Expected Limit

150 16

100" 116120 150 a0 130 feo 70 ]80 o 100 110120 130140 B (GEVIED)
expected observed expected observed
m, [GeV] 115 165 | 115 | 165 m, [GeVl 115 165 | 115 | 165
Limit 4.6 19 5 3 7 Limit 3.6 1.7 3.7 1.3
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Neural networks

* Train signal and combined background samples for each
Higgs mass point

* Select variables based on two criteria:

— discriminate signal vs. background

modeled - good data/MC agreement

- wel
.
0.3 0 — Signal
- —Back
n.z:—
n.1:— ]
”n_' ——100 -

200 300 400 500

H— WW m [GeV]

6000

4000

2000

* NN can depend on Higgs mass

11/18/09

Lidija Zivkovié, Closing in on Higgs

%

+ Data

Vijets

Bl diboson

B top
QcD

== H— WW
m = 160 GeV
(x100)

=

oow'e . -.-'-l -I-I'-l._ --h.-h"""ht-
400 200 300 400 500

H— WW m [GeV]
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Events
g

PR B
1.5 F

0.5 1] 0.5 1

NN Output

E 1.5

o 1

= “ophbpp

g ++H*4+H+*+HH

_,;: 0.5

TR

Ly

O 5B v

- 0.5 1] 0.5 1 1.5 2
NN Output

11/18/09

NN analysis

A
L a— 0.5 1 5 2

NN Output

0402 0 02 04 06 08 1 12 14
NN Output
Lidija Zivkovié, Closing in on Higgs

* NN output is:

1.modeled well

2.discriminating
well between
signal and
backgrounds
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* ltis expected that Higgs boson will be found in the first few
years of physics running

 Masses around 130 GeV are still the most difficult to access

- One of the channels, ttH->ttbb, is not sensitive any more

8 | | -1 | significance
= CMS, 30 fb i 10 T —rrr )
S £ o e ATLAS |
= /1\'-., | e z Preliminary 10
gj 1 0 B / ﬁ." |II .g 8 9
Bt RV e £
L SRy 3 .
||'I\]/J/||N\ 7 7 8
o 7%\1 Jl'II I| ;.'II II|I \ i 6 |
i t{:\ k’ II'. \ —e— H—yy cuts | 5 16
7"6’ II| II| II- =5 H_}-.IH{ Opt . 15
NN | HoZZ4l . |,
R \ —s— H-WW—2I2y 3
] , * | s qqH, H-WW—hijl ] , 3
o— qqH, H-tt—l+jet 2
—_— qu, H_>‘\rr'|:r 1 1
-ﬁ 00 200 300 400 500 690 120 140 160 180 200 220 240 260 280 300
M,.GeV/c

. L . m,, [GeV]
11/18/09 Lidija Zivkovié, Closing in on Higgs
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Cross sections

Tevatron Run Il pp at s = 1.96 TeV

1ﬁ5 _: ...................................... e
CDF Run Il
» i
— 10 " DO Run I
= =
E - & Tavatron Run || Combined
y_s 3
A 3 —
= F
B 5 -
E 10°
E =
N 10 v "
-~ 3
o SR
O 1k
10" E |
w 2 W & my & Wy t 2 HpgHp,
G'EPJ' G‘Ek
11/18/09 Lidija Zivkovié, Closing in on Higgs
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Overview of the Higgs search at Tevatron

* Common challenges:

* Low mass:
- WH->lvbb (I=e,u,t)
- ZH->llbb (I=e,u,t)

- ZH->vvbb and WH->(l)vbb -

- H->vyy

- ttH->ttbb

— VH->jjbb
* Intermidiate mass

- WH->WWW->[]#+X
* High mass

- H->WW->lvlv

- H->WW->lvji

11/18/09

Lepton and jet id
MET reconstruction
b-tagging

multijet estimation

systematics

* Recent improvements:

Better trigger and b-tagging
algorithms

Better lepton ID
Improved dijet mass resolution

precise measurements of some
known SM processes

Lidija Zivkovié. Closing in on Higgs 56
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Combining ATLAS and CMS, /s = 14 TeV:
0.1-1 fb-! of good data for 95% C.L. exclusion
~0.5-5 fb-! of good data for 5c discovery

depending on the Higgs mass
Js = 10 (7) TeV: need ~1.6 (~3) more luminosity

| Higgs : LHC vs Tevatron

Tevatron:
“analyzable” luminosity: ~ 80% of delivered » 5.5 fb-! in 2009
7.4 fb-1 in 2010 e
10 fb -1 in 2011 160-170 GeV
excluded already
95% C.L exclusion 35

Tevatron 2009 (5.5 fbl) full range <180 except 118-146 156-170 GeV
Tevatron 2010 (7.4 fb?) full range <200 except 128-134| 153-178 GeV
Tevatron 2011 (9.6 fb'l) full range <180 <117, 148-185 GeV
LHC (1-2 fb1) full range < 1 TeV > 125 (5c: 140-500)

m No competition for exclusion: if the Higgs is not there, Tevatron will exclude

almost all mass range below 200 GeV in 2010
m 2010: Tevatron has 3c sensitivity * 8 GeV window around the presently excluded region
m LHC becomes competitive (and ultimately takes over) starting with ~ 1 b1 (2011) o

11/18/09 Lidija Zivkovié, Closing in on Higgs
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* Including data taking -] S
- . a
efficiency projected full data = -
Set WIII be '% . B Highest Int. Lum
S ., Real data for FY02-FY08 N Lum
- between 7.7 and 8.8fblby  t. ~
g, yd

* Assumption: projected sensitivity for
mH = 115 GeV 2 times higher than
current for full data set

‘Dﬁxztumw:isﬂ?i’m[eﬁﬂon sz o
R, ; f ; == 95% GL Limitt

= 3-g Evidance

— Improvement from 2005-2007 was

Analyzed Luminosity / Experiment (fb™)

~1.7 ] 2010
I 2009
- Possibilities: | |
_ N ] 2007
* Better b-tagging o A
ke iy boggengon o sugoo g gneg e oo g o oo gy —pimepiog
* Better dijet mass resolution e i ses ﬂffas;}”c,ev)

* Better multivariate techniques

f i eion o = LA =2 .2 in on Higgs 58
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2xXCDF Preliminary Projection

Evidence projection

2xXCDF Preliminary Projection

1 LT T T T LI LI L LU I‘ T T =w UL L] 1T T ] m ri H — | | b | | d |
7)) - | | I r Y g i AnalyzediL=10 f ! Janu r ,2009[
D 0.0 Filti m &Tfﬂ!ﬁ?&év&j&;ﬁ; - udry16,200% 2 0.9 - -------gh---------r:r-----wtthl”:mpfﬂvemernts R | vl ]
o k ‘o= AnalyzediL=5fg" /] -Z .| : 1 3 o T AnalyzediL=5 fiy -:.= ?‘L.. E
X 08 F ek With improveménts - AN -;E, 0.8 gy With *“*Pff"-’emﬁ‘“ts P :
6 07 Fepennd ' L] d 07 PR e
S : | ' 1 © 06 B 2u HEPI CO N N E
5 06 | 19 CE g™ é
> 05 F 4 © 05 s AT ) 0 E
— ) - 1 > s o : | ! ' { ]
S —__: 1 it O.d [ T it T -
5 04 s { = i K :
T 03 = 4 8 03 it E
0 : E-G »J © o ]
0.1 F&- 9 0 T F . o
OO OSSOSO A o Y = )
100 110 120 130 140 150 160 170 180 190 220‘ - (GeV,’cz)
my, (GeV/c?) H
FIG. 10: Sensitivity projections as functions of mpy. These graphs show the chances of observing a 20 excess (top) or a 3o
evidence (bottom), as functions of my, assuming a Higgs boson is present with production cross sections and decays at their

SM values. CDF and DO are assumed to contribute equally. The solid lines correspond to current performance as described in
this note, and the dashed lines correspond to a performance level which corresponds to the bottom of the light orange bands
in Figure 9. No account is taken of the data already collected and analyzed:; existing excesses and deficits in the data do not
affect these sensitivity projections. Two luminosity scenarios are considered: 5 fb™' of analyzed luminosity per experiment
(red lines) and 10 fb~! of analyzed luminosity per experiment (blue lines).
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59



Gi;) (COLUMBIA [JNIVERSITY

I THE CITY OF NEW YORE

Limit settings

* Limits derived using semi-frequentist * Systematic uncertainties are

CLs method where test statistic is

incorporated by varying the expected

LLR =-2LogQ number of events in each hypothesis
= -2Log[P(s+b)/P(b)] according to the size and correlations
of the uncertainties
- P are probability distribution functions
for the Signa|+backg round and Example (idealized) LLR distribution
0.1
background only hypotheses 099 | ~ Background  ororoune
0.00
— P are populated via random Poisson ;ﬁgz ‘
trials with mean values given by the 2005 8% Iterval
. a —
expected number of events in each o
i xl/ ostena
: - a I S  LLR, 420 0 b S
5 E LLR, *lo : N '
E §“ § ﬁf | \ | | I 1 I |
z ol = é 0 10 12 13 14 15 16 17 I8 19
) e ey el PRI Higog 60

A as oA r
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X In the case of the Higgs search, we seek to set limits on potential signal rates
= Similar test, comparing signal+background and background-only hypotheses

= Signal rate is now a fixed parameter to be tested

[ ( D ‘S +B) Two independent likelihood maximizations
Q= ; — < are performed over nuisance parameters:
L (D ‘B ) one for each hypothesis ( S+B & B-Only )

LIR — —2In0 = X(D|S+B) — X*(D|B)

¥ The relative frequency of outcomes from
5+B and B-Only pseudo-experiments

=—S5+ELLR
0.035 -
— B-Cnly LLR

allows us to test the signal rate .
N = Observed LLR

Probability Density
S o
ha b=
o L

CLsb: fraction of S+B pseudo-experiments

more background-like than data 0.02

- sb
CLb: fraction of B-Only pseudo-experiments %0
more background-like than data 0.01
0.005

1-CLb: fraction of B-Only pseudo-

experiments more signal-like than data L
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- Tevatron limits at 95% CL

Bayesian 100 105 110 115 120 125 130 135 140 145 150
Expected 2.0 2.0 2.2 2.4 2.7 2.9 2.9 2.7 2.5 24 1.8
Observed 1.9 1.5 2.4 2.5 2.8 3.0 3.5 2.4 2.7 2.8 1.9
ClLs 100 105 110 115 120 125 130 135 140 145 150
Expected 1.9 1.9 2.1 2.4 2.6 2.7 2.9 2.5 2.2 1.8
Observed 1.7 1.7 2.2 2.6 2.8 2.0 1.0 2.6 3.1 2.8 2.0
Bayesian 155 160 165 170 175 180 185 190 195 200
Expected 1.5 1.1 1.1 1.4 1.6 1.9 2.2 2.7 3.5 4.2
Observed 1.4 0.99 0.86 0.99 1.1 1.2 1.7 2.0 2.6 3.3
C'Ls 155 160 165 170 175 180 185 190 195 200
Expected 1.5 1.1 1.1 1.3 1.6 1.8 2.5 3.0 3.5 3.9
Observed 1.3 0.95 0.81 0.92 1.1 1.3 1.9 2.0 2.8 3.3

DO limits at 95% CL

TABLE V: Combined 95% C.L. limits on ¢ x BR(H—bb/W W ™ /yy/7777) for SM Higgs boson production. The limits are
reported in units of the SM production cross section times branching fraction.

mpy (GeV ;"ﬂz ) 100 105 110 115 120 125 130 135 140 145 150
Expected: 2.35 2.40 2.85 2.80 3.25 3.31 3.30 3.35 2.95 2.71 2.406
Observed: 3.53 3.40 3.47 4.05 4.03 4.19 4.53 h.b8 4.33 3.86 3.20
mpy (GeV ;"ﬂz ) 155 160 165 170 175 180 185 190 195 200
Expected: 1.08 1.41 1.35 1.64 2.05 2.58 3.32 4.19 5.04 6.00
Observed: 3.35 1.90 1.53 1.91 1.89 2.20 3.20 3.36 h.71 6.27

11/18/09 Lidija Zivkovié, Closing in on Higgs
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Inclusive W pT re-weighting:

W p_ Re-weighting

|

scale factor ~ 1.4!

B i s el

—— Z°*NLO / Alpgen

0 -=== Alpgen-> Z*NLO
0. —— Alpgen—=Sherpa -
R, P R e e
% 50 100 150 200 250
Wp ! GeV

11/18/09

W p_Re-weighting
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Systematics - DO

Source W H—evbb W H— pvbb WH—-WW W~ W H—rtvhb

Luminosity (%) 6.1 6.1 - 6.1

Normalization (%) - - 6.1 -

Jet Energy Scale (%) 3.0 3.0 - 3.0

Jet 1D (%) 3.0 3.0 - 4.0

Jet Triggers (%) - 5.5 -

Tau Energy Scale/TD (%) - - - 7.0

Electron ID/Trigger (%) 6.0 - 11 -

Muon ID/Trigger (%) - 7.0 11 -

b-Jet Tageing (%) 3-6 3-6 - 46

Background o (%) 6-20 6-20 fi-18 6-18

Multijet (%) 14 14 30-50 25

Shape-Dependent Bked Modeling (%) 5-10 5-10 - 5-20

Source A H—vprbb ZH—ete bb LH—p = bb

Luminosity (%) 6.1 6.1 6.1

Jet Energy Scale (%) 3.0 2.0 2.0

Jet ID (%) 2.0 5.0 5.0

Jet Triggers (%) 5.5 - -

Electron 1D /Trigger (%) 0 4.0 _

Muon ID/Trigger (%) 0 - 4.0

b-Jet Tagging (%) 6.0 3.0-7.5 3.0-7.5

Background o (%) 6-16 10-30 10-30

Heavy-Flavor Scale (%) 50 - -

Multijet (%) - 41-50 50

Shape-Dependent Bkgd Modeling (%) - 5-10 5-10

Source H—W"W" ttH —tthh H—ryy H+X—7rbb/ggrT

Luminosity (%) - 6.1 6.1 6.1

Normalization (%) 1-6 - - -

Jet Energy Scale (%) 3.0 - - 1.5

Jet ID (%) 1-2 - ; 2

Tau Energy Seale,/TD (%) - - - 8.0

Electron ID/Trigger (%) 3-10 2.5 3 -

Muon ID/Trigger (%) T.7-10 2 - 4

b-Jet Tageing (%) - - - -

Background o (%) 6-20 10-15 6 6-25

Signal & (%) 10 - 10 0

Multijet (%) 5-20 1-5 1 5-40
11/18/( Shape-Dependent Bkgd Modeling (%) 5-20 - 5-7 -
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Systematics in H->WW

s L=3.0fb"! Bqg (Bg Only Hyp o L=3.0f"" B (Bg Only Hyp)
g 1510 , . g 150 T - .
< : Signal m_=180 +_— Signal m_ =160
g f e T DO Run 1T |EW™ § F e ~- DO Run IT (Il
LIJ - 0 - bl - . P
10 Preljminary | * D 10— Preliminary | ¢ Dt
C —— Total Syst. C —.— — Total Syst.
sf- - s
F - u_l_l_L vl I 5 2 il
[ e ] m—
0 f—=—r = 0 = =
B -'|1_|_J‘_"—_ _—-— ‘ _|._ I~ |
= b I
A0 10—
_15:|||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII _15:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o 01 02z 03 04 05 08 07 08 08 1 o 01 0z 02 04 05 08 07 08 08 1
MM Cutput NN Qutput
. L=3.0fb"! B (Bg Only Hyp , 15 L=3.007) g Sibhatm 60"
1]
E — T Signal m =180 r H
E r/ T O Run IT | Bl g [ adl ee, g DO |Run II| » Daa
L L. —e— R L] B s .
10 | -1 feliminary | * Data 10— Prn]l]]]llll':ll'}'
n - — Tatal Syst. - a
ek I et L
:.J__ —l—rJL-__l—L_l_ — I:I:-J_
0 . ] - —.— ]
N J_I_—-—'_'____.'_—._ .- r Bl I
Fa— --_-|="=L_.— 3 —I'_'_'I_I—I'_' J—I
.5_— r —— -5: J— J_ — -
R A 104
_15:||||||||||| [ IETE NI RN ' IS ST PR R _15:||||||||| 'EREE FETE NN N FEEE N S TR Al R
o 01 02z 03 04 05 08 07 08 09 1 001 0Z 03 05 06 07 1
MM Cutput NN Cutput
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GFitter

(My = 11647157 GeV)

mE IIIIIIIIIIIIIIIIIIII

- I I I -.I..r.:/ I : 'E‘ ; T Ihlblmldlr-;*ln:'lllﬂ..l.l rrri I IE
i n 7 i '} G5 g, g 09 OL 81 contours -
w1l EEE!_ E h::l.lll..m_'.lr.-:l.llg?nln:l'n 5
''''' A E Rl T L=
i // ] mA
; e — B0
_____;u._'-__________' 2 03 e 1
; Thaory Lnceriainty . i o e Lt
- = W L
| — At Including theory amors BEE comoursanciusng b, m_ 0%, 9o, 9% EL IS corisars
——- Pt awcdng theorg ermrs EI:I.E:— i My HiE
- —— . B S . S S . S M St ||-| -
-~ i = G LTI
%IIIII 1 I IIIIIIIIIIIIIIIII m1 _IHIIIIIIIIIIII IIIIIIIIIIIIIIIIIIII
i} oo 13 140 180 80 MO 2 X0 0 MO 3D ﬁm:. 165 T 165 170 175 180 165 TS

Figure 1: Left: 237 as afunction of M for the compi=te 2. The solid {dashed) lines give the resules when including (ignoring)
thearetical errors. The minimum 2% of the Bt including theorstical scrors is ussd for both curves in sach plot to obtain the
cffset-correctad 247 Right: Contours of 83%, 95% and 99% CL sbtained fom scans of fits with fixed variable pairs My ve,
my for three sets of fits ecplaiped in the main text. The horizontal bands indicate the 1o regions of measurements (world
iveTaEes |,
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Calorimeter Tracker [ .

3 Layer == |
Muon
System

N 2T Solenoid Magnet

-~
~

il

M

X Silicon microstrip vertex detector
X Scintillating fiber tracker
¥ Uranium / liquid argon calorimeter

X  Wire chamber + scintillation counter muon
detector system

X 2T solenoid magnet & 1.8T toroid magnet

J

Angular Coverage

Muon ID
Tracking
EM / Jet ID
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Angladjjbas @ 2D angle betwesn muon and dijet bisactor

Angle™W | Ohiggs @ 2D angle betwesn et and leptonie 87 in the Higes Ch frames
Beta @ |p|/E for hadronie

Centrality o sum of FT Y sum of E for lepton and all good jets
Chitheta)] - A0 angle between selected dijet pair in the Higes M frame
HTjlepm © sum of pplor lepton, B, and all good jets

letllepton DR © AR(leptonlaad jet assoctated w/ hadrome W)

et llepton DR ARilepton, 2Znd jet associatad w/ hadronie 57

FoTmax @ ARGGL 20+ Emig L ETil + ET)

FETrmin © ARG 20+ Er2i /Bl + BT

METHs : dot product of Epand dijst bisscton

FTrel © magnituds of jetl ppperpendicular to dijet system

SphericityLep]) - Spherieity caleulated from lepton and dijet pair
WiWhisDPhi 0 A¢ between leptonie 87 and dijet bisector

WiWmas=s © Mazs of the VW pair
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ATLAS vs CMS
R T T R

Magnetic fleld 2T solenoid + toroid (05T barrel | T 4T solenoid + return yoke
endcap)
Tracker Si pixels, strips + TRT Si pixels, strips
olpr = 5x10p; + 0.01 o/pr = 1.5x10*p; + 0.005
EM calorimeter Pb+LAr PbWO4 crystals
o/E = 10%/+/E + 0.007 o/E = 2-5%/+/E + 0.005
Hadronic Fetscint./ CutLAr (10A) Cutscintillator (5.8\ + catcher)
cxlariowe ter: OJE =~ 50%/+/E + 0.03 GeV OIE = 100%/~/E + 0.05 GeV
Muon olpr~ 2% @ 50GeVto 10% @ 1TeV  o/p; ~ 1% @ 50GeV to 5% @ | TeV
(ID+MS) (ID+MS)
Trigger LI + Rol-based HLT (LZ+EF) LI+HLT (L2 + L3)

11/18/09 Lidija Zivkovié, Closing in on Higgs
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Why did we conceive and design ATLAS this way (also in comparison with CMS) ?

ATLAS = A Toroidal LHC ApparatuS |CMS = Compact Muon Solenoid

Air-core toroids + solenoid in inner cavity

MAGNET (S)| 4 magnets
Calorimeters in field-free region

Solenoid
Only 1 magnet
Calorimeters inside field

Si pixels+ strips St pixels + strips
TRACKER TRT — particle identification Little particle identification

B=2T B=4T

o/py ~ 3.8x104 p; @ 0.015 o/pr~ 1.5x10* pr @ 0.005

Pb-liquid argon PbWO, crystals

EM CALO o/E ~ 10%/~NE  uniform G/E ~ 2-59/NE

iijﬂgl[“dlllill ‘ieg”]f]][ﬂ“ﬂ]] no 10}]}1‘1“1[“'“1] Seo.

HAD CALO Fe-scint. + Cu-liquid argon (10 &) Cu-scint. (> 5.8 & +catcher)
c/E ~ 50%/VE & 0.03 S/E ~ 100%/~E @ 0.05

MUON Air — a/pp~ 10 % at 1 TeV standalone Fe — a/pp~ 15-30% at 1 TeV

(~ 7% combined with tracker) standalone (5% with tracker)

J 4 < (S S
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SM Higgs searches at Vs<14TeV

LHC will start working with center of mass

energy lower than 14 TeV around 10 TeV
» Main Effect: cross section changes

Different energy of LHC has two effects:
e Cross section for signals (and background)
goes down

e Signal (Higgs production) goes down faster:
Higgs is mainly produced from gg and
backgrounds from qq

Efficiency and Acceptance;

e Higgs becomes relatively “heavier”,

i.e. decay products become relatively more
central for smaller LHC energies

A
e :1 7
e Therefore, the corresponding second order Tg%, i

correction is larger than 1 (scaling factor)

11/18/09

Lidija Zivkovié, Closing in on Higgs

Process OVF = 1078V “F - grev
_ F5=147V | Os = 14TV
it 0.450 4 i By
Wt 0.450 4 gl 1
WW 0.650 ekl
WZ 0.650 0.320
L 0.650 0.320
e 0.681 0ozl
Pl s oy 0 B8 11 Tl
gg — H 0.540 0.190
Example : HWW + HZZ combined
L for 5o 14 TeV 10 TeV
my =200 GeV 0.6 fb-1 1.3 fb-1

PYTHIA for HEL (LOY and MCFM for
HWWW cross section calculations,
standard CM3S MC Samples used for
pstimate
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eemenerAtlas discovery and exclusion

significance
— 10 . - ' ' ' ' 11
e, ATLAS |
2 Preliminary 0
28 9
E
>
-7 18
6 17
5 16
- 15
4
- 14
3

120 140 160 180 200 220 240 260 280 <&
m, [GeV -

Conmibeineed Fomclosinn O3

.98
uus

n.Aakh

Lumingsay b |

SRR
B LR =10
iy
- RRLREIN]

0.7

- o 41, A0
LA A

1 55
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g 8B

MET [GeV]

¢ o

4a
L=

20

1]

S140

W sof

60
40
20

n)

o

120t
St

| 1 1 1 1 1 1
0 20 40 60 B0 100120140

| 1 1 1 1 1 1
0 20 40 60 80100120140

My [GeV]

‘| signal m =140 GeV |

m;g [GeV]
11/18/09

p—

=>140

81202—
ool
=
W sof
S0F
401

20
Q

S140

W sof

&0
40

20F

0

hQchD

1 1 | | | 1 1
0 20 40 G0 80100120140

My [GeV]

8120
oo

F[ zignal m =160 GeVY
:_‘ H |

v,

1 1 | | | 1 1
0 20 40 &0 80100120140

m; [GeV]
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R —

o8& 888 BE

O

MET [GeV]

: -+ Wajets
3000

L o T

i "

- = = MWW m = 160 GeV
2000 B

L] Data
1000 .. e
Og 50 00150

| 1 1 1 1 1 1
20 40 90 B0 100120140

myg [GeV]

|

signal mH:1BO GeV |

| 1 1 1 1 1 1
20 40 &0 BO 100120140

myg [GeV]

 QCD reduction

- jet faking electron

— missmeasured jet
energies give MET
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MET [GeV]
885

¢ o

o O
EREEE AT

- data

[

| 1 1 1 1 1 1
20 40 80 80 100120140

My [GeV]

S140 ‘| signalm =140 GeV |

&60F
40f
20

[

ZID 4ID EIO BIO 1L'IIO1ZIO1AO
m;g [GeV]
11/18/09

p—

=>140

81202—
|_1IJJ:—
L sof

S0F

40
20

hQchD

1 1 | | | 1 1
0 20 40 G0 80100120140

My [GeV]

F[ zignal m =160 GeVY
:_‘ H |

1 1 | | | 1 1
0 20 40 &0 80100120140
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Lidija Zivkovié, Closing in on Higgs

R —

MET [GeV]
°oB58BEHE

| 1 1 1 1 1 1
20 40 90 B0 100120140

myg [GeV]

;“signal mH:1BO GeV |

| 1 1 1 1 1 1
20 40 &0 BO 100120140

myg [GeV]

3000( :4_ :"

2nuu _ L - = W m = B0 el
1000 " i

% P e
W— ev m,, [GeV]
Wii
* QCD reduction
' — electron faking jet

— missmeasured jet
energies give MET

* Triangle cut between
transverse mass and
MET

74



‘Gi:) (COLUMBIA [JNIVERSITY

10°¢
10°

1045

IM THE CITY OF NEW YOREK (\:\'C D e S[] .r.r] El‘[] O .r]
Loose @ F
— Tight 10°¢ § o7E [72Indf=144.4/6 et
— ORT = 06F | PO  0.1474 £ 0.0005 +F
104 = L
2 0.5 -
i - C -
1032 0.4__ -
; 0.3F -
102 0.2F -
E C e———
r 0.1
P B I (N _ 10:,,,|,..|...|...|...|...| E,,,,|,,,,|,,,,|,,,,|....|....|
0 02 04 06 08 1 0 20 40 60 80 100120140 DD 10 20 30 40 50 60
. . MET [G
EM Likelihood MET [GeV] [GeV]
We use so called matrix method
- Define 3 different sample: Loose, Tight and - Nl
10000— "
OrthogOna| | =:1c|'l;oson
QcD
* Loose and Tight are used to measure I T e 160 Gev
efficiency of QCD and “signal” events in 5000 ~ b
data, &, and g, , and to obtain R -
normalization NI TE T
-q-i"ﬁ' w ze [GeV]
. — 8V
* Orthogonal is used to get the correct o
shape
75
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~ NLO pQCD calculations & MC Models

pQCD predictions calculated with MCFM, JetPhoX
Many LO MC programs on the market:

- MEPS: Alpgen, Sherpa, Madgraph, Helac, Madevent, ...
- PS: Pythia, Herwig, Ariadne, ...
CKKW

- the separation of ME and PS for different multijet processes is achieved through
a kT-measure

- undesirable jet configurations are rejected through reweighting of the matrix
elements with analytical Sudakov form factors and factors due to different scales
in alpha_s

MLM

— matching parameters chosen, ME and PS jets matched in each n-parton
multiplicity, events vetoed which do not have complete set of matched jets

— further suppression required to prevent double counting of n and n+1 samples
(replaces Sudakov reweighting in CKKW)

11/18/09 Lidija Zivkovié, Closing in on Higgs
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(%) The CDF De

Tracking:
Silicon Vertex Tracker
Central Tracker
1.4 T Solenoid

Calorimeter:

EM Calorimeter
(lead/scinfillator)
HAD Calorimeter
(iron/scintillator)

Muon:
Drift Chambers
Scintillators

The D@ Detector

Tracking:

Silicon Microstrip Tracker
Central Fiber Tracker

2 T Solenoid

Calorimeter:

Liquid Argon Calorimeter
Inter Cryostat Detector
Pre-shower

Muon:

Drift Tubes
Scintillators
1.8 T Toroid

y =1 n :)/
Muon Scintillalors
e
Muon Chambars
=2
.-"'_-’.
o
" n=4a
Shiciding - ot _—_—————— i
EEE—— f'—\f EE
i !
Calonmeter ||
‘ cecscsssimnaen s s
” | Torod | |
[ | | ==
| jiit
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DS Multivariate Classification

* Improve signal and background separation w/ a multivariate classifier
* Found Random Forest (RF) classifier to be the most powerful and robust

* From outside (black box), RF works similar to other classifiers (e.g. NN)
* Trained b.y .feec!mg it events of A “forest” of many decision tree classifiers
known origin (signal or background) ;
* Use trained Random Forest to evaluate
new events and determine the
likelihood of being signal

Random Forest
(trained)

e Inside the RF

* Many different tree classifiers
» Each tree classifier performs a series of optimized
cuts to separate signal from background
* The RF output averages the output from all the trees

» Fluctuations and over-training are reduced because
each tree will fluctuate differently

11/18/09 Lidija Zivkovié, Closing in on Higgs 78



‘Gi:) (COLUMBIA [JNIVERSITY

I THE CITY OF NEW YORE

11/18/09

95% CL Limit / SM

25

20

15

10

160 180 200
Higgs Mass (GeV)
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Ouitline

* Plan:

* Motivation -

e Current limits

* Current searches

* Future

intro 3-4

Tevatron, detectors 4
dataflow, DQ 2
Object id, MET 2
Low mass Higgs 3
High mass Higgs 2-3
My analysis 15

Stat. analysis 3-4
Future at LHC 4

Summary 1-2

centrality = (jetl.Pt()+jet2.Pt()+lep.Pt() / (jetl.E()+jet2.E()+lep.E());
11/18/09 Lidija Zivkovié. Closing in on Higgs
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