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SM Higgs Trivia

Why a Higgs boson?

The Standard Model of
Particle Interactions

Three Gemnerations of Matter

I II III

Leptons Quarks

Force Carriers
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SM Higgs Trivia

Why a Higgs boson?

The Standard Model of
Particle Interactions

Three Generations of Matter

I I Massive W/Z
VS massless y

-

‘—b

Particles are
massive

Force Carriers
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SM Higgs Trivia

effective mass term
for the field itself

effective mass terms
for gauge bosons

effective fermion masses

* Higgs mass is the only free parameter
» Higgs likes to decay to heaviest particles it can decay to
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Where to look?

(5)
! Aoy =
: i —0.02758%0.00035
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Higgs mass M,, (GeV)

SM #iggs has a very narrow

window of opportunity to be self- m,>114 GeV @ 95%CL
sufficient due to a fine-tuned

(apparently accidental)
cancellation of large correction

factors m,<185 GeV @ 95%CL
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Where to look?

(5)
i Aoy =
i —D.02758+0.00035
% % - 0.02749+0.00012

Tevatron is a great

New Physics Energy Scale A (GeV)

_ place to look for Preliminary |
- g 300
Hizog;)s mas‘tsmlJ\llH nggs
e |
SM #iggs has a very narroy ! S
window of opportunity to be self- w114 Gev' @ 95%CL

sufficient due to a fine-tuned
(apparently accidental)

cancellation of large correction
factors m,<185 GeV @ 95%CL
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SM Higgs at the Tevatron

SM Higgs production : SM Higgs branching ratios (HDECAY)

branching ratio

qq — qqh

bb—h

100 120 140 160 180 200

gg.qq - tth

TeVALHC Higes workung group

100 120 140 160
my, (GeV/c?)
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SM Higgs at the Tevatron

SM Higgs production : SM Higgs branching ratios (HDECAY)

qq — Wh

branching ratio

qq — qqh

bb—h

gg.qq - tth

TeVALHC Higes workung group

100 120 140 160 180 200

100 120 140 160
my, (GeV/c?)
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Higgs at CDF

I I

Dileptons (OS+5S) using NN Expected cross section x BR limit'SM < 1.45 @165GeV 36 02/27/09
discriminant with ME Inputs
combine below-listed H->WW, WH - : o s ,
ChmEEET o e SESlem et e
>I\>, WH -> WWW, and H -> tautau P S
IV} combine CDE& DO LB SM Higgs is excluded @ 170GeV 30 08/05/08
searches
3, missing E_T, 2 jets (1 or 2 b- ME+BDT Expected cross section X BR limit/SM < 5.6 @115GeV
| ‘,sin muglti\%riz:ltcj dcntani NN Expected cross section X BR limit/SM < 5.8 @115GeV 27 11/07/08
e Combined Expected cross section X BR limit/SM < 4.8 @115GeV
like-sign leptons using BDT Expected cross section x BR limit/SM < 20.1 @ 160GeV 27 12/12/08
discriminant Expected cross section x BR limit/Fermiophbic Higgs < 8.8 @120GeV ; i
LA 2 E I Expected cross section x BR limit/SM < 5.6 @115GeV 2.1 11/07/08
discriminant
2 leptons, 2 L (2 b-tags) using NN Expected cross section x BR Limit/SM < 9.9 @115GeV 27 10/24/08
iscriminant
2 leptons, 2 jets (2 b-tags) using ME Expected cross section x BR limit'SM < 15 @ 120GeV 20 07/25/08
discriminant
Ajets (2 b-tags) using ME discriminant Expected cross section X BR limit'SM < 37 @115GeV 20 04/25/08
\21’ 2j using NN discriminants Expected cross section X BR limit/SM < 25 @115GeV 20 02/22/08
leptol, missing E[;;, >= Sjets (>=3 b- cross section x BR limit ( ) 0.32 04/20/06
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Higgs at CDF

|

Dileptons (OS+SS) using NN

tag)

e e A T Expected cross section X BR limit/SM < 1.45 @165GeV 3.6 02/27/09
We combine below-listed H->WW, WH - 3 i s =
o e L
>llbb, WH -> WWW, and H -> tautau s i it &
\ R B DI B SM Higgs is excluded @ 170GeV 30 08/05/08
searches
lepton, missing E_T, 2 jets (1 or 2 b- ME+BDT Expected cross section X BR limit/SM < 5.6 @115GeV
taps) u‘sin muglti\%riz:ltcj dcntani NN Expected cross section x BR limit/SM < 5.8 @115GeV 2.7 11/07/08
SUEEE Combined Expected cross section x BR limit/SM < 4.8 @115GeV
2 like-sign leptons using BDT Expected cross section x BR limit/SM < 20.1 @ 160GeV 27 12/12/08
discriminant Expected cross section x BR limit/Fermiophbic Higgs < 8.8 @120GeV ; i
i b Expected cross section x BR limit/SM < 5.6 @115GeV 2.1 11/07/08
iscriminant
2 ]V“’“S’ 2 L (2 b-tags) using NN Expected cross section x BR Limit/SM < 9.9 @115GeV 27 10/24/08
iscriminant
2 lc“”s’ 2 e (2 b-tags) using ME Expected cross section x BR limit'SM < 15 @ 120GeV 20 07/25/08
iscriminant
4 jets (2\J—tagsj using ME discriminant Expected cross section X BR limit'SM < 37 @115GeV 20 04/25/08
2t 2\using NN discriminants Expected cross section X BR limit/SM < 25 @115GeV 20 02/22/08
lepton, m&mg = Lo cross section x BR limit ( ) 0.32 04/20/06
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ZH > |*I"bb

* #=>bb and Z=>ll
* Z mass window M =M,

e Z+jets, tt, Dibosons
* jrreducible Z+bb

CDF Run Il Preliminar

* analyze events with at least 1 btag

4.5+ double T tag (high) @ data Sﬁz @ z+b

= 7H x 15 7H D Z+jets
s i [0 fakes it
My=120Gevie  OW2 g, B misae
OwWW @z uncertainty

Number of Events

27 99 741

27 123 7.8
42 80 91

01 02 03 04 05 06 07 08 09
10% Slice Along the Z+Jets vs. ZH Axis

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 12



WH > v bb

1 high P, lepton, MET and jets

* W+bb, tf, Dibosons, QCD

WH (m =115 Gev) {x 10)

CDF Run Il Preliminary, L = 2.7 {b' WabE

* analyze events with at least 1 btag _‘;joj;fWﬂ

CDF 27 4.8
DY NN 27 64
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NN Output
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VH 2bb+MET

* Large MET and jets
* W/Z information missing

* QCD (with fake MET), W/Z+ jets, tt,
Diboson

NNoutput, Signal Region, ST+ST

CDFNN 2.1 5.6
DY BDT 2.1 8.4

NNoutput

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 14



CDF low mass combined

CDF 3.2 3.6
DJ 3.6 3.7
Comb. 2.4 2.5

03/13/2009 15



SM Higgs at the Tevatron

ggH (78 %)

] SM Higgs branclfing ratios (HDECAY)

bb -
/“ WW dominates
2 / at M, > 135-GeV
0 o
WH (9 %) fl. /|
ZH (6 %) | ' |
102

v A

VBF (7 %) ol

100 120 140 160
m,, (GeV/c?)
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Signhature

We select both W decaying leptonically

* Two well reconstructed, opposite sign, isolated electrons or muons
* Lepton transverse momentum p.,>20 GeV and p.,>10 GeV

* Require significant % (neutrinos)

* M> 16 Gev

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 17



General features:

* Most processes modeled with
Pythia MC

* Cross sections normalized to
(N)NLO calculations

Background composition:

=WW

B \W+jets -

®W+gamma
= DY
mZZ&WZ
= it
03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Semi




Background Modeling

CDF Run Il Preliminary Ldt=3.6fb"

Ewy
CIW+jets
[JDY-ee

ZDY-uu

 Same-sign region to check W+ jet e
and W+gamma modeling '

* DY control region to check

trigger efficiencies, Data/MC L ho, S|
0O 20 40 60 80 100 120 140 160 180 200
scalefactors 7 SIN(A By o pionor o) [GCV]

CDF Run Il Preliminary Ldt=3.6fb"

8wy
CJW+jets
[]DY-ee
ZDY-uu

* Intermediate MET regions to
check DY modeling

Events /0.1 rad

much more... hundreds of plots..

A¢ leptons

03/13/2009 Sergo Jindariani, Fermilab VW



4 years ago...

« primarily cut-based analysis
» used standard CDF lepton selection
» considered only gluon fusion production mechanism

[_]pv/z—l
] Wejetry
Cww
I WZ+z2Z+tt
I HwWwW

10 x HWW(m =170 GeV)
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dilepton azimuthal separation
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4 years ago...

« primarily cut-based analysis
» used standard CDF lepton selection
» considered only gluon fusion production mechanism

Exp/ O, 15

Standard Model
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4 years ago...

« primarily cut-based analysis
» used standard CDF lepton selection
» considered only'gluon fusion pr¢ luction ¥ hanism

A ‘\“~. | ‘4' LS VN

Nice analysis...
How can we improve?

Exp/ O, 15

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar

nggs Mass (GeV/c )
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03/13/2009

More Data

Luminosity (pb'1)
log | ogles . oyos__ guos _quer . ows . oy

Delivered

Acquired /
B .A,‘._.M/

1?)00 2000 3000 4000 5000 6000 7000

store number
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Efficiency

Data Taking Efficiency
01/03 01/0.

. 20 Store Ave (Good)
. 20 Store Ave (SVX)

01/05 01/06 01/07 01/08

EM Calorimeter

«  Good Store Eff

20 Store Ave (Acquired)

Muon Chambers }

2000 3000 4000 5000 6000 7000
store number # == - ;

Luminosity
Monitor

Silicon Vertex Detectors

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 24



Extended lepton types

Have been presented at fermilab W&C seminars before

i_CentraI
[Muon
[Chamber

» Central Electrons Central Muons (CMUP and CMX)
» Forward Electrons * Minimum lonizing Tracks, fiducial to:

* |solated Tracks o Central calorimeter

* |solated Tracks

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar




A little homework

if we had the amount of data available
today and the extended lepton types, where
in terms of SM sensitivity would we be
with the old style analysis?

CDF Run Il Preliminary L=36fb"

dPhi Expected
—— dPhi Observed

At ~4*SM X-section [ dPhi+ 1o

@ Mh=160 GeV

03/13/2009
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Stanidard Miodel

110 120 130 140 150 160 17 18 19 200
Higgs Mass (GeV/cz)

Sergo Jindariani, Fermilab Wine and Cheese Seminar
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A little homework

if we had the amount of data available
today and the extende’| lepton types, where
wa.terms of M sens” lity we would be
wit, he olf e lucie

Good but not enough ven
to reach SM PExpected

. S VH Rhi Observed
At ~4*SM X-sectior BT
What else can we do? o,

@ Mh=160 GeV '

q
~ ]
.....
., .

Stanidard Miodel

110 120 130 140 150 160 17 18 19 200
Higgs Mass (GeV/cz)

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar
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Use multivariate techniques
(Matrix Element, Neural Network)

- functions which transform multiple
inputs into single discriminant tuned
for identifying a _single process

Sergo Jindariani, Fermilab Wine and Cheese Seminar
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Matrix Element
Event-by-event probability density:

_ 1 1) S
P(X,,) = fda(y)g()’)G(xobsa)’)dy

<0 > dy
= o(y) - LO theoretical cross section Calculate likelihood for 2
= y - true lepton 4-vector processes:

Xops = Observed lepton 4 vector
¢ — efficiency X acceptance
G — resolution effects
integration over missing neutrino information

CDF Run Il Preliminary

Construct Likelihood Ratio:

07 08 0.9
03/13/2009 Sergo Jindariani, Fermikei “W-Tale : - LR(HWW)




Neural Network

MVA output for method: MVA_CFMIpANN
Ui Signal

[ 1Background

°
@
N
®
E
-
[}
4

Data, Signal &

BaCkground 02 03 04 05 06 07 08 09
. . MVA_CFMIpANN
predictions
Able to analyze
multiple input variables
03/13/2009
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* Use both ME and NN
* Pass LRs (ME based) and kinematic variables as inputs to NN

CDF Run 1l — ME Observed
ME Median Expect

== NN Observed
NN Median Expect
NN Median Expect = 1o
NN Median Expect + 20

ME only:
Exp/ O g, 2.4

=
O(D
2
E
o
i
(&
PN
o
o

ME + NN:
Exp/ O gy 2.2

110 120 130 140 150 160 170 180 190 200
Higgs Mass [ GeV/c?]
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* Use both ME and NN
* Pass LRs (ME_based) and kinematic/ ariables as inputs to NN

v —
- —_ME Observed
b i ¥dian Expect
Much better... N Observed
. NN Median Expect
ME O“IY: Whaf else? AN Median Expect + 1o

dian Expect = 20
Exp/ O g

-
""
AN

ME + NN:
Exp/ O g 2.2

1 Standard Model
R
110 120 130 140 150 160 170 180 190 200

Higgs Mass [ GeV/c?]
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Separate 0, 1 and 2+ jet bins

Why?

* Background and signal composition is
different in each bin!

Signal:

0 jets at LO (99#) 2 jets at LO (W




Separate 0, 1 and 2+ jet bins

Why?

* Background and signal composition is
different in each bin!

Background:
q W
q
q
g
q W \

O jets at LO (WW, DY, W+7) 2 jets at L(



CDF Run II Preliminary L=361fh"
My =160 GeV /c?
1.35

* Background and signal composition is 77

different in each bin! g;ﬁets
Toilzal Background
g9 — H

Total Signal
* Can make good use of the LO Matrix Data

Element calculations

* Majority of signal from gluon fusion

CDF Run Il Preliminary
0S 0 Jets
1001 M,, = 160 GeV/c?

Events / 0.2

o]
o
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"DF Run II Preliminary
My = 160 GeV/c2
tt 34.9
DY
WWw
Wz
* Background and signal composition is zZ

. . . W+jets
different in each bin! W

Total Background

0.661 0.086

. 0.244 0.032
* Can make good use of the LO Matrix 0.381 0.061

Element calculations Total Signal
Data

* Majority of signal from gluon fusion

CDF Run Il Preliminary

0S 1 Jets

M, = 160 GeV/c?
* ME not so powerful here

* extra signal (VH & VBFf) ~20%

Events /0.5

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 36



"DF Run II Preliminary L=361h"
My = 160 GeV /c?

tt 100

DY 33

Ww 17.6

W2z 3.76

. pe 77 1.62

* Background and signal composition is I tiets i

different in each bin! Wy 212

. + 0.090
* Can make good use of the LO Matrix )70+ 011

H Total Signal
Element calculations the; igna

* Majority of signal from gluon fusion

CDF Run Il Preliminary

OS 2+ Jets
M, = 160 GeV/c?

ME not so powerful here
* extra signal (VH & VBFf) ~20%

Events / 20 GeV

tt is main background
extra signal (VH & VBf) ~60%

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar



0-jets Neural Network

Use LRs and kinematic variables as inputs to the NN:
LR_HWW

LR_WW
AR between leptons
A between leptons

H.- scalar sum of lepton €. and MET

* Train NN on weighted sum of all backgrounds at each M,

CDF Run Il Preliminary

OS 0 Jets, High S/B
M, = 160 GeV/c?

-
(=]
w

CDF Run Il Preliminary

OS 0 Jets, Low S/B
M, = 160 GeV/c?

Events / 0.05
sh,
Events / 0.05

—h
o
I3

. - -0. -0. -0. -0. . . 06 0.8 1
NN Output NN Output
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1-jet Neural Network

Use kinematic variables as inputs to the NN:
AR between leptons
H.- scalar sum of leptons E; jet €. and MET
M(ll) - dilepton invariant mass

P:(l;) and p.(l,) - transverse momentum of leptons
E(l,) - energy of the most energetic lepton
M.(llE;) - transverse mass of 2 leptons and (E;, EX, E.Y, 0)
MetSpec = E. if AQ(E,, lepton or jet)>Tr/2
g, Xsing if AQ(g,, lepton or jet)>Tr/2
COF Run Il Preliminary COF Run Il Preliminary

OS 1 Jet, High S/B 0OS 1 Jet, Low S/B
M, = 160 GeV/c* M,, = 160 GeV/c?

Y
o
N

Events / 0.05
Events / 0.05

-0.8 -06 -04 -0.2 0 02 04 06 08 1

NN Output NN Output
03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 39




2+]jets Neural Network
Use anti-btag requirement to reduce ttbar background

Use kinematic variables as inputs to the NN:
AR between leptons
A between leptons

H.- scalar sum of leptons E; jet €. and MET
M(ll) - dilepton invariant mass

P:(l,) and p.(l,) - transverse momentum of leptons
2p. et = vector sum of first and second jet p,
INOI(JPR 1Py ET)

CDF Run Il Preliminary
OS 2+ Jets
M, = 160 GeV/c?

o]
]
o
~
(2]
F]
c
o
>
w

-0.8 -06 -04 -0.2 0 02 04 06 0.8
NN Output

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar
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03/13/2009

Combining Jet Bins

0 jets: Exp/ O g, 2.39

1 jet: Exp/Og,: 2.89

2+ jets: Exp/ O, 3.71

Exp/ O g, 1.59
Obs/ O g,. 1.53

CDF Run Il Preliminary

Standard Model
110 120 130 140 150

Sergo Jindariani, Fermilab Wine and Cheese Seminar

OS All Jets Expected
—— OS All Jets Observed
[ OS All Jets = 10
[ ] OSAll Jets = 20

160 170 180 190 200
Higgs Mass (GeV/c?)

41



Add other final states



SEIMEEIEREWAIE

W
CDF Run II Preliminary J£L=36f"
Mz = 160 GeV/c

tt 0.11 =+ 0.03
DY 11.99 4 3.65
Lepton p;>20 GeV and p;,>20 GeV WW 0.020 =+ 0.005
Wz 6.82 =+ 0.93
No forward electrons A 144 + 020
. W +jets 2245 + 673
Njets 2 1 WH 323 + 100
. . . Total Background 46.07 + 8.02
No MeT cut (DY contribution is small) WH 119 £ 0.16
ZH 0.19 =+ 0.02
Total Signal 1.38 + 0.18

Data 41
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SS Neural Network

Use 13 kinematic variables as inputs to the NN:

MET, AQ, 2E°, Ho ML), pL(l,) and p(l,), MetSpec, Etit! | Etsi9 |
Al orj Hy) pol+l,), EP!

CDF Run Il Preliminary
2| SS 1+ Jets
M, = 160 GeV/c?

L
e
o
~
[Z]
et
(=
[
>
L

Adds ~ 5% to the sensitivity

02 04 06 08
NN Output

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar
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Systematic Uncertainties

-Rate Systematics
o affect only normalization of the templates.
Do not affect the shapes.
o dominating - theoretical x-section
uncertainties
"= range 10-30% for different signal and
background templates |

- Shape Systematics
o modify shape of the NN output [EEmccs
o studied, but so far found to be negligible
(JES, PDf modeling, Pt scale)

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar 45




CDF High Mass Combination

Ojets (High and Low S/B)

Florian et Grazzini (arXiv:0901.2427) 1 jet (#igh and Low S/B)
Latest MSTW2008 pdf 2 jets and Same Sign

NNLL QCD

NLO b-qual’k treatment CDF Run Il Preliminary : : : :
2-loop ewk corrections OS+S5S Expected

— O8+88 Observed
] OS+8S+ 16
0OS8+88+ 26

At Mh=160 GeV

Standard Model |

110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/cz)
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Future Prospects

* Preliminary studies promise 10%
improvement in electron acceptance

with same background

* Good background modeling but
currently not very good sensitivity

* Need very good modeling of DY

* Studies in progress

03/13/2009

Sergo Jindariani, Fermilab Wine and Cheese Seminar
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Future Prospects

* Preliminary studies promise 10%
improvement in electron acceptance
with same background

7
=
E
3
o
o)
e
3}
@
<
=
w

* Good background modeling but
currently not very good sensitivity

* Need very good modeling of DY

* Studies in progress

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar

CDF Run Il Preliminary, m;=160 GeV

—— Summer 2004
Summer 2005
Summer 2007
January 2008
December 2008
March 2009
With Improvements

12

6 8 10 I
Integrated Luminosity (fb™')
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Future Prospects

* Preliminary studies promise 10%
improvement in electron acceptance
with same background

o
=
E
r
5
]
e
3]
@
<
=
w

* Good background modeling but
currently not very good sensitivity

I t4 t d6L ing it /E10 i 12t ﬂo'114
* Need very good modeling of DY ntegrated Luminosity/Experiment (fb")

2xCDF Preliminary Projection, m,;=160 GeV

Summer 2004
Summer 2005
Summer 2007
January 2008
December 2008
March 2009

With Improvements

+ Studies in progress And of course combine results
with our colleagues from DO ..

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar
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Tevatron High Mass Combination

* Not just /2 factor, many systematics are correlated
between experiments

* Combined using Bayesian and CLs methods - similar results

03/13/2009 Sergo Jindariani, Fermilab Wine and Cheese Seminar
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Tevatron High Mass Combination

* Not just 42 factor, many systematics are correlated
between experiments

* Combined using Bayesian and CLs methods - similar results

Tevatron Runll Preliminary & —— |.CLs Observed
----- 1-CLs:Expected

Tevatron Run Il Preliminary, L=0.9-4.2 fb! : :
 Expected +1-0

Excluded | I iExpecited 12—6

5% C.L.

o
2
E
3
_
(&
N
o
o

. 90% C L.

Expected

Observed
16 Expected |

+20 Expected

180 185

m,,(GeV/c?) 185 190 195 200

my; (GeV/c?)
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Tevatron High Mass Combination

Tevatron Run II Preliminary, L=1.1-4.2 !

5 ¢ Tevatron Data
m,=165 GeV/c [ ] Background
Bl Signal

[
(]
(=)

Tevatron Run II Preliminary, L=1.1- 4 2 fb

mH—165 GeV

[y
S
(=]

. Slgnal+Backgr0und
Background
| ~ ® Tevatron Data

R
<

=)
=

n
~
=
<%
>
=
<5
>
.5
=
=
=
=
o

=
<

002 4 6 8 10 12 14 16 18 20

Integrated Expected Signal
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Conclusions

() Grea‘l’ reSUH'S il‘l bth lOW Tevatron Run Il PreIiminary,L=0.9-4.2fb'1
and high mass sectors Ep Lt L T

Expected

o
=
E
3
-
(&)
2
o
o

* Better than 3xSM R i

L 100 110 120 130 140150 160 170 180 190 200
sensitivity at all masses m,,(GeV/c?)

below 190 GeV
e 2.4*SM @115 GeV

* Stay tuned for further
Tevatron improvements in
Higgs searches
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Conclusions

° Grea{ resul'l.s in bth low Tevatron Run Il Preliminary, L=0.9-4.2 fb™
and high mass sectors

Expected )
| m— Qbserved. . ./
ted

7
=
£
=510
-
o
2
o
o

¢ Be*fer +han 3XSM A ‘ ‘ Mar‘ch5,200‘
c. e o 100 110 120 130 140 150 160 170 180 190 300
sensitivity at all masses m,,(GeV/c?)

below 190 GeV
* 2.4*SM @115 GeV

* Stay tuned for further
Tevatron improvements in
Higgs searches
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