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SM Higgs Boson Search

Standard Model (SM) Higgs boson ALl Decay
searches in the high mass region || (ww )\ Branching Ratio |
» H — WW dominant decay mode for MR

.
masses above ~135GeV i

branching ratio

C
» Leading production mechanism is 102 -§
gluon-gluon fusion : S
Tevatron Experiments — \ .
— 5 O ' " i, Vs=1.96TeV
» pp collisions @+/s =1.96TeV = 9o |
RS
» Two experiments with general purpose § oroduct
detectors, CDF and D@ Soif @ [ERLIETE
S Cross Section
» Collected and analysed 4.8 - 5.4 fb-! S
of data for high mass Higgs search E
100 120 140 160 180 200

my (GeV/c2)
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Event Signature

Signature fromgg - H - WW

» Two high prisolated leptons
+ large missing Et

p» Relatively clean environment

\ Additional sources of Higgs signals
Ho with dileptons

0|
<
I
<
I
=
~
b

» Associated production (VH)

q
/ and Vector Boson fusion (qqH)

q > W,Z — ~35% more signal
qqH HO » Other Higgs decay modes
W,Z (e.g. H—-T1T)

q > _
\q — helps lower mass region
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Background Rejection

Selection based on event kinematics

» 2 high prleptons withnupto 2.5

» Missing Er cut to reject a large fraction
of dominant Z background

High jet multiplicity region
— veto events with b-tagged jets to reduce tt

CDF Run Il Preliminary [L=a8w
" OS 2+ Jets Wiets

60 M, = 160 GeV/c Wy
i Mt

Events with Sz

DY

at least 2jets oww

—HWW x 10
-e-Data

50

40

Events / 15 GeV/c

30

Vector sum of jet Et

20 . .
(final selection)

10

200 ] 2_50 300
P1(i4i,) (GeV/c)

-y

—
]
[

-1 ® Data
DO 5.4 b Bkgd. syst.

Missing Er 57 o
(preselection) [EIDiboson
I W+jets
[ Multijet
L te

ee+pp+ep

=N
L

Events / 10 GeV
=

S/B ~ 1.5% after all selection
cuts with 60 signal events
(CDF + D@) at My = 160GeV
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Analysis Strategies |

Split analysis into several orthogonal channels
— optimise separately for different type of kinematics

_ o gwEee . pgsam’ 3| - om
» Lepton flavour: different efficiency, o F Preliminary ] |m.

E 10 :g _Z+|ets
resolution and kinematics 2wl -
D@ separate analysis into s 5 5 | Muttie
ee/Uy/ep pairs, " Sl =

Diboson
CDF into high/low S/B samples i
PP R RPN AP B BRI BTl P || L7y B — Senal10
0 20 40 60 80 100 120 140 160 180 200
M, [GeV]
%105§".I'_"_'I"'I"'I"'I"'I"'I"'I"'I"? E - _‘!'i'l I R I L L L
G [F wu DJ,54 fb! = G [ €u DJ,54 b
& 100 Preliminary 3 0t Preliminary _
§1°3:E 5 " L = eu
- - + -
102 10 £ * i pair
10f- :
3 — F
- preselection| [
107" |
0 720 40 60 80 100 120 140 160 180 200 07720 40 60 80 100 120 140 160 180 200
M,, (GeV) M, [GeV]
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Analysis Strategies |l

CDF Run Il Preliminary [L=a8m"
E psol 05 0 Jets Waets
g [ mTie0ceve = » Jet multiplicity (N jet):
£ 200~ s different signal and background compositions
o - Oww
u>J C —HWW x 10
150_— —-Data
100:—
- CDF Run Il Preliminary [L=ssm’
50 g 100} OS 1 Jets Wijets
N T M, =160 GeV/c? Wy
B e M T
o < s my Ht = scalar sum of
g D lepton and missing Et
w 60— —HWW x 10 . .
- ~ Data (final selection)
40—
C CDF Run Il Preliminary [L=a8m"
20— > [0S 2+Jets Wejets
- (85 30§MH=160GeV/c2 > 2 jetS =:’th
% 100 200 300 400 50 E 25F -;sz
H; (GeV) S F mor
u>J 20:_ — HWW x 10
CDF separate samples into g
dilepton+0 jet, 1 jet and > 2 jets, b
T s
D@ uses shape of N jet distribution : ~
O ~ 500 600

H; (GeV)
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Analysis Strategies ll|

» Charge configuration:

opposite sign (OS) and same sign (SS)

lepton pair

— SS signal from VH production,
physics background very small

CDF Run Il Preliminary fl_=4.s o™

- OS Low M(ll)
- M, = 160 GeV/c?

Events / 4 GeV
&
[

+

20 40 60

M|| < 16 GeV E:Vv\(/Vme

dominated
by Wy

W-jets
Wy
Wit

Low Mass mzz

80 100 120 140 160 180 200

Vector sum of lepton and jet E; (GeV)

D@ Run Il Preliminary (2.50 fb')
WH, H->WW (l1+X), M = 160 GeV/c? -e-data
eu (after track quality cuts) . multijet

- [ wz—n
Sa me S Ig n ZZ -1y
10 el“l palr [ ] signal x20

Number of Events
0

dominated by
fake leptons

TTTTTT [T T T[T T[T T T[T TT[rrrrTT
[T [Trr] I [TrT]

40 60 80 100 120 140 160 180 200

TeXt M, (GeV]

» Kinematic regions: high/low dilepton
invariant mass (M) region

— dedicated low M, analysis by CDF

Basic cuts on kinematic variables to reduce dominant backgrounds
+ multivariate analysis for maximum use of information

M. Takahashi
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Discriminating Variables |

Variables using kinematics of two leptons

» Angular separation: powerful discriminant against WW as well as other bkgds
—smaller separation angle for leptons from H decay due to spin correlation
» Invariant mass: effective against most of the physics backgrounds
» Kinematics of individual leptons and quality information
M= °
o 140 _CDF Run Il Preliminary [L=a8m" % 10 E b) D@54 fb'1 B]?l?g:l syst.
o o 0S 0 Jets W-ets U L — Signal
% 120/ M = 160 Gev/c® N oo [ final selection  Z+jets
|5 final selecti wz 7 10°¢ (ee+uU+el) [CJDiboson
2 oor Nnal se ection oz 2 - HH+EU B Wejets
(OS +0jet) oww o i e gl\i[ultljet
80 ++ :g\;\t’;’vxm m 102§ . tt

+

[<2]
o
III|III|III|III|III|III|

2
o
o
-
—
tn

u

L
100

P .
150 200

M. Takahashi

Dilepton Mass (GeV)
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Discriminating Variables Il

Variables describing event topology 5104;_ DOsS4m’  oDia
» Relation between lepton and missing Er S E  final selection Ei‘fj‘ft‘;
3 CIDib
e.g. trar_lsverse mass (M), angular P 10 F (eerpeq) -W1+3>;g
separation, Er sum £ [ o T glt\fdultuet
Z 12l
: : 10°E
» Topological variables based on leptons, = :
jets and missing Ex 10‘_
CDF Run Il Preliminary [L=28w 1:
™ 600F ) E . . . P
E ﬁf =0 1J62t:ewc2 =W:lets 0 50 100 150 200
£ 500 Ny M (GeV
: Likelihood = ree
- IKellnoo oY . :
: based on ME  wwen|  Matrix Element (ME) calculation
L -»-Data
300—
N » Translate parton level kinematics
200 final selection into reco as probability density
0OS+0jet
» Powerful discriminant

— ~10% gain in sensitivity
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Same Charge DiLeptons

D@ Run Il Preliminary (2.50 fb')

Same sign leptons from VH production 2 [ ee preselection o
(] C .
» Suppress Standard Model bkgds & 1spino track quality cuts) e
“— C wz-Ii
— true same sign from WZ and ZZ o M4 221w
g 12 - []signal x20
i ii E 1of
» Fake leptons from W-+jet and multijet 3 {3 charge
» Charge mis-measurement in OS 6F mis-1D
(mostly Z — Il events) 4
2
o g unll Preliminary [L=28m" % /20" 40 sowo 100 120 140 160 180 200
[ SS 1+ Jet wj
S [, =165 covic m Fake leptons Wzszz  MitGeV]
% 20 .gzj
i SS channel sensitiveto o 4 )
Y s Jpme Instrumental Backgrounds

t| intermediate-high mass
1of Higgs boson

g

_I o T . = = = REfeenanEns
0-1 0.8 -06 -04 -0.2 0 02 04 06 038 1
NN Output

M. Takahashi High Mass Higgs at Tevatron, La Thuile 2010

» Not well modelled by simulation

» Lepton fake rate measured in data

» Charge mis-measurement
controlled by track quality cuts




Multivariate Analysis

Maximise the power of discriminating variables
using Neural Networks

-1 ¢ Data
DO 54 b Bkgd. syst.

— Signal

[ 1Z+jets
[C1Diboson
[ W+jets
[ JMultijet
¢ et

Events /0.1
S,

10%

002 04 06 08 1
NN Output

All OS channels
combined

m,, = 160 GeV
[T -
o 350
o . CJww
5 300, =IWZ,27
T et tt
4 i — DY
M o2008 - I Wy jet
e I Higgs x 10
150E A ~+- Data
1005
+ o+
50/ *
RS S

0 02 04 06 08 1
Neural Network Output

All channels
combined
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Systematic Uncertainties

Uncertainty on estimated signal & bkgd normalisation and shape

Systematics correlated between CDF and D@

p» Integrated luminosity (4% correlated out of 6% total)

» Theoretical cross sections (5-10%)

Other sources

© 60| CPF+DORunll ~  — Da-Background
- - L=48-541fb -
MC acceptance, up to 10% SEN B Signal :
= 40 - — =1 s.d. on Background ]
Lepton ID, 2-4% r.% i 1

20 |
) Jet / missing Er modelling, + T

4-30% (process dependent) 0 T
» Instrumental bkgd estimate 20
el o .. . -40 | m, =165 GeV
ignal well above backgroun T e H =
ur?certainty ) oS S e 2 e 1<;gi§(s/b)0
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Sensitivity

Log-Likelihood Ratio (LLR)

background only, LLR,
background+signal, LLR..,
observed, LLRs

Uncertainty bands on LLRy,
— include statistical & systematic
uncertainties

Sensitivity of Higgs search
in high mass region

15

LLR

10

CDF+DO0 Run II
=4.8-54 fb!

'm .
.......
a, Ve
....
\\\\\
v
*
.

,
. .
"""""

130

[ R
190 200
my, (GeV)

el b e v e b e gy
140 150 160 170 180

» Separation between LLRy and LLRs,p, translates to sensitivity of the analysis

» Maximum around ~165GeV — expected sensitivity above 2o

» Observation consistent with background only hypothesis

M. Takahashi
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|2d Selected for a Viewpoint in Physics week ending
PRL 104, 061802 (2010) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2010

>

Combination of Tevatron Searches for the Standard Model Higgs Boson
in the W* W~ Decay Mode

— 1-CL, Observed

Combined dilepton
results published

— First joint CDF+D@
publication on SM Higgs
search

Exclusion region

162-166 GeV @95%CL : , :
1 1 | 1 1 1 1 | 1 1 1 1 |
(159-169 GeV expected) 130 140 150 160 170 180 190 200

m,, (GeV)
(*CDF Collaboration)
("DO Collaboration)

0031-9007/10/104(6)/061802(11) 061802-1 © 2010 The American Physical Society



Improving Cross Section Limits

T Summer 2006

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

— Summer 2008
_ Wmter 2009

95% CL Limit / SM

Winter ’09 | | | | _ .
, Standard Model = |: 0 : =
Autu mhn O 9 I OO OSSO N SN SO, g T SO S

[l[l{ll]lllllll[[[[{[lll{]lllllll[}'l[l[llll’lil]ll

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

Significant improvement over the past year

All channels (low+high mass) combined, expected limits down to
~2x Standard Model prediction in most of mass region
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Conclusions

Tevatron Run Il Preliminary, L=2.0-5.4 fb™

L ‘ 1 1 ‘ L ‘ L ‘ L
,,,LEP,Echusmn 4. Tevatron |
‘ \ ‘ fEchusmn
. ;- Ll Expected ‘ ;
S == Observed . e g SR S -

95% CL Limit/SM
=)

A ‘ ‘ ‘ ‘ ‘ Novembers ?009

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

Currently excluding My =162-166 GeV

With ever improving analysis techniques and increasing data,
CDF and D@ experiments will be reaching the sensitivity
to the Standard Model Higgs boson across a wide mass range
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Back Up

back up




Integrated luminosity (fb')

Tevatron Projection

Luminosity projection curves for Run I

i | 93"
8 - FY10 start

7.8 fb1
. s % —

Real data for FY02-FY08

® Highest Int. Lum

B | owest Int. Lum

FYO09 start

Recorded 7 fb-!
last month

0 -

I SEATs Sl Sl s IR\ C R L\ O\ LI\ LI\ L L LI\ L L
x0\‘\\7' M‘\\'l \0\\\1 M‘l\l \0\1\1‘ &\3\1 \0\‘5\1 h\&n xo\u\i &\“‘1 \0\5\1 M‘;\i x()\"n Mb\l \0\6\1

time since FY04

Expecting > 9 fb-! delivered by Tevatron by the end of 2010,

M. Takahashi

> 12fb-1 by the end of 2011
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Higgs Search Projection

Tevatron Run |l Projection Tevatron Run Il Projection
1 X } b LI LI LI LI LI LI LI LI LI 1 s T LI LU LI L LB L L=
T January 15, d SN anudry 15,2009 | / ' H
0_9 p“' mln-ary : SR : IR il : : : 0.9 ‘eilml¥‘ary E B \ :

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

/

..........

0.7
0.6
0.5
04
0.3
0.2
0.1

IHENENENN AN AN

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

Probability of 2c Excess

lIII IIIIIIIIlIIlIIlIIlllIIIIIIIIIIIII|Ill

= AnalyzedL TU fb"1'
Tt Kl zed TS5 1B /Exp

AR LA lhllllllllIlIIIIIIII|IIlllllllIlIIIIIIlIlIIII

A L N RS S R S R TR AT R N

i

Probability of 3¢ Evidence

IIIlIlI IIlIIIlIl IlIlI

RE

H i 1 H i i
lv'.“l'-»!-‘l’lh"tllllllllllllIIlIIIIlllIlIIIIIIIIllll

0 0
100 110 120 130 140 150 160 170 180 190 201 100 110 120 130 140 150 160 170 180 190 200
With Projected Improvements mH (GeV/ cZ) With Projected Improvements mH (GeV /C )
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Cross Section Limits

fL 48"

g
(=]
)

-y
o

95% C.L./og,,

Expected
W« o
: [:] + 20

. — Observed

[ 1 |
110 120 130 140 150

[
160 170 180 190 200
Higgs Mass (GeV)

> fﬁ:ﬁ: — Qbse!iw,d ,,me"t,
Eo\ 0 MiEwecdslsd
- | Expected +2 S d
] A R R
&) 10 N\
IS
W N ..
=)

1 tand%ard Modei = 14

120 130 140 150 160 170 180 190 200
m,, (GeV)

High mass dilepton channels only
expected (observed) limits @95% CL in units of SM o

M=120 GeV M=165 GeV M =200 GeV
CDF 8.85 (12.04) 1.20(1.29) 4.53 (6.74)
DO 14.9 (20.8) 1.36 (1.55) 6.23 (5.53)
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Matrix Element Discriminant

Probability density P for m = 5 modes: WW, ZZ, Wy, W+jet and H = WW
( € = probability of a parton level object to be reconstructed as a lepton)

1 doiy(y)
Pa@ore) = =5 [ 2P e)Glaone,v)dy
Tobs are the observed “leptons” and E-.T,
Y are the true lepton four-vectors (including neutrinos),
oth is the leading-order theoretical calculation of the cross-section for mode m,
e(y) is the total event efficiency X acceptance,

G(zobs,y) is an analytic model of resolution effects, and
L is the normalization.

<Om>

Form a likelihood discriminant for S = WW or H - WW

PS’(xobs)
PS(-'Dobs) + Eikilji(xobs)’

LRS (xobs) =

k; is the expected fraction for each background and ¥;k; = 1

ref: CDF public note 9887
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