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Standard Model and Higgs Boson



Standard Model Higgs Boson

Standard Model

= Gauge theory: SU_(3)®SU ,(2) ®U, (1)
m Left (right) handed fermion =
SU, (2) doublet (singlet)

Higgs boson
m Elementary complex scalar
= No color, SU,(2) doublet, Y = +1/2

m Responsible for the spontaneous
breaking of the electroweak (EW)
gauge symmetry

Gauge boson masses
m Physical state
T,=-1/2,Y=+1/2,Q=0

m Also assumed to generate fermion

masses

m  No experimental confirmation

V(9) = a5



Status of SM Higgs

m Indirect limit from global EW fit
m,=173.1 £ 1.3 GeV/c?

m,, = 80.399 + 0.023 GeV/c?

and precision EW measurements
at LEP and SLD

od
m,, = 87+35_,. GeV/c? %’3
m Direct search at LEP

m, > 114.4 GeV/c? (95% C.L.)
my < 186 GeV/c? (95% C.L.)

CDF and D@ are probing Higgs in
the most probable region :
100 < M,; < 200 GeV/c?

6 August 2009 m, . = 157 GeV
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Tevatron and CDF Detector



Tevatron Accelerator

Proton-antiproton collider at v s = 1.96 TeV

36x36 bunch, bunch space 396 ns

Np~10000e9, Npbar~3000e9, typical peak luminosity ~ 0.3 nb~'/s
Store duration ~ 12 hrs

Two major detectors at collision points : CDF and D@

-*’nh =
3 = P

“Fermitab”
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Tevatron Luminosity Progress

Peak luminosity
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m Weekly integrated : 50~60 pb-’

m Integrated luminosity
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Analyzed : 5.4 fb-’



Proton-Antiproton Collisions

Tevatron Run Il, pp at s = 1.96 TeV
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CDF Experiment

Integrated luminosity | Collaboration size
1981.01 TDR 87
1984-85 Beam tests
1985.10 First collisions | ~20 events )
1987.01-87.05 Test run 25 nb1 190
1988.06-89.05 Run 0 4.4 pb1
1990-92 Beam tests *\s = 1.8 TeV
1992.04-93.05 Run la 19 pb-1 358
1993.12-95.08 Run Ib 80 pb-' / 106 pb
1995.10-96.02 Run Ic 7 pb-1 )
—2000.Fall Upgrades
2000.Fall-01.Spring | Comissionning
2001.03- Run Il ~750 Vs = 1.96 TeV

10



CDF Detector

Central EM
Calorimeter

Solenoid

Central Muon

Central Hadron
Calorimeter

Forward Muon o

Y

1\‘

!

Endplug EM
Calorimeter

£ 1 !
Endplug Hadrun L a
Calorimeter ‘ Pl ==
=— pgPa
[ 3

\‘i
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Tracking Chamber

Silicon Detector

Calorimeters: projective tower geometry 11



CDF Detector

y

Sojnoid

(Buffalo) Central EM

Calorimeter Central Muon

X

Central Had™s
Calorimeter

Forward Muon Y4
A ! (Village)
i |
DY) S
(Hirise) \ ,.-"!
Endplug EM v
Calorimeter . E . ToF Pseudo-rapidity

Tracking Chamber

O
=—log| tan —
. g( 2)
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Silicon Detector
Calorimeters: projective tower geometry



CDF Detector

(m) | : m 3-level trigger system
Central region m Particle identification

6.0
- Photons

PIU re ion m EM cluster w/o track
40 g g Electrons

m EM cluster w/o track

Muons
- m Muon detectors at the

20 outermost position

- Neutrinos
7 m Momentum imbalance in the

— s transverse plane

0 20 40 6.0 @ Quarks
(m) |
m Jets (calorimeter clusters)

Impact parameter (d,) Taus

Proton beam

Transverse m Narrow jets w/ 1 or 3 tracks
Heavy flavor quarks (b, c)
P =P sin @ m |dentification = “tagging” o
_ m Displaced secondary decay vertex
ET =EsIing m Large impact parameter Primary )
Secondary

m Semileptonic decay Vertex

N «— Vertex
\ Ellipses
13
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SM Higgs Searches at CLC

14



SM Higgs Production at the Tevatron

. H (0.2~1.0 pb)

Wiz

—
)
<
|

oo

qq — WH (0.02~0.3 pb)

> qqH
(0.02~0.1 phb)
bb — H

10 qq — ZH -
~60% of Wh

TeV4LHC Higgs working group

1 IIlL|||JJIILLl||JJIIIll||]]JIIl
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SM Higgs Production at the Tevatron

. H (0.2~1.0 pb)

—
)
<
|

oo

~0.19 pb @ m=115
. qq — WH (0.02~0.3 pb)

~0.44 pb @ m=
@ m=115

qq — qqH
(0.02~0.1 pb)
bb — H

10 qq — ZH -

~60% of Wh

oo qq — ttH

TeV4LHC Higgs working group
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Higgs Decays

140 GeV

BR for SM Higgs

! - — 1 m Low mass (< 140GeV/c?)

] bb is dominant.
— m73% @ m=115

m High mass (> 140GeV/c?)

WW is dominant.
- m ~92% @ m=160

1000
Higgs Mass  (GeV)
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Search Channels

l=e, u

Higgs production Higgs decays

and W/Z decays h—bb h—>WW-—(tv)(ev)

h _ 2¢ (opposite-sign=0S) + missing E-
Wh—(¢v)h ¢ + missing E; + 2b | 2¢ (OS)/2¢ (like-sign=LS)/3¢ + missing E-
Zh — (vv)h 2¢ (OS) + missing E-

"_;_ZeZ)E ______ Multilepton + missing E;
qqH 2¢ (OS) + missing E-

18



CDF Papers of SM Higgs Searches

Run |

Run Il

Wh —> (¢v)(bb) PRL 79, 3819 1997 = 109 pb-
Vh = (jj)(bb) PRL 81, 5748 1998 91 pb-’
Zh — (@0)(bb), (vv)(bb) | PRL 95, 051801 2005 | 106 pb-
Wh — (ev)(bb) PRL 96,081803 | 2006 & 320 pb-'
h - WW PRL 97,081802 | 2006 & 360 pb-'
Wh = (ev)(bb) PRL 100, 041801 | 2008 1000 pb-'

PRD 78, 032008 | 2008 1000 pb-'
Zh — (vv)(bb) PRL 100,211801 | 2008 1000 pb-'
Zh — (¢)(bb) PRL 101,251803 | 2008 1000 pb-'
h - WW PRL 102, 021802 | 2009 3000 pb-'
Wh = (ev)(bb) PRD 80, 012002 | 2009 1900 pb-'
Wh — (ev)(bb) PRL 103, 101802 | 2009 2700 pb-
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Analysis Overview

m Event selection
Trigger selection
Kinematical and geometrical acceptance
Particle identification
Topological selection

m Efficiency and background estimation
g = 0.2 ~ 2% from o(h)-B(h—XX)
Aele = 10~20%
AB/B = 10~20%

m Result

Limit on the production cross section
m Use distributions of some variables
m Binned maximum likelihood method
m Bayesian interpretation in most cases

20



Analysis Overview

Bayesian

e
- p(n|s,B)=en‘|’ . u=S+B=L(cB,)s+B

" P(Ngs [S,B)—>p(ES,BIn

obsj

)7(S,B)dSdB

Posterior probability density  Prior probability density

(JdB)p(s,BIn,,)x(s/B)

HdBdS p(S,B|n,..)7(S,B)

" P [Ngs)dS >

obs

Marginalization Nuisance parameter

21



Analysis Overview

Bayesian 95% credibility limit

Probability

o
N

0.18 |

0.16
D.14

012}

01}
0.08 |
0.06 |
0.04 |
0.02f

I |' I ]

I I I I I I | ] I L] ] '| ] T | I

Posterior when n,.= B

Poisson ~ Gaussian 5%

Posterior 5% whenn_,_=B

— Posterlor functlon

Gaussian 2.5%

20 25
Events

10 15

—(S+
(Normalization = 1/0.5) €

For illustration
m Flat prior for S
m Exact B (prior = 6 function)

m Poisson~Gaussian,
) << B =

obs
®)(S+B)"
n!
1(n-s-BY
_ 1 eE(mJ
\/272'(8 +B)
1(s Y
o4 e‘iﬁ
278
Gaussian 2.5% =1.966~2c
— S ~2\B

Sos/S ~ 2\B/S



Analysis Overview

For distributions

o H p(ni |Si’Bi)

I=bin

Combining different channels

. H. p(n, ISi,Bi)]
[ N

Common (correlated) nuisance
parameters

23



(1) Wh—s(¢v)(bb), 2006

L = 320 pb-?
High p- inclusive lepton trigger
Lepton + 2j + missing E; signature
>1b tagging

Secondary vertex

Semileptonic decay w/ large d,
S(m=115) ~ 2 fb, B ~ 550 fb

W+bb dominant

SINB/AL~0.09

m M, distribution for limits

m D jet specific energy correction

m 1b @ 2b (independent likelihood)

m Expected limit ~ 6 pb (m=115)
e~1.5%,B~175
Sgs ~ 6x320x0.015 ~ 29 ev
29/N175 ~ 2.2

Expected limit
* Frequentist view

* BG-only pseudo-experiments — limits (median)

% 50 100 150 200 250 300 350 400 450 500
Dijet Mass (GeV/c)

=]

ol
2
4 Wa+2jets (= 1 b-tag)
G 50 —e— Dain
E Bl ron-w, Diboson and 2
——
w40} [ ee
[ Weehaavy Navers
g Welight llavors
w ggk

{EEE Dackpround Uneertainty
I v 10 im, - 115 Gevie®)

et +

=107,

ﬂ_ 5 - Data
|: [ Paoudo-Exparimants & 10
ﬂ 2 El - NLO Standard Model Higgs (R — WH — Whbj}

Tmi o o COF Four | WH — Wb Search (1089 pb™)
I = D Rur 1 'WH — W{— avjbB Search (174 pb')
& - -

iiﬂ e — —o—

I [ - — & -

s =

T4
o I

-

T |

A —
1 l—
10 | —
! ———_
—
~—

10 e

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

Higgs Mass {GEV.I’EE:I
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(1) h>WW, 2006

360 pb-1 & pa—
m Triggers 8z  Wodetiy
n &l OWW
High pr inclusive lepton trigger & B2 am160 Gevre
Plug electrons + missing E; trigger E
m Plug electrons 3
m Topological cut 2
Drell-Yan veto

- > 0 20 40 60 80 100 120 140 160 180
M,>16 GeV (cc/bb resonance veto) Dilepton Azimuthal Separation (°)

m Large missing E; - e — Expected Limit
m Fake missing E; veto (Z—1t veto) % o == 95%C.L. Limit
Jet veto (1t veto) 2 03|
= S(m=160) ~ 1.6 fb, B ~ 39 fb T 13
WW dominant EI ‘r 5
SBAL~0.26 3
m A¢, distribution for limits §1tr‘—§ W

v P 110 120 130 140 150 160 170 180 190 20Q
Higgs Mass (GeV/c")
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(2) Wh—s(¢v)(bb), 2008

&: 120 —e— Observed
= i [ ] W+Heavy Flavor 2
3 - Mist o 10°E
S 1001 = N;sni% Qcb a - —e— Observed
o 0 e -
T 0 I Diboson/Z%s 1t = - EEmE Expected Bkgt 1o
2 80 I € (6.7pb)+Single Top = B —e— CDF Run Il (319 pb™)
L% | % Background Uncertainty T —— DORunIl (378 pb™
60 7 — WHX10 (my=115 GeV/c?) L 10 —— Standard Model (NLO)
- '/ m :
W7 m u
40 |- e L
i T
20 - g 1
o T E
0 ] S == - L |ﬂ- —
0 50 100 150 200 250 300 350 400 450 500 % B
Dijet Mass (GeV/c" ) n
107
m L=1fb" -
m  Neural net (NN) b tagging N
+5% improve B

1 2 -2III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIII
- b ® 2b : 10 110 115 120 125 130 135 140 145 150
+20% improve

: 2
m S(m=115)~2.1fb, B~440fb Higgs Mass (GeV/c®)
SNB/NL~0.10 (cf. 0.09)
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(1) Zh—>(vv)(bb), 2008

m L=1fb" N-:E_'?. 50:_{3} —=— Observed 1b
. . D : Mista
= Missing E; trigger © 4ob Docniq
m Include missing lepton + bb fromWh £ _ | EATor
o JSOF o) ERZ/W+ha.
. B i o Diboson
m 2or3jets g - S B s uncert
= >1bt = i JERESTEE N
C £ m,=115 GeV/
i i i imi : AR
m M, distribution for limits e e
. . o 50 100 150 200 250 300 350
m Introduction of control regions (CR)

M, (GeV/c?)
Check of ¢ and BG estimation

Calibration of ¢ and BG 2 _E®G) S———~
CR in this analysis S [—Z:‘:'i

m CR1 = Multijet signature :.g" 65 72 vop A

m CR2 = One lepton o :: T [ 2L W+ ha-

m S(m=115)~1.6 fb, B ~ 260 fb 3F
QCD (fake missing E;) dominant 2E
1 ot | gdd 2 =3

SNB/NL~0.10 D R T R
Sensitivity (vv)(bb) ~ (¢v)(bb) M, (GeVic?)
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(1) Zh—>(¢¢)(bb), 2008

L=1"fb"
Higi p; inclusive lepton trigger

=+ Observed, 1b
Added plug electrons as the 2nd 0l zqi?ﬁmw&gw
lepton = [ Other .
3 ;_ — ZH(120 GeV/c™) @ 95% C.L. upper limit
m NN jet energy correction S 10 544__+_ 4
Mass resolution 18% — 11% § [ '|; il |L| suirsalialinlicr
11 ]
b ®2b 1 ?—‘—ﬁ—'—uj::l:ii
2D NN outputs for limits - — | | '
Zh vs. Zbb g g;;fﬁf ALPGEN
C [ Other
Zhvs. it % 10 —— ZH(120 GeV/c?) @ 95% C.L. upper limit
m S(m=115)~0.81fb, B~ 110 fb *5 1:|_4i— i L
S/B/AL~0.08 ( Run | ~ 0.10) - ‘ ﬁﬁ_{ﬂ;
m Worse than Run | 10 ] ; : &
0 0. 0.4 0.6 0.8 1

m But expected limit is ~ 4 times

better than L scaling NN Projection (Z+ets vs ZH)

28



(2) h—>WW, 2009

m 3fb
m  More lepton categories T (a) . Data N Other
MIP tracks 1005 OWW — Hs WW
Isolated tracks passing detector cracks 3 g, N
m Matrix-element-based probability (ME) E 10 T S ' i 4
S R o N o
1 ¢do, 2 NN | T
» 0 (NG (% Ao & NN
p(xobs) — j - 8(y)G (Xobs ’y)dy 1 \ \\\\\w;
(o) dy ) __.._:}}m\\\\\
- N g y 0 0102 03 04 05 06 0.7 0.8 0.9 1
ME E fficiency Detector Matrix Element Likelihood Ratio
response % [b) + Data [-] Other
N T, LIWW — H-WW
m High S/B @ Low S/B I ol 1t + |
= NN for limits g JRiCpres i
s S(m=160) ~ 3.9 fb, B ~ 260 fb o 1 T |
S/NB/AL~0.24 (cf. 0.26) a 1F
Expected limit ~50% improvement other N
than L scaling -1 -0.8-06-04-02 0 02 04 06 0.8 1

Meural Net Score
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(2) h—>WW, 2009

= 3 C e 3 f,.l'
N Centrale ¢ ted tracks
: Plug e :
1+ _g 1F
0f ] of
AL ] At
2r ] 27
3L i 3L
-3 3 -3 3
n
s  3F . ' : s 3
N: Centralimu ol Central MIP
: Extensipn mu : Plug MIP
1L ] 1L z ]
: : Isolated tracks
0F ] oL ]
AL ] AL ]
2L ] 2f -
_3 i ) ! - '3 :_ I 1 ]
3 -2 2 3 3 2 1 0 1 2 3
n n
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(3) Wh—>(¢v)(bb), 2009

—+ Data 1&3 E — Data
4 1 w+HF E [ w+HF
10 [ Mistag C [ Mistag
=ti[a:rpb),5ingls top = = 1t (6.7pb),Single top
Diboson Diboson
n 10° on
P 10° E ::L:uzu GeV)x 10 o ﬁ E :igg\:[ﬂDGaV}xil}
= 005 Background Uncertainty = L ken 3¢ Background Uncertainty
2 2 -
1] Q -
5 5 U F
@ o N
a a i
E £
=] 3 1B
= = E
' g s
:IIIIIIIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|III :IIIIIIIII|IIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII|
0 01 02 03 04 05 06 0.7 0.8 09 0 0102 03 04 05 06 07 08 09 1
NN output NN output
m L=1.9fh
m Added missing E; + plug electron trigger
m Added plug electrons
m Add d,-based b-tagging
m NN for limits
m S(m=115) ~ 2.3 fb, B ~ 660 fb

SBNL~0.09 (cf. 0.10)
Expected limit ~ 40% improvement
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(4) Wh—(¢v)(bb), 2009

L =2.7fb"
Added missing E; + 2j trigger
Isolated tracks as leptons
30% acceptance gain
ME—-BDT
15% sensitivity gain
NN + MEBDT — NN (Super
discriminant)

15% sensitivity gain
S(m=115) ~ 3.2 fb, B~ 820 fb
SNB/NL~0.11 (cf. 0.09)

Expected limit ~ 50% improvement

5 Double-Tagged
Fut
1 -t+++ +

(c)

Events

0 0.2 0.4 0.6 0.8
Super-discriminant Output

10 times SM higgs (m=115)

32



(2) Zh—(vv)(bb), now

PreSel, CDF Run Il Preliminary, 3.6 fi

o SR, CDF Run Il Preliminary, 3.6 fti
~N2400 = c
P -+ DATA S |
%22005. . _ Multijet % 45 " Multijet
gzoou 3 &% Diboson § 40; ' = Diboson |
W4s00 . MZzZ+ht w g i 0
1800 e .W + h.f. 35; i - Z+htf
. B Top | b Bwens
1400 M L -
1200~ 25¢ N —VH
1000 20—
800t 15
600
F 10
400 |
E S
200 _ E
L — . = .
045°°1 05 0 05 1 15 2 45 -1 05 0
Excl. SecVTX NNoco SecVTX + SecVTX NN Discriminant

L =3.6fb"

Missing p; to reduce QCD
Added d,-based b tagging
Two staged NN

QCD rejection
Other BG

33



(2) Zh—(vv)(bb), now

CDF Run Il Preliminary, 3.6 b

68% Confidence interval

[ 95% Confidence interval
Expected 95% C.L. limit

Observed 95% C.L. limit

95% C.L. limit/ SM

e . L L R
Higgs Mass (GeV/c?)
For M, = 115 GeV/c? w/ 3.6 fb? = S(m=115)~3.4fb,B=3810fB
Expected limit : 4.2 x og, SNBNL~0.12 (cf. 0.10)
Observed limit : 6.1 x ogy, m ~70% improvement
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(5) Wh—(¢v)(bb), now

CDF Run Il Preliminary (4.3 fb™)

m Two analyses to be combined g ——
50~ -zfjr;ts
N N B N diboson(WW,WZ,27)

I Single top (t-ch)

M E 40— [0 Single top (s-ch)
C 1 ti(6.7pb)
B I W+ctlc
C I\ bb
= NN 30~ = WLk

— Higgs (115GeV)x 10

L =4.3fb! 20 [
Not much new things

Bayesian NN

S(m=115) ~3.2fb, B~ 930 fb
m S/VB/AL~0.11

10

. . Eiais s Y
50 100 150 200 250 300
Dijet mass (NN b-jet Energy corrected) (GeV/c?)

CDF Run Il Preliminary, L = 4.8 5" [merors
T T T ! -STOPT

= ME 30| + SVSV G

L =4.8fb? ENW
Not much new things B Oiboson
Added 3 jets

2] @ 3j

S(m=115) ~ 3.9 fb, B ~ 1200 fb
m S/VB/AL~0.11

25}

Candidate Events

0O 50 100 150 200 250 300
. . 2
Dijet Invariant Mass (GeV/c")
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(5) Wh—(¢v)(bb),

CDF Run Il Preliminary (4.3 fb™)

7 o : 4 [EJwHi15
10 - CDF Run Il Preliminary, L=4.8 b |msTops
— o | | "SVSV | |Dwse
10°Neural Nets = gil;olson{WW.WZ,ZZ} 10° Matrix Element DV\;:;\?\:?:
) ingle top (t-ch) ] B Wob
10°¢2 Jets, double tag) == sngeiop e w (2 jets, double tags) ENon
[ WicBle "E 1 02 -é-llgets
1 04 [ ETYA o [l Diboson
N WLF S Ot
—— Higgs (115GeV)- 10 o —Data
o 10 ---WH11:5)<5
s B I;
— = 15
(@) 18
10 k3
53
1072 .
10‘2||||||||||||||||||||||||||||||||||||||||||||||||| 0 02 04 06 08 1
0 0102 03 04 05 06 0.7 0.8 09 1 ih i mi
BNN output (M, = 115) Event Probability Discriminant

M, =115 GeV/c? | Expected limit | Observed limit

CDF (NN) 4.0 x 6gy 5.3 X ogy 4.3 fbt
CDF (ME) 3.8 x gy 3.3 x oy 4.8 fbl
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(2) Zh—(¢¢)(bb), now

m 4.1fb m b-tagging
m Added the trackless trigger NN-based filter
m >0 d,-based tagger
m High S/B @ low S/B = ME - 2D NN
m |solated tracks

CDF Run Il Preliminary (4.1 fb™) CDF Run Il Preliminary (4.1 fo™)
90 Single T Tag o daa [ WWWZZZ 80d  Single T Tag (High S/B) ¢ data [ WWWZZZ

[ M, = 120 GeVict x 150 After NN Corr, I Mist85  [] Fakes [0 mistags [ ] Fakes
80 |:|M::=1zoce\-'xc2xisnBefomNNCnm Wzsvb [Ou 70_5 I:l My, = 120 GeVie’ < 150 Wz+vb [t
. Z+ee i uncertainty - . Z+cc || uncertainty

Number of Events
8

Number of Events
888883

20
10

0 50 100 150 200 250 300 350 0 0.2 0.4 0.6 IJ. 1
) M;; (GeV/c?) NN Output 10% Slice
Dijet mass
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(2) Zh—(¢¢)(bb), now

CDF Run Il Preliminary (4.1 fb™)
1ZH — I'T'bb

1 - Expected

—  (bserved

m S(m=115)~0.88fb, B~ 140 fb
S/WB/AL~0.07 (cf. 0.08)
m +16% improvement

95% CL Upper Limit/SM

100 110 120 130 140 150
M,, (GeV/c?)
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(3) h>WW, now

CDF Run Il Preliminary [Leasw’
m 4.8 fb 2 o5 0 Jets -
. . . & 120F My = 160 GeV/c? =:f‘f
m 0jD 1) D=2 EOr Sz
) 2 100/ '
m ME-NN for 0j " o
a0l — HWW = 10
m Added Vh, qgh - o
60—
m Lowered M, cut of
m | ikelihood electron ID ok
m NN for each sub-sample l,ﬂ: -,-;E%__“E
' A R(Il)
S [0S0 Jets, High S/B w
O 80f M, =165 GeV/c? =i
2 70f mz
3 b ?givxw
50
40
30
20;-'—
10
0:' P T A [
1

.08 -06 -04 -02 0 02 04 06 08 A
NN Output

A A



(3) h>WW, now

CDF Run Il Preliminary jL—4.8 e

i .. =v= HghMass Expected

= S(m=160) ~ 6.6 fb, B ~ 360 fb
SABAL~0.35 (cf. 0.24)
m +44% improvement

T —— High Mass Observed

Stanﬁard Miodel .
_IIII|.IIIIrllllillllillll |f|||||||||1||||
110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV)

40



CDF SM Higgs Combination

m CDF combined results with L = 2.0 - 4.8 fb™"

Included channels
WH - £vbb (4.3 fb1)
VH - K+ bb (3.6 fbl)
ZH - ebb (4.1 fb1)
VH, VBF, ggH
- 2jets + 11 (2.0 fb1)
VH - 2 jets + bb (2.0 fb1)
ggH - WW* - gvev (4.8 fb1)
VH - VWW* (4.8 fb1)

CDF Run Il Preliminary, L=2.0-4.8 fb™

10 ved ...

95% CL Limit/SM

‘ Novemqere 200?

100 110 120 130 140 150 160 170 180 190 200

mH(GeVIc )
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Tevatron SM Higgs Combination

m Combined results of CDF and D@ with L = 2.0 — 5.4 fb"

» Systematics correlation b/w experiments are taken into account.

Tevatron Run |l Preliminary, L=2.0-5.4 fb

a0 6 S LA BN LR LI T 1 T T
' LEP Exclu5|on » Tevatron

| wm |-CL, Observed

", A 17 1 ]‘05 TYatror!RuE]I\IIPre.llmln.ary. ....... llllill...I.:C._-;:.E.xpljccted....
0 “"f : -y Exclusion - L=2.1-541b" : 7 Expected £1-6
A ' LELLL B - ted ; bty 4 | ; i H i i ] S ]
10 hes SO — Q).l()psgivid ; W / : ol ) S -------------- ----------- i ........ ' AP 120
P I E1o Expected iy ] ; genr e : '
PAAXEX Y XV VY 20 Expected SO L, . R ] il 0.95 = S _ : E
) 0.9 ” Siae - e
0.85 [ '
075 " : Lo

CL,

]I|I]II TTTT

95% C.L.

95% CL Limit/SM

 ammumamEw,

) O SM=t

November B, 2009

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

150 155 160 165 170 175 180 185 190 195 200
November 6, 2009 my, (GeV/c”)

Observed (expected) limit at M, = 115 GeV/c? : 2.70 (1.78) x ogy,
Excluded mass range at 95% C.L. : 163 - 166 GeV/c?
(Expected exclusion range » 159 — 168 GeVic? )

arXiv:0911.3930[hep-ex] as of November 2009
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Future Prospects
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Luminosity Prospects

m Tevatron performance and projection

We expect ~ 9 fb-1 by the end of FY10. ~ 12 fbt
If FY11 budget is approved, we can go up to ~12 fb-1.

“| 12 fb? delivered luminosity doubles ,

g the current data set and results in 9.3 fbl

. analysis with 10 fb. '

7 We are here 7.8 fb1

Integrated Luminosity (fb)

L 1
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SM Higgs Sensitivity Prospects

For M, = 115 GeV/c? For M, = 160 GeV/c?
2xCDF Preliminary Projection, m =115 GeV 2xCDF Preliminary Projection, m =160 GeV
= =
w —— Summer 2005 w —— Summer 2004
2 —— Summer 2006 2 —— Summer 2005
E —— Summer 2007 E 10 ——  Summer 2007
;I —— January 2008 ;I | —— January 2008
@10 [i ——  December 2008 o —— December 2008
3 i —— MNovember 2009 3 —— March 2009
o With Improvements o —— November 2009
m m | With Improvements
1
1
0 2 4 6 .8 10 12 414 0 2 4 6 .8 10 12 414
Integrated Luminosity/Experiment (fb™ ') Integrated Luminosity/Experiment (fb™')

Analysis improvements help the sensitivity increase better than 1/sqgrt(L).
m Expect to reach 115GeV Higgs with 6~10 fb-’
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SM Higgs Sensitivity Prospects

Tevatron Projected Sensitivity
CDF+DO0 combined

i S . -1
Luminosity/Experiment (fb™)

(110 l"(] 1)0 14(1 lﬁ(l 1(30 170 18(] 190 ”(l(]
my, (GeV)

If CDF and D& analyze 7 fb~! each,
m, < 180 GeV/c? would all be excluded if not there
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Conclusions

m Tevatron and the CDF detector are performing very well.
Delivered 8.2 fb-1, Acquired 6.8 fb-', Analyzed 5.4 fb-'
Expect ~ 9 fb-1 by the end of FY10

» We all thank accelerator people for excellent beam !

m SM Higgs searches are in progress in various production and decay
channels.

m [ncreasing luminosity, analysis improvements, ...
We can go further !
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Spring 2009 Result

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

% LEPEchUSlon _Tevatron... ]
= j | | W Exclusion
E ] T LLL] : ’ ;
: 10 VLY . S O S,
- L XX Xxpecte IIIIZIIIIIIIIIIII """"""""
O it
EQ _______________________________________________________________________________
To BRI S0QURes™ 0 N
(=2}
1
ook | | | B | i Mar[chs 200P
100 110 120 130 140 150 160 170 180 190 200
mH(GeWc )
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Multivariate Techniques

Both experiments use advanced multivariate techniques, which combine
information from kinematical, topological and particle identification variables,
to enhance the signal/background discrimination.

Artificial Neural Boosted Decision Matrix Element (ME) |
Networks (NN) Trees (BDT) Calculating event probability
. i — integrating the LO matrix elements
FE— ~P Detector
@ i o (Transfer function)
@ s < 352l B <310 _ VR gt
/NP EANE dr() = ZI”H x —=— X W(Z,§) x
s [ @ IJ.'JEI-_:!:I i B & i 2 o = ‘—:—”HJE Py e
. ;’.\\h ';.-.*:\ ;_,_\ ’ alfill E
) o0l ¢
Single variable discriminant Neural network output
COF Run Il Preliminary J-" T COF Run Il Preliminary J-" T
4 faam Lo 8 Fosmmme Ll
2 14°E M, = 160 Govic? - S 80; M, = 165 GeVic' 1
§ 120 w 2
“ 1DD: IE
»
uﬂ r -; 08 -6 04 02 o 0.2 . U.ll -0.5 0.8 1

NN Output

50



Higgs Bosons Beyond the SM
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MSSM Higgs at the Tevatron

m Two-Higgs-doublet fields provide
5 physical Higgs bosons.
3 neutral : ¢ =h, H, A
2 charged : H*

» Phenomenology described at
tree level by tanp and M,.

3
Illlr

h/H/A cross-section (pb)
—
TTTT

m Neutral Higgs : H . .
Coupling to d-type quarks
enhanced by tan = o, oc tan®

Br(¢ — tt) ~10%, Br(¢ — bb)
~90% for low and intermediate L T T T T T (R T T
Masses m, (GeV)

m Charged Higgs

can decay into H*Db.

—
=]
K

MSSM: tanf3 = 30
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MSSM Neutral Higgs : ¢ —» 17t~

& Do

m gg,bb->¢ -1t 2
o W :
1" b Tt ﬁ 10e Ex:’:::: Ha
- B Expected 20
e, __q_)__. 3 S i
b1 T b T § L
gluon fusion bb fusion § s
m Tau pairs are identified in 1.t , )
u Model Tevatron Runll Preliminary 1.0-2.2fb

TeThad» and Turhad' %00 110 120 130 140 150 160 170 180 190 200

independent M, [GeV]

m Background : limit

e /- 1T, Z — ee/ LLLL %"m_ Tevatron Run Il Preliminary, L= 1.0-22 b ™'

.- a0 my, max, u=-200 GaV

 Diboson, tt, W + jets 80 Excluded by LEP
0 T Expaciod mn
Expected limit + 1o
m Combined CDF and D results -
z ™ \\“\\‘ e
Interpretation to typical “?Mmmxm\x&mw\m
MSSM scenario : 20¢
Maximal stop mixing 10¢ | |
= -200GeV 100 §10 120 130 140 150 160 170 180 180 200

m, [GEWI:"']
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MSSM Neutral Higgs : ¢b — bbb

= gb - ¢b - bbb

Required 3 b-tagged jets.
Large multijet background

Search for peak in dijet mass
m CDF:1.9fb', DD : 2.6 fb"

CDF Run Il Preliminary (1.9/fb)

Y 600 M bbb
3 B bbx
B bch
500
0 B bgb
ﬁ 400 B m=150
8
s
9 300
2
200
100

0
50 100 150 200 250 300 350
2
m,, (GeV/c)

tanp

95% C.L. upper limits CDF Run Il Preliminary (1.9/fb)

120
100

60 ---- expected limit
Bl 1cband
I 2cband

—— observed limit
L I 1 1 1 I L 1 1 I L L L I 1 1 L I L

40 & m, ™™ scenario, i = -200 GeV
20 Higgs width included

QIOO — 120 140 160 180 200
m, (GeV/c?)
O o A e S e e
=" 1 D@ Preliminary, L=2.6 f6 -
05| m, max, p=-200 GeV -

10K} f—E gb g M) —:

~

o 1
" ':
f:{}'_——t'i o _':

Tl ]
4[r._ -

: [ ] Excluded Area -
X— 1

oo T s 'l vty 3

&0 100 1200 1401 1) 180 200 220

m, [GeV/c’]
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MSSM Charged Higgs

CDF Runll Prellmlnary [2. 2fb ]

m Search for H* in top decays s
T 0.5~ —.— Observed@ 95% C.L.
t - H*b = ——— SMexpecied @ 95% C.L.
o + §0.4i [ ]e8%oisM@95%CL.
H* - cs (for small tanB) ; C [ ]95%cisM@9s%CL.
* H* - tv (for large tanp) s 03

el
)

If H* exists, there would be deviation
from the SM prediction for the final SR~
states of tt decay. o o0 10" T10" 20 {80 146186 " iso

0.1

M(H )[GeV/c?]
N
zE D@, L=1.0 &' g
B(H" —= 1 ¥)=1 335 —~ Data
* Data e —B(t—Hb)=0.1 ﬂ - o
w‘ —don-wiog | - Owind c | DoL=10m" o
— it Bril —= H'b)=0.3 Q25 D : .E 1.30__ =
— tt Br{l — H'b)=0.6 ; - non-tt bkg . __,.\ \
background 2 W
—— R Lo e
10° —t— | 3 SN '
10 - \
| + 60 \ "
e — - p R T 40 NSNS no-mixing scenario
s C% -og_ 48_ D|Jet mass m_— ek I Thearetically insccessible
- . & o — Expocted 85% CL limit
%) @ = - 1 ElExcluded 85% CL reglon
D Q © + e g g g s e S S e e e ]
: : e 80 90 100 110 120 130 140 150 160
> Consistent with SM M,. [GeV]
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Fermiophobic Higgs

Fermiophobic h—yy (3.0 fb™)

= In some BSM models, Higgs couplings = CDF Run Il Preliminary
to fermions are suppressed. 52,
= Higgs decays to vector bosons are %o //\,,
significantly increased.

Low mass region : H - yy

1 1 10°E° —— Observed limi
H|gh mass regIOn H — WW/ZZ - g:nchm:rL prtediction
- - Expected limit
m Benchmark scenario [ | S 2 oma g
----- LEP limit
No fermion couplings and SM couplings to 076" 805000 116 720" 730 146"
vector boson ., (GeVie)
1E
g IT - —D@, 4.2 fs' preliminary” T
£ 08 WW
L‘[_' L
on 3 s
K= - 10
= 061 . . =~ "F &
S [ Fermiophobic = :
[+ n . 4 i
@ 04r Higgs % ....... " —a= Observed Limit
i 4 e« Expected Limit
107°E — NLO prediction
0.2 77 . [ Expected Limit+ 1o
L [0 Expected Limit+ 2 o
oF i TR b wertll BRI I "“’"Dﬂ'l.‘lﬂi‘
60 80 100 120 140 160 180 200 . wos LEP
Higgs Mass [GeV/c?] 10780 90 100 110 120 130 140 150

M, (GeV)
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