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Standard Modz]

* 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...

1
Mszvg MZ:%vg/coseW:MW/coseW

* ...and to generate fermion masses:
mfzgfv/\ﬁ =g ,=m, V2/v
* Unitarity requires a Higgs boson

or similar Wi we
- cross section for WW ﬁ:
scattering diverges el
like s/M,,? "

- scalar Higgs boson cancels H
divergences )
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sounds on Higgs mass

* Global SM electroweak fits provide upper limit
+ The best fit gives m,=94"3,GeV
o Limit from fit m_ < 152 GeV
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sounds on Fliggs mass

LEP (1989-2000):

L
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d Prevessin
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Observed

-— Expected for
background
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LEP (1989-2000):
m,, >114.4 GeV@95% CL

Observed

-— Expected for

background
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* Tevatron (1986-2011).

Summer 2011:

Exclude: 156 - 177 GeV and

100 - 108 GeV

Tevatron Run Il Preliminary, L < 8.6 fo!
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sounds on Higgs
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Bounds on Higgs mass
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New particlel

MNALKA

Saznanje o Higsovom bozonu pred vratima

lidiaz B /03.07.2012. u 13:23
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The Teva‘l‘r‘on pp colhsnons

i a-ﬁ'\-l.} 2=

* Ran for 25 years

- 9inRunII

* Center of mass energy
/s =196 TeV

* Discovered top quark

* Excluded high mass
range of the Higgs

boson £

* The most precise =" " 4 T_ '
measurement of the W EEEGaEE"{ Main Injector
and top mass ~ "% &Recycler

-~ S 1 — - .
* It stopped running on

September 30™, 2011

September 6, 2012

#Eﬂml PP Tevatron Collidy



The Tevatron 0P collisions

25
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July 2011 (* preliminary) [ | Expected £26
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The LHC

* First beam on September 10™ 2008

pp collisions
* First collisions end of 2009

* Goal is /s = 14 TeV (exp. 2014)
- Collisions at /s = 2.36 TeV in
December 2009
- It was running at /s = 7 TeV
through 2010 and 2011
- It is running at /s = 8 TeV in 2012

772700 - e ERIRRER

-Jet Event af '2.36"TeV

* Goal is to collect 10 fb!/yr and
later 50 fb!/yr
- It collected ~40 pb! by the end of 2010,
5 fb-! in 2011, expected about four
times that much in 2012 (14 fb™ already)

- 100 fb! possible in 2016

L ATLAS
2 EXPERIMENT

* Discovered Higgs boson like particle e R
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D@ experiment

°( Silicon microstrip vertex

| / de’.rec.’ror |

------------- *\ 5C|n1'l||(1‘|'lng fiber tracker

— i_ ="/
Muon Chambers | ”

* Uranium/liquid argon
calorimeter

Shleldmg
Calonmeter

eSS ST
- —

Wire chamber + scintillation
counter muon detector system

o
T [ T T T T [ T T T T T T 1

_5 D 5 "N 27 solenoid maghet & 1.8 T

3-Level trigger system: :
Collision rate 1.7 MHz toroid magnet

Level 1 (hardware): 2.5 kHz

Level 2 (software): 1 kHz Angular coverage |

Level 3 (software): 100 Hz Muon ID ~2

We save ~25MB/s Tracking ~2.5
EM/JetID ~4
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12.0

Data taking

w Run Il Integrated Luminosity

19 April 2002 -30 September 2011

11.0 4

10.0

- More than 10.7 fb! on tape
- More than 90% efficiency
- Peak luminosity ~4.1E32
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Higgs searches at Tevatron

September 6, 2012 Lidija Zivkovi¢. Closing in on Higgs
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* Main production process

10 ¢

0.1

1.01

0ol

Production ... -

is gluon fusion

* Associated with vector
boson, and vector boson
fusion are significant

114 120 130 140 150
My [GeV]

September 6, 2012
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.. and Decay
\

High mass

N

2 » »
10300

September 6, 2012

M I
120

14

2 L 2 2
180 200
m,, [GeV]

L%
160
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At lower masses

dominant decays to
bb

At higher masses
dominant decays to

WW

Due to the small
oxBR other
processes are less
usable at Tevatron
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How do we search?

PP/pp cross sections
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Flow co we search?

PP/pp cross sections

T« We need to extract tiny signal from

L

%10“; s PP PP
I o o huge background
Z T
120 = [
10 5~ - We have to be able o measure
101-
o o1 known processes

w: P * Good background modeling

jﬂ (E' = Vs/20)

ﬁ:
1075 o, E&"> 1mce‘n
107
10
107 o

\
MO WAL

- Extensive application of advanced
analysis techniques to find phase
space regions with good signal
and background separation

107 O - Measurements of low cross-
“: __ gy M1 061} section SM processes like single
| 1 O MaeS0G) \ - top, WW, WZ and ZZ, are a

10’ 10" 15 (Gev proof of principle.
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How do we search?

_ PP/pp cross sections
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Measurements of low cross-
section SM processes like single
top, WW, WZ and ZZ, are a

proof of principle.
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Overview of the Fliggs search at

Gluon fusion

VH

DY

Overwhelmed by
multijet production if
searched for in gg—H

* Common challenges:

H—bb V=W-lv, low mass

< [H—bb V=Z-Il, low mass
H—bb V=Z—-vv, W—Av, low mass
H—-yy Low mass Low mass
H-1t Low mass
H->WWolv+X V=W-lv, High mass
H->WW-lvlv High mass
H—WWlvjj High mass

- lepton and jet id, missing transverse energy (MET)
reconstruction, b fagging, QCD estimation, systematics

* Recent improvements:

- Beftter trigger and b-tagging algorithms, better lepton ID,
improved dijet mass resolution

September 6, 2012
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r

Sezarcn for the Low Mass Fliggs Boson
« ZH - lIbb - 2 leptons + 2 b-jets

* Low background, small signal

* Modeling of the Z+jets background;
rejection of the tt background

ZH - 1lbb ®
* WH - |vbb -1 lepton + MET + 2 b-jets

* Modeling of the W+jets backgrounds

* Modeling and rejection of the multijet
backgrounds

q

* ZH - vwbb - MET + 2 b-jets

* Significant contribution from WH where
a lepton is not reconstructed

q
ZH - vwbb B * Background modeling and rejection
September 6, 2012 Lidija Zivkovi¢. Closing in on Higgs 26



Sezarcn for the Low Mass Fliggs Boson

Zero or one or two leptons, MET,

fres eﬁecuom two or three jets

Multijet model, W and Z-boson pT,

KMOO[Q[%”& jet angles
éacﬁgrouna[ jogcu’on_, Multijet suppression, tt rejection

B-taggiﬂ,& Further signal optimization,
several b-tagging categories

f]finafﬂ{esu[r’ Final mulTnvamg’rg analysis, ;ys‘rema’rucs
statistical analysis
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Data
- Multijet
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mTR:\/Ez_pi_pi

electron, tight, 2-jet, pre- b-tag

Two high p_leptons, or one gf’“‘"’
high p_ lepton and high MET, =
or high MET from vector o
boson o

DY work in progress

FromW - |v decay
E. =
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w .
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3000
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1000

%
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From W/H - jj/bb decay
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3 z 2 l | ,
Modzling of the background
* We model background processes with Alpgen+Pythia, Pythia and CompHEP
* Normalized with the highest order cross section available (NLO or better)
g g a :
“ diBoson
9  ¢~0O(10ph)

q
- . !
5~O(10° ph) i ;
3 3
q yA : : q w 4
Higgs signal 3

Multjet (QCD) ~001p) PR -
et
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Modeling of the W+ jets
s rons 11J QS
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Cross section, mass,

properties

Modzling of

ne

V(—Iv)+2 jets, Tight Double Tag I
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Modzling o

* Our generators do not
describe vector boson (W
or Z) p, correctly

]C

i..

 We measured differential

cross section do/dp_“ and

used that measurement to

correct the Monte Carlo
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ol % Scale and PDF unc.
(b)
0_q[;...|...|...|...|...|...|...|...|...|...

«ground - Z p.

20 40 60 80 100 120 140 160 180 200
P (GeV)
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Modzling of the background - W p_

Calculated with FEWZ  ratio Wiz NLO
1.1

* To determine the correct shape of

W p. we compared it to the 1 ‘ sz
measurement of the Z p.. o m\\
. =
corrected to the predicted NLO g0 \
: >
ratio between W and Z p_. 0 <
- Compare to data to correct the :
r'emaining difference 3 10 t 100 1000
p
Data
B e electron, tight, 2-jet, pre- b-tag - electron, tight, 2-jet, pre- b"af-"
w2 [ D work in progress s F D& work in progress
w gmoo;— gmoof_
B e %sooo ; ;:;'sooo ;— — WH
Z41f Esoooz_ ot gsooof— % — H-WW
5 - ® S
R -F R m, =125 GeV
- . 3000 i—: -’Ei :—'*' He (s*2000)
- single-top 20002— ﬂ"i ;—
- Wz 1000:' i“‘:ﬁ Y
- §
] _ o, — 0 b0 0T T et T % 20 40 60 80 100 120 D 190, 00
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Modzling of the backgrounds - jet angles
* MC generators that we use do not describe jet angles correctly

* Correct distributions based on data, inclusive Z+jets and other
96!’\6["01’0 r‘s . electron, tight, 2-jet, pre- b-tag i electron, tight, 2-jet, pre- b-tag _+_ e

o DY work in progress 8 - DY work in progress - Multijet
0,3 i Centrality = > 1>, E e
r'] — ln < tan ( — ) ) £ 3000 — 23800 ly visible Pr visible Wac

2 25002— ﬁ% before rewel _gwhtl ng “E_% R

2000 o " g <+ 5 " "
D-O vs Vjets channel SUPER RATIO E = = 2000 e L
N 1500 — g _ﬂ* C ol o Z4C
L i | =t R -
1.8 1000 - Y 2 =
- e o 2 : N
16 B
500 500 — it
14 =
1.2 1 15 2 25 01 02 03 04 05 06 07 08 09 1 - single-top
2m Leading jet n Centrality with Lepton and All Jets
1 . . . . wz
electron, tight, 2-jet, pre- b-tag electron, tight, 2-jet, pre- b-tag -
08 8 F DY work in progress 2 4000 DY work in progress WwW
0.6 S 35001 S -
2 - 3 3500
— K
c c
0.2 ® = @ 3000
2500

Y I
%95 2151050 05 1 1.5 2 *“%EE -

20 2000 s %,  after reweighting =
=" 5

: Y . =
1500 — ey —_E, r & S
— WH - 2 . !
C T = =
1000~ &= i - o R
— H-WW N g 1000 ¥ -
C . E
— 500 — r -
m =125 GeV - s00k o
I
x -%.5 - -1. - -0.5 0 0.5 1 1.5 2 25 0() 01 02 03 04 05 06 07 08 09 1
(S 2000) 2" Leading jet 1 Centrality with Lepton and All Jets
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Multijet modzling -VH-E bb
* Multijet mostly from the mismeasurement of jets

* Define four different regions:
- Analysis sample - used for final result
- EW control sample - to model V+jets backgrounds
- MJ model - to model the MJ background in the
analysis sample

h \ 2nd i t
- MJ-enriched sample, used to validate the MJ- .w 'A . )
) Fake Missing E;
modeling procedure

QCD Di-jet (Bb)

15t jet
Remove events with low E_ Dedicated MVA against multijet
significance (NET/OE) events + medium b-tag

_||||||||||||—I—I—I—I—||||

ZH—)W’bb Analv5|s sample { Medlum b taq)
v I

Do Prellmlnary (9 5 fb iy

- Top

B Vah WY
Valf.

B Multijet

CJVH(115) « 50

D0 Prellmlnary (9.5 'lb h

25— -Tp
C B Vehisvy
Va+lf.
20— mmmuitie
O CvH( e 00

Events/0.10
Events/0.12

15}

10F

SR SR

PR -1 -08 -06 04 -02 0 02 04 0.6 OB
E, Significance Multijet DT
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(\

ttrer dijet mass resolution
- ZFl~lloo
* To exploit the fully constrained kinematics
energies of the leptons and jets are
adjusted within their experimental

resolutions, using a likelihood fit that
constrains m to the mass and width of the

ZH - llbb  ®

. £ 45 FDouble Tag DO. 9.7 fp' —— Data
Z boson, and constrains the p_of the llbb g «i e | ZiLF
35 F BN Zicc
system to zero with an expected width E Wi Oiocer
. 25E | I mmm Multijet
determined from ZH MC events. 20
15 F
10
5 F
0:

0 20 40 60 80 100 120 140 160 180 200
Dijet mass [GeV]
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Better dijet mass resolution

- ZH=llbb

* To exploit the fully constrained kinematics TH 5. 11bk
energies of the leptons and jets are
adjusted within their experimental
resolutions, using a likelihood fit that
constrains m to the mass and width of the

i

35 _Double Tag D@ 9. |7 fb —e— Data

c (d) — Z+LF

Events

Z boson, and constrains the p_of the llbb

system to zero with an expected width _
determined from ZH MC events. 15|

- Kinematic fit improves the dijet mass SE
. ° . 0F-
resolution by 10-15%, depending 20 40 g0 80 100 120 140 1en 180 200

» The dijet mass resolution for M, = 125 GeV
is 15 GeV with the kinematic fit
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* Dominant backgrounds are V+jets, dominant component V+light

-l

M=125 GeV O lepton search | 1 lepton search |2 leptons search
ZH — vvbb WH — Ivbb ZH — lIbb

Signal 35 46 9.2
V+jets 92480 240426 23558

MJ 1977 68366 1284

Top 1934 7222 285
Diboson 3144 6824 530

Total background| 99535+12542 | 322838124756 25658
Data 98980 322836 25849

flavors - more than 80%
=> Introduce b-tagging

September 6, 2012

Lidija Zivkovié. Closing in on Higgs
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o-tagging

 Several b hadron properties can be e AR AR

exploited to tag the b-jets: Jet

- long B lifetime (1.57+0.01 ps) Disilaced ra

- high mass (~5.2 GeV/c?2) _——

- high charged decay multiplicity - more _y ;}G‘\Q"’

tracks | ? x jf \D/:I(-:tz};
* Combined information used in Prompt tracks

. . Primary Collision
multivariate tagger

V(—lv)+2 jets, Pre Tag

= C : c .- -1
o = D@ Preliminary, L=9.7 fb —— Data
S 65— |1 NN Moriond 9 04500 m Multjet
% - NN Summer 09 - m4000 v+"
£ T | —%— MVABL Summer 09 ,L _ - S:B=1:5000
s oF e 3500 M
2 F o L B -
T S 5'9’“’\';' — 3000 - I single t
G ¥ B Sm,
50| - K L M, =125 GeV
- %T J/S,/w / (x1000)
45 & -50% fakes !
E o J —l p,>40and 0< | <0.8
40
o— 1 1 0.2 1 1 1 0.4 1 1 1 0.6 1 1 1 0.8 | 1 | 1 | 1 | 1.2 | 1 1 1.4 | 1

50 i
Dﬁet mass (Ge%
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o-tagging

 Several b hadron properties can be e AR AR

exploited to tag the b-jets: Jet

- long B lifetime (1.57+0.01 ps) Displaced tra

- high mass (~5.2 GeV/c2) e A

- high charged decay multiplicity - more _ S :,wvem

tracks | ? x j, \D,:féi
* Combined information used in Prompt tracks

. . Primary Collision
multivariate tagger

V(—Iv)+2 jets, Tight Single Tag

g T £18001 D@ Preliminary, 9.7 fb™
= - |Tagger . ~1600— D
Qg5 —+— NN Moriond 09 2] - e Data
g C NN Summer 09 - c C Bl Multijet
E 60: —#— MVA BL Summer 09 % 214005 '¢ S: B:1875 V+if :
5 f — w1200 § § V+hi
2 g [roem] — 1000 . f
- }%ﬁ . F B I single t
50/ - ; 1] %00= | m Eﬁ\’nv 125 GeV
= g nl = e
: % 1 ) 600 N " (x100)
45; il | 0% fakes 1] p,>40and 0<n| <08 400 - . '.L_'_
40 : 200 :_ '.-_Q__._
. C 0000, 4 R
0 0.2 0.4 0.6 0.8 1 1.2 14 00 50 100 150 200 250 300 350 400
fake-rate (%) Dijet Mass (GeV)
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- high charged decay mulftiplicity - more

tracks

 Combined information used in

o-tagging

* Several b hadron properties can be
exploited to tag the b-jets:
- long B lifetime (1.57+0.01 ps)
- high mass (~5.2 GeV/c?2)

multivariate tagger

3? _
;  |Taager
g 65— —+— NN Moriond 09
2 - NN Summer 09 -
e [ | —%— MVA BL Summer 09 L o
w 60
C |
E C /—f—"'ﬂ//
) [ |+13% signal ! I
55 __ ..... \‘
RGPS
50 . N
: T I 5,/‘ '
a5 % & -50% fakes 1|
- B J akes ] p,>40and 0<n|<0.8
40
0_ 0.2 0.4 0.6 0.8 1 1.2 1.4

September 6, 2012

fake-rate (%)

Events /Bin

Prompt tracks

Displaced Tracks

DisNaced&

Decay lifetime

>
N

Jet

»
-
~ ondary vertex
Rk f&
a -~ 7
Primary vertex D
ecay

Vertex

Primary Collision

V(—Iv)+2 jets, Tight Double Tag

120

100

80

60

40

20

2

D@ Preliminary, 9.7 fb™

* S:B=1:150

Lidija Zivkovié. Closing in on Higgs

e Data
Il Multijet
V+if
V+hf
it
B single t
vV
M, =125 GeV
( x20)

100 150 200 250 300 350 400
Dijet Mass (GeV)
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Furtnher optimization with b-tagging

* Multivariate tagger allows for 2jetsexcl. 3jetsexcl.  4jetsincl.
different configurations 0tag H  WW — Ivj B — T
A 1| t v -
=> Increase sensitivity of the 00se 18
1 tight tag
search
2 loose tags WH — Ivbb ttH
2 tight tags
—+ " R
[ ] :u:"et ds0|- DO Work in progress
Wic gﬂﬂ:—
- bl+b2 2 jetsexcl. ~4fb’ 125
" 250 2 Tag Data H—WW WH WWW
2+
m__ii pretag 42102 2.9 5.6 2.2
- E
tf wo? 1 loose tag 6711 0.5 0.6 0.4
T e T 1tighttag 2724 0.2 1.8 0.2
- . 2 loose tags 597 0.0 0.5 0.1
-H % 01 02 03 04 05 06 07 08 09 2tighttags 414 0.0 2.0 0.0

— WH
September 6, 2012— H—-WW Lidija Zivkovié. Closing in on Higgs 42



Yields afier b-tagging - promeni

M=125 GeV O lepton search 1 lepton search 2 leptons search
ZH — nunubb WH — Inubb ZH — lIbb

Signal 12.8 11.3 13.9 19.2 2.5 2.9
V+jets 4186 695 13635 5691 660 222
MJ 278 6 4634 2020 54 26
Top 761 377 2413 2437 77 99
Diboson 237 56 648 256 33 19
Total background 54621776 | 1134+192 | 213302190 10404+1059 | 824+102 366+39
Data 5453 1039 20684 10071 886 373

* For instance in WH double tag, expected 19.2 signal events for the Higgs

mass of 125 GeV, and 10404 background events - s:b~1:540

e But

- Uncertainties on the background are larger than expected signal

- Simple counting experiment will not work.

September 6, 2012

Lidija Zivkovié. Closing in on Higgs
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Multivariate techniques

* Multivariate techniques are more powerful than simple cut method

They exploit correlations between different observables

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

events)
NN
: -
Good separation power -
1800— V(—lv)+2 jets, Tight Single Tag - V(—lv)+2 jets, Tight Single Tag
£1800¢ D@ Preliminary, 9.7 fb ™" £2400F D@ Preliminary, 9.7 fb ™"
< 1600~ Y @2200F- ¥ v
31600: l e Data \ 250005 e Data
1400~ Il Multijet c E | o Il Multijet
ST E L e Valf \ £1800: Valf
w1200 [ | V+hf w1600
- ' I 1400 | & i
1000- i 3 fi
0005 i u I single t —P j\/j V 1200F ° I single t
800F . vV - 1000 | & W Vv
600 N [JM,=125 GeV 5003 . [JM,=125 GeV
- L (x100) /V 2 E (x100)
400- & . / 600 .
- 1 4005 .00,
2001 *s, - —ntae,
= L"Ge.;" ol BDT 208
%50 100 150 200 250 300 350 400 1 0.8 -06-04-02 0 02 04 06 08 1
Dijet Mass (GeV) Final Discriminant
Well modeled
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Systematics

* Uncertainties affect both the normalization (luminosity, cross
section,...)

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

* and the differential distributions (Jet Energy Scale, ID and
resolution, QCD shape, rewelgh’rmg b-tagging, HF content...)

V(—Mv)+2 jets, Tight Single Tag

P
éggggg_ D@ Preliminary, 9.7 fb™ '§ 0.1
£2000-- * Data o -
c = . . Il Multijet Q -
s1800-| * Normalization V+,f' 5 005k
w1600 V+hi = L
E e [ B
14005 tt = -
12005 B single t g L
- vy Q L
12335_ Shape  m=125 Gev £ 5
s00- . (x100) e
o -0.05 i
400: —_".r""'-'-'-.n.-—...v - .
200g
0108 -06-04-02 0 02 04 06 0.8 1 0.1~ ottt oo
Final Discriminant C1 11 ‘ L1 1 | L1 1 | | I ‘ 11 | L1 1 | | I ‘ T : J

e S (S 11 | R S 1 -
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ZH > wbb =

ZH —)Wb b analy5|s sample (tlght b—tag)

Results

W(=£v)+2 jets, Tight Double Ta¢ @
[=

0
Q 300; (b) MJ DT> O 3 + Data D@, 9.5 fb ] 3250 (© DY, 9.7 b L%
o 250F I Top = * Data
~ C P V+hf+VV 1¢c W Multijet
® onnkE 12 V4
= 200:— V+l.f. T ? VAN
sl_g = I Multijet 1 150 it
I 150:— [ VH(125) x10 B Misingle t
] A'AY
100 - 100 CIM, =125 GeV
o —+— ] (x20)
_E 50 § b gty
0 11 1 11 -
-1 -08-06-04-02 0 02 04 06 08 01 08060402 0 02040608

Final Discriminant

Final Discriminan

ZH - 1lbb  ®

Double Tag, it RF > 0.5 D@ Preliminary, 9.7 fb™

20 —e— Data
Z+LF
N z.bb
40 F B ZicE
; Top
Diboson
30 B Multijet

0 0.1 0203040506070509 1
Global RF Output

DD (9.5 fb') Exp. Obs DJ (9.7 fb') Exp. Obs DJ (9.7 fb') Exp. Obs

M, =115GeV 2.7 3.0 M, =115GeV 32 3.7 M =115GeV 3.7 4.3

M, =125GeV 39 4.3 M,=125GeV 4.7 52 M =125GeV 51 7.1
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Validation of The searcn

 Tevatron has measured
many SM processes

* Some of them with very low

cross sections

£ 10° = Tevatron Run Il SM Cross Sections
_§ ;D o o/o DO pub./prelim.
Q andl /o CDF pub./prelim.
o W0E 5o Theory
g | 95% CL upper limit
©10°s
[ ~
S
Q
3 I:]O ==
B 10°¢
o E
10 =R
E ol 2
- n
1L by

M,=160

E duly 2014 . . . . . . . T T
10_1 | | | | | i | i | b

w 2 W Wy et 2 Hw%

* The latest is the W/Z+Z - bb
- ~6 higher cross section than
the Higgs signal with m , = 125 GeV

- Exactly the same analysis
measured W1Z +7Z —bb:3.9%0.6 (stat )+0.7 (syst

M prediction W |Z +7Z— bb:4.4+0.3 pt

N 800 Tevatron Run I, L <97 fo’
= 600_ 142 b-Tagged Jets
9 = ~+ Data - Bkgd
S 1
o 400 Higgs Signal
= - m,=125 GeV/c?
o n
T 200
Obs= _+_++ P S
-2001 + ! ! | |

L1 111 ‘ | I | | | | I | I I | | | | | I I |
0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)
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Cormbining channzls
* 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
* Combine many channels: D@ + CDF

Channel v Luminosity my range
(fb~1) (GeV /c?)
H+(X)— v+ > jj (0,1,>2b tags)x(2,3,4+ jet) 9.7 100-200
ZH — visbb  (MS,TS) 9.5 100-150
ZH — ¢t bb  (TST,TLDT) x(ee,pp.ee1c R fifitrk ) 9.7 100-150
g T et I 9.7 115-200
H-WTW™ S XufTr  (0,1,24 jet) 9.7 115-200
H-WtW- = LV ThadV 7.3 115-200
H— WIW™ = flirjj 5.4 130-200
VH > e+ X 9.7 100-200
VH s> rrp+ X 7.0 115-200 .
H — vy 9.7 100-150 ¢
2
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Understanding limit plots

N
[8)]

A 2 2°F D@ Preliminary, L <9715’ ILLR, +1 s.d. b‘% D@ Prefiminary, L_<9.7 o - —
= LLR, £2sd.| < . Jint” o i
% 20 = SM Higgs Combination DLLRb S o SM Higgs Combination Expected w/o Higgs
Bkgd-Like 8 C ot LLRb g 10 = [:| Expected +1 s.d.
Outcomes -FE) 15 ;— — LLRE: -E E \:I Expected 2 s.d.
X - £ -
010 j i
()] E O
3 5 . 32 g
O | e .
» o ® e
O 1 r ~
Signal-Like 5 - <——LEP Exclusion
Outcomes ) i DO Exclusion\
1900910120130 140 150 160 170 180 190 200 100 110 120 130 140 150 160 170 180 190 200
Y  sunezo12 Higgs Boson Mass (GeV/c?) June 2012 Higgs Boson Mass (GeV/c?)

« The width of the Log Likelihood Ratio, LLR,, distribution (16 and 26 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.
« The value of LLR ,_relative to LLR_, and LLR, indicates whether the data

distribution appears to be more like signal-plus-background or background-only.
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The new Tevatron lirmit
* The new Tevatron exclusion

- It is expected to exclude Higgs mass in regions 100 - 120 GeV
and 141 - 184 GeV

- Actual 2eclusion: 100-103 62V and 147 - 180 G2V @957, CL

Tevatron Run Il Preliminary, L < 10.0 fo!
"!""!""!"" frmae iRk EabEEY Y OEME Y EEER

.z Expected wio nggs
[0 £t s.d. Expected
o] ‘__'P----+2 s:d: Expected

—L
o
|

95% CL Limit/SM

IlillllillllillllilllliIIIé | ||I\‘lune?u

1U(IJI 110 120 130 140 150 180 1?0 180 190 200
mH(GeWCE)
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The nzw Tevatron lirit
* The new Tevatron exclusion

- It is expected to exclude Higgs mass in regions 100 - 120 GeV
and 141 - 184 GeV

- Actual exclusion: 100-103 GeV and 147 - 180 GeV @95% CL

Tevatron Run Il Preliminary, L < 10.0 fo!
"!""I""I""r""!"" e o

L Obssusd : : : '
—— Olserved : Tevatron Exclusion
== Expectediw/o Higgs [SUSEEEENINE_—— @ = |

TS Erpestod . ]
=[] +2:s.d Expected

10

Excllision |

95% CL Limit/SM

T:eva:tn_:nn

N
r Ht
> '.'I‘.if.
=t ]

= v
semsnes b i ....p'ﬂ.“....
& R ... .

AP IS I PO N : : "”"e?mz
100 110 120 130 140 150 160 170 180 190 200
m, (Gercz)
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The new Tevatron lirmit

* The new Tevatron exclusion

- It is expected to exclude Higgs mass in regions 100 - 120 GeV
and 141 - 184 GeV

- Actual exclusion: 100-103 6GeV and 147 - 180 GeV @95% CL

September 6, 2012

-k
=

95% CL Limit/SM

Tevatrnn Run II F'rellmlnar'gar L <10.0 fb™

T I | |""|""|""""
— on 5 ' : | ATLAS+CMS
TEu ..... Expected wio Higgs Tevairun E i Exclusion
_‘='"::::::‘E:: g WEE 1ad Expecied = +;ATI;.‘A5+GM& ..... i
ﬁ o g E | iz.‘d EKP‘Eﬂt’E‘d . ........ o
5 1 - :ﬁ:ﬁEﬁﬁﬁﬁﬁﬁ!FlEﬁ!‘F‘..’!ﬁZEZZZZIIZIIIE """"" |
R I
g E g7 B SECEEEEE
E r
®

D
ﬁ ATLAS+CMS

[¥T) h 1
Exclusion ; : :
Z ; | i : June 2012
I 1 1 u I 1 1 1 I I I I I I

100 11[] 120 130 140 150 160 170 130 190 EDD

m, (GeWc )
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meantime

52



* Look at the low mass

September 6, 2012

The new Tevatron lirmit

95% CL Limit/SM

-y
=]

TeV (£10fb"') Exp. Obs
M,=120GeV 1,00 2.35
M ,=125GeV 108 2.35
M, =130GeV 110 2.55

Tevatrnn Run II F'rellmlnary L <10.0 fb™

— o ATLAd_a,'ci.'l's'
..... Expﬂ:te:l wio nggl : Execlusion

11D 120 130 I14D 150 160 170 130 190 2DD

my (GeWc )
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Little r

Data of 2007; up to 2.4 fb™

\

=

5 [ Tevatron Run II Preliminary LIR; X2 ¢
— aF L=1.0-2.4 fb' LIR, tlo
C -« LLRy
6F o iLLRg5

C —LLR;

110 120 130 140 150 160 170 180 190 200
my; (GeV/c?)

>

Data of 2008; up to 4.2 fb™

= _TLR, 20
3 E Tevatron Run iI Preliminary LLR, 1o
R ooanm! T e LLRj,
] et Lo SRS S S LI TIP5+
E March 5; 2009 — LLR,,,
8F
=
2
At
100 110 120 130 140 150 160 170 180 190 200
my, (GeV/c?)

rory of Tevatron result

LLR

)

<

Data of mid 2009; up to 5.4 fb"

14 - §LLR, tlo CDF+DD Runi] Preliminary
12 B TTR, 9G L0 AT
10 Feerivaas ELR;;
g Eobinin LLR..,
E — LLRobs
6F :
4B S K
2 :_".. ."’/ \X'.\..\
o A A PPy / '\-r\ ______
0 R\ g e s N
2 bosont, \‘7‘;\ ........ 2
2F \/
4 ;

100 110 120 130 140 150 160 170 180 190 200
November 6, 2009 my, (GeV)

5 - IO LLR, flo Tevatron Runll Preliminary
=15 EER, 420 <A =591
F T LLR,
C === LIR
10 +h
_\ —_ LLRobs
C 'o'- “\
5 = \ 'I' *\
0F \\ """"" N
- AN~ .
-5 : “\ ,"'

July 19, 2010

100 110 120 130 140 150 160 170 180 190 200
my (GeV)

Data of mid 2010; up to 5.9 fb™

September 6, 2012

o, C
= 15 |—-SM-Higgs - Combination @R, tlo
A L [JLLR, 20
[ D@ Preliminary, L=4.3-8.6 fb ' -- LLR,
_ =" LLRw+b
10 r _LLRobs

-5

July 17, 2011

100 110 120 130 140 150 160 170 180 190 200

my (GeV/c?)

Log-Likelihood Ratio

50 t Tevatron Runll Preliminary ElLLR, +1s.d.
- ) } [JLLR, £2sd.
30 - SM Higgs, Limﬁ 10.0 fb ---LLR,
E == LLRS+b
20 — e LLRnbs
10 f&

_________

L.

-y

EFETE U STAT INENATSTE AT S AN U SVIN A AT A |

P Ll Pl TR oA O el e i O e e B
100 110 120 130 140 150 160 170 180 190 200
June 2012 Higgs Boson Mass (GeV/c?)

Data of mid 2011; up to 8.6 fb™
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Quantifying the excess

i— 1—lZ:Lb Observed

@
T:u Tevatron Runll Preliminary = 1-CL. Expected = 3: R R B Ans Eanas s may v
E_ 10E L<10.0fb" [ Expected 1 s.d. % | Tevatron Run Il Preliminary, L < 10.0 fb™'
© [ ] Expected£2 s.d. £25 |
= 7 |
= g |
o 10" 2 |
210 :
& _
040 1.5 |

107 1

10 05 |

lllllll ORI A O T I L[ -

10100 110 el an A fed 1BG Sl 180 190 200 QIOD 1‘I|D 120 130 140 150 160 170 180 190 200

June 2012 Higgs Boson Mass (GeV/c?) m,, (GeV/c?)

* Local p-value distribution for background only expectation.
« Minimum local p value: 3 standard deviation (@120 GeV)
o Global p value with Look Elsewhere Effect: 2.5 standard deviations

* Best fit for the signal, signal strength, consistent with SM within 1o
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Quantifying the excess - H — bb
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* Local p-value distribution for background only expectation.
« Minimum local p value: 3.3 standard deviation, @125 GeV is 2.8

« Global p value with Look Elsewhere Effect: 3.1 standard deviations

* Cross section measurement:

(0, +0,, )X B(H—bb)=0.23 ig'gz(stat—l—syst)pb

September 6, 2012
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Flow The signal would look like

* Look at H — bb only

Tevatron Runll Preliminary LLR, +1sd.
20 _ P [ JLLR, £2sd.
SM H—bb, I_Int <10.0fb -=-LLR,
-==LLR_,
— LLHnbs

Log-Likelihood Ratio
o
II|IIII|IIII|IIII
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e
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-
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-
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-
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100 105 110 115 120 125 130 135 140 145 150
June 2012 Higgs Boson Mass (GeV/c?)

* If there is a signal, how would it look like?
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Flow The signal would look like
* Look at H — bb only

O [
-"a : Tevah'DnHun“Pre"minaw l:lLLHbi1Sd .QED__||||||||||||||||||||||||||||| |||||||||||||||:
o 20— — 1 [JLLR, ¥2sd. T — Tevatron Run Il L_<97 b’ LA, #1sd. 7
o E SM H—)bb, Llnt <1001t amn I—I—Hb o E ni I:l LLFIb 12eqd. E
§ 15 -=-LLR,y § 15 === LR, —
% E — LLHobs E E [T N} LLHH E
=10 E g£0g — e
5 C - - == LR expected fod
o e SRR T 5 NG T,
— 5E _____________ _|g ELoNG e
D :_ -:::::::::::=: {] :_ ---------------
BE e e =
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June 2012 Higgs Boson Mass {GBWCE} n'I|_|{GeW{:2}

* If there is a signal, how would it look like?

« We injected a signal with m =125 GeV

- Expect broad excess over a whole mass range

* We have an evidence of a particle decaying to bb - 3.1 s.d.
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Expected Limit/SM

September 6, 2012

Tevarron progress

2xCDF Preliminary Projection, m =115 GeV

It ——  Summer 2007

Summer 2005 November 2009

Summer 2006

July 2010

July 2011

February 2012

Sensitivity Goal

January 2008
December 2008

4 6 8 10 12 B
Integrated Luminosity/Experiment (fb™')

Recent improvements include
MVA for EM id and b-tagging,
improved frigger, improved muon
smearing, improved jet energy
scale and resolution, improved
dijet mass resolution, improved
background modeling...

* Projected median expected

upper limits on the SM Higgs
boson cross section, scaling
CDF performance to twice the
luminosity.

The solid lines are 1//L
projections, as functions of
integrated luminosity per
experiment.

* Improvements better than

expected from 1//L

Lidija Zivkovié. Closing in on Higgs
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Higgs future
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Tevatron v

PP/pp cross sections
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rliggs at LFC
* Some years ago I had in my talk the following sentence:
“The SM Higgs boson will be discovered or excluded in the first year of
physics running”
- This was with expectation of 14 TeV run and with 10 fb™ collected in that
first year

* Today, with 7/8 TeV and ~10 fb™ altogether SM Higgs boson like particle is

observed

= °F ATLAS 2011.2012 B+ 3¢ [ ATLAS 2011 +2012 Data
(@) . ] B . 2 | [Ldt~46-48f"Vs=7TeV [Ldt~58591f"(s=8TeV |
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Higgs at LHC

* Both experiments observed a Higgs like particle with a mass
around 125 GeV in yy and ZZ channels

= 10F AT AGQ on1 oo F<iwe 18 [ ATLAS ' ' :
= 10 ] ‘1o 1 4 i 2011 + 2012 Data ]
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Higgs at LHC

* Both experiments observed a Higgs like particle with a mass

around 125 GeV in yy and ZZ channels

* H - bb is not the most sensitive channel
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95% CL Limit on G/GSM
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rliggs a

* Both experiments observed a Higgs like particle with a mass

around 125 GeV in yy and ZZ channels

* H - bb is not the most sensitive channel
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rinding the Fliggs boson
* Higgs boson is observed in H = yyand H - ZZ - |l

- Afterward we need to verify the nature of the new particle

* Measure its mass, width and spin

68% CL: ATLAS + CMS

* Measure its couplings g'_gSM'“ 'M' [ vaw
og | 7T U - 14T§§2$E‘1 it 05 |
* Recent study shows that it would be  os;
04t
possible to measure coupling to a 02
. . . (o) . {]
b-quark with a precision of ~80% if -
mass is 125 GeV, with 7 TeV o]

and 20 fb oL
- It would be ~30% with 14 TeV and 30 fb’!

* H - bb will be very important channel in the next few years of
the LHC Higgs program

- Final Tevatron data set can help in the first measurements
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surnrary

* The year 2012 is already very exciting
- Tevatron experiments reported an evidence of a Higgs boson like
particle which decays to bb final state
- LHC experiments observed a Higgs boson like particle in yy and
ZZ final state with a mass around 125 GeV

* The next step may be even more difficult - to verify the

nature of the new particle
- Every possible channel will play a role
- Tevatron experiences will help these efforts

September 6, 2012 Lidija Zivkovi¢. Closing in on Higgs
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Surrary

The S5tandard Model of particle physics

Years from concept to discovery
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Tevatron Run Il Preliminary
B L <10.0 fo
H— W'W -
H—yy - =
m,, = 120 GeV/c?
H— bb [ [ | Combined (68%)
- Single Channel
| | | | 1 1
0 1 2 3 4 5 6 7
June 2012 Best Fit 6/c,,
Tevatron Run Il Preliminary
B L <10.0 fb
m,, = 130 GeV/c?
H—> W'W || combined (68%)
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H—)W — »
H— bb [
| 1 |
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Higgs %3

Tevatron Run Il Preliminary
B L <10.0 fo

m,, = 125 GeV/c?

H— W'W™ - . Combined (68%)
— Single Channel
H— vy - =
H— bb [

o 1 2 3 4 5 6 7
June 2012 Best Fit O'fGSM

Tevatron Run Il Preliminary
B L <10.0 fb™
m,, = 135 GeV/c?
H-o W'W™ || combined (68%)
— Single Channel
H—- vy
H— bb [ u
| | | |
0 2 3 4 5
June 2012 Best Fit O'fGSM
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N\

* Missing E_ - MET > 15 GeV

- calculated from calorimeter cells

* Electron (lepton)

Y

entries / 2.62 GeV/c

- combine track and calorimeter

information
- p,> 15 GeV

September 6, 2012

electron, tight, 2-jet, pre- b-tag

g c D work in progress
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2CTIon

electron, tight, 2-jet, pre- b-tag
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* At least 2 jets:
- jet p.> 20 GeV
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* QCD reduction
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* Triangle cut between

transverse mass and MET
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Multijet modeling -VH—& bb

* Multijet mostly from the mismeasurement of jets

* Define four different regions:
- Analysis sample - used for final result
- EW control sample - to model V+jets
backgrounds
- MJ model - to model the MJ background in the

analysis sample based on D = [A¢(pr, jet1) +Ad(Br, jet2)]/2.%

- MJ-enriched sample, used to validate the MJ-
modeling procedure

><1f|-|—>vvbb Mult||et Enrlched sample {Medlum b-laq)
i DO (9.5 b )

= T°P

B Vih £aVY
Valf.
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F -+ Data

DO (9.5 fb')

B Top
B V+htf+VV
V+l.f.
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(max A¢(Pt Trk,jets) + min Ap(Pt Trk.jets))/2
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Furtner background rejection - Zrl—lloo

* Separate different topology of the ZH — |lIbb and tt — IIbb+MET
- more than 25% of the total background

antiproton

ZH - llbb  ® v

* Train separate MVA with tt as the only background => more than

10% improvement in sensitivity

September 6, 2012

£ e Ef(g;'b'e Tag DG, 9.7 fb’
= =
M=125 GeV 2 leptons search L ;g ] —— D -
ZH — libb ~oF 745 Signal 94%
Signal 25 | 29 o | T Bck 55% |
V+jets 660 | 222 " | = Diboser ol
MJ 54 26 2ol - ZH x 20 T
Top 77 99 o™
Diboson 33 19 0
Total background 824+102 366+39 i g
Data 886 373

i cnriched i+ depletedd
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How the signal would look like
Real data

o 40

= - Tevatron Runll Preliminary EJLLR, +1s.d.
o _ y [CJLLR, +2 s.d.
- 30 - SM Higgs, Linti 10.0 fb s=wLLH,
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= 20 :_ — LLR
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-10
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Feb 24 2012 Higgs Boson Mass (GeWcE)

* If there is a signal, how would it look like?
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How the signal would look like

Real data 30 signal injection

o 40 Tevatron Preliminary Higgs Projection
+H - Tevatron Runll Preliminary ElLLR, 11sd. 6” C
T o SMHiggs, L <10.0fb" - eesEs) B 60
b 30 BR80T -=:LLR, N
S E -=sLLR__ I
% 20 o _LLHobs (1 40
= ) =
~ - 20
2 10
— 0
0
o -20
= 2 . o
L ‘nﬂ_ g ‘40 B : _
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100 110 120 130 140 150 160 170 180 190 200 100 110 120 130 140 150 160 170 180 190 200
Feb 24 2012 Higgs Boson Mass (GeV/c?) m,, = 125 GeV Signal Injected m, (GeV)

* If there is a signal, how would it look like?

» Weinjected a signal with m =125 GeV and scaled a luminosity so

excess would be 30
- Expect broad excess over a whole mass range
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Limits on H=WW-=lvj]

* When we don't observe any excess in data we set limits on

production

* Use RF output distributions as discriminant to set upper

limits
* Combine electron
and muon final states

 The first result on the
search for the Higgs
boson in this final

Limit /SM prediction
)

"""" - mmmmm QObserved Limit -

........ - ===s Expected Limit -
[ ] Expected +2s.d. :
-~ [ Expected *1s.d. -

...............

..............................

state : g
i 120 140 360 3180 500
M,=165GeV 509 4.01
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Current status of VH — Vob szarcnes
* Both Atlas and CMS presented results with a full dataset

« Atlas and CMS: select leptons and jets with higher p_, higher MET,
introduce cuts on V p_, more cleaning cuts, only one b-tagging

category (limit between 2 and 3 times o, )

« CDF and DO: lower lepton and jets p_, less cleaning cuts, multiple
lepton and b-tagging categories, excessive use of multivariate

‘rechniques %\ 7()()?— D@ Preliminary, 7.5-8.4 fb'
. O 600 —+-Data - Bkgd
- Mcmy precise measurements S 5000 + — Bkgd Uncert.
. : S oo W7
performed, some still on their way 3 20¢ 77
= =
- The latest is the evidence of the : 200¢
diboson production with b-jets in 0F
. -100E
final state 200

0 50 100 150 200 250 300 350 400
Dijet Mass [GeV]
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v

Prospects Tor the VH - Vbb searches

2xCDF Preliminary Projection, m =115 GeV

* Great potential for improvements

- 115 Ge
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processes is crucial N ¥

* Recent development with jet
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Increase sensitivity
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It no Higgs boson

* Still need something to unitarize WW scattering

- Final states will often contain pair of gauge bosons

- W + 2 jets will play a crucial role in investigations of
these processes

- Since W/Z bosons will be boosted, jet substructure
techniques will be powerful tools
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DIDogon resonances bt

* Many extensions of the Standard Model predict new
gauge groups with associated spin-1 gauge bosons

- They can decay to two bosons

- For high masses W(Z) is boosted, decay products are close

* Two jets are merged into one single heavy jet

A é @ D& Run Il Preliminary  KS=0.77 L=54fb"
W W W
ﬁ % Drawn by T. Gadfort

pr(W) >> My

g high W/
ol \\| )/ mass

b 50 100 150

Leading Jet Mass [GeV]

September 6, ~u ..

200

- M{W') = 300 GV
-8 W{W) = 400 G
(W) = 500 A8Y
-8 MW} = 600 CaY
MW = 700 AsY
W) = B0 GV
W) = 000 sV

250

300

E ® Data 1740
g Clanras 2 F imi
5 E:‘;‘:z‘ g 1025_ D@, 4154 fb—l ------- Expected 05% CL. limit
Elﬂ.ﬂmﬂ.ﬁ ? EoIvil + Ly + bvy; — Observed 95% C L. Limit
EoT ] - .
25, Pr1600) 1002 5 105 —— oxB(W—>WZ),55M
= ~ . o
I. ﬁ E % +1 5.d. expected limit
inear CI
| 10 S,
1 Lan .
L L s Ivil & Il & |+jets
ih m Hm m 1“ 10—2III|IIII|||||||||||||||||||||||||—|“-T-H"IIIIIII
Reconstructed W— WZ M, [GeV] 200 300 400 500 600 700 800 9S00 1000

My (GeV)

At high resonance mass | +jets is dominant
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Leptoquark or what a summer % <<
student can do in gignt weeks 7

* Leptoquarks are predicted by many extensions of the Standard
Model (SUSY, GUT, technicolor, etc.)

- Composite, short-lived and decays to a lepton and a quark

* Developed an algorithm to correctly assign pairs of lepton (e,v) and
jets to parent LQ

Signal 50 — 25
l —>
* Simple cuts Background 69000 —15
Sl D, 5.4fb" —4 Data (a) = I D@, 5.4fb" —4 Data (b) = D@, 5.4fb" —4— Data (c)
610" F —> [ ] Vsjets (0] - [ Vjets G102 —> [ V+jets
10 E,H"._ ' I Diboson ] 102 i | Diboson S £ 5 I Diboson
,cl' 103 = = Top quark - F Top quark - i Top quark
~ E - MJ o r i MJ o B A, MJ
2 el - ---- LQ M=260 GeV s aall L ---- LQ M=260 GeV g 10¢ Tt (4 ---- LQ M=260 GeV
c10° ¢ 2 10¢ > £ -4
2 E w w ==k
w L i i I < |
U . n - b
T “TLT-T - T_T_L
E li _ | ) L - ! ot
10-1_.. 10" .__4.|:.-'.‘1...!|....J..1.|.“.Jw;.'ﬂil, 107¢ n TH |* |
0 0 100 200 300 400 500 600 700 800 200 400 600 800 1000
M [GeV] Z(M o, M ;) [GeV] S; [GeV]
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L

2p

foquark - result
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o 1 -
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u=2MLQ,B =05 i r
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-1 e 5
e i o e e ATLAS 0.04 fb"
B | B e D@ 1.0 fb™
1 1 L I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 'l 1 l 1 1 1 1
300 350 400 » 250 300 350 400 450
M. [GeV] M, [GeV]

83



Vector quark
* Many new theories predict vector-like quarks:
- Little Higgs

- Warped extra dimensions

- Universal extra dimensions => lowest KK excitation of SM fermions
comprises a vector-like 4th generation

* Vector-like quarks are:
— Fermions despite the name

— Their left- and right-handed components transform in the same way
under SU(3)xSU(2),xU(1)
« 2" jet in Qq->Wqq signal comes from SM quark produced in association with
vector quark _ Qe XN, > 0
=> forward, relatively soft

M, =600 Gev

* Direction of 2nd jet is correlated with
production of VQ/anti-VQ, and therefore
correlated with the sign of the lepton in : ”Ez B
W decay mode AR TS 2

n

September 6, 2012 Lidija Zivkovi¢. Closing in on Higgs 84




° W+q

Ve

ctor quark

» m_(l+v+lead jet) used to search for a signal

* In the absence of the significant excess, limits are set

3
ey (@)
210°F
n C
§ [
w 10
e
&
September 6, 2012

600

D@, L=541b
—+— Data
1 V+jets
Bl Diboson
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[ Multijet
mg = 500 GeV

I

800

N R
1000 120
MY (GeV)

g
g
!
<]
5
°

10

=

S

3

o
8_

1 — Observed Limit
Dﬁ L=54fb" weum = Expected Limit

Expected Limit =2 5.d.

P Expected Limit =1 s.d.

|| LO Prediction, « =1, x, =0
T, LO Prediction, =, =1, % =0

------
ra,

m,, (GeV)
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Reconstructing the event

Run 202271 Evt 30972166

)
(\V

Ca

ET scale: 106 GeV

* Neutrinos interact weakly

jet
- Escape detection 97—\
. dectron 7 7t NN MET
* Ascertain presence by absence ==\
- Conservation of momentum ==, /i
E?itial:O@E?nal:O jet /

* Missing transverse energy (MET)
MET:E\;Sible

+ Data
V+jets )

80000 = DO Work in progress @l diboson
i - B top
6000/ aco
i = == H—ww
L m = 160 GeV
4000~ - (x100)
2000 N
(= -~
. — OR300 )@
MET [GeV]
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Missing transverse energy (MeT)
and data quality (D)
)

jet
Oj el

lepton

% 5 —— KMHT ing. + Z good jets
o I o bl gﬂ] : + good run sel.
Any calorimeter problem | 3" e
Eﬂls I;_ Before any + No qmpty;?réla
can appear as an event 2 F DO selection e e
. > 10" 00 000N NGiSe
with large MET 20'f
10° =
- Lot of "new physics” E
10°
1n:|:E fter/ ;
e N IlJlJJJJfLJL..... .
0 l‘.ll] El‘.]l] Eﬂl] 4ﬂl] Eﬂ[.'l 600 TOD BOD 900

MET GeV
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J construction

Ll

(\
(\

* Reconstruction:

- DO iterative mid-point cone algorithm with radius R=0.5

- Must be a hadronic shower and does not contain noisy calorimeter cells
- At least two tracks fro primary vertex

* Jet Energy Scale

W+2jet Alpgen MC —GG

- Measured in y+jets events

- Q0
- Correct energy to particle level s e
- For detector r‘gsponse, out ST Plot courtesy
of cone showering, overlap of Adam Martin
with pileup energy .

* Relative data/MC correction e
- Measured in Z+jets events

- Different correction depending on o

quark vs gluon content e

50 100
M, (GeV)
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W+jets modeling

» Alpgen does not describe data properly
- We know it from measurements
- And from comparison with other generators

0.05

0.04

0.03

0.02

0.01

September 6, 2012

Sherpa
Alpgen

= Alpgen v2.11

- SHERPA

" AR(jetl, jet2)

Sherpa/Alpgen

S.HEHPA V1 .2i3JAngen v2..1 1

2 3 4 5
AR(jet1, jet2)

Plots courtesy of Adam Martin

I'.::"HE RPA v1l.2 .3.I'Alp-gen. va2.11

+ = ) 1
n(jet2)

z
Z
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High mass nggs H=WW = v

* Characteristics: (/0/ /g}';

D¢ Prellmlnary

Entries

- In signal WW pair is coming ~ * e % o
from spin O Higgs boson f/@/ B ——— | N
- Leptons prefer to point in same direction 10 i
=> Di-lepton opening angle Ay, discriminates — E
again irreducible WW background. 10’ e
- Dilepton mass is small and broad g et |
=> Discriminates against Drell-Yan > B oot

10*

10®

* Dedicated MVA rejects Z+jets events

102

10

* Another MVA used to search for Higgs

1

§ C DO Prelimina |7 o 10" |
* This search “wbom L-asi — o
. F - * E 10°5-"20 40 60 80 100 120 140 160 180 200
contributed to M, (GeV)
the first DO (9.7 fb" E Ob
i u ) x u s
Tevatron e ( 165 G)V P
exclusion o H ev 0.82 1.16
: o o5 _oa T M, =125 GeV 3.77 4.23
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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, Sherpa or recently the HqT program, for the
signal modeling
- provides Higgs p. distributions up to NNLL+NNLO

C — nominal o — nominal
0.05 0.07F

E — reweighted 0.06 E — reweighted
0.04 -

- | 0.05¢
0.03F Generator level 0.04 1 Reco level
0.02] 0.03

- 0.02f
0.015 l].[l1;

Op "40 20 30 40 50 60 70 80 90 100 ull_ 10 20 30 40 Eq_l 60 80 &ﬂ\hﬂﬂ

pT of WW system — p_ [Ge
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Curulative digtr
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Tions

Tevatron Run II Preliminary, L <9.7 fb!
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Data - Background

(]
(=]
o

400 = 200 ¢
R‘ . Tevatror) Run IT reliminary—+— Data-Background R g Tevatm‘i_lliun 1I Preliminary—+— Data-Background R . Tevatron Run II Preliminary—— Data-Background
g150 | =10 [ SM Higgs Signal g300 || Lsto [ SM Higgs Signal g150 | LspT [ SM Higgs Signal
EIOO - [ —— =1 s.d. on Background EZOO - —— =1 s.d. on Background EIOO - —— =1 s.d. on Background
> F > F = F
M S0 | 4 ©100 [ @ 50 b
0f 0Ff 0Ff
50 | 100 || 4 -50 [
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Separate limits

Tevatron Run Il Preliminary H—bb L <9.7 fb™ -% - Tevatron Runll Preliminary B LLR, +1sd.
= I SRR - T WA R o 20 _ [ JLLR, 2 s.d.
2 e Expected W +10 Expected - [ SMH-bb L <97 s
E w——  Observed 0 <20 Expected 8 15 & -=sLLR_,
40 | : . = - - LLR
— O = obs
& X 10
2 =]
: >
9 B
1 F — 0
-5
i i i i F?bml.ryZH, 20312 i
100 110 120 130 140 1502 -10 |||I|||||||||I|||||||||I||||||||l|||||||||||||||
my (GeV/c) 100 105 110 115 120 125 130 135 140 145 150
L i Hirnce Raenn Maace ((R3a\//r2)
Tevatron Run Il Preliminary H-WW L <9.7 fb™ -% L Tevatron Runll Preliminary BLLR, £1s.d.
= i R b Rl c - 4 [JLLR, 2 sd.
.(g — — WEE 16 Expecied .g 30 — SM H—-WW, Llnt <9.7fb -=«LLR,
E 10 | — Observed [ <20 Expected | o E ==+ LLR_,
-l o H ] = =
| % 20 o — LLHobs
o X -
; = £
o o 10
= N
1 0k —
! -10 . t“. "‘,-
| i i ; ; i February 26, 2012 N . 5 *
120 130 140 150 160 170 180 190 guo :l 1 I 1 11 1 I 1 1 1 1 I 11 11 I | - I |-| L1 I | -] I L1 1 1 I L1 1 1
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Quantifying excess

e E @ =
_ % E Tevatron Runll Preliminary Ol Sbsaned 32  Tevatron Runll Preliminary e chenrels
O = I CLs+b Expected g 10 E . e Expected if SM Higgs signal
10 L<10.0fb [ Expected +1 s.d. i - SMHiggs, L <10.01b [ Expecied 2154
- [ ] Expected +2 s.d. T 1 I oozl
E
S 3
- L e
. £ 10
<
Q
m
i)

IIIIIIII |IIII|IIII|IIII I
100 110 120 130 140 150 160 1?0 180 190 200 10100 110 120 130 140 150 160 170 180 190 200

Feb 24 2012 Higgs Boson Mass {GeWc ) February 2012 Higgs Boson Mass {GeWc )

* Small value disfavors hypothesis, while value close to 1 favors it

- Left: S+B hypothesis disfavored for mH=165 GeV and favored
for mH~130 GeV

- Right: the opposite; it can translate to an excess of 2.7s over
the background prediction
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Measurerments

[Lafaye, Plehn, MR, Zerwas, Didhrssen 2009]
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Look Elsewner

(\‘
(1]
—l\
=N
\
p

* We estimate the LEE effect in a simplified manner. In the mass range
100-125 GeV/c2, where the low-mass H—bb searches dominate, the
reconstructed mass resolution is approximately 10-15%, or about 15
GeV/c2. We therefore estimate a trials factor of ~ 2 for the low-mass
region. For the high-mass searches, the H->W+W- searches dominate
the sensitivity. There is little-to-no resolution in reconstructing mH in
these channels due to the presence of two neutrinos in the final state
of the most sensitive analyses. We expect a trials factor of
approximately two for the high-mass searches. In total, we expect that
there are roughly four possible independent locations for uncorrelated
excesses to appear in our analysis. The global p-value is therefore
1-(1-pmin)4, using the Dunn-Sidak correction [56]. The global
significance for such an excess anywhere in the full mass range is
estimated to be 1.520.
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Measurement Fit — 10™*-0"l/6™*

0 .1 .2 3
m,[GeV] 91.1875+0.0021 91.1874
r,[GeV]  24952+00023  2.4959
o [Nb] 4154040037  41.478
R, 20.767 +0.025  20.742
! 0.01714 + 0.00095 0.01646
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1722
AlP 0.0992+0.0016  0.1039
AYC 0.0707 +0.0035  0.0743
A, 0.923 +0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1482
m,, [GeV] 80.399+0.023  80.378
TylGeVl  2.085+0.042 2.092
m [GeV]  173.20+0.90 173.27

July 2011 U 2

Lidija Zivkovié. Closing in on Higgs

98



Lessons 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
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DO llbb with 4.2 fb™*

My (GeV) 100 105 110 115 120 125 130

Expected/SM: 5.1 5.6 6.2 7.1 8.4 10.0 12.7
Observed/SM: 3.0 3.8 4.6 59 7.9 9.2 121
Observed (fb): 41 44 44 47 50 45 45

DO vvbb with 5.3 fb™
mu (GeV) 100 105 110 115 120 125 130
Observed 3.6 3.9 3.4 3.7 4.9 5.5 7.4
Expected 3.4 3.8 4.2 4.6 5.5 6.7 7.8
DO WH with 5.4 fb*
Combined 95% C.L. Limit /osm
Higgs Mass [GeV] Expected Observed
ATLASVH with 4.7 fb* 100 3.3 2.7
105 3.6 4.0
mass | ZH — 7€ bb | WH — tvbb | ZH — vbb | Combined 110 4.2 4.3
[GeV] | Obs. Exp. | Obs. Exp. | Obs. Exp. | Obs. Exp. 115 4.8 4.5
110 | 7.5 55| 38 44 | 40 45 | 27 26 120 5.6 5.8
115 | 78 58| 55 56 |48 51|39 30 125 6.8 6.6
120 | 101  74|| 49 59 | 54 51 |31 32 130 8.5 7.0
125 | 104 82|80 75 |59 56|35 38 135 11.5 7.6
130 | 131 106[] 85 91 |122 89 | 53 5.1 140 16.5 12.2
145 23.6 15.0
150 36.8 30.4
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Cross sections

* Higgs
ggH: D. de Florian and M. Grazzini, Phys. Lett. B 674, 291 (2009)
C. Anastasiou, R. Boughezal and F. Petriello, JTHEP 0904, 003 (2009)
W/ZH: J. Baglio and A. Djouadi, arXiv:1003.4266v2

VBF: P. Bolzoni, F. Maltoni, S. -O. Moch and M. Zaro, arXiv:1109.3717.

(Signal is generated with Pythia with CTEQ6L1 LO parton distribution functions, normalized
with MSTW 2008 NNLO PDF (ggh))

* Diboson: J. M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006
* tt: U. Langenfeld, S. Moch and P. Uwer, Phys. Rev. D 80, 054009 (2009)
* Single top: N. Kidonakis, Phys. Rev. D 74, 114012 (2006)

* W/Z+jets: ultimately from data but in agreement with
(FEWZ):R. Gavin, Y. Li, F. Petriello and S. Quackenbush, Comput. Phys.
Commun. 182, 2388 (2011).
h.f. fraction from(MCFM) J. M. Campbell and R. K. Ellis, Phys. Rev. D 65,
113007 (2002).
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* Limits derived using semi-

frequentist CLs method where test

statistic is
LLR = -2LogQ
= -2Log[P(s+b)/P(b)]

- P are probability distribution

functions for the signal+background

and background only hypotheses

- P are populated via random Poisson
trials with mean values given by the

expected number of

events in each hypothesis

September 6, 2012 Lidija 4+

Systematic uncertainties are
incorporated by varying the expected
number of events in each hypothesis
according to the size and

correlations of the uncertainties

Example (idealized) LLR distribution
0.1

- Signal+ Background
009 Bacl-?grnund -
0.06
20,07
(v}
50.06 :
Z0.05 8% Interval

F=]

T 0.04

[}

o 0.03
0.02
0.01

A
W

Probability Density
« F LLR, 20
2 LLR, *lo
% e LLR,
] : ; viaie LLRS+B
_; . - LLRObs
o :

oz FA40-4

" L P PN ETET AT A | | A
10 1L 12 13 14 15 16 17 18 19
Model Parameter 102




¥ 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 — 2In@ — x(blstp x (DB

¥ 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

= Observed LLR

0.

Probability Density
= =
ha =
n L}

CLsb: fraction of S+B pseudo-experiments
more background-like than data 0.02

CLb: fraction of B-Only pseudo-experiments %%

more background-like than data 0.01
0.005

1-CLb: fraction of B-Only pseudo-

experiments more signal-like than data LR
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* QCD reduction

- electron faking jet

- missmeasured jet
energies give MET

« Triangle cut between
transverse mass and MET
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g S orf w2 Indf=1444/6 +++++.|.++
= 0.6F [P0  0.1474+0.0005 R
= +
105 ! E" 0.5 *+
C 0.4 -
0.3F -
4' 0.2F -
10 u.1§—Fﬁ__
0 02 04 06 08 1 0 20 40 60 80 100120 140 % 9020 30 40 50 60
o s MET [GeV]
EM Likelihood MET [GeV]
* We use so called matrix method
- Define 3 different sample: Loose, Tight and < R
10000 Il diboson
Orthogonal: - . —
B QcD
* Loose and Tight are used to measure . " mete0cev
o g W " . I {x100)
efficiency of QCD and ‘“signal” events in >
data, € o, and € , and to obtain N T
normalization = ---"'}I-&-ﬁ*._ . .
. W- ev m_ [GeV]
* Orthogonal is used to get the correct shap
- It may depend on the p_ of lepton
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NLO pQCD calculations & MC Models
* pQCD predictions calculated with MCFM, JetPhoX

*  Many LO MC programs on the markef:

- 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)
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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)

. . o
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
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An example of limits settings
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 = signal-like or SM-Only = b-only

D uses a frequentest approach to setting limits:

- If this experiment is repeated many times, how often would
we obtain a result which is as signal-like as what we have
observed?

A 95% CL observed exclusion means:

- If the excluded signal exists in nature, then only 5% of the
time would we obtain a result as background-like as observed
in this case.
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An example of limits settings

* Compare Poisson likelihood of B hypothesis to S+B hypothesis, and
calculate their negative log likelihood ratio (LLR):

L(B) L(S+B) LLR

]_[bf"exp(b;) M (si+bi)%exp(s; +b;)

o oy Z'Z.S‘;—d,-'log(l + 5i/b;)
i it

i ] [

where d; events observed in bin i with S and B expectations s; and b;.

* Sum over all bins gives observed LLR

* Repeat calculation but with pseudo-data obtained by a Poisson
fluctuation of b, in each bin (B) or s +b. in each bin (S+B)

* Repeat many times to obtain LLR distribution: median is Expected LLR

100 110 120 130 140 150 160 170 180 190 200
[ Events [kl July 19, 2010 myy (GeV)
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Tevatron accelerator

FERMILAB'S ACCELERATOR CHAIN

* The Cockcroft Walton accelerates negative ,,:i = ,;._ﬁ._l_fmw INJECTOR
hydrogen ions to 740 KeV. The negative ions Ttevatron il \ma™ \:\i;

are then accelerated down the LINAC to o . i = ‘
400 MeV. The particles enter the booster ' :
where the electrons are stripped off, leaving

~
_,-F"t ra
%‘9 TARGET HALL

A ANTIPROTON
e .*xLK - SOURCE

T 2 Ny — BOOSTER

the protons. In the Booster, the protons are ANt -, S (%) sy

W --.____f '-_‘_.- _,,-"f
then accelerated to 8 GeV. Once the protons | COCKCROFTAWALTON
enter the Main Injector, they are skl B

accelerated to 150 GeV. From here, S
the protons are injected into the Tevatron. a4
The Tevatron accelerates protons and antiprotons to nearly 1 TeV.

* Fermilab makes antiprotons by smashing protons against a nickel tfarget. The
Antiproton Source in Fermilab's accelerator complex makes about 20 antiprotons
for every 100 million protons they smash on the target. Fermilab then collects
the antiprotons in the accumulator, one of the complex’s 10 accelerators. The
antiprotons are transferred over to the Recycler ring and then cooled. Cooling
the antiprotons makes them easier to manipulate and accelerate and increase
the rate of collisions.
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