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Electroweak Symmetry Breaking

=
Re(o)

s An experimentalists conception
s Consider the Electromagnetic and the Weak Forces
s Coupling at low energy: EM: ~a, Weak: ~o/(Myy, )?

» Fundamental difference in the coupling strengths at low energy, but
apparently governed by the same dimensionless constant

» Difference due to the massive nature of the W and Z bosons

s SM postulates a mechanism of electroweak symmetry
breaking via the Higgs mechanism

» Results in massive vector bosons and mass terms for the fermions

» Directly testable by searching for the Higgs boson

A primary goal of the Tevatron and LHC
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Electroweak Constraints

s Higgs couples strongly to massive particles

« Introduces corrections to W and top masses - sensitivity to Higgs mass

SM: We know where to look
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Colliders and Experiments

« Tevatron: 2TeV pp collider with two general purpose

detecto rS, CDF, D@ Collider Run Il Integrated Luminosity
. Excellent lepton Id .

DDDDDDD

m 400000
i 3000

» Good to excellent
calorimeters for jet and

minosity (pb™)
& 3

3 ,» | Tevatron results in this ta 1P|
MET reconstruction 3 — 1} [iﬂn1|;|W-|mmnmnuw
. Excellent silicon detectors  { A el ] R
for b jet identification m.m..,.wmmmnNMH\HI\HMHMHH\HHHIHMHH\I\!MH\HNHHHH\IHH
« Higgs analysis uses full o Wesk 1 stats 03 oson

. \Yeekly Integrated Luminosity —e— Run Integrated Lumino SIN|

capabilities of the detectors . .
P leen a SM Higgs

Tevatron: Higgs mass exclusions and perhaps evidence

LHC: Observation over full mass range. Study Higgs properties
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s Higgs decays to heavy particles

s Extract handful of Higgs events from a

background 11 orders of magnitudes larger

s Primary triggers: High p; e and u

« Jet+MET triggers: modes with no
charged leptons, supplement lepton
triggers for gaps in coverage

» Dedicated 7 triggers:
track+MET+Cal Energy
s Lepton Id

» Optimize lepton Id on large samples of
W, Z bosons

Maximizing Higgs acceptance
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s b jettagging

» CDF: Secondary Vertex tagger, jet
probability tagger, and NN flavor separators

» D@: NN tagger with multiple operating points 4

Tools: b quark jets

» 40-70% Efficient with 0.3-5% mistag rate

P
Displaced tracks _.-"_ y P

Decay lifetime
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s Improvements in jet energy(dijet mass) resolution
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» Jet energy measurement combining calorimeter and tracking information
» NN based jet energy corrections, constrained kinematic fits
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Tools: Backgrounds

s SM processes create a variety backgrounds to Higgs detection

s Discovery analyses: ww, Wz, ZZ, single top, and even top pairs

a JTotal and differential cross section measurements
» QCD dijets, W+c, W+b, Z+b __Vertex Mass Fit

CDF Run Il Preliminary - 1.9/fb
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4  Data

a Critical to Higgs

bottom contribution

= charm contribution
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TTT

= LF contribution

ets/0.1 GeV/c?
T

------- Summed contribution
b= 71.3% 4.7(stat) = 6.4(syst) %
4 c= 159 + 5.5(stat) %

+ LF = 12.6 + 3.5(stat) %

» Some backgrounds cannot be predicted
using MC. QCD with fake lepton signatures
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» Constrain background predictions sof

20F-

KS Prob = 84.8 %

» Testing ground for tools and techniques

» Control regions s s 2 25 8 fﬁierti‘ée‘{ﬂc

Higgs search built on a foundation of
the entire collider physics program
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BSM Higgs

s Many Beyond the Standard Model Higgs Possibllities
» SUSY Higgs: tanf enhanced couplings to b quarks and tau leptons

» h, H, A, H*, H or alternative models with doubly charged Higgs

» Fermiophobic Higgs with enhanced couplings to W bosons or photons

_ gg+bb-H
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e BSM Higgs: ¢—bb

Re(t)

s CDF and D@ 3b channel: b¢—bbb.

» Di-b-jet background too large in p—bb channel

» Search for peak in di-b-jet mass distribution of

leading jets

s Key issue: understanding the quark

content of the 3 jets

» CDF: Secondary vertex tagger and vertex mass ,,-
» DO: NN tagger using multiple operating points

» Simulation/data driven studies of background

s No Evidence for Higgs:

= Limits tanf3 vs m,

»  0—1T and bo—btt of similar sensitivity.
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» 3b search very sensitive with certain SUSY parameter choices m, [GeV/c?]

» Six SUSY Higgs searches with sensitivity to tanf3: 40-50, combination interesting
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, SM Higgs Production and Decay
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s High mass: HoWW-lvlv decay available myy (Gevic?

» Take advantage of large gg—H production cross section, ZZ in progress
s Low Mass: H—bb, QCD bb background overwhelming
s Use associated production with W or Z for background discrimination

» WH-—lvbb, ZH—vvbb (MET+bb), ZH—llbb
» Also: VBF Production, VH—qgbb, H—tt(with 2jets), H—yy, WH->WWW, ttH
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SM Higgs: VH%I\/IETbb/m{"::

s ZH—vvbb, WH—IvbDb(l not detected) - signature: MET and b Jets
» Primary Bkg: QCD b jets and mistagged light quark jets with false MET
» Key issue: Building a model of the QCD background

Shape from 0 and 1 b tagged data samples with tag and mistag rates applied

» Innovations: CDF/D@ : Use of track missing p; to define control
NN Output, Signal Region, ST+ST regions and suppress backgrounds
s CDE Runll Preliminary. 21" CDF: Uses of H1 Jet Algorithm combining

tracking and calorimeter information
3 jet events including W—tu acceptance
D@ also performs a dedicated W—tu

Results at mH = 115GeV: 95%CL Limits/SM
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Candidate Events
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s WH-—Ivbb - signature: high pT lepton, MET and b jets

Ve
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SM Higgs: WH—Ivbb

» Backgrounds: W+bb, W+qgg(mistagged), single top, Non W(QCD)
» Single top: yesterday’s discovery is today’s background

» Key issue: estimating W+bb background
Shape from MC with normalization from data control regions

« Innovations: CDF: 20% acceptance from isolated tracks, ME with NN jet corrections
DY : ZO%ﬁuﬁﬁgotance from forward leptons, use 3 jet events
ow

CDF Run Il Preliminary, L=2.7 fo' ..
. ' ' Results at mH = 115GeV: 95%CL Limits/SM

+light
+chan
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Evants

CDF NN+ME+BDT new | 2.7 8.4 4.8 5.8

DJ NN 1.7 7.5 8.5 9.3

uonoIpa.d O} PazI[ewioN

Worlds most sensitive low mass Higgs

& S ? 05 1 search - Still a long way to go!
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s We gain our full sensitivity by searching for the
Higgs in every viable production and decay mode

s With all analysis combined we have a
sensitivity of <2.5xSM at low mass.

s A new round of analysis, 2x data and 1.5x
improvements will bring us to SM sensitivity.

M. Herndon, CMS JTERM Il 2009

Low Mass Higgs Searches
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SM Higgs: HoWW = @™

Re(o) .
P

s HHoWW-—lvlv - signature: Two high p; leptons and MET
» Primary backgrounds: WW and top in di-lepton decay channel
» Key issue: Maximizing lepton acceptance

» Innovations: CDF/D@ : Inclusion of acceptance from VH(CDF) and VBF
CDF : Combination of ME and NN approaches, D@ Re-optimized NN

0 Jets HWW M, = 160 GeVic* J-L-ufu"l

10 & < ; N
= ( /G/l}
o W 7

I_| Y

. e @

, $

= Spin correlation: Charged leptons

go in the same direction

AR
_+_

=]
=
&n
=t
-k
kN
(X
p
(X
w

AddID

M. Herndon, CMS JTERM Il 2009 15



s Most sensitive Higgs search channel at the Tevatron
; | rL=3.ufh"
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Both experiments
Approaching
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Results at mH = 165GeV : 95%CL Limits/SM
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SM Higgs Combined Limits

s Limits calculation and combination

95% CL Limit/SM

—
o

Using Bayesian and CLs methodologies.

Incorporate systematic uncertainties using pseudo-experiments (shape
and rate included) (correlations taken into account between experiments)

Backgrounds can be constrained in the fit
CDF Run 11 Preliminary, L=1.9-3.0 fb’"

S, [ g DQPrc‘limi-l,m.,_‘j__=l_0~3_0fb' == (Observed Limit
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s Low mass combination difficult due to ~75 channels

Expected sensitivity of CDF/DG combined: <2.5xSM @ 115GeV
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SM Higgs Combination

High mass only

Tevatron Run 11 Preliminary, L=3 iag

95% CL Limit/SM
=
RRY

Exp. 1.2 @ 165, 1.4 @ 170 GeV

Obs. 1.0 @ 170 GeV

Jualy 30, 2008
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m,(GeV/c")

M. Herndon, CMS JTERM Il 2009

18



SM Higgs Combination

s Result verified using two independent methods(Bayesian/CLS)
95%CL Limits/SM

— l-CLsé Obser\éled

Té:vatron éRunII reliminfary
L=1.0-3.(8b"

1-CLs
L

1.1

0% C.L.

[80 185 190 195 200

175
my, (GeV/c?)

155 160 165 170

SM Higgs Excluded: m,, =170 GeV

s We exclude at 95% C.L. the production of a
SM Higgs boson of 170 GeV
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Projections

m,=160 GeV
a Goals for increased sensitivity 5" \ T T
i E 12 ——  Summer 2006 Channels |
achieved = 1 e s
§_‘10 —— 1CHEP 2008 Channels
. Goals set after 2007 Lepton Photon ] \\ Wit Improvemeres
conference ¢ \QQ\ \ Run Il Preliminary
» First stage target was sensitivity for 4 x\“‘ —
possible exclusion at high mass T
A a similar magnitude improvemer& R U R S B I
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» Second stage goals in progress N\ Expected £2-6
95% C.L.

» EXpect large exclusion, or evidence, oo
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Improvements. 0.7
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195200
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Discovery

s Discovery projections: chance of 3¢ or 56 discovery

» Two factors of 1.5 improvements examined relative to summer Lepton
Photon 2007 analyses.

» First 1.5 factor achieved for summer ICHEP 2008 analysis
» Resulted in exclusion at m,; =170 GeV.

CDF+DO0, m;=160 GeV CDF+D0, m; =115 GeV
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Solid: 2.25*Improvement Solid: 2.25*Improvement
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— Conclusions

g
Reqt)

s The Higgs boson search is in its most exciting era ever

» The Tevatron experiments have achieved sensitivity to the SM Higgs
boson production cross section

» With the advent of the LHC we will have the potential to observe the
SM Higgs boson and study it's properties.

Tevatron Run 11 Preliminary, L=3 !

..... Expected
Observed
tla

+lG g

mit/SM

s We exclude at 95% C.L. the
production of a SM Higgs boson'g 0 |
of 170 GeV |

» EXpect large exclusion, or evidence,

1

95%

1

with full Tevatron data set and 20,2008
) 155 160 165 170 175 180 185 190 195 200
improvements m(GeV/c?)

SM Higgs Excluded: m, =170 GeV
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SM Higgs Combined Limits

s Limits calculating and combination

» Using Bayesian and CLs methodologies.

» Incorporate systematic uncertainties using pseudo-experiments
(shape and rate included) (correlations taken into account between
experiments)

» Backgrounds can be constrained in the fit

5 Tevarron Run 11 Preliminary, L=1.0-2.4 fb™

: > LR ! ! ' ! ! !
s Winter conferences o | LEP Limit .. Tevatron Expected
. . §= —— Tevarron Observed
combination 3 o CDF Exp)
o10 |
B‘Q“ W
2
0 SM Y April; hep-ex/0804.3423 upiomms |

llﬁ 120 130 140 150 160 170 180 190 200
mH(Gerc)
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H—-WW Some Detalls

a Used NNLL cross section: S. Catani, D. de Florian, M. Grazzini, and P. Nason,
JHEP 07, 028 (2003), hep-ph/0306211 with CTEQ5L

» Include VH and VBF Higgs production

- . U. Aglietta, B. Bonciani, G. Degrassi,
> Include two loop EW diagrams: 04 "\ivini (2006). hep-ph/0610033.

« Kinematics HNNLQO S. Catani and M. Grazzini, Phys. Rev. Lett. 98, 222002 (2007),
hep-ph/0703012. JHEP 0802, 043 (2008), hep-ph/0801.3232 .

s Work in progress to update to state of the art predictions

» Latest gluon PDF, full treatment of EW contribution, better treatment of
guark masses C Anastasiou, R Boughezal F Petriello, hep ph/0811.3458

CDFH +» WW — fiE:F+O.]t An 1}

s Example systematic table

Total 10.0%| 10.0% | 10.0% |15.0% | 5.0% | 10.0% 120‘7

» Rates and shapes considered §°§”‘§j}‘§“)

PDFModl(l ptons) | 1.9% | 2.7% | 2.7% | 2.1% | 4.1% | 2.2% 1.5%

. Shape: Scale variations, ISR, s o el e v e e
gluon pdf, Pythia vs. NNLO (/r;a

kinematics, jet energy scale: for (”“ | e |55 e ||| 22

S|gna| and backgrounds_ Luimodty | 5om | 5% | 0% | som | som | 5.0 S

Included in limit setting if Treatment developed jointly

significant. by CDF and D@
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s CDF and DG ¢—1t channel

BSM Higgs: ¢—1t

m"* | = -200 GeV

=TT pure enough for direct production search

» D@ adds associated production search: b¢—btt

s Key issue: understanding 1 Id efficiency

» Large calibration samples: W for Id optimization

and Z for confirmation of Id efficiency

a No Evidence for
SUSY Higgs

» Limits: tanf3 vs m,

» O0—7T generally
sensitive at high
tanf3

3 E
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DG: p—11

Multijet & W4jets

Other EW & i

Z-1t
—a— data

--m-- M =160GeV (o = 30pb)

200 250 300
Visible Mass (GeV)

tan B

100

90
80
70
60
50
40
30
20
10

0

[=1]
(=]
[TTTT[TTTI[TTTIT TTTT

Apreliminaw, 1.2 fb‘1_§

50 .
I Observed limit 3

48 I
5 — Expected limit 3
30 . 5
LEP 2 k.
20F E

SNl Loy ca ) B s el o it o i eer il s e L e
%0 90 100 110 120 130 140 150 160
M, (GeV)

MSSM Higgs - tt Search, 95% CL Exclusion

CDE Run I Preliminary, 1.8 flo

no mixing

p=0

CDF: ¢—11 i

no mixing

100 120 140 160 180 200 220 240
m, (GeVic?)

M. Herndon, CMS JTERM Il 2009

26



Re(

a H%W

At lower mass large BR(H—yy) ~10%
for Fermiophobic Higgs

SM search also sensitive at low mass

Key issue: understanding QCD
background: uses excellent calorimeter

CDF - has not yet calculated SM limits

s WH->WWW

Strong sensitivity as both a SM and a
fermiophobic Higgs search

Same sign dilepton signature

BSM/SM Higgs Searches

3
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nEvents/2.5 GeV
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I LI

S
|
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3
&l

D@ preliminary, 2.68 fb'

—=— data
o background

SM Search sensitive at high and medium mass
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SM Higgs: ZH—lIbb

s ZH-IIbb - signature: two leptons and b jets

» Primary background: Z + b jets

» Key issue: Maximize lepton acceptance and b tagging efficiency

» Innovations: CDF/D@: Extensive use of loose b tagging

CDF: Use of isolated tracks and calorimeter only electrons,
MET used to correct jet energies, ME analysis
D@ : Multiple advanced discriminates, NN and BDT

DO Runllb Preliminary 1.2 fb™ | =%
- e | — Signal (M,= 115)
g 10 -‘”““’]m g ee— : —— QCD Background . .
2 " = oy | tBaGKgrOUNG Results at mH = 115GeV: 95%CL Limits/SM
5 1 < b g2] e ZZ Background
z — = - Wz Background
"510.1 T — —— Z+jets Background
E —— = | | Z+bb Background
e :| —— Z+cc Background
51 0-2 _I || —=— Signal+Background
10° 0 | ®
10* J
10°
10°® PR (RS A RN S SE HrHN REPUN TS A P
0 0.35 0.4 0.45 0.5 0.55 0.6

BDT Output
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s CDF and D@ are performing
searches in every viable mode

» CDF: VH—qqgbb: 4 Jet mode.

» CDF: H—tt with 2jets

. Simultaneous search for Higgs in
VH, VBF and gg—H production
modes

. Interesting benchmark for LHC
» D@: WH—-1vbb

Dedicated search with hadronic t
decays

» D@: ttH

., Leverages strong coupling to top

Entries per 12 GeV

»
)

w
w (3] L=
TTTTJTIT T TIT[ITII [ ITITT

s/ Other SM Higgs Searches

D& Runll Preliminary 0.94 fb™'

Data
Waijets

B aco muttiet
I -

Other SM backgrounds

H+(W/Z) x 10

60 80 100 120 140 160 180 200 220
DiJet Invariant Mass (GeV)

Analysis: Limits at | Exp. | obs.
160 and 115GeV | Limit | Limit
CDF VH—qgbb |37 |37
CDF H-1t 25 31
D@ WH—1tvbb 42 35
D@ ttH 45 64
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