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Running (again) since ~2003
p-pbar, center of mass energy = 1.96 TeV

Data recorded May 31 shown at ICHEP July 31!
Up to 3.0/fb of good data analyzed so far
~14% data quality loss, ~75% overall efficiency
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New Solenoid, TrackingSystem | | , | , | | | | | | | | |
Si, SciFi,Preshowers o 5 10

+ New Electronics, Trig, DAQ

Electrons / photons
Muons
Jets / b-jets / taus

i September 2007 f ‘.:--‘!

Collaboration of ~550 physicists
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Low mass: h->bb

|dentify jets with b's !

- Reduce backgrounds
by factor of ~50

(with one “loose” b-tag)

B hadrons are “long”-lived
- yct =~ 3mm

- Reconstruct tracks with
high-resolution silicon

Run 21006033 Evt 3 24-Tec-2005

ET =scale: 29 GeW

; f llebh Detector

,.:@' lution)

p+

Simulated ZH—-pupbb event

Andy Haas
di? COLUMBIA UNIVERSITY b RN’ Seminar - 8/9/08

Slide 5




Many variables with separation: IP significance = IP / o(IP)
- Vertex: Decay Length Signif., __..--""
#tracks, #vertices, mass, y’ T ,.-*~3m\m
(Signed) Track ' ;.;
f I
- #high IP Sllg tracks, Impact Parameter (dca) \ De::ay
comblned Ight-jet prob. Scatter / Lengh (L)
o —Directbb [ | av —Directbb| a0 — Direct bb
: —QCD : - a0 -
160 Vertex DL — " — e 2eb
o significance “E # vertex tracks  wf # high IP tracks
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Train artificial Neural Network on
simulated events

- optimized inputs, training
method, network topology

‘NN b-jet tagglng JLIP

70 algorlthm e

Test NN efficiency and fake rate
using real data

b-Jet Efficiency (%)
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NN Output
DES
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_~b
QCD: jets which fake leptons \ W* H-o™Sp

- Measured from data in low ME_ events /’VVVV\'W
<

ALPGEN MC used to model W+jets
- Re-weight angular variables to data (before b-tagging)

Before re-weighting After re-weighting
: DQ » W + 2 b-tagged jets : DQ 1 W + 2 b-tagged jets
. L=1.05 fb . L=1.05 fb
1500~ * Data 1500~ e Data
L DW + jets L . DW + jets
: Baco : Baco Also Ag
1000 | |SM bkgd 1000 | |SM bkgd
500" 500
06 2 0 2 4 6 06~42 2 0 2 4 6
Delta n (iet-jiet) Delta n (jet-jet)
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_~b
QCD: jets which fake leptons \ W* H-o™Sp

- Measured from data in low ME_ events /’VVVV\"'%%W
<

ALPGEN MC used to model W+jets
- Re-weight angular variables to data (before b-tagging)

Before re-weighting After re-weighting

3000’__ 9?1 05 fb_.' W + 2jets events 3000'; E?'l 05 fb-1 W + 2jets events

I ® Data * Data
i [ W+ jets | W+ jets
I i Improved
Bacp L Baco .
2000- oM bl 2000 [JsM bkgd dijet mass
I modeling
1000- 1000~
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Apply b- tagglng to reduce W+light-jet background

Add single-tight b-tagging to add acceptance

Single-tight tag sample

Double-loose tag sample
(and not double-loose) 4 g Samp

o0 — - N

£300DO LW +2jet(1b-tag) g 40 DO W + 2 jet (2 b-tag)

o _L=1.05 fb e Data o L=1.05fb e Data

L I W + jets L (W + jets
i B multijet Il multijet

Mt 30 Il it
200~ EWbb EWbb

i Eother Eother

OwH x 10

+ (115 GeV)

OwH x 10
(115 GeV) 20
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_ Y
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Artificial Neural Network used to

increase S/B using more variables \ 108

Dijet mass

Angle between jets

Jet, lepton energies

W transverse momentum

[104] DRjjDT (Tight) / Log-y |
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I B multijet . B multijet
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- OwH x 10 . OwH x 10
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115 GeV-Neural Network Output 115 GeV-Neural Network Output
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[ Ratio for Wbb,Zbb / r'W |

NNout115DT

Use NN outputs to set limits rost S esm
Full treatment of flat and shape systematics —» 09;5 = =
Also take advantage of better acceptance Ms
~2Xx more sensitive than cut-based analysis i e e T e St W o
NN Output
Submitted for publication
arXiv:/0808.1970 [hep-ex] a = ere et o
2 WH-—lvbb 77 clfime
Currently using 1.7/fb 'ﬁ 10? CDF (0.65 fo
Limit is ~8.5x SM at 115 GeV ToF 09
T
Soon extend larger 3/fb data set ‘g
T
=
aqol | Sedwddow
~ 100 110 120 130 140 150
© Higgs Mass (GeV)
Andy Haas : ey
QD Corumsia UNIVERSITY o e 8/9/08 side 12 [




New channel!
1/fb only, trigger on jets + ME,

Limit ~ 35x SM @115 GeV

100

Before b-tagging After b-tagging
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Very clean signature!

Select di-muon and di-electron events (di-tau underway) _~b
- OR of single and double lepton triggers ~100% efficient \

Z
Recently updated analyses to 2.3/fb /V\NW%<l

Neural Network used (ME underway)

Limit ~ 12x SM @115 GeV
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2.1/fb analyzed triggered on jets and ME,

Also include WH signal when lepton is lost

QCD estimated from data
- Simulation checked in W+jets selection (requiring a lepton)

14
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Checks performed before b-tagging

Look for signal after b-tagging

g Before b-tagging After (double) b-tagging
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Use Boosted Decision Tree to separate signal from background

Limit ~8x SM @115 GeV

Run IlIa

Run ITb (analyzed so far)
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New channel!

Tiny cross-section, but relatively clean

- Lepton + ME_ + jets

- 1,2, or at least 3 b-tagged jets

Limit ~ 45x SM @115 GeV

-1 (J— ® data
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Tiny cross-section, but relatively clean

- Can be enhanced by new physics (fermio-phobic)

Advanced photon-ID Neural Network
Di-jet and y+jet measured in data

Data agrees with Pythia re-weighted to DIPHOX

Important channel for LHC, tested at DI
Limit ~ 23x SM @115 GeV
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H—)WW_) IV IV % 1“5 f:"'f:: D® Run IT g™

Preliminary

ME, is not aligned with either lepton 10

L]
T
HEo

High transverse mass:
Bﬂ 1ﬂl] 12!] "Hﬂ 1lil] 180 lel}

Real W event | SOV
Ge
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. ‘E.\Ingz_ R D N | "|"'|"-|---|---_E
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Higgs is a scalar, ]
eptons are more aligned

qq->WW (spin Y2 quark, spin 1 boson),
leptons are less aligned

Z~ll is also back-to-back, not aligned

DO F{qﬁ HE

Preliminary

—*— data

— gy — WV 10

|:| Z—=pup
|:| Dibozon

10

1 ;_ l"-"l.-'—p i
E |:|QCD
107
E |:|ttbar 2
0 05 1 15 2 25 3 35 2
Ad(pp)
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e - ILIZE.ﬂ'ﬂ}_Il

H->WW- Iv v §u D0 T 119

reliminary 3

Artificial Neural Net used to separate signal '
- Trained against weighted sum of all backgrounds

10

- Each lepton channel independently

- Each mass (every 5 GeV) independently

~30% more sensitive than
cut-based analysis

DO Run IT
Preliminary

Cld RN
04 02 0 02 04 06 0B 1 12 14
MM
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Flat systematics:

- Lepton efficiencies (2-8%)

- Lepton momentum scale (2%)

- Theoretical cross-secti

ions (7-10%)

- Jet-»lepton fake rate (10%)
- QCD normalization (30%)

Shape systematics (on NN

Change in NN output
when changing WW pT

output):

- Jet efficiency (6%) E‘ u;_' Dlll"ll;tmlﬂl R '&.Lééé.é.'wwre&_g R

- Jet energy scale (7%) E osf- Preliminary 3

- Jet energy resolution (3%) E 04f- = | I
- Inst. luminosity (0.3%) 3 02F E
- Interaction region (1%) D:_: E
- Di-boson p; (5%) > '”E_ _
-I].E-:— =
0.8 -
B e B o L g T
MM
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Backgrounds are large!

Systematics under control
- but further understanding will improve sensitivity

L=3.0fb ! Bg (pre-fit) 5 LZS.UﬂJ_l E%LEFH?“J:'E:FP
2 . Bg (Bg Only Hyp) é = J ) ] H
§10°E / [ Bq (S+B Hyp) s [ &ujcee, it DO Run Il « Data
w F Ml I Signal m =160 10 Preliminalry Yot
B g P * Data B —I_L )
10° 5 —e= - -4
- s b1 j—|J—|_"I_L -e-
Fe= _e— | | i
10 | oL -e- ==
—— : —I—_._—'__.—
e .-
D® Run II sl J—l'_'_‘l_'_t'j—rz_
1 Preliminary - JL-
10—
1ﬂ-1 _15:|||||||||||||||||||||||||||||||||||||||||||||||||
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 039 1 0 0.1 02 03 04 05 068 07 0B 09 1
NN Output NN Output
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Outputs of NNs used to
set limits at 95% CL

every 5 GeV

CLS method (a la LEP 1)

Good data/SM agreement

elimina

v, L=3.0.11" —

C

bserved: Limit

H—

E

xpected Limit

E
E

xpected £1-g
xpected +2-g

Limit / oipp—H)» BRIH=W "W
=)

-_8 5§  LLR, £2q D@ Préliminary, L=1.0:3.0 ¢
g = u%p“ - HoWW Standard Model ={1.0

g LRy 1
ﬁ T wimim LLR
83;—1_:]-_.\5‘[;;‘3 N S IS N [ N A [y U A [y N (N (N I N N N T T N |
= HF | 120 130 140 150 160 | 170 180 190 200
- 2F 2
i E my (GeV/cT)
= F
= 0
> F 1.9x SM
=

2:

_3—_|' | 111 1 1111 1L 11 1 111 1 | L1 1 i 1111 [ 1111

120 130 140 150 160 170 180 190 200
mH(GeWcz]
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Large number of individual channels

Systematics are properly correlated between channels where appropriate

Channel Data Epoch Luminosity (fb™1) Final Variable
WH — evbb, ST/DT, W + 2 jet Run Ila 1.1 NN discriminant
WH — evbb, ST/DT, W + 3 jet Run Ila 1.1 Dijet Mass
WH — evbb, ST/DT, W + 2 jet Run I1b 0.6 NN discriminant
WH — pbb, ST/DT, W + 2 jet Bun Ila 1.1 NN discriminant
WH — pwbb, ST/DT, W + 3 jet Run Ila 1.1 Dijet Mass
WH — pwbb, ST/DT, W + 2 jet Run ITb 0.6 NN discriminant
WH — fvbh, DT Run IIs 0.9 DTree disecriminant
WH — fubb, DT Run ITb 1.2 DTree diseriminant
ZH — vishh, DT Run Ila 0.9 DTree discriminant
ZH — vibh, DT Run ITb 1.2 DTree discriminant
ZH — ete bb, ST/DT Run Ila 1.1 NN discriminant
ZH — pFTpubh, ST/DT Run Ila 1.1 NN discriminant
ZH — ete™bb, ST/DT Run ITb 1.2 NN discriminant
ZH — pFpTbh, ST/DT Run ITb 1.2 DTree discriminant
WH - WWIW~ (utut) Run Ils 1.1 2-D Likelihood
WH — WWHW- (etpud) Run Ila 1.1 2-D Likelihood
WH — WWTW~ (efef) Run ITa 1.1 2-D Likelihood
H—-WW~ (uTu™) Run I1a4+Run ITb 3.0 NN discriminant
H— WHW~ (eTuT) Run ITa+Run ITb 3.0 NN discriminant
H—W'W-~ {._=+-_=_} Run IIa+Bun IIb 3.0 NN discriminant
H — Run Ila+Run IIb 2.7 Di-photon Invariant Mass
Andy Haas
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To improve:

And particularly at low mass:

More data

Advanced analysis techniques.
Lepton ID / acceptance
Include additional channels

Lower systematics

D@ Erelimipary, L

—1.0-30 i — (bsdrved Limit

SNI Higes Combin:

= Expdcted Limit

Ti-a

=

095% CL Lmlil:f ai SM))

- Better b-tagging | Stahdaird Model = 1.0
* b/c separation
* g->bb / bb separation 100 110[ 120 130 140 150 160 | 170 180 190 200
e muon tagging my (GeV/cT)
. 4.0x SM @115 GeV
- Jet / b-jet resolution 1.9x SM @165 GeV
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4
o . muon
Critical for low-mass h->bb searches d‘:fiiﬂ:ﬁ:w;*"""'"
- Aiming for 20% improvement i T

jet u'ic;lth V4

Multiple jet energy corrections
- Jet-width dependence

- Jet cone radii

- Pre-shower energy H‘_a_

- Track-based [preshower —7_ 3 Jet
And b-jet specific corrections I\ tracker

- b-jet energy scale
- Semi-leptonic decays

And methods for measuring b-jet resolution in data
- v+ b-jet, Z + b-jet, di-b-jet balancing
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CDF uses Bayesian limit-setting technique (cross-checked by D@ CL )
Systematic uncertainties properly correlated between experiments

Low-mass combination (<155 GeV) not yet updated...

~70 channels!

Expected sensitivity <3x SM @115 GeV

CDF Run I1 Prellmmary L l 9 3.0 ﬂJ

S PR, B ) I T
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g, B B tlo
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Tevatron Higgs
Combination

SM Higgs excluded at 170 GeV !!!

Sensitive to a large range of
Higgs masses by Moriond

Verified using two calculations

0.9

0.8

155

95%CL Limits/SM

‘ """"""""" """"""""" """"""" g -‘l-CLSEercfed """"""

| e ]-CLsObseryed

| :Expect:ed il-iﬁ
Expeetedﬂ-s

0% CL.

160 165 170 175 180 185 100 195 200
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E "I'"'I""I""I':.'.;.I'é};'l"d"l""I""
@ pecte
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s tlo
d 10 3 +7c g
R
uy
[
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Supersymmetry predicts (at least) 5 Higgs
- cancel anomalies

h/H and A typically degenerate: () &

Cross-section proportional to tan?4f
- ~1000x enhancement possible! 1WWg————7———71———71 177

- b quark pp >20 GeV/e, [y <2 .

tanp~40 is well-motivated (m/m,)

10 - [ , I Mipatars,, HHEES+0bs -
: E with ¢—bb, 3btotal| | ;
Dominant decays: = T - =
- bb (90%) M T—
1 l=_ e T
- 17 (10%) = -
0T I'g:' 2b ]
01F Dawson, Jackson, Reina, 1‘»ackemth hep phf
- 0603112
[ 1 | L 1 'l I | 1 I g
100 1035 llﬂ 112'1 120 125 130
M.+ (GeV)
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Single-lepton trigger, look for p+t,

Reconstruct hadronic taus and reject jets

EM , arXiv:0805.2491
Tm“% / D2 Preliminary (1-2.2 fb-)
’ E 10° = - Multjet & Wests
(Typel) (2) (3) (QCD-Jet) o ¢ 5
= B : Other EW & ff
L14] L -
o 5
- ixi = ﬂ — —— LTt
No-mixing, u = +200 GeV _ E 111’§ | ; -
A w T pEEE— pet —8— data
_; i ! % -+ M=180G=V (5 = 30pb)
—; 1ﬂ5— f
: = |
W Observed limit 1= g
:JJII | | | | | | | | | | | | | | | | | | | I'---I--I---l-----l--l---l--l
0 100 120 140 160 180 200 220 240 0 50 100 150 2["} . 250 300
MA (GeV) Visible Mass (GeV)
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N WWIWZ

B Single Top

B - upt
Zhb+j—uphbh+j
We]—he+)
W+HF+j—=h HF+j

I ocD

B 7+

[ Z=HF+j—tth+HF +

* Data

Select p+t, ,+jet events

Apply b-jet tagging

Look at ptt, +ME_ invariant mass

All Tau Types

2
Z

M, ey (GEV)
- -
No-mixing u = +200 GeV D@ Runll Preliminary, 1.2 fb
m.:mng Al Tau Types T 7 — in
S 90 B aco
3 10l [ other BKGD
- _ * Data
3 i Signal M=120 GaV
F D& Preliminary, 1.2 fis’ i

__ [ observed limit

— Expected limit

[ LEP2

Eﬂ 90 100 110 120 130 140 150 160
M, (GeV)
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L DEL L=1 Ifb_1 —|—IDEJ da;a
Multi-jet trigger, with b-tagging c% a) 3 jets exclusive ~ —background
Select triple-b-tagged events = HighmassD - i heavy flavor
2
3 Run Ila
Background to 3 b-tagged signal derived
from 2 b-tagged data -
Correct for 23 kinematic bias from detailed : +'J(J’ b T o s
MC ALPGEN simulation of bbjj,bbcc,bbbb ! H
-EI]" ' "I".III' - '1:El}l = 'E{IID' - 'EEII]" = '3[|ID' - '35{!' - :;]D:I
[GeVic
arXiv:0805.3556 el
oo 00 1 E
" DO Preliminary, L=2.6 fb' oo DO Prelim.. L=1 61 — D@ Data 3
10—gb — bo e a) 3 jets exclusive __Eyp pkg 3
- = High-mass Y 3
C ;400 LH Heavy flav.—=
2 expected = 300 =
0. Oobserved = 200 rE Run ITb =
; 100 _;
af + =
e e by ey by by -4!:12— "L‘\‘- L 1 L 1 _;
100 120 140 160 180 200 220 30 10a 150 200 230 300 3350 400
M, [GeV/c?] M, [GeVie]
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The Tevatron is closing in on the Higgs

Consistent with EW fits, we have direct evidence against a heavy Higgs...
SM Higgs excluded at 170 GeV !!!

Expect low mass Higgs sensitivity as well with full Tevatron dataset
(and analysis improvements)

Excellent sensitivity to SUSY Higgs at high tanp, now approaching tanf~40
- Combinations underway

7x Tevatron energy
~100x the luminosity

The Tevatron is small,
but doing a mighty job!
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SM Higgs production
“--Iq__q_l___hlxl T T T T T 17T | 7 17T 17T 1T 717 | 7T T T T 177 | T T T 17T
. H-‘.,__%H_‘_Hx eg > TeVII E

gragoth _
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Low mass: h->bb

High mass: h-WW

BR for SM Higgs

Higgs Mass  (GeV)

Andy Haas ,
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Postulated in the 1960's as a way Quarkts
to give mass to the W/Z bosons cbit’ g’b

Can also give masses to fermions

Only Standard Model particle
not yet observed!

Gluons
e What is its mass?

 What are its couplings?

 |s it a fundamental particle?

e |Is there just one Higgs boson?

Higgs Boson

e Whyism <<m,?
(hierarchy problem)

A critical piece of physics we know very little about!
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EW variables sensitive to m_, via -
radiative corrections:

T T E T T T [ T 7]
g / S fittor]-.fi -,

-— 20

Theory uncertainty =
— Fil including theory errors —
=== Fi axcl;ding theory errors

|

July 2008
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----- LEP1 and SLD

b jet >
&
" — S, 80.41
e . H j Eg
£
W 80.3|
e 59
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Main LEP channel m, [GeV]
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D@ is running great, and closing in on the Higgs !

Already becoming sensitive to the SM Higgs at high mass (~165 GeV)

Expect low mass Higgs sensitivity as well with full Tevatron dataset
(and analysis improvements)

Excellent sensitivity to SUSY Higgs at high tanp, now approaching tanp~40
- Combination underway

Next talk will discuss the combination with CDF...
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All pre-selections kept as loose as possible
- Cut out regions with almost no signal

- Cut out regions that could not be well modeled

Final state e e [ef

Cut 0 Pre-selection lepton 1D, leptons with opposite charge
and pl. > 10 GeV and p7 > 15 GeV
invariant mass M, = 15 GeV
it njer < 2 for plet > 15 GeV and dR(u, jet) > 0.1

Cut 1 Missing Transverse Energy £ (GeV) = 20 = 20 = 20)
Cut 2 p== > 7 > 6 =5
Cut 3 M7 (£, E,. ) (GeV) = 20 = 30 = 20
Cut 4 Ad(p, ) < 2.0 < 2.0 < 2.5
Andy Haas : 0
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H->WW-> |V v W+jet selection, like-sign

.......................................................................................................... - SRR |
510 E
Many cross-checks performed in various 10k 4|
other sets of the data/MC - E] | s
- Like-sign (check W+jets and QCD) 10 f# %: E :mmﬁ
- WH+jets selection L }ﬂfﬁ . :? i [P
- ' U ==
Pre-selection NN output e [ | Ellnm
- C_heck fOI_' cprrelations not modeled in 5457 0 02 04 05 08 1 T2 T3
high-statistics Z samples NN
Pre-selection, opposite-sign Pre-selection, like-sign
LI L L L N L L L LB B LB 'm'1“3?"""'""'""""""""""""'_'?
§ 1DEE‘ ‘g —— a3 E - g |——data
= = 3 i C :
o - .
“"E_ TE] [ Hhas — WVt 10 102 = o] [ Hrew = W 10
waé_ _é _Z—c-uu. ; ; _E—»uu
- 3= 05 = | —
F|| |owesan e || |obosen
J | i 1=
5 _'.".l_.m.n- 1= 3 _u—'rr.
_Q:D E E _QCD
— 10 =l
04 02 0 02 04 06 0B 1 12 14 — - I.ai -{1'2 0 DIE T]IA {l.lﬁl I UIB I '|1 I I1.|2' I :1.|4I_ —
NN NN
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Could the Higgs be hiding?

- Invisible Higgs

- NMSSM: h=»aa = 4:
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