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Why Look for a Higgs Boson ?

*In Standard Model (SM), Electromagnetism and
Weak interactions are unified under the
SU2)xU(1) gauge symmetry

* However the symmetry 1n the theory has to be
broken, otherwise :

* All particles will be massless

*In SM, the Electro-Weak symmetry 1s broken
via the Higgs mechanism

*Every particle obtain mass by interacting with
Higgs field through exchange of Higgs boson

*SM predicts existence of a Higgs boson but
1ts mass 1s not predicted

*Higgs boson 1s the only undiscovered particle in SM, making its discovery
one of the most important present goal in Particle Physics



What We know of the SM Higgs Boson

eLower bound from direct searches at LEP:

'm;>114 GeV/c?

* Top and W mass measurements are
constraining the Higgs sector
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Tevatron : Most Powerful p-pbar Collider !

FEermi National
Accelerator,Lab

Main Injector &
Recycler
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* Since start of Run 2 delivered ~8 fb"! «Expected to deliver ~10-12 fb-! by
per experiment end of 2011

*CDF/DO : ~6.6-7 tb’!



The Tevatron Experiments w

Multipurpose detectors :

e Heavy-flavor tagging through
*Electron, muon, tau identification displaced vertices and soft leptons

Jet and missing energy measurement

muon system calorimeter
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Higgs Boson Production at the Tevatron

g gg Fusion

SM Higgs production
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SM Higgs Decay
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*Higgs decays predominantly :

*H—-5bb  (my<I35GeV)
*H—W*'W~ (mg>135 GeV)




Higgs Search Strategy

» At Tevatron, Higgs production is very Tevatron Run Il, pp at\s = 1.96 TeV
rare process g 10°Eme Jotg : coF
. . < 8 e
 Difficult to search, but not impossible. £ 10 Heavy Flavor «DO
. . 7
CDF/D@ already probing processes with & 10 Jrreory
. 12
o~1 pb (WZ, ZZ, single top). g 10°
2 10°
*Search Strategy: S A 7
S 10° e
e [dentify Higgs signal by its unique 8 10°
- o Wy zy
final state signature ) y od .
10 WW Single
: tt
e Increase signal acceptance 10 b o Y ton
e e
» Advanced discriminating algorithms L ~
. . 10-1 | I | | | | | ~! | | |
e Search in as many channels as possible ot Heay g < W G Wi He bR Fy,

(will present results from various
channels)
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Analysis Techniques : Identify nggs Signal
*Look for distinctive signature in final state _ ’ CDF
i muon ID
High Pt Leptons: 5t
« WH—Ivbb, ZH—[Ibb (I : e,u,T) i
« Identify charged leptons can greatly suppress o SGMUE
multi-jet background CMX

« Extend lepton coverage, using leptons not in :
detector fiducial region, in forward region ‘ s
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Analysis Techniques : Identify nggs Signal

*Look for distinctive signature in final state CDF

| muon ID

High Pt Leptons: o
« WH—Ivbb, ZH—>Ilbb (I : e,u.7) i

e I[dentify charged leptons can greatly suppress
multi-jet background

= CMUP
CMX
CMU
CMP
—BMU
=—CMIO
—SCMIO
—CMX_NT

« Extend lepton coverage, using leptons not in :
detector fiducial region, in forward region ‘ i

s 4 05 0 05 1 482
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Analysis Techniques : Identify nggs Signal

*Look for distinctive signature in final state : | ml(lj(fl)lFID
High Pt Leptons: of —
« WH—>Ivbb, ZH—>Ilbb (I : e,u.7) | ik
e I[dentify charged leptons can greatly suppress N 3_ e
multi-jet background : e
 Extend lepton coverage, using leptons not in g o
detector fiducial region, in forward region ‘ f _
Heavy-Flavor Jets : of L
- - . . . 2
* Low mass Higgs decays primarily H—=bb i Tagger
* Tag the b-jets by exploiting long life S w | + SJL'\,'P
time of B hadrons g, T — ==
*Develop advanced tagging algorithms, E L i
ﬁ 60 € /

increase tagging efficiency and reduce
fakes \
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Analysis Techniques : Identify nggs Signal

*Look for distinctive signature in final state : | ml(lj(fl)lFID

High Pt L.eptons: 5[ —

« WH—>Ivbb, ZH—>Ilbb (I : e,u.7) ik

e I[dentify charged leptons can greatly suppress N 3_ e
multi-jet background } e

 Extend lepton coverage, using leptons not in 1 o
detector fiducial region, in forward region ‘ f _

Heavy-Flavor Jets : e s A

* Low mass Higgs decays primarily H—=bb S 'Ta:ge,

. Tag the b-jets by exploiting long life S> : w | : SJL'\:P
time of B hadrons R el T

it B e
fakes o ’ ’ \ ) 50; / V

Large Missing E; (MET): 405 33/ :

ZH—vvbb, WH—/vbb : MET from v /

*Require large MET can also greatly reduce f AL L

C s 0 05 1 15 2 25 3 35 4 45
multi-jet background R
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Analysis Techniques : Multivariate Discriminant

* Expected Higgs signal too small for
counting experiment search

* Single kinematic distribution does not
provide sufficient discriminating power

* Exploit every possible information in an
event

* Multivariate discriminant tools:
« Artificial Neural Network (NN)
*Boosted Decision Tree (BDT)
*Matrix Element (ME) probabilities

* Multivariate tools have been successfully
applied to rare processes:

*Single top
*WW,WZ (in lvqq final state)

Event Yield
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WW,WZ
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lWW+WZ

I:lW/Z+jets
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04
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Results from Various Low Mass Searches
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ZH—I'I'bb (1= e,u) w
I’

g

* Low signal statistics, but clean channel

 Fully reconstructible final state, 2
resonances

: S\ b

* Event Selection : S H \<
*Select Z candidate decaying into ee or _
uu b.

=2 jets, with =1 b-tag jet
CDF Run Il Preliminary (4.1 fb™)
10- Double T Tag o data [ WWWZZZ

i mistags ;

1 [ M, =120 GeVie? x 25 After NN Corr. [ mistags  [] Fakes

g O My-120Gevie <25 Betore NN o, [ Z 400 [t

] |:| Z+cc - | uncertainty

» Jet energy resolution is crucial in
constructing M(bb) mass for
signal/background separation

*CDF, DO use event information (e.g.
MET, Z mass, vector transverse
momentum of Z;jj) to correct jets’
energy

Number of Events

0 50 100 150 200 250 300 350
M;; (GeV/c?)
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ZH—>1'Tbb (1= e,p) w

&  2200F D@ Run Il Preliminary (3.116) | 5 400 = D@ Run Il Preliminary (4.2 fi5")
. % 20002— pre-tag 2 - pre-tag —— Data
* Search performed in £ oaof . E ason y Zeiots
several sub-channels : 1600~ ' 00 © W ZHF
1400 asoF- 1 tight, = Top
. 1200 i -1 - 1 loose 4 | leq_son
*Tight, loose lepton ID oodE 2-tight 200 ; Multiet
800 E— muons 150 = muons
Single, double b-tag jets 600 . 100F- P
400 R = K '
200;_ aaaat I . 505— AA—iAA AA .
00_ 20 40 60 80 100 120“140 160 180 20 00_. 20 40 60 80 100 12IO_—1I(;* 1‘6%‘*1‘816‘. 200
M, [GeV] M, [GeV]

Multivariate algorithms to separate signal from backgrounds:
*CDF : 2D NN (separate ZH vs ttbar, ZH vs Z+jets)
*D@ : Train BDT to separate ZH from SM backgrounds

—— data
- - _1 l
i CDF Run Il Preliminary (4.1 fb™) s F 56 Fun 1 Praiminary G150 | sy Zﬁth
- 1 Double T Tag (High S/B) e data [ WWWZzZZ L —
g 5_. @ s L] Fakes § 2 = DOUble Tag I Diboson
= ] |:| M,, = 120 GeV/ic* x 25 Wzeivw Do o 25 = (ee) oso
‘S 4 |:| Z+cc || uncertainty n — ZH X 100
g 20
o ] —
Q ] —
3 E T —
E ] —
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v o
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BDT Output
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NN Output 10% Slice 18



ZH—1*I'bb (1= e, )

CDF Run Il Preliminary (4.1 fb™)

95% CL Upper Limit/SM
2,

1ZH — I'Tbb

Expected
Observed
+1o

+2c0

—

Limit / o(pp—>ZH)<xBR(H—bb)

o
N
T

—_
o

Observed Limit -
' Expected Limit ~~ <.ee.
# Expected £1-0
Expected £2-6

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

lIllIl]IlII]IIII]IIII[IIIIIIIIIIIIIIIIIlIIlIIl

1
1 L AL L L L 10—6";";.
100 110 120 130 140 150
My, (GeV/c?)
Mass=115 | JL (fb'') | Expected | Observed
GeV/c? Limit Limit
CDF 4.1 6.8 5.9
DO 4.2 8.0 9.1

105 110 115 120 125 130 135 140 145 150
m, (GeV)

 All limits will be presented as

ratios to the SM prediction oxBR
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WH—lvbb (1= ¢,u) w

- _ -
‘g:; - DY Preliminary b zoletData
#2000~ | - 50 fb™ CIW-et
- I Multi Jet
+o000k- Pre-tag S Wob/oT
- @@ s-top
8000[- = \E/)\;Eoson
- 115 GeV (x10)|
6000} W-l-j ets
*Event Selection: I
. 2000
* 1 high Pte or u : k
| [©20- 00,0/

.1 . 50 100 150 200 250 300 350 400
arge missing transverse energy Dijet Mass (GeV)

. . e _ .1 [CJWH11s
o 22 _]etS, 21 b—tagjet CDF Run IIIPrellmerary, LS_I4.8 fb | =2122$
VSV [CIMistags
. 30 F Wee/We
 Main backgrounds: | |, Doubleb-tags .’
. 2 25 | -ijets
* W+heavy-flavor jets ® =T
. . . . . w 20 = :\?var:ansxs
* Mistags (light-flavor jets mis-ID as b-jets) 2 = Wbb [=
. . . . = 151 :é.
QCD @ultl—J et (Jet faking lepton) 2 L, \
*Top, Dibosons Sl H
0 L= m-!—-nnrﬁj g

0 50 100 150 200 250 300
Dijet Invariant Mass (G eV/cz) >0



WH—lvbb (1 =e,u)

CDF Run Il Preliminary, L= 4.8 " [Bemmes "
[ ' ' ' e = [ D& Preliminar W + 2 jet/2 b-tag
0 Double b-tags SVSV  Rhstage 2 19 | _ 5.0 b v CoWatet
— i - B Multi Jet
& [ Bl Z+jets - E3wbb/ct
c i 3 N 3
> 3 [l Diboson 10°E @ s-top
o 10F el - 3 Diboson
; - = WH115x15 B _Y}Q'(I; v (x10)
Q : T= L eV (x
m - J g 10 =
i o =
s Tk {9 -
c [ Py 1z B
S i g 101
107 | i ;
9 1L
0 0.2 0.4 0.6 0.8 1 02 0 02 04 06 08 1 1.2
Event Probability Discriminant Heural Net ouiput
To improve search sensitivity : R
Mass=115 | JL (fb'") | Expected | Observed
* CDF : use ME method to calculate an GeV/c2 Limit Limit
Event Probability Discriminant
. . : CDF 4.8 3.8 3.3
* D@ : train NN on several kinematic
variables to separate signal from DO 50 51 6.9
background
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Missing Transverse Energy + Jets Final State w

*Contributions from:
o/H—vvbb

[ not identified,
«WH—>/vbb }

or identified as
hadronic tau

* Signature : large MET + heavy-flavor jets SR, CDF Run Il Preliminary, 3.6 f
30

© 30
* Large signal statistics but large g : - 0ATA
background from multi-jet processes 8 * et
ﬂ i Diboson
§ 20 Multi-jet Bzss
w i
* Background: 15 Mo
o Fake MET due to - Wbb/ce W™
*Multi-jet } instrumental effect 10
*Top, W/Z+HF jets, Dibosons} Real MET - . tt
5 o
%~ 100 200 300 400 500 600
SecVTX + SecVTX Mjj (GeV/d)

22



Missing Transverse Energy + Jets Final State w

* Employ Multivariate Discriminant to

Separate S1 gnal fromb ackground Run 248968 Evt 48062268 Fri Jan 23 06:59:26 2009
Leading Jet Py = 85.6 GeV
' E.=62.3 Ge Second Jet Py = 62.3 GeV
(o] 80 1 T DiJetMass = 106.7 GeV
o Dg, 5.2 fb' dOUbIe tag Missing Ex — 128.9 GeV
s 70 -+ Data +
o« 60F Top
— 50 B V+h.f./VV
S Vil f. _+_
> 405 CIVHx 10

30

% 0.10.20.30.40.506 0.70.8 0.9 1
Final discriminant

m=115 | JL (fb'!) | Expected | Observed Mjj=107 GeV
5 . .
GeV/c Limit Limit MET=129 GeV
CDF 3.6 4.2 6.1
DO 59 4.6 37 Both jets are b-tagged
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qqbb Final State

*Signal from associated (VH)
and vector boson fusion (VBF)

q

200

. b
productions
. . b
* Advantage : Large signal yield, fully
reconstructible final state
LSRG AR § Al mulh)e Variables used in NN training
background Mbb ¢ moment of q_
R : : 2 [J VH Signal | £ [ VH Signal
* Event selection: >4 jets, 2 b-tagged jets - s S ach
*Train NN to separate multi-jet from % ood M(bb) |% . Jet width
Higgs
0.02- 0.04
VH-SS Neural Net Output (4fb™) —M, =120 GeV/c? -
« C —— Data [ 1QCD [ ] QCD Systematic
§ 14001 % \Z/::it?l 000 [ ¢% [ W+HF/Single Top/Diboson L f:,:"‘.
. E CDF Run II Preliminary 0 100 150 e : R
1200 :_ Mbb (GeV/c?) ¢momentof q_
C § §'+
1000 ; E M
800 = L
I A R m=120 | JL (fb'!) | Expected | Observed
600 et e _ ..
- GeV/c? Limit Limit
400?
- CDF 4.0 19.9 10.4

- -0.5 o 0.5 1 1.5
Neural Network Output
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T+MET+bb, trqq Final State w

T+MET+bb get contributions from : 3 -
g - D@ preliminary (4.0 fb™)
*WH—>tvbb g =
«ZH—1tbb (0ne T is not identified) E of e
- B oo

*Select events: e

«1 hadronic T, MET, >2 jets, >1 b-tag 10}
e Limits(m=115 GeV, 4 fb-!): sE-

*Observe (expect) 14.1 (22.4) oF 100 120 140 60 a0 200

Dijet Mass (GeV)

DO Preliminary, L=3.9fb" .
8 0 — TT(( get contributions from :
c _F " IYN
(i 35 = /H—7tqq, ZH—qqtt, WH—(qqrtT,
30 wres : -
5 Ztiets EZDthJitson VBF(H—7t), gg—=H+jets—=>tttjets
201 e «Select events: 2 T (one hadronic T, one
150 decays to uv,v,) , 22 jets
10 ..
ot e Limits(m=115 GeV, 4.9 fb-!):
100 200 300 400 500 600 700 *Observe (expect) 27.0 (15.9)

GeV
S=2 P(w,T,MET,jets) S (GeV) 25



vy+X Final State w
*Signal contributions from : *Select events with >2 photon candidates

o go—H-—>yy *Background:

« WH/ZH, H—yy *Direct QCD di-photon

* qq—qqH (VBF), H—=yy * yHiet, di-jet : jet fakes as y
«Z/y*—ee, e mis-identified asy

*Scan 1n a di-photon mass window to search for a H—yy mass peak

_,g 90~ h—yy signal at M,=1200 _
S gof- T Signal scaled to abeerved limit (226 x SM) 0L D@, 4.2 f5" preliminary
..uoj 7°§_+ | — I:B):::akground Model 140;_ —e— data
et C CDF Run Il Preliminary - o background
8 eoF %120_‘+7+ ..... signalx50 (M _=120GeV)
E sof o 10 ° %
Z ok 4 % 80 ++
30f P > oo +¥+
208 1+ aof- +ty
10 201 B T
o 110 115 120 125 130 S SN | | R T - £ P
M, GeV M,, (GeV)
m=120 GeV/c? JL (fb!) Expected Limit | Observed Limit
CDF 54 19.4 22.5
DO 4.2 17.5 13.1
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»

95% CL Limit/SM

CDF Run Il Preliminary, L=2.0-4.8 fb™

=Y

Observ

95% CL Limit/SM

Nov?mber 6, ?009

0100 105 110 115 120 125 130 135 140 145 150

Combined Search Results From Each Experiment

lel—IO

mH(GeV/c ) November 3, 2009
Mass=115 | Expected Observed
GeV/c? Limit Limit
CDF 2.38 3.12
D@ 2.80 4.05

100°105 110115120 125

130 135 140 145 150

my; (GeV)

 Limits at low mass also receive contributions from high mass H—=WW searches
(Maiko Takahashi’s talk)
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Tevatron Combined Search Results w

Tevatron Run Il Preliminary, L=2.0-5.4 fb!
5 VR R A D D S e e DU
ILEPE‘I F.4 ==ssx  Expected h +1g Expected |
oo e lfs"o‘"lf' e Observed 12 Expected |

95% CL Limit/SM

SM=1

0 O J 1' i i i i, Nov?rnberﬁ ?(XD
1(X) 105 110 115 120 125 130 135 140 145 150
m, (GeV/c?)

Mass=115 GeV/c? | Expected Limit Observed Limit
CDF+D@ 1.78 2.70
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Higgs Boson Search Projection

Probability of 30 Evidence

2xCDF Prellmmary PrO|ect|on mH_115 GeV 2xCDF Preliminary Projection
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g. With Improvements oo . ™ 0.6 B/ h FE ]
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H

 Improvements are faster than 1/V(fLdt)

(gain from increasing data size) « With 10 fb™! for each experiment and

*Due to better analysis techniques including all improvement techniques :

* Band indicates possible improvements. *~35% chance to observe 30 evidence

« Tevatron may exclude Higgs (@ 115 in low mass region

GeV) with [Ldt ~ 6-10 fb"!
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Summary

* CDF and D@ are pursuing extensive direct searches for the SM Higgs boson
* Exploring all possible search channels for low mass Higgs boson

« Combined Tevatron sensitivity is below 2*SM (for M(H)=115 GeV/c?)
 Tevatron is expected to deliver ~10-12 fb-! by end of 2011

*May have a chance to find evidence of Higgs in the low mass region if it exists there
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Back-UP
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Tevatron Combined Search Results w

HETT T LR, +lc - C 5’%3;'1'5'6"1'%{;'.&{15;&'{;3{H;’&' "

-------------------------------------------------------------------------------------------------------------------------

LLR

100 110 0 30 40 150
November 6, 2009 m,, (GeV)
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Experiments’ Performance
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Tevatron Luminosity Projection

13
.,  Running through FY10 will yield FY11 start -
7 fb—' of data for analysis

11

Running through FY11 would yield
9-10 fb-' of data for analysis FY10 start

s \

Real data for FY02-FY09

10

® Highest Int. Lum

\>

B | owest Int. Lum

Integrated luminosity (fb)
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Higgs Boson Search Projection

Probability of 20 Excess Probability of 30 Evidence
2xCDF Preliminary Projection 2xCDF Preliminary Projection
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*With 10 fb-! for each experiment and including all improvement techniques :
*~70% chance to observe 20 excess in low mass region

*~35% chance to observe 30 evidence in low mass region



Matrix Element Discriminant
* Matrix Element (ME) probability : probability that an observed event is from a
particular physics process

P(x

X, - Measured quantities of the event

| WH) : probability of event from WH production

obs

1 rdo(y)
P(x,) = —— [ = 26())G(x,y,,y)dy
<0 > dy
y : true values of the observables do(y)/dy : parton level differential cross section
£(y) : detector acceptance & efficiency 1/<0> : normalization constant

G(x_,.y) : transfer function representing the detector resolution

obs

* The true values of the observables are unknown, therefore we need to integrate
over them

 Use probability values to compute likelihood :

P(x,,,) : probability of event to be signal
I = Py (x,,) P.(x,,) : probability of event to be
PS(xobs) + E fi . Pi(xobs) background ith

/; : fraction from background ith
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Boosted Decision Tree

* Training a decision tree:

*Events of equal weight pass
through a cascade of cuts

* Eventually events land on signal (S)
or background (B) leaf node

*Events landed in wrong leaf node
(e.g. signal event land in BG node)
are given larger weights (boosted)

*Tree 1s retrained, may build up 100-
1000 tress

e Trained decision trees are used to
classify an event:

A discriminant value 1s givent to an
event based on the weighted sum of
all the trees (weight is the boost-
weight)
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