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SM unifies “‘e standard model S Experimentally:
weak e ®\  massiveness of
and el UARC AR L] weak field carriers
electro-magnetic _ . Y

interactions d o oo fzeoenl £

EWK symmetry

its mass is a ‘u wAs breaking
free parameter muend B 1o [iposonlll |

existence yet
to be confirmed

 Explaining the EW symmetry breaking is a major goal for
particle physics nhowadays, and Tevatron can probe it!

* Finding the Higgs boson — a good proof that this
mechanism is the one that nature chose



 Four main production mechanisms at Tevatron:
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Higgs decay

« Form > 135 GeV/c? H — WW dominant

- This is how we define high mass Higgs searches at Tevatron

- Still contributes significantly to Higgs searches down to 120 GeV/c?
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Final state: H - WW - Iviv
W

« W decays

- BR(W=1vV) ~ 32% B
- BR(W—-hadrons) ~ 68%

 Hadronic modes have large QCD
background: not used. tau

« We select both W decaying leptonically ¢

- Easy and clean triggers on single electron or muon

 Manageable trigger cross section at hadronic colliders

 Clean signature, exploiting good tracking and muon
systems of CDF

- Partially includes t—(e,u)

— Overall BR for WW pair to di-lepton (e or u) ~ 6%
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Sample composition

* Main background contributions

WzZ+ZZ

W+y

m ww

= DY

W+ jets L tt

B W+ets
B W+y

I Wz+zZ

DY

« Background modeling
- Data-driven modeling whenever possible: \W+jets
- Most processes modeled with Pythia®Geant3 Monte Carlo

« Exception is WW: MC@NLO

» Cross sections normalized to (N)NLO calculation
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Event selection

* In order to enhance signal/background ratio, require:

- Two opposite sign, isolated

CDF Run Il Preliminary _[ Ldt=36fb"
electrons or muons 10°J Region: BaseOletss data  @W
- % * My (31%%\5 Ozz DWI-jets

wz [CJDY-ee
DY Oww @DY-pp
I DY-tt

 p; > 20 GeVi/c for trigger lepton,
p, > 10 GeV/c for the 2™ lepton

Events / 5.0 GeV

Si |
- Significant Missing E. Iigha

« reject Drell-Yan events 1 . L. i, | L“L—H
- m(ll) > 16 GeV/c? ory

0O 20 40 60 80 100 120 140 160 180 200
ET SIn(A ¢ET, nearest lepton orjet) [GGV]

* reject heavy flavor decays

CDF Runll Preliminary f £ = 3.6 fb~ !, My = 160 GeV
L (fb™1) Signal  Background S/+/B Data
3.6 19.3 £2.4 1088 £ 105 0.59 1085

A simple counting experiment is not enough..
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- . Dilepton opening angle
« Study the kinematics: dtieniasy |

strongest background
- Spin 1 particles (WW pair) discriminant
from spin-0 Higgs boson :
- — 60
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Spin correlation: .
Leptons go in the same direction I

o
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« Use multivariate techniques (Neural Networks)
to separate signal and background

- one NN for each Higgs mass hypothesis to probe
- Divide the analysis in different channels by
jet (E; > 15 GeV, |n| < 2.5) multiplicity: 0,1,2+ Jets

— optimize Neural Network inputs for each channel
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Neural Network

* Three different kind of inputs: o SO0 Prtiminary [isaw

g Wjets
C - W
& BDTMH_1GOGeVIcZ =1¥T
. Q - W7
- Lepton-specific (p.(l), ...) 3 mb 7z
§ C Cww
I 40— —HWW <10
C -+ Data
Angular (Ao(Ll), Ad(E,), ...) of
20:—
- Kinematics (E., H., ...) :
T T 10
007 20 | ‘4DI IBDI | 80 100 120 140 ;éa ‘1£|!DI ‘ éDD
H Z E (I H|E(jet)|+|E| p.{L) (GeVie)
CDF Run Il Preliminary j L=361b" CDF Run Il Preliminary IL=3.B 1’
> [ 0S2+ Jets Waets o 100- OS 0 Jets Waiels
G I'm,=160 GeVic? Wy ~ I M,=160 GeVic® i
Q 25 mi 2 C 1
N - W7 c T Wz
p - 7z L% 8- 7z
c 20[5j 4 DY - o
g 2Signal x 10 tt e - O
1T} - — HWW = 10 60 — HWW x 10
15; - Data : -a-Data
- wl
10 i
- ol
5 i
% 70 200 300 400 500 600 0 0O - - 5 4 45 5
H; (GeV) AR(Il)
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* gg > H-> WW: O Jets

CDF Run II Preliminary [ £ =3.6fb™"

« Signal from gluon fusion _ My = 160 GeV /e
tt 1.35 £ 0.21
DY 80 =+ 18
(Ww 318 + 35 |
Wz 14 =+ 1.9
Y4 20.7 £ 2.8
W+jets 113 + 27
Woy 92 + 25
Total Background 637 + 67
gg—H v oo — H 95 L 14|
] Total Signal 95 £+ 14
* Main background: WW Data 654
o 7CDF Run Il Preliminary NN Output JL:a.afb"
. S gpf OS 0 Jets, High S/B =
* Use also Matrix Element S mrecend
probabilities as input to the NN e
- LO theoretical cross section Signal x 10
calculations convoluted with
experimental resolution for } i 4
detecting each object .. Tt il

NN Output
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* Final states with 1 jet

- 22% of the signal from (W/Z)H
and Vector Boson Fusion (VBF)

- WW still a dominant background

CDF Run II Preliminary

[L£=36fH""

My = 160 GeV /c?

1 34.9 + 5.5
DY 8 £ 27
WwWw 85.3 &+ 9.1
Wz 145 + 2.0
YA 548 £ 0.75
W 4-jets 40 =+ 10
Wy 13.2 + 4.0
Total Background 278 £ 35
qgqg — H 470 + 0.72
W H 0.661 =+ 0.086
ZH 0.244 £+ 0.032
VBF 0.381 + 0.061
Total Signal 598 =+ 0.78

Data 262
QS 1 Jet
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Events / 0.05
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q
CDF Run Il Preliminary NN OUtPUt JL:S.B b’
24F 08 1 Jet, High S/B o
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W2z
Z7Z
oy
Oww

H—LLL*J—LLHII||I\I|I\I II\|III|III|I

o N o O

—HWW 10

Signal x 10

-1 -0.8 -06 -D4

-0.2 D 02 04 D06 08 1

NN Cutput



WW + 2 or more jets

* Final states with 2 or more jets:
- (W/Z)H and VBF are 62%

of the total signal

- Veto identified b-jets to reduce tt

T qogott "
CDF Run II Preliminary  [£L =36 '
My =160 GeV/c*

H 100 -+ 17 CDF Run Il Preliminary NN Output JL:smb“
DY 33 & 11 8 [0S2+Jets "
Ww 176 + 40 S 18-, =160 Gevic® =
Wz 376 + 0.52 £ 1 4
zz 162 + 022 2 - =
W4-jets 147 =+ 4.0 12:_ tt Signal X 10 =D
Wey 212 £ 0.70 -
Total Background 173 + 23 ot
g9 — H .75 + 0.30 8-
WH 1.39 £ 0.18 6
ZH 0.693 £ 0.090 ar
VBF 0.70 £ 0.11 25
Total Signal 453 £+ 0.52 C
Data 169 %y 08 -06 04 0.2 0 02 04 06 08 1

08 24 Jets NN Output
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Same

Sign: additional Higgs acceptance

To further increase Higgs acceptance, events with two
same-sign leptons are separately analyzed

 WH-H>WWW-SI* ¥+ Xis the main
signal contribution

« Dominant Backgrounds:

- Lepton charge misidentification
- jets faking leptons

« Analysis technique similar to
Opposite Sign analysis

- Require at least 1 jet
- Remove Missing E cut

June 3, 2009

CDF Run II Preliminary

[ L£=36f""

Mg = 160 GeV /c?
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tt 0.11 =+ 0.03
DY 11.99 =+ 3.65
WWw 0.020 -+ 0.005
W2z 6.82 £ 0.93
4 1.44 =+ 0.20
[W +jets 2245 + 6.73 |
W~ 3.23 =+ 1.00
Total Background 46.07 + 8.02
W H 1.19 =+ 0.16
Z H 0.19 £+ 0.02
Total Signal 1.38 -+ 0.18
Data 41

SS 14 Jets
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Systematics uncertainties

 Two main classes of systematics uncertainties

- Rate systematics: Dominant. Affects normalization of NN output
distribution. Major contributors are theoretical cross section errors.

- Shape systematics: Found to be negligible up to now. Modify
shape of NN output distribution. One example is Jet Energy Scale.

. CDF Run Il Preliminary IL:S.Efb"
L 10° .
(= £ OS 0 Jets, High S/B Wi
o E Wy
= r MH = 160 GeV/c? Wit
02 - WZ
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WW cross section measurement

« Same data sample and same techniques
used for Higgs search

CDF Run Il Preliminary [L=3sm"
< 120 — Fitted Templates —
o L ) Background
=R
@ ww
2 100 []
o L ~-Data
]
MRS
=
F]
60 =
=
X
40F=
=
\'\1
20
oS
0 01 02 03 04 05 06 07 08 09 1
Matrix Element Likelihood Ratio (LRWW)
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Theory
'
L ]
CDF Run I 146 "2
184 ph' :
L ]
DO Run I 138 7,9
224-252 phy :
I——— ) e—
CDF Run i 136 77
825 pb' :
D ) s—
DO Run | 11.5 22
1000 pb' -
D ) m—
CDF Run |l 12177
3600 pb' )
|II|III|III|III|III|III|III|III|III|III
2 4 6 8 10 12 14 16 18 20 22

WW Cross Section (pb)

_ +1.8
o(pp—-WW)=12.1_,7 pb
CDF Public Note 9753, PRL in progress
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 Use NN output distributions to calculate 95% CL upper
limits in the 110 < m_, < 200 GeV/c? mass range

— us'ng a pure BayeS|an method CDFFIu:nIIPreIi:minary: | | | | j'-:=3-"’_'
| | | 5 -~ OS+8S Expected

- perform a counting experiment = —— 0S+88 Observed
[ OS+88+ 16

foreach binof the NN outputs _ N CHoseeim

= =\ e T :
" 5 g j 5

- include systematics, accounts 3
correlations among channels

] o 0 B Rk R T o it
110 120 130 140 150 200

OS 0 Jets
__ My = 165 GeVie
OS 2+ Jets 3.6 09 Observed Limit: 1.3 x o,

. agm I
CDF approaChlng SM SenS|t|V|ty. CDF Public Note 9764 — PRL in progress
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Improvements

 Ongoing improvements
- increase lepton acceptance
- add new triggers

- lowering Missing E.
requirements

- adding 3 lepton events

June 3, 2009

CDF Run Il Preliminary,

mH=160GeV
—

Expected Limit/SM
o
T

- With Improvements

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

More data

Summer 2009

S. Pagan Griso, Fermilab Users' meeting 2009

8 10 @ 12 )
Integrated Luminosity (fb

14

More data
2010

 Goal: reach single-experiment exclusion — short term
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* Additional improvements

CDF Run Il Preliminary jL:s.B "
' 1 : : : 2xCDF Run Il Preliminary, m, =190 GeV
102 ............ [SETU L . """" O5+35 EXpeCted - = S — —T 1 —T " T
T =——08+4880bserved 3 N f
A - I OS+8S+ 1o 1 E
= b :I OS;+SS_;2G : 10 P\ : [ —— January 2008 ]
bm 5 5 5 s —— Summer 2008 B
~ 8 i__.—— March 2009 B
—l g. ———————— [ ] WithImprovements .. ]
O 10 — i T N ., —————-at  ii.
¥ P NN o e gl N R — e g——
[Te] .
R — e N R e ——,
; N I R 1
1 Standard Model i ; N
Cag” \Irl\ll rl\ll IIIIIIIII IIII\|IIII A T 0 N S
110 120 130 140 150 160 170 180 190 20

! ) 8 10 12 14
Higgs Mass (GeV/c) Integrated Luminosity (fb™')

More data More data

e More cha"enging Summer 2009 2010

— in combination with DO need to improve 70%

- H — ZZ could also be a viable resource

* Goal: SM sensitivity combining with D0 — longer term
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Conclusions

 H—> WW has been proven to be an excellent way to
search for an high mass Higgs boson at CDF

- Current limits are 1.3-65, @ m, =165 GeV/c?

* Analysis is improving faster and faster

- rapid incorporation of new data
- sensitivity increasing faster than luminosity scaling

 Aim to reach single experiment SM sensitivity for a wide
mass range
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« Tevatron
« CDF
X-sec table and references

Details for CDF H->WW analyses

- Systematic tables

- Matrix Element calculation
— CDF limits table

Improvements in plots

Combination

— Bayesian approach - details

— CDF combination results
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Tevatron Performance

FERMILAB'S ACCELERATOR CHAIN

_"_" I T T | : I
//ﬂ R MAIN INJECTOR @750_ 5 ,
TEVATRON \‘\ \\ *E’
“; NN \‘\ g1500_ ...................................................................................................................................... a
0N :
TARGET HALL
\/ ANTIPROTON A1250
SOURCE T
¢ £1000| ]
L (8 9 BOOSTER o)
e— 5 — LINAC b
/ " COCKCROFT-WALTON E 75
PROTON S -
NEUTRINO irecti Direction
| / 250
% S0 100 150 200 250 300 350

Day
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Had Cal

EM Cal

Solenoid

- Tracking:
. Silicon detectors \

* drift chamber (CDF)
or fiber tracker (DO)

— Calorimeter

.'.:.'g_:_{l

L
— _J' =Y
—= e

Muon Chambers

COT —
Silicon Tracking =

- Muon detectors
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Higgs Production at the Tevatron

SM Higgs production

=
e
<
=
|

gg —h

qq — Wh

qq — qgh

10 qq — Zh —
£8.9q — tth .
i TeV4LHC Higgs working group |
1 T EN T T N T T N ST A S TN N SR AU S B B B O 11
100 120 140 160 180 200
m, [GeV]
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Higgs production x-sections

 New ggH signal x-sections by Florian at Grazzini
(arXiv:0901.2427), Anastasiou et al. (arXiv:0811.3458)

- included NNLL o(gg—H), latest MSTW2008 pdf, 2-loop ewk
corrections, exact b-quark treatment @ NLO

My (GeV/c?) | 049 (Pb) | owm (Pb) | ozu (pb) | over (pb) || Bruww
110 1.413 0.208 0.124 0.084 0.044
120 1.093 0.153 0.093 0.072 0.132
130 0.858 0.114 0.071 0.061 0.287
140 0.682 0.086 0.054 0.052 0.483
145 0.611 0.075 0.048 0.048 0.573
150 0.548 0.065 0.042 0.045 0.682
155 0.492 0.057 0.037 0.041 0.801
160 0.439 0.051 0.033 0.038 0.901
165 0.389 0.044 0.029 0.035 0.957
170 0.349 0.039 0.026 0.033 0.965
175 0.314 0.034 0.023 0.031 0.951
180 0.283 0.031 0.021 0.028 0.935
190 0.231 0.024 0.017 0.024 0.776
200 0.192 0.019 0.014 0.021 0.735
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CDF Analysis: Systematcs (1J)

Uncertainty Source ww Wz 77 tt DY Wy  Wojet

Cross Section Uncertainty Source gg—+H WH ZH VBF
Scale Cross Section

PDF Model Scale 10.9%

Total 6.0% 6.0% 607 100% 50% 10.0% PDF Model 5.1%

Acceptance Total 120% 5.0% 5.0% 100%
Scale Acceptance

PDF Model 19%  27% 27% 21% 41%  2.9%

Higher-order Diagrams  5.0%  10.0% 10.0% 10.0% 10.0% Scale (leptons) 28

Jet Modeling 10% 30.0% 15.0% Scale (jets) 5.1%

Conversion Modeling 20.0% PDF Model (leptons) L7 12% 0.9% 2.2%
Jet Fake Rates PDF Model (jets) -1.9%

(Low 5/B) NI EWK Higher-order Diagrams 10.0% 10.0% 10.0%
(High S/B) 31.5% —

MC Run Dependence 1,97 i 7 Lepton [D Efficiencies 19%  19% 19% 19%
Lepton ID Effciencies 2.0 207 22% 18%  2.0% 2.0% Trigger Efficiencies 3% 21k 21 33%
Trigger Efficiencies 21% 21% 21% 2.0% 34% 1.0% Luminosity 5.9%  59% 5.9% 5.9%
Luminosity 5.9% 5.9% 5.9% 59% 59% 5.9%
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Matrix Elements at CDF (OJ only)

P(Fops) = o [ 0 £(F) GlFoss.T) T
(G) . dy
Xobs Observed lepftons and Er
¥ True lepton 4-vectors (7,v)
O:h Leading order theoretical cross-secfion
£(¥) Efficiency & accepfance
Gl(¥p:.y)  Resolufion effects
1/ {o) MNormalization
CDF Run Il Preliminary jL:s.ﬁib"
S *°F08 0 Jets Welots
W 400F M, = 160 GeV/c? Wy
P = CDF models 5 modes:
& F z .
300 D‘E’V\\‘;V o HWW, WW,ZZ, Wy, W+jet
250:_ —HWW: 10
- = b D0 models 2 modes:
200
1505 o HWW and W
"’".:,:I_H Use a Likelihood Ratio
50— PR .
= ’ Py (Xgps )
C p— T e ILR., = M\ obs]
% 01 02 03 D4 05 06 07 08 08 1 m P Xops )+ 2i kP (Xpps )
LR(HWW)
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CDF Limits

* New x-sec: OS+SS

OS+5SS 110 120 130 | 140 | 145| 150 | 155 | 160 | 165 | 170 | 175 | 180 | 190 200
—20 /osnr 15.48 0.3l 260 | 1.69| 147 | 1.23| 1.04| 0.79 | 0.77 | 0.88 | 1.08 | 1.21 | 1.92| 2.52
—lo/osu 21.85 739 361 | 238 2.04 | 1.72| 142 | 1.07| 1.05| 1.21 | 147 | 166 | 268 | 3.54
Median /osy 31.48 | 10.62 | 5.26 | 3.40 | 2.94 | 2.46 | 2.02 | 1.52 | 1.50 | 1.73 | 2.10 | 2.40 | 3.84 | 5.11
+lo/osar 4561 | 1532 761 | 492 | 426 | 351 | 295 | 2.19| 218 | 249 | 3.05 | 3.47| 559 | 7.43
+20/osn 63.79 | 21.54|10.71 | 6.82| 6.01 | 5.02 | 414 | 3.12 | 3.00 | 3.49 | 4.24 | 488 | 7.78 | 10.66
Observed /og\ | 51.05 | 12.22 | 6.06 | 3.52 | 3.14 | 2.39 | 1.99 | 1.37 | 1.33 | 1.81 | 2.02 | 2.23 | 3.56 | 6.24

e ICHEP x-sec: OS+SS

OS+SS 110 120 130 | 140 | 145| 150 | 155 | 160 | 165 | 170 | 175 | 180 | 190 200
—20 /o5y 16.26 545 262 1.71 | 144 | 1.23 | 1.00| 0.75| 0.74| 0.8 | 1.00 | 1.17 | 1.82 | 2.39
—lo/osu 22,78 743 369 | 235 201 | 1.v1| 1.38| 1.03| 1.02| 1.16 | 1.39 | 1.60 | 253 | 3.36
Median/osym 32.40 | 10.79 | 5.31 | 3.36 | 2.92 | 2,44 | 1.97 | 1.47 | 1.45 | 1.66 | 2.00 | 2.31 | 3.65 | 4.89
+lo/osn 4708 | 1564 | 7.66 | 486 | 4.20 | 362 | 287 | 2.14 | 208 | 238 | 288 | 3.36 | 533 | T.11
+20 /o5 66.21 | 21.71 | 1063 | 691 | 5.89 | 496 | 4.03 | 296 | 295 | 3.36 | 4.09 | 4.76 | 7.49 | 10.08
Observed /ogy | 52.20 | 12.58 | 5.88 [ 3.56 | 3.11 | 2.31 | 1.91 | 1.37 | 1.29 | 1.67 | 2.01 | 2.03 | 3.59 | 5.94
- New pdf MSTW 2008

- Better treatment of b-quark
— 2-loop ewk corrections and NNLL x-sec already incuded
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Improvements in Plots

CDF Run Il Preliminary _[ Ldt=36"fb"’ L=4.2 ﬂ]_l
= 10°4 Regjon: Ba etss i
© dat mw o =2 ) e
S 2O, (160) nga Dwijets g e ;EE+E DO Run II %;
< 10 Owz [JDY-ee a0t Preliminary Dz_”
P aww @DY-up
= 10 [ D Y-: 10° |:|
@ = E dbasan
I 10° B 3
10* W
107 E 25 E -
10 = |
10 E Hr |:|rn.r.}el
1 jilei [
1 1l ?F C b Dllxr
.10—1 r w E- . e (#3010 ) EE
0 20 40 60 80 100 120 140 160 180 200 020 40 60 80 400 420 440 160 180 200
ET Sin(A (I)E.r, nearest lepton orjet) [GGV] Mm" [GEN]
CDF Run Il Preliminary _[L:s.afb" [ ) Lower MiSSing ET
g 100 OS 0 Jets Wiets
S [ M,=160Gevic® =:"'“f
£ o be  Lower m(ll)
a T oY : :
g Quew  Lepton isolation
L -»-Data
wol- * Tri-lepton events
m * Improve lepton
£ I acceptance/purity (and add
D

LA new triggers)
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Higgs Tevatron combination

« CDF and DO combination: Bayesian method

- Nbins nyp

L(R) x 7(f) = H e M fngl X H

— R x s;(6) + b;(#) = expected events
R = Signal in og); units

n; — “observed” events

§ = Nuisance parameters

m,=160

Extract 95% CL limits on R integrating out nuisance
parameters

— It's not just a V2 factor: correlate systematics among
experiments
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CDF: overall picture

CDF Combination on Higgs searches

CDF Run Il Preliminary, L=2.0-3.6 fb™
\\|\III‘ITTI‘IT!I|TIII‘IllT{llTlllllllTTll{lllI

% H—WW SS 3.6 fb™' Obs ———  WH+ZH-jibb2.0fb" Obs
e T B . ™ = — 3.6 xp 0200 === +ZH—jjbb 2.0 Xp
- 3 LEP H->WW SS 3.6 fb™' E WH+ZH—jjbb 2.0 fb™ E
=10 ° | Excl H-112.0 fb” Obs ———  WH4+ZH—bbMET 2.1 fb™" Obs ]
§ F e H>w20fb'Exp 0000 mee=- WH+ZH—bbMET 2.1 fb™ Exp
- - ———  ZH-lbb 2.7 ib™ Obs ———  WH-lvbb 2.7 fb™ Obs R
----- —| 2.7 Xp = —lvbb 2.7 Xp ]
- ZH-lIbb 2.7 b E WH-sIvbb 2.7 fb™ E
O 2 ——  H-WWOS3.6fb" Obs | .
S P N EE T L H—WW OS 3.6 b Exp 4 S a m e S I n
o~ 10 2| = Combined Obs
8 ----- Combined Exp =
_____ ] [ L]
----------- i Opposite sign
-~ -
-
| M 2 ]
So s ':‘,, ]
L s~ I S s Combination
.................... ]
arch 5, 2009
| II‘I\\I‘I\\Il\lll‘l\l\‘ll | (f\’\ll‘llll

100 110 120 130 140 150 160 170 1 190 200
m,\GeV/c?)

Low mass searches:

High mass searches:

H — WW dominates

lots of analyses
contributing

http.//www-cdf.fnal.gov/physics/new/hdg/results/combcdf _mar09/
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« Combining with DO colleagues we achieved the first SM
Higgs boson exclusion above LEP limits (see Wade's talk)

12

IN?.< T
S & o ]
L 2 _
10 | S : —
- = (€] fitter [sv)é
Pl G e O i Sty AR e e -3¢
8 [ E —
L > _
- x o |
I o P —_
6 4 & —
B © |
c
— -2 —
4 7/ = G- [ 75ttt — 2c
B 2 Theory uncertainty ]
= g — Fit including theory errors =
2 = £ ---- Fit excluding theory errors |
C T e A i 410
| | " | |
100 150 200 250 300
M, [GeV]

 Considering also indirect constraints from EWK

precision measurements
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