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Outline:

« A Bit of Theory

« LEP (+SLD, Tevatron)'s Legacy -- SM and MSSM
Higgs Boson Constraints -- and tools to use

* Low-Mass Searches: 105 GeV < m_,< 150 GeV

* High-Mass Searches: m, > 150 GeV

« Setting Limits and How to Make a Discovery
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The Weirdness of Left-Handed Interactions

« Charged Weak currents violate parity maximally -- the W*
boson couples only to left-handed fermions (and right-handed
anti-fermions). The Z° also preferentially couples to left-
handed fermions.

» Left-handed fermions have different quantum numbers than
their right-nanded counterparts! Specifically, left-handed fermions are
in SU(2) doublets while the right-nanded versions are in singlets.

» Weak eigenstates are not mass eigenstates. CKM matrix
expresses the linear combinations.

(Ve) (VM) (VT) Ve,R ? V‘M,R ? VT,R ?
¢/ \HU), \T), €R Up Tr
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SU(2) x U(1) Model Consequences

* Analog to U(1)g QED model -- Gauge symmetry naturally
implies existence of a massless photon with observed
gauge interactions. One free parameter -- agy.

Spectacularly predictive!

« SU(2)xU(1) Gauge model predicts chiral structure of
Weak interactions, and existence of W*. Z0 and v
Lnass = —m R+VPRYL
e Two problems --
« Dirac Fermion mass terms in the Lagrangian violate gauge
invariance -- mix Left and Right components together

« (Gauge boson mass terms also violate gauge invariance,
just like the photon in QED.

-- conflict with observations!
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The Subterfuge -- Add a Minimal Set
of New Fields and Interactions

Higgs, Guralnik, Kibble, Englert, Brout, Anderson, Glashow,
Weinberg, Salam -- 1963-1968. .
¢

Complex Doublet of =",
fields -- four real degrees of freedom ¢
with a self-interaction V(D) = —Mz‘(b*(l)‘

® acquires a VEV (of order m,), and
three massless would-be Goldstone
Boson degrees of freedom are absorbed
by the W* and Z°, while the fourth
remains as a physical Higgs boson.
SU(2) xU(1)y is broken to U(1)gp-

Yukawa terms allow for Fermion masses.
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Basic Relationships

2\ V2 Vacuum Expectation Value of the Higgs
b= field -- Minimizes V(o)
A
V2= 8= -
n=H sin6, s cosO,,
MZ=§\/gz+g’2 Mw=g§=MZCOSHW

Fermion masses are the product of the VEV v and an
arbitrary Yukawa coupling.

One free parameter: my

Conventions: Peskin and Schroeder “An Introduction to Quantum Field Theory”
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Couplings of Higgs Bosons

0
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Also: Quartic W*W-HH
Z97°HH
HHHH diagrams.

Conventions: Peskin and Schroeder “An Introduction to Quantum Field Theory”
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Higgs Boson Couplings to Gluons
H. Haber, HCPSS 2008

At one-loop, the Higgs boson couples to gluons via a loop of quarks:

m,=0 by SU(3)
symmetry

color

9 Nooooo 9
This diagram leads to an effective Lagrangian .
°oes Ve Tasrans Mostly top contributes

gaqu 0 v
Csf = =—=—2p0Ge gre,
hgg = 24’Tmu ny

where N, is roughly the number of quarks heavier than h°. More precisely,

mey.
NQZZFI/‘Z(:Ei)a x; = —3,

where the loop function F} /5(z) — 1 for z > 1.

A heavy fourth generation of quarks would scale

the gg—H production rate at colliders by a factor of ~9.
But watch out for H—v,v, decays.

E. Arik et al., Acta Phys. Polon. B 37, 2839 (hep-ph/0502050)
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Recent gg—H Production Cross Section Progress

 Leading order is one-loop, so NLO involves more pieces --
gluon radiation from gluons, and more loops.

* NLO corrections -- ~80% (almost double the cross section)!

* NNLO QCD corrections -- An additional 40% on top of that!
Residual uncertainty ~10%. Catani, de Florian, Grazzini, Nason
JHEP 0307, 028 (2003) hep-ph/0306211
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Recent gg—H Production Cross Section Progress
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An active area of research. See
http://www.itp.uzh.ch/events/higgsboson2009 7-9 January 2009, Zurich

» Two-loop EW corrections yield up to an 8% boost in cross
section near m=160 GeV. Aglietti, Bonciani, Degrassi and Vicini,
arXiv:hep-ph/0610033 (used by the Tevatron at ICHEP 2008)
* Newer calculations: Anastasiou, Boughezal, Petriello, arXiv:0811.3458 [hep-ph]
Grazzini, De Florian, arXiv:0901.2427 [hep-ph]
More modern PDF set -- MRST 2006 NNLO
Bottom quark loops interfere destructively with top quark loops
 Bottom quark loop contributions get smaller QCD corrections than top loops.
* Running b mass is smaller than pole mass.
Less contribution from b loops means more cross section

Total 14% bigger cross section relative to NNLO QCD (Catani et. al)
at m;=160 GeV -- 0.49 pb at the Tevatron.
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But: Parton Distribution Functions Can be Very Important
for gg—H Predictions

Grazzini, Higgs Boson 20009:
MSTW released a new PDF set on January 5, 2009

Preliminary impact on LHC gg—H cross section: ~2%

but on the Tevatron result, big differences -- 6-15% less
for 100 < my < 200 GeV

Important concern: Measuring Br(H—=WW) for m ,~160 GeV
relies on theoretical understanding of o(gg—H), or non-
observation of other modes.
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The LEP Accelerator at CERN (1989-2000)

» Four experimental collaborations -- ALEPH, DELPHI, L3, OPAL

« e*e” Collisions at CM energies up to 209 GeV

-

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009 11



The LEP Legacy -- SM Searches

* More than 150 people directly involved in Higgs boson
searches
(not all at the same time or in the same place)

* Four search modes, qqgbb, libb, vvbb, ggrtt/ttbb

» Strategies involved m;, likelihood functions,
neural networks. Some used 2D discriminants
(b-tagging vs. kinematic nets) -- Evolved over time.

 m; much sharper at LEP than at the Tevatron -- 3 GeV
mass resolution due to beam constraints.

« Large s:b in highest-score bins, of order 2:1 or more

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009
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The LEP Legacy -- SM Searches
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The LEP Legacy -- SM Searches
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LEP, SLC and the Tevatron: Precision EW Measurements

[ —flazhs M, gy = 183 GeV 0.08 ———
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Bayesian Posterior,

(5]
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| '16;3 300 (one iteration

Best fit m, =90"¢ GeV

95% CL upper limit: 163 (191) GeV
Lower limit: 114.4 GeV (LEP2) @95% CL,

but CL gets much stronger just below that
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More Theoretical Prejudice -- Where we Expect m to be

Isidori, Rychkov, Strumia, Tetradis ‘08

Higgs mass my, in GeV

Adding the metastable possibility: Isidori, Ridolfi, Strumia ‘01
180_\-‘\--'\-\;“‘\-\ AV i P St
| "1 Instability \,'," . < Meta—stability, 7", < Stability
v W 2/,
> A J \ \ \ \ // // '/ ]
v -
_ 7 O 175
; Instability =
0 i 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 g
10* 10° 10*® 10 102 10 10 10 E 1o
scale of new physics A in GeV _8‘
165 . : : .
110 120 130 140 150

Higgs mass my, in GeV [ G.L, Rychkov,

L Strumia, Tetradis '08
a The unstable region is almost ruled out rumia, Tetradis ‘08]
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CMSSM Favors m, <120 GeV

- Bayesian scan over CMSSM

parameter space MSSM h is SM-like for these models

(production, decay)

* Inputs hep-ph/0611173
» Direct LEP2 Higgs searches JHEP 0704:084 (2007)
* Precision EW
o MU on 9_2 Roszkowski, Ruiz & Trotta (2006)
- WMAP assuming 1 £ | | | ho a
CDM=neutralinos: Q. h? o i i
* B, Mixing Rate: A Mg_ % 0.8 - -
+ Br(B—sy) S f . ]
. BI"(BS%M"M') g 0.6 :— Si —:
- Sophisticated MCMC guided 5. 0.4 ;';' =
search for high-posterior-probability 3 : - )
parameter values =02 d E
* CMSSM parameters (flat prior) 0 110 115 120 125
50 GeV <my< 4 TeV m, (GeV)
50 GeV <m,,, <4 TEV Update: R. Trotta et al.,
|Ay| <7 TeV 2 < tanp < 62 arXiv:0809.3792 [hep-ph] -- similar constraints
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The LEP Legacy: MSSM Higgs Searches

« Additional searches for ete-—hPA? in the four-jet
and tau channels added in.

» A large parameter space covered (m,,tanf3) even for the
simplest, most constrained scenarios.

* Similar exquisite m; resolution as in the SM case

« Many chances for false bumps at the 2-3c level

- If CL,,, were used, many chances for false exclusion of
signals that could not be tested at all.
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The Baton is Handed to the Tevatron

pﬁ“ Collisions gt \/_ =1.96 TeV Chi cago—
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Integrated Luminosity (fb”)

Accelerator Performance Constantly Improves

plot from January 2009
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SM Higgs Boson Production Mechanisms

Associated
Production

fusion HO
TSR
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Standard Model Higgs Boson Decay Branching Fractions

Latest

calculation:
HDECAY

by
M. Spira

Branching Ratio
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CDF’s Low-Mass Searches

 CDF (and DO) are now mature collaborations with
very sophisticated Higgs boson searches

 Five channels: WH—Ilvbb, ZH—vvbb, ZH—IIbb,
WH+ZH—qqgbb, H—tt(+jets). (H—yy in the works)

« Also H—=WW channels contribute (less at low mass
due to falling b.r.). S

H—Dbb searches have

best sensitivity
for m, <130 GeV

Branching Ratio

N VA B ST N
300 500 700

m, [GeV]
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B-Tagging at CDF

LOO single-sided silicon +

. K 2- un relimina
5-layer double-sided silicon+ Secondary Vertex
2-layer ISL Impact 1.5}

. . par.ame-‘-er. | JET 65.4 GeV
resolution o b MUON(CVUP) 203 eV
for hi9h'PT ;.9’0-5- """"""" SNy}
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o B
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displaced vertex  SUSUUSRUNTSURN | D

S;?Vtx Tag Efficiency for Top b-Jets reconstruction ) | X (cm) )

D.E%— B Loose Sec‘u’tx:

0-5; BB Tight SecVix | EXGmp|e

04} i Mistag rates candidate

0.3¢ 1 typically event (lvbb)

0-2¢ 1 ~1% for

0.1F . . o

: { light-flavor jets

O 02040608 1 121416 18 2 2.2
Jet Eta
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A Neural-Net B-tagging Tool

CDF Run Il Preliminary, L=2.2 fb™

E 160 _ * Data B Wbb - W4LF
dentified secondary-vertex tags 8 R e B erwes [ 2o Diboscn
have a significant charm and § 140 | Syst. Error

: S & i
mistag contamination. 120 [ .
= Train a NN to separate b, c, LF 100 |
in the vertex-tagged samples. 80 |
Some of the Inputs: 60
Displaced vertex mass a0 |
# tracks in displaced vertex }_.
Decay flight distance and significance 20 4
|dentified leptons in and near jets
Secondary vertex fit x2 1 -08-06-0402 0 02 04 06 08 1
Jet E; NN B-tag
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Low-Mass Search Channel 1 WH—Ilvbb:

Matrix Element + Boosted Decision Tree
Select events with:
A high-P+ lepton (220 GeV), e or u
Isolated track category --

gave an extra PhD thesis

Missing E; 2 20 GeV
Two jets (cone 0.4, In|<2.0, E;>20 GeV) D

One or two b-tags (different s/b so split
these categories)
Veto Z's, cosmics, conversions

Two analysis subteams -- a ME and a BDT team
worked together (first on single top)

* Two larger teams -- ME+BDT and NN then collaborated
with a superdiscriminant combination
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Backgrounds are Ferocious

9 w
Process 1 Tag 2 Tags
WW 562+62 | 0.4+0.1
Wz 230£17 | 4805
7 0.8+0.1 0.2+ 0.0
TopLJ 121.3£171 | 23839
TopDi 488+68 | 141:23
Stop T 64.0+9.3 18+0.3
Stop S 406+57 | 12.8%2.1
Z+jets 374+55 | 2103
Wbb 538.7 £ 162.5 | 70.3 %225 :
WecWe | 489.1£1509 | 6823 ¢
W+LF 4580+579 | 22%06 e
QcD 1355+542 | 90+36 | og e T T T
Total By | 2013.3 +324.1 | 148.2 £ 26.1
WH115 6.3£05 2002
Data 1998 156
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Matrix Element Basics

Predictions given by QM matrix element and phase space.

Many processes (signal and background) give the
same observable quantities in the detector -- cannot assign
an event to be signal or background (if we could, we would!)

Instead, ask what the ratio of chances of getting an event

from signal or background processes. Need to incorporate
experimental resolution effects.
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Reconstruction Ambiguities

Missing neutrino! Missing E; resolution is about 8 GeV
Can use M,,=80.4 GeV constraint to solve for missing
p,(v), but with two ambiguities.

Jet energies not perfectly measured. Directions are
pretty good, and leptons are measured well.

Need to answer question of how many true physical
processes could have given us the event we observe:
integrate over all possibilites weighted by their Matrix
Element and a transfer function

ME PDFs ]Eransfer
1 fly1) f(ys unction
P(z) = ~ / 2| M| ‘ ]é ’) | ]é |)W(y,a:)d<I>4qu1qu2
qi1 g2

Separate P’s for each matrix element for each process
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Boiling it Down into a Single Discriminant

* Not every process has a matrix element
-- e.g. fake leptons
-- need to have a discriminant for separating signal
from background that we can test the distribution
of using data-based models

* Not all information we know about goes into the
matrix element
-- e.d., the neural network flavor separator

b- Py

EPD = A
b(PH-'H T -Psingl(_'!.op T PH:’bb T P!.l,) T (J- - b) (PH'(.'(: T P\\'(:j T P‘Uisfug T Pdibo.son)
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Templates For Matrix Element WH Search

CDF Run Il Preliminary [Srorur CDF Run Il Preliminary

v
[- ZZz

QZ- els —

CDF Run Il Preliminary :

Normalized to unit area

Normalized to unit area
Normalized to unit area

- o ——

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Event Probability Discriminant Event Probability Discriminant Event Probability Discriminant

B WH(120)x1
Bt lie
c-like
W+LF

[ [&8
I

CDF Run Il Preliminary CDF Run Il Preliminary

——

Fvores ) 005

©F oM™ o8 oM o8 oM !
1 0 Evert Mrobate ty Dot

Normalized to unit area
Normalized to unit area

"““——&

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Event Probability Discriminant Event Probability Discriminant Event Probability Discriminant
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No b-tags
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o
[=]
o

Some of the Important Distributions

CDF Run Il Preliminary, L=2.7 o'

One b-tag Two b-tags

W) CDF Run Il Preliminary, L=2.7 fb' Wwign
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Ego;w [l Oiboson
L@ 150 | Wz %’ 25| =§,:n;:: 100
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Step 2 -- A Boosted Decision Tree

Root

node 21 inputs. Important ones:
O

— — * matrix element EPD
e ~ ° M.
i
jet energies
7/ \ /7 \
> <2 4> xi<a event H; (scalar sum of
e N P4 N . .
. . . object energies)
ot NN flavor separator (b-tag
xk>c4 xk<c4

77N improvement)
B S

A standard machine-learning technique
Find the variable to cut on that gives the
best improvement in Gini = p(1-p).

Next step: boosting. Reweight misclassified
events and retrain a DT.

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009 33



One- and Two-Tag ME+BDT Outputs

WHi115) P -1 W wH1s)
300 CDF Run Il Preliminary, L=27 fb’ Do __ CDF Run Il Preliminary, L=2.7 fb Ol
} | | B e 30 [ e
| DNan-W |
250 [ [l Cbosan " [ .Dblomﬂ
0 ! Wzt 21 251 .Z:HEt'S
@ 200 | S 3 i
: J” > e
LE :u['):?mskz Lg 20 _ — WH115)1
o 20T g o 15 g
=2 3 o 3
© I = O - =
E 100 :i E 10 ; :i
50| i 5 I g
o : of S
: 1 -1 0.5 0 0.5 1
ME+BDT '|t8.g ME+BDT 2t8.g
Signal systematic uncertainties Background Systematic uncertainties
Systematic uncertainty |Single Tag Double Tag :
- N U——— W+HF yield: +30%
Jet energy scale 2.0 % 2.0 % _ o
ISRIFSR +PDF | 3.1% | 56% W+LF yield: +1 30@
Lepton ID 20% | 20% :\tgn-VV_ ylldeld. ;—“28 Yo
Luminosity 6.0 % 6.0 % aryield: * 0
b-tagging SF 3.5 % 8.4 % (other backgrounds smaller)
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Add Iin a Neural Network

CDF Run Il Preliminary 2.7 fb"

N
Y
o

w

: 5 1
» Separate Analysis Team, 5w =3
Same selected data events! 5§ ~one b-tag™ =

]

3

Same Monte Carlo samples!
Same Systematic Uncertainties!
Not 100% correlated however

-
- Qo

-+ Six NN input variables: e e S 0
mJJ ] CDF Run ll Prefiminary 2.7 b
Total system p; :E
P, imbalance (scalar sum of e = e

lepton+jet p; - Missing E;) 2 two b-tag
>E(loose jets) O i
M,.in(lepton+v+jet) ; —
AR(Iepton,v) A b3 as he a0 o o s

Neural Network Cutput (M=110)
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Combining the Work of Two Teams Analyzing the Same
Set of Events

How do we get the most out of our work?
Typical NN error function is not something we care about:

E = E (meas — desired)’

events

But it is easy to back-propagate for efficient training
Instead we want

 Discovery

« failing that, exclusion
This figure of merit works better:

F=Esz/b

bins

But how do you train to optimize that?

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009
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Neuro-Evolution to the Rescue!

Kenneth O. Stanley and Risto Miikkulainen (2002).
"Evolving Neural Networks Through Augmenting Topologies".
Evolutionary Computation 10 (2): 99-127;

http://en.wikipedia.org/wiki/NeuroEvolution_of Augmented Topologies

Figure of merit difficult to calculate -- must form stacked
predictions of each neural network configuration.

Test one configuration, set of weights against others,
pick features from the best performers

Handles to optimize:

Network topology

Network weights

Output binning

Inputs MEBDT, NN outputs for each event.

First demonstrated as a superdiscriminant with single top
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Evolutionarily Trained Neural Networks

@ o
@) iddon Node
@ ous
TT—®
©
Starting Configuration... Evolved into this!

Approximately a 9% improvement in
expected limit over the best input
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WH—Ilvbb Limits in Combination

CDF Run Il Preliminary, L = 2.7 fb' | 5000 wasG

=>2-Tag
102

Events

Oy

P W+cT Wee
B W+

Top
Other

—=— Data

— WH (m =115 Gev) < 10]
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NN Output

LORDIP3Id O} PSZ|BULION

95% CL Limit/'SM

10°

10

1 1 i 1 1 1
130

'1a|m' 50
Higgs Mass {GEVIGZ]

i (GoV) Expected (/SM) Observed (o/SM)
[ 100 | 35 | 33
[ 105 | 3.8 | 3.6
| 110 | 4.1 | 49
| 15 | 4.8 | 5.6
| 120 | 59 | 59
[ 125 | 72 | 8.0
| 130 | 8.7 | 8.9
| 135 | 12.2 | 132
| 140 | 17.5 | 26.5
| 145 | 256 | 421
[ 150 [ 405 | 755
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Low-Mass Search Channel 2: WH,ZH—>ETbb

E.>50 GeV

Two or three jets, E{,>35 GeV, E,>25 GeV

Veto leptons, Jets must be separated from E;
Three tag categories:

« Two tight secondary-vertex tags
« One tight and one jet-probability tag

* One tight tag

Picks up WH—Ilvbb
signal with missing

lepton.

Process Exclusive 1Tag| ST+4+ST | ST+JP
QCD + Mistags 941 + 44 42.1 £8.7| 78 £ 11
Single Top 432+79 |85+1.7|72+15
Top Pair 124 +£17 27.4+4.3|27.1 4.6
Di-boson 35.6 £ 6.8 494+1.2|4.3+1.1
W + h.f. 297 +£130 11.0+£6.5| 21 +£11
Z + h.f. 107 £ 46 10.8 £5.0|/11.3 £5.2
Total Exp 1548 + 146 105 £ 13 | 149 £ 17
Observed 1443 105 148
ZH — vwbb (MH115GeV) 2.1 1.0 0.8
WH — (l)vbb (MH115GeV) 1.8 0.9 0.7
ZH — (ll)bb (MH115GeV) 0.09 0.04 0.03
CDF Hiags Searches and Combinations Tom Junk, May 6, 2009
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An Interesting Candidate Event

m;;= 82 GeV
Missing E+=145 GeV

Two b-tagged jets

Jet; E=100.3 GeV
Jet, E;=54.7 GeV Could be ZZ

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009
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Control Regions and QCD Rejection

Difficult to predict background from multijet events
Control regions:

Region 1: A¢(E+,J2)<0.4, otherwise like signal

Region 2: Require a lepton, otherwise like signal

Region 3: Other side of Anti-QCD NN cut

v ANI-QCD NN inpUts:
1400 = m:ﬁig”)) normalized
of = min ( A(])-” ) on background-
e side of the cut,
800] | ( q)j,Ptmis) tag rates
600 T '

: i arameterized
ol Missing P+ p'th t t

; H, with a tag-rate
200 .

: o — function

. = H/E;

%5 4 05 0 05 1 15
QCD Rejection NN Aq)(ET pT)
)

1-tag, similar for
double-tag samples
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Signal Region Neural Network

‘ Dijet Invariant Mass, Signal Regicn, Exclusive ST |

. 350
Mostly m; is
00|
powerful, but also
250
Miets MET
HT-ET 200
150

H-Eq
Track-F+ NN output 1w
max(AR;)

50|
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200
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100
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b
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—&— Data
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F.+bb Exclusions

Higgs mass (GeV)

VH limit, Combined

Predicted | Observed
105 4.7+ 5.5
110 4.9%21 5.8
115 5.612¢ 6.9
120 72139 8.9
125 8.413¢ 11.9
130 10.3%53 14.4
135 13.8%55 16.2
140 18.671% 21.0
145 28.61 41" 33.4
150 4331109 49.8

CDF Run I Preliminary, 2.1 fb

= —
7 R VH— [, + bb Expected (68%CL)
=

E | - VH— . + bb Expected (35%GCL)
:310 =

s [ eeeeeeee Expected 96% C.L limit
Q B

[+] -
% i Observed 35% G.L. limit

10

1 L1 1 1 | I | I | | | L1 1 | L1 1
100 110 120 130 140 150

Higgs Mass (GeV/c?)
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The H = W*W- Channels

gg—H
Signal Process:

Dominant background:

qq - WW-

* Interesting Angular
Correlation due to
Scalar nature of Higgs Boson

e Different from SM W™W- bg
decay angular correlation!

W+
W-
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Four Years ago: 2005 H—=WW Analysis

CDF Run Il Preliminary, L, , = 360 pb'1

 Just used gg—H signal
* Final discriminant was Ag,
« Jet vetos to suppress ttbar

] DY/Z—I

N~ E E] VV+jet/"{
N 6__ — "W
g T my=160 GeV |@ww =
S  <F B WZ+ZZ+tt
T [ HWW160
g - — 10 x HWW
—~ 4 —— —o— data
ﬂ C
5 o
I _I_J

2F ' :

1 L EE

0 0.5 1 1.5 2 2.5 3

dilepton azimuthal separation, AD,

CDF Run Il Preliminary, L, =360 pb'1

1 DY/Z-11
N E ] Wjet/y
o 8F O WW
$ . My=200 GeV |mwzzz.
S «E — 10 x HWW
-~ = —e— data
£ 55
s =
S af
w =
3 ——
F I N
2F IZI
1=
0 0.5 1 1.5 2 25 3

dilepton azimuthal separation, AD,

CDF Run Il Preliminary >

— 10

4.11.1 expected in 184 pb™'
4.11.1 observed in 184 pb'l

T T TTTTIT

-
o
Y,
©

LI IIIIIII

-

LI lllllll

.
-

-
o

~Standard Model

2020 expected in 360 pb'
5.3.3 expected in 360 pb'l
#  5.3.3 observed in 360 pb'l

o]
N *

95% CL Limit on o(gg—H)B(H—>WW) (pb

ind Combinations Tom Junk, May 6, 2009
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Splitting up H—=WW Into Subsamples

« Original analysis vetoed on extra jets
« But We can analyze these events one category at a time
« WW+0 jets : gg—H signal
« WW+1 jet: add in WH, ZH, VBF signals
(20% more signal)
« WW+2 jets (or more) 60% more signal from WH, ZH
and VBF. Main background is t-tbar
« Same-sign dileptons+any number of jets: Mostly
sensitive to WH and ZH, with leptonic W, Z decay.

« Adding data in subsamples with different s/b is less
optimal than splitting and doing a joint fit.

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009
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Opposite-Sign

CDF Run Il Preliminary _[L:s.s b’
— 45D =
o FOS 0 Jets W-jets
=, 400 M, = 160 GeVic? Wy
£ = it
g 350F ‘g_iz
w c DY
300
E Jww
- —HWWx 10
250 E -a-Data
200
150 —
100D
50—
E — ¥ - 2 —_—
D —‘ —— ——r—r——r : ——— 1 L ]
D D1 D2 D.3 D4 D.5 D6 D.7 D8 D.9 1
1 DFLIANAIN
CDF Run Il Preliminary jL=3.Efb'1
o
o 100+ OS 0 Jets Wajets
~ [ M, = 160 GeV/c? vy
2 I ]
c B Wz
$ 80 B 7z
w B DY
L Cww
60— —HWW x 10
L -a-Data
a0
20 L
B +
D L1 11 11 | | I | | Ll 1 Ll | L1l
0 0.5 1 1.5 25 3 3.5 4 4.5 5
A R

Events / 0.05

20

iy
2]

-
Q

-‘__l|'"°|"'”'|""|'”

Leptons + Zero Jets H=WW Search

CDF Run II Preliminary [ £ =3.6fb™"

My =160 GeV/c?

tt 1.35 + 0.21
DYy 80 + 18
WWw 318 =+ 35
Wz 4 + 19
47 207 £ 28
W4jets 113 + 27
We 92 + 25
Total Background 637 =+ 67
qgqg — H 95 + 14
Total Signal 95 £ 14
Data 654
OS 0 Jets
CDF Run Il Preliminary JL:S.B ib’
- OS 0 Jets, High S/B L
- M, = 165 GeV/c? mi
F Wz
= zZ
= oY
_ Oww
= — HWW 10|
:_ = Data

-0.6 -0.4 -D.2 0 D2 D04
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Events / 8 GeV/c?

Opposite-Sign Leptons + One Jet H-=WW Search

Events / 8 GeV/c?

CDF Run Il Preliminary [ CDF Run II Preliminary f2 L=36fb"
C0S 1 Jets Waels _ My =160 GeV/c
[ M, = 160 GeV/c? Wy tt 349 £ 55
50 — -SVZ DY 8 =+ 27
- 77 ww 853 + 9.1
sl [ ] DY Wz 145 + 20
B me i A 548 + 0.75
- o Datn W +jets 40 + 10
30— Wy 132 + 40
L Total Background 278 + 35
20— gg — H 470 + 072
- WH 0.661 =+ 0.086
1o ZH 0244 + 0.032
C VBF 0381 £ 0.061
C | | Total Signal 598 + 0.78
Do 20 40 60 80 100 120 140 16D 18D 200 Data 262
M(ll) (GeV/c') 05 1 Jet
CDF Run Il Preliminary _[L:s.s b’
C CDF Run Il Prelimi =361
: OS 1 Jets Wajels o - un I'.e iminary IL 1.35fb
35C M, = 160 GeV/c? ey Q o5) 0S 1 Jet, High S/B .mJT
Eon Wi © L M, =165 GeVic? mi
- wz P
- %]
30— 2z =
C H DY 9 C
25 Cww T
E —HWWx 10 L
20 :_ -aData —
15 ; %
10 f— -
5 -
:I Il 1 Il ﬁ 1 | 111 1 | 11 11 :
O 50 100 150 200 250 300 350 400 %1 o0& .06 04 -02 0 02 04 06 08 1
M IE;) (GeV/c) NN Output

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009



Opposite-Sign Leptons + Two or More Jets H=WW Search

Events / 8 GeV/c?

Events /0.5

CDF Run Il Preliminary JL:S.E b’
o5l OS 2+ Jets Wjets
- M, = 160 GeV/c? Wy
B it
B wZ
20— ZZ
C DY
- ri Clww
15 — HWW = 10
- |_,_I_‘ -=-Data
10—
5
D _I 1 111 | 11 1 | 111 111
D 20 40 60 80 100 120 140 160 18D EDD
M(Il) (GeV/c")
CDF Run Il Preliminary JL:S.E b’
ZOS 2+ Jets Wijets
25 M, = 160 GeVic’ iy
- Wit
C wZ
- 7z
20— DY
- CJww
B —HWW x 10
15 — - Data
10
5
D _\ Ll | 1111 | | | 1111 | 1 L ‘ L1 1
D D.5 1 1.5 2 25 3 3.5 4 4.5 5

A R(Il)

Events / 0.05

20
15

10

D
-1 -0.8

CDF Run II Preliminary [L=36f"
My = 160 GeV/c?

tt 100 =+ 17
DY 33 + 11
ww 176 =+ 4.0
Wz 3.76 + 0.52
Z7 1.62 + 022
Wjets 147 =+ 4.0
W 2.12 + 0.70
Total Background 173 £ 23
gg — H 1.7 + 030
WH 1.39 +£ 0.18
ZH 0.693 + 0.090
VBF 0.70 + 0.11
Total Signal 453 + 0.52
Data 169
OS 24 Jets
CDF Run Il Preliminary jl.:s.a b’
- OS 2+ Jets i
- M, = 165 GeVic? m
W2
2z
oY
Cww
— HWAW 10
-wData

-0.6 -D.4

NN Cutput
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Same-Sign Plus 1 or more Jets H=WW Search

Events / 6 GeV

Events /0.2

CDF Run Il Preliminary JL:S.Eib’1
C SS 1+ Jets Wojets
12| M, = 160 GeV/c? iy
B | |§
w7
zZz
DY
Cww
—HWW =10
-»-Data
al_
2
D_ P T T | T | L
D 2D 4D 60D 8D 100 120 140
E, (GeV)
CDF Run |l Preliminary jL:a.a i’
10| S8 1+ Jets Wajels
- M, = 160 GeV/c’ Wy
[ i
WZ
8 zz
DY ——
COww 1T
—HWWx 10
-s-Data

=]
\I\‘Il\lll\lll

D 0.5 1 1.5

CDF Higgs Searches and Combinations

25

3
Aol

Events / 0.05

CDF Run II Preliminary

fe=38"

My = 160 GeV /2

tt 0.11 4+  0.03

DY 11.99 + 3.65

Www 0.020 + 0.005

W2z 6.82 + 093

Z7 144 +  0.20

W +jets 2245 + 6.73

W~ 3.23 &+ 1.00

Total Background 46.07 + 8.02

WH 1.19 +  0.16

ZH 019 4+  0.02

Total Signal 1.38 + 0.18

Data 41

SS 14 Jets
CDF Run Il Preliminary IL:a.afb"

L 8S 1+ Jets -

121\, = 165 GeVic? o
-

AN ':}ﬂ'ﬁ—@ ] e L i
-1 -b8 -0.6 -04 -D.2 D 0.2 0.4 0.6 0.8 1
NN Output
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Exclusions from CDF’s H=WW Searches

CDF Run Il Preliminary j L=3.61"
102 i i e OS+8S E'xpecte'd
U — O5+55 Observed

S — U [ 08+88 + 1o
e, ] OS+88 % 20

10

95% C.L./c,

Standard Model . |
_IIII|'IIII|'IIII1IIII1IIII . IIIII||III1IIII

110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeWcz)

05455 110 120 130 | 140 | 145 | 150 | 155 | 160 | 165 | 170 | 175 | 180 | 190 200
—20 [osy 15.48 p.31 | 260 | 1.69| 147 1.23] 1.04 | 0.79 | 0.77 | 0.88 | 1.08 | 1.21 | 1.92| 252
—1lo/osar 21.85 739 361 | 238 | 204 1.72] 142 1.07| 1.05| 1.21 | 147 | 166 | 268 | 3.54
Median/ogsy 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/osn 4561 | 1532 | 7.61 | 492 | 426 | 351 | 295 | 219 | 218 | 249 | 3.05| 347 | 559 | 743
+20/0sar 63.79 | 21.54 | 10.71 | 6.82 | 6.01 | 5.02 | 4.14 | 3.12| 3.00 | 3.49 | 4.24 | 488 | 7.78 | 10.66
Observed /ogy | 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
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Limits From All CDF Higgs Search Channels

—h
o

95% CL Limit/'SM
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Mini-Review: Bayesian Limits

L(r.0)= || [ |Pri(datalr.6)

channels bins

Where ris an overall signal scale factor, and 6 represents
all nuisance parameters.

(rs,(0) + b.(0))" o751 (0)+b;(0))

n!

P, . (datalr,0) =

where n, is observed in each bin i/, s; is the predicted

signal for a fiducial model (SM), and b, is the predicted
background. Dependence of s;and b; on 6 includes rate, shape,
and bin-by-bin independent uncertainties.
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Mini-Review: Bayesian Limits
Including uncertainties on nuisance parameters 6

L'(data|r) = f L(data | r,0)m(0)d0

where a(6) encodes our prior belief in the values of
the uncertain parameters. Usually Gaussian centered on
the best estimate and with a width given by the systematic.

Includes rate uncertainites, shape uncertainites, MC statistics
in each bin.

Him

0.95 = f L'(data | r)z(r)dr
0

Sensitivity = Median Expected Limit

* Run simulated background-only MC pseudoexperiments
(fluctuate all systematics)

« Compute r;, for each one; find medain and +1,2c
variations.
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Markov Chain Monte Carlo Integration

* Monte Carlo integration method
* improvement on scattershot MC
* faster and more stable results

* problem: most integration points
contribute little

* would like to sample only the peaks of
the distribution

e problem: we throw nuisance
parameters, not likelihood

* solution: we slowly walk along the peaks

taking care not to step into the valley
» Markov Chain Monte Carlo

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009
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CDF’s Combined Higgs Boson Search at m;=160 GeV

CDF Run II Preliminary, L=3.6 fb!

82
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t 4
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CDF’s Combined Higgs Boson Search at m;=115 GeV
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95% CL Limit/SM

CDF’s Combined Higgs Limits

CDF Run I Preliminary, L=2.0-3.6 fb™
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Sensitivity and Projections -- m;=115 Gev

CDF Run Il Preliminary, m, =115 GeV
T T T T T T 1 T T T 1 T T T | T T T T | T T 1 T
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Sensitivity and Projections -- m,;=160 GeV
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Discovery with p-Values

each with fluctuated nuisance
parameters, and fit twice.

CDF Run Il Preliminary, L = 3.2 fis' Example: CDF’s single top
g10° | observation
g | .
2 | arXiv:0903.0885 [hep-x]
$10° |
§io® | “2InQ=LLR = —211{L(data 5+50)
| L(data 1b,0)
10
10° | 100 M s+b and b-only
2l pseudoexperiments,
10

ki
T ——
™ 1

300 20 100t Statisto ()] 50: p-value of 2.77x107 or
less.
30: p-value of 1.35x10-3 or
Systematics varied in each less
pseudoexperiment 20: p-value of 2.28% or less
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A Priori Chances of Seeing Something If It’s There

2XCDF Preliminary Projection

-
N

......

Analyzed Lumi/Exp. (fb™)
S o o o

N

0
100 110 120 130 140 150 160 170 180 190 200
With Projected Improvements m,, (GeV/cz)

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009

w B
Expected Sensitivity ¢

N

63



Tevatron Higgs Combination -- A Monumental Achievement!
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Summary

CDF’s and D@’s Higgs Searches are Proceeding Well

Data samples up to 4.2 fb-' have been analyzed and
shown at conferences

Calibration, Processing, Analysis and Combination
machinery is very smooth.

Constant analysis improvements gain in sensitivity over time
Theorists have gotten excited!

High-mass Higgs bosons excluded for 160<m_ <170 GeV
Practice discovering Single Top

Low-Mass preferred by Supersymmetry -- let’s do it!
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Backup Material
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CDF Components

Muon Chamhe
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Finding More Muons in CDF

Muon coverage used for LP07
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~30% gain in muon acceptance,

CDF Higgs Searches and Combinations

Gains from Missing-E;+jets triggered events

Additional requirement:
AR;>1.0

Tom Junk, May 6, 2009
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Another Interesting Candidate Event

Jet; E=84.7 GeV m..= 129 GeV
Jet, E{=71.9 GeV -- Tagged M
Missing E+= 98 GeV
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The LEP Legacy -- CL_ Limits

« Based on p-values. Programs easily switch between
limits and discovery.

CL,., = p(-2InQ2-2InQ,,|s*+b hypothesis)
CL,=p(-2InQ=-2InQ_,,|b-only hypothesis)

p-value = 1-CL, commonly used for discovery.
p-value < 2.77x107 is a 50 discovery

CL=CL,,,/CL, is used for limits. Not a probability, or
a confidence level, but it has good properties.
CL,<0.05 — exclusion

Properties: CL.2CLg,, always, and CL,=1 when there is
no sensitivity (s=0 or just very small).

CL,.,=CL, is uniformly distributed between 0 and 1 when the
signal s is very small or zero.
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The LEP Legacy -- SM Searches

* A great variety of E, ., data. MC had to follow closely

* Interpolation strategies developed both for E, ., and m,
in order to reduce the Monte Carlo load

Still -- each E,,, each experiment, each search mode: about
200 channels total.

Hard kinematic wall at 2E,_,,-M,=(206-91=115) GeV

CL, limits used for each channel, combinations

Rate systematics included; shape systematics usually
not evaluated.

CDF Hiaggs Searches and Combinations Tom Junk, May 6, 2009
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Higgs Boson Production Cross Sections and Decay Branching Ratios

MH  |Ogg—H|OWH |OzH |OVEF B(H—bW)BH —7"7)|B(H—W"W7)
(GeV/c*)| (fb) | (fb) | (fb) | (fb) () ("0) (%)
100 1861 [286.1(166.7| 99.5 ®1.21 7.924 1.009
105 1618 (244.6(144.0| 93.3 79.57 T.838 2.216
110 1413 1209.21124.3| 87.1 77.02 7.656 4.411
115 1240 [178.8(107.4|79.07 73.22 7.340) 7.974
120 1093 [152.9( 92.7 | 71.65 67.89 6.861 13.20
125 067 |132.4| 81.1 |67.37 60.97 6.210 20.18
130 BH8 [114.7] 70.9 | 62.5 52.71 5.408 25.69
135 TH4 09.3 | 62.0 | 57.65 43.62 4.507 3828
140 682 =6.0 | 4.2 | 52.59 34.36 3.574 48.33
145 611 THh.3 | 48.0 [ 49.15 25.56 2.676 Hh8.33
150 548 | 66.0 | 42.5 | 45.67 17.57 1.851 6817
155 492 57.8 | 37.6 [42.19 10.49 1.112 T8.23
160 439 | 50.7 | 33.3 | 38.59 4.00 0.426 090.11
165 389 44.4 | 29.5 | 36.09 1.265 0.136 96.10
170 349 35.9 | 26.1 | 33.58 0.846 0.091 06.53
175 314 | 34.6 | 23.3 |31.11 0.663 0.072 05.94
180 283 30.7 | 20.8 | 28.57 0.541 0.059 03.45
185 255 27.3 | 18.6 | 26.81 0.420 0.046 83.79
190 231 24.3 | 16.6 | 24.88 0.342 0.038 T7.61
195 210 21.7 | 15.0 23 0.295 0.033 74.95
200 192 19.3 | 13.5 | 21.19 0.260 0.029 73.47
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EW corrections to o(gg—H)
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Parity Violation and the Beginnings of the SM
of Electroweak Interactions

* Lee and Yang, “Question of Parity Conservation in
Weak Interactions” Phys. Rev. 104, 254-258 (1956).

« C.S. Wu et al., “Experimental Test of Parity Conservation
in Beta Decay” Phys. Rev. 105, 1413-1414 (1957).

« Garwin, Lederman and Weinrich, “Observations of the
Failure of Conservation of Parity and Charge Conjugation
in Meson Decays: the Magnetic Moment of the Free Muon”
Phys. Rev. 105, 1415-1417 (1957).
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With no Higgs unitarity violations for Eo, ~ 1-3 TeV

Unitarity implies that scattering amplitudes cannot
grow indefinitely with the centre-of-mass energy s

In the SM, the Higgs particle is essential in ensuring
that the scattering amplitudes with longitudinal weak

bosons (W, , Z,) satisty (tree-level) unitarity constraints
[Veltman, 1977; Lee-Quigg-Thacker, 1977; ...] Zwirner

Anexample: AW/} W, — Zp Z1) (s> miy)

.8
}WW{: :}{i ZUQ > zm’% S
. g2 v2 s —m;
:}{ _zv?(s —m3)
If no Higgs then something must happen!

G. Altarelli, HCPSS 2008
CDF Higgs Searches and Combinations Tom Junk, May 6, 2009
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CDF’s Combined Higgs Limits -- By the Numbers

M H Observed —2a —1lo| median +1a +2e
(GeV /c*) |limit /SM | expected | expected |expected |expected | expected
100 2.72 1.44 1.92 2.63 3.61 4.87
105 2.66 1.55 2.01 2.71 3.69 4.97
110 3.49 1.54 2.04 2.83 3.95 5.44
115 3.64 1.75 2.33 3.22 4.46 6.08
120 3.90 1.95 2.58 3.57 4.98 6.86
125 4.76 1.99 2.62 3.65 5.17 7.22
130 4.48 2.06 2.75 3.78 5.21 7.08
135 3.55 1.94 2.50 3.44 4.83 6.71
140 3.53 1.74 2.36 3.32 4.67 6.44
145 3.48 1.72 2.20 3.03 4.25 5.91
150 2.44 1.34 1.78 2.47 3.45 4.74
155 2.03 1.15 1.48 2.08 2.99 4.24
160 1.42 0.81 1.11 1.59 2.29 3.22
165 1.46 0.85 1.16 1.61 2.22 3.00
170 1.94 0.97 1.32 1.82 2.47 3.29
175 2.15 1.19 1.60 2.21 3.03 4.09
1RO 2.28 1.34 1.79 2.49 3.48 4.80
190 3.68 2.18 2.85 3.90 5.38 7.35
200 6.39 3.03 3.92 5.41 7.64 10.70
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Tevatron Combined Higgs Limits -- By the Numbers

Bayesian 100 105 110 115 120 125 130 135 140 145 150
Expected 2.0 2.0 2.2 2.4 2.7 2.9 2.9 2.7 2.5 2.4 1.8
Observed 1.9 1.8 2.4 2.5 2.8 3.0 3.9 2.4 2.7 2.8 1.9
CLs 100 105 110 115 120 125 130 135 140 145 150
Expected 1.9 1.9 2.1 2.4 2.6 2.7 2.9 2.7 2.5 2.2 1.8
Observed 1.7 1.7 2.2 2.6 2.8 2.9 4.0 2.6 3.1 2.8 2.0
Bayesian 155 160 165 170 175 180 185 190 195 200
Expected 1.5 1.1 1.1 1.4 1.6 1.9 2.2 2.7 3.5 4.2
Observed 1.4 0.99 0.86 0.99 1.1 1.2 1.7 2.0 2.6 3.3
CLs 155 160 165 170 175 180 185 190 195 200
Expected 1.5 1.1 1.1 1.3 1.6 1.8 2.5 3.0 3.5 3.9
Observed 1.3 0.95 0.81 0.92 1.1 1.3 1.9 2.0 2.8 3.3

For details, see arXiv:0903.4001 [hep-eX]
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