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Slide from G. Altarelli, HCPSS’08

The main problems for the SM show up in the Higgs sector

Vi = Vo — 1200+ A(0'0) +[W Y,y 0+ he]

/ \

Vacuum energy Possible instability

Voexp~(2.107 eV)* depending on m,
Origin of quadratic The flavour problem:
divergences. large unexplained ratios
Hierarchy problem of Y;; Yukawa constants
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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

An example: AW W, — Zp Z1) (s> miy)
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If no Higgs then something must happen!

G. Altarelli, HCPSS 2008
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The LEP2 and Tevatron, LEP1, SLD Precision EW Legacy

Direct searches for o 5 Precision m,, m,,, m,, Z-pole
ete—ZH: nm, > 1144 GeV/c asymmetries, etc.

No evidence below
SM 35 2
m, =897, GeV/c
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http://lepewwg.web.cern.ch/LEPEWWG @95% CL, m,;<158 GeV/c

http://lephiggs.web.cern.ch/LEPHIGGS/www/Welcome.html (185 including LEP2 direct limit)
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Vacuum Stability and Triviality Bounds on SM m,

Loops with SM particles modify the effective Higgs potential.

Finding a Higgs boson
Isidori, Rychkov, Strumia, Tetradis ‘08 with my “t+o0 low" or

“too high" is suggestive
of new physics.

Higgs mass my, in GeV

Instability

0 i 1 1 1 1 1 1 1 1 1 1 1 1 1
10* 10° 10® 10" 102 10 10 10'®

scale of new physics A in GeV

See also hep-ph/9708416

Hambye and Riesselman
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Adding the metastable possibility: Isidori, Ridolfi, Strumia ‘01
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Higgs mass my, in GeV [ G.L, Rychkov,

o Strumia, Tetradis '08
= The unstable region is almost ruled out rumia, Tetradis ‘03]

a slide from G. Altarelli’s HCPSS 2008 talk
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How Much Fine-Tuning Can We Tolerate?
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- If the radiative corrections to
200 10% % ]
1% , - m,, are not >>m,, we get
i ; much stronger constraints.
Y ——  oarenthoses vashon
5 in parentheses vanishes.
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A (TeV)

C. Kolda and H. Murayama, JHEP 0007, 035 (2000)
m=175 GeV
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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:

q ATT000 g
m,=0 by SU(3)
symmetry

color

4 Nooooo 9

This diagram leads to an effective Lagrangian

Mostly top contributes

Eeff _ gaS‘NrQ hOGa Gm/a‘

hgg 247mef uv

where N, is roughly the number of quarks heavier than h°. More precisely,
2

Nq=ZF1/2(1?-i), L E—?zi:

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 (2005) (hep-ph/0502050)
G. Kribs, T. Plehn, M. Spannowsky, T. Plehn, Phys. Rev. D 76 075016 (2007). ( arXiv:0706.3718 [hep-ph] )



gg—H Production at NNLO

*NLO corrections -- “80% (almost double the LO cross section)!
e NNLO QCD corrections -- An additional 40% on top of that!

Catani, de Florian, Grazzini, Nason JHEP 0307, 028 (2003) hep-ph/0306211

» Soft gluon resummation included at NNLL in plots below
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NLO,NNLO bands: 0.5m <u,uz<2M,. Bands on LO unreliable.
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Recent gg—H Production Cross Section Progress

g g
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An active area of research over the last years

http://www.itp.uzh.ch/events/higgsboson2009 7-9 January 2009, Zurich
e Two-loop EW corrections yield up to an 6% 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, JHEP 0904:003 (2009)
de Florian and Grazzini: Phys. Lett. B 674:291-294 (2009)
More modern PDF set -- MSTW 2008 NNLO (lost 14% of cross section rel. to MRST 2006 NNLO)
Bottom quark loops interfere destructively with top quark loops
e Bottom quark loop contributions get smaller QCD corrections than top loops.
e Running b mass is smaller than pole mass.
Less contribution from b loops means more cross section

Coincidentally almost the same cross section relative to NNLO QCD (Catani et. al)
at m,;=160 GeV -- 0.44 pb at the Tevatron.
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EW corrections to o(gg—H)

8 Www zzZ tt

8EW, total
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Passarino, Higgs Boson 2009, Zurich
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Choosing the Right Factorization and Renormalization Scale and Uncertainty

| Total cross section as a function of u'_,/m” at m, =165GeV for Tevatron Ns=1.96TeV)
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C. Anastasiou, Orsay 2010 (www.higgshunting.fr).
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» Several points cleared up with Baglio and Djouadi — concerns raised in
arXiv:1003.4266

* Best scales are low —m,,/2 provides much more stability for fixed-order calcs
* Setting p,= Y; gives the largest variation in cross section and makes more sense
than exploring the (p,, 1) plane



Scale Variation — A factor of Two or Three?

2 —— — T T T
MRST2002 MSTW2008NLO
[ Tevatron '\\ Vs =1.96 TeV
— MSTW2008NNLO
ca
o)
- MSTW2008LO
I | | | | | | | ] o
00 120 140 160 180 100 120 140 160 180 200 100 120 140 160 180 200
My (GeV) My (GeV) myg (GeV)

Ahrens, Becher, Neubert, Yang 2010

Perturbative series converges faster when a more detailed calculation is
performed:
* RG improvement

 soft-gluon resummation
* using the PDF set which corresponds to each order

* LO calculation with no gluon emission isn’t sufficiently sensitive to the scale
to trust it to gauge scale uncertainty



Is it Fair to use the NNLL Cross section?

1600 { ' ' ' '1.15
1000 - 1.00
0.85
600 -
0| olgg — H) [fb]
200 1 NNLO (;U'O : %MH) I
NNLL
NNLO — Mu) e
100 - (.U'O H)

115

120 130 140 150 160 170 180 190 200

Baglio and Djouadi,
arXiv:1009.1363

At p.= pe = m,/2, the NNLL addition to the NNLO cros section is negligible
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® A small scale leads to a
faster convergence from

NLO to NNLO.

® Are we missing even
higher order effects

® A lotis known from
threshold resummation
methods.

® Small mu scales are safe!

Slide from C. Anastasiou, higgshunting.fr

15

10

0

Moch and Vogt

.|

c(pp — H+X) [pb]

; M,, = 240 GeV
N
~
P'“"\-WN\ R
- N Trteal NNNLO_appdox
[ s el NNLO™
~ o ]
NLO
N7L( prox LO 1
—m= N’LO
0.2 05 2 3
n /My

It does not look as if there are large negative contributions at much higher

order, and a scale of m,,/2 seems stable.



Parton Distribution Functions of the Proton

MSTW 2008 NLO PDFs (68% C.L.)
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SM Higgs Boson Production Mechanisms

103 TeV II

10 w71 Associated y

Production

TeV4LHC Higgs working group

1 \
100 120 140 160

http://maltoni.home.cern.ch/maltoni/TeV4LHC/SM.html
and references therein.

I

gluon
fusion T Ho

T \

Vector-Boson
Fusion (VBF)




Which PDF Sets to Use?
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Variations in Predictions for Different PDF Sets
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ABKM and HERAPDF do not include Tevatron high-E; jet
data in their fits. High-x gluons are poorly constrained without those
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Use CTEQ, MSTW,

19




gg—2>H Cross Section Theoretical Uncertainties

* Recent Work: Anastasiou, Dissertori, Grazzini, Stockli, and Webber
JHEP 0908 099 (2009).

o [fb] LO (pdfs, as) | NLO (pdfs, as) | NNLO (pdfs, as)

Factorlza'tlo.n and Renormalization O-jets 3_452ﬂ?7 2.8837:35) 2.70735’
scale variations are larger when : T30% T24% T24%
-V , n 1-jet 1.752130% 1.280 122 1.1651 2506
requiring 2+ jets than for requiring > 2ot 0 336+91% 0 221%1%‘; 0 196+78<yg
fewer. Errors correlated, not = 2O T —44% —— A%
anticorrelated. Get worse when
applying other experimental cuts Table 2: Inclusive cross sections in the different jet bins.
A Ng;onal (scale) S
g _ (+5% (+24% C(+91% ) _ (+20.0%
Niignal = 60% (—9%) +29% (—23%) +11% (—44%) - (—16.9%)

Scale variation is up and down by a factor of two. Djouadi (Moriond EW 2010,
arXiv:1003.4266) advocates a larger variation — currently under discussion.

Experimental issue — how to incorporate?

* Traditional: Set limits on o x Br. Draw theory curve on same plot with error
bands. Take -1c variation on theory as the excludable prediction (why?)

* We have a problem. Combine gg—>H with WH, ZH, and VBF signal searches. What'’s
the error on the theory band now? What cross section do we exclude?
Solution: Treat theory uncertainties like acceptance uncertainties (when it comes
to the kinematics, they are hard to separate anyhow). PDF in particular should be
treated as a nuisance parameter like all others.



Reweighting Pythia Differential Distributions to NLO+NNLL Predictions

S -
& 0071 —— Pythia, m,, = 160 GeV
3 006 —— HqT, m, = 160 GeV
& -
% 0.05H
© n
0'045 Tevatron 1.96 TeV
0.03M 99 —~H
0.02F
0.01
: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | T 1
0'000 20 40 60 80 100
q (GeV/c)

HqT program Catani and Grazzini, http://theory.fi.infn.it/grazzini/codes.html
used to compute higher-order differential spectra

Formerly taken as a systematic uncertainty, now is a central value.

Scale and PDF dependence of Higgs p; and n used as rate and shape systematics



Standard Model Higgs Boson Decay Branching Fractions

200

(@) 1 = - .
e —
o W WW 1
& bb
=
O
=
L
o
0.1F 11 .
B ey 3 \
s
o
102F 4 '
o :
0
g
<)
- " ZyY
u ]
Ll
']0"3 4 1 1 1
100 120 140 160 180
m,, (GeV/c2)

HDECAY by
M. Spira

114.4 < m, < 135 GeV:
H—bb dominates.

gg—H—bb drowned by
gg—bb. Use WH, ZH.

135 <m, < 200 GeV
H—W*W- dominates

gg—H, WH, ZH, VBF
all can be used
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The Detector
Lepton coverage:

In| < 1.5 (muons)
In| < 2.0 (electrons)

b-tagging with
In| <~1.4

Jets to

In| <2.8
Higgs analyses
restrict to

In| <2.0

Dijet mass
resolution: ~16%
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The Detector

|| Muon Scintiators Lepton coverage:

==== ; ,/'/
'ﬁncmmmm l ﬂ IT]I <2(mu0nS)

....... - In| < 2.6 (electrons)

[ ‘ camolr ) | b-tagging with
: L Toroid —“ Inl < ~2

Jets to

Inl <3

New Innermost Silicon

Layer added between
Run lla and Run llb

Similar dijet mass
resolution to CDF
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H — W*W- Signal and Background
TN

gg—H Signal Process: | > o
STRSSHITE

I+

=-h|

Both CDF and DO Select events with
e Two isolated, opposite-signed

high-p; leptons (e,u) » Higgs is a Scalar! Angular
e Missing transverse energy correlations are different
* m, > 16 GeV (except now with a new low m, from SM W'W" bg
analysis from CDF)  Signal leptons come out
Dominant difficult background: collinear
qq— W'W-

W+ .
A% W‘ e
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Five Years ago: 2005 CDF H—=WW Analysis

e Just used gg—H signal
acceptance: 0.7% of ggH, or about 0.55% of all H at
m,=160 GeV

* Final discriminant: Ag,

e Jet vetoes to suppress ttbar

CDF Run Il Preliminary, L. = 360 pb™” I DY/ZSI
R 6—_ |:| W+jet/*(
R " WWwW
: - WZ+ZZ+tt

T 5F m, =160 GeV = HWW160
2 — 10 x HWW
~ 4 —— —s— data
o n
= n
S 3_— Y '
w n

2F — .

1

0 0.5 1 1.5 2 2.5 3

dilepton azimuthal separation, AD,
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Expected
limit: ~15 x SM
at m=160 GeV
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Splitting up H—=WW Into Subsamples

e Original analysis vetoed on extra jets
e But We can analyze these events one category at a time
e WW+0 jets: gg—H. Mostly gg—H, but add in WH, ZH, VBF here
(6% more signal expectation)
e WWH+1 jet: gg—H, WH, ZH, VBF signals
(20% more signal than just gg—H)
e WW+2 jets (or more) 60% more signal from WH, ZH
and VBF. — most of the signal! Main background is t-tbar. Veto events with
b-tags and use them as a control region
e Total CDF acceptance summer 2009: 1.1%: DOUBLE the 2005 acceptance.
Further improvements since then!
Comparable MET resolution for different lepton categories — ee, ey, pu handled
together. Forward leptons treated differently from central leptons since the
fake rates are different. Called High s/b (central leptons) and Low s/b (forward)
e Same-sign dileptons + one or more jets: Mostly
sensitive to WH and ZH, with leptonic W, Z decay.
* New for Summer 2010: Channels with one lepton and a hadronic tau
candidate, and also two new trilepton channels

Each major background has a dedicated control sample



Drell-Yan Control Region

Opposite-sign,
same-flavor leptons

MET<25 GeV
76<M,<106 GeV

Ldt=591fb"
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a R X
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Same Sign Dilepton Control Region

CDF Run Il Preliminary Ldt=591" CODF Run Il Preliminary Ldt=591" - CDF Run Il Preliminary Ldt=591b"
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the Wy background

Events/ 0.22
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) : N
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b ac kg roun d leading lepton n . subleading leptonn % 05 1 15 2 25 3

[rad]

A ¢ET, nearest lepton or jet
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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.



Imperfect Reconstruction

e Missing neutrinos! Missing E; resolution not perfect.

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

e What parton 4-vectors could have given us the measured events?

PDFs transfer
ME function
1 f(y1) f(y2
P(z) = = / 21t | M |? ’ ]é I) | ]E; |)W(y,x)d<1>4qulqu2
g1 g2

y=parton (or neutrino momenta), x=measured jet
guantities.

Do this for each physics process -- form a likelihood ratio from them



WW Cross Section

Measurement

Signal model: MC@NLO

, CDF Run Il Preliminary [L=ssm’
Checks Métrl)f . I 120 Fitted Templates [— w4+jets
Element discriminant s L Wy
shape of dominant @ 100 wz
- = N [ 12Z
background in the s [ 1z
signal sample TR = 0
| CIww
60 | —+- Data
Same as Higgs search - Nominal MC
but reverse roles of 40 i’
signal and background L by 4 + 44t
20 [T . o
11 1 1 I 11 I 1 I 1 7+—‘— 1 1 e B
% 041 02 03 04 05 06 07 08 09 1

o(pp =W'W7)=12.1x0.9 (stat)

Matrix Element Likelihood Ratio (LRWW)

(syst) [pb]

+1.6
-14

SM: 12.4 + 0.7 pb (MCFM)

Phys. Rev. Lett 104, 201801 (2010)



CDF H>WW Opposite sign leptons, 0 Additional Jets

Final Discriminant: NN (NeuroBayes(TM))
with Matrix element, and other, inputs

CDF Run II Preliminary [L=59f"

My = 165 GeV /c?

tt 2.23 £ 0.66
DY 227 + 62
WWw h63 + 56
WZ 255 =+ 3.8
47 383 =+ 5.4
W+jets 215 £ 51
W~ 155 =+ 22
Total Background 1226 =+ 120
gg — H 16.9 = 3.0
WH 0.410 £ 0.070
ZH 0.416 £ 0.059
VBF 0.140 £ 0.028
Total Signal 17.8 =+ 3.1
Data 1230

OS 0 Jets

CDF Run Il Preliminary

JL=5.91b"

8 [0S 0 Jets, High S/B o
S ool M, = 165 GeV/c? T
a S,
c B @ Duta
g -
w 8or
60
40| +
5 ++++ t
. +
0 | | T e o i e s YT Y Y T s St S | S nfj
1 -08 06 04 -02 O 02 04 06 08 1
NN Output
CDF Run Il Preliminary _[ L=591b"
& 120} 0s 0 Jets, Low S/B =1
— '3
© L m,=165GeVic? =
9 100/ =
s ‘e Dua
>
i

8Tlgll
e

II]ITI

ol= ] |

-1 -08 06 -04 -02 ] 0.2
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CDF H>WW Opposite sign leptons, 1 Additional Jet

CDF Run Il Preliminary

Jl.:.r».snb‘1

ask OS 1 Jet, High S/B
=165 GeV/c?

Events/ 0.05

CDF Run II Preliminary [£=59 fh~!

Mpy = 165 GeV /c?

IZOERES
=

tt 56 =+ 11
DY 218 =+ 49
Ww 151 =+ 18
WZ 254 &£ 3.5
47 10.3 =+ 1.5
Wtjets 7+ 20 1 -08 06 -04 -02 0 02 04 °'6NN%fltput
VVfY 251 =+ 4.3 CDF Run Il Preliminary _[ L=591"
Total Background 563 =+ 69 8 [0S 1Jet, LowS/B =
gg — H 8.0 + 2.4 S 30} M, = 165 GeV/c® &=
g s [ =0
WH 1.13 £ 0.18 E 25F] R
ZH 0.439 + 0.066 @ |
VBF 0.74 £+ 0.13 %
Total Signal 10.3 =+ 2.5 15
Data 533 . ?

10—

OS 1 Jet 3 + + +
s M. L
’i—u—m 4t
0-1. -0].8 -OI.S -01.4 -0.2 j(? 02 04 06 038 1
NN Output
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CDF H>WW Opposite sign leptons, Two or More Additional Jets

CDF Run II Preliminary [ £ =5.9 fht

My =165 GeV /c?

tt 169 =+ 24 CDF Run Il Preliminary J.L=5.91b4

DY 80 + 31 8 [0S 2+ Jets o

Www 336 + 6.1 S kM, =165 Gevic® ==

WZ 68 £ 13 8 %F # Dk

27 3.10 £+ 0.57 D 25

WH-jets 26.7 £ 75 - #

Wo 44 + 1.2 20F +

Total Background 324 + 50 s | &

g9 — H 26 + 1.8 .

WH 250 + 0.35 ‘°j{

ZH 1.28 + 0.17 sk

VBF 137 + 0.23 t

Total Signal 78 + 20 %9 o8 06 ©04 02 0 02 04 06 08 1

Data 307 NN Output
AllSB-2JOS
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CDF H->WW Opposite sign leptons, Low M, and Same-Sign Channels

CDF Run II Preliminary [ £=5.9fb™" CDF Run II Preliminary [ £=5.9fb"
My =165 GeV /¢’ My = 165 GeV/c?
tt 055 + 0.10 tt 0.159 £ 0.037
DY 435 + 0.78 DY 21.0 =+ 5.6
WWw 13.8 =+ 1.3 WWw 0.047 £+ 0.013
Wz 0371 £ 0.052 w2z 104 =+ 1.4
Z7 0.139 £ 0.019 z7Z 207 £ 0.28
W+ijets 16.2 =+ 3.0 W+tjets 36 =+ 14
W~ 768 4+ 7.7 Wr 480 + 0.78
Total Background 1122 + 8.6 Total Background = 15
99 — H 1.00 £ 020 wWH 1.81 £ 024
Total Signal 100 + 020 ZH 0.283 + 0.038
Data 112 Total Signal 209 4+ 0.28
Data 74
AllSB-lowMIl
AlISB-SS
CDF Run Il Preliminary [L=59m" CDF Run Il Preliminary [L-son
8. 201 0S low M(II) = 8 22F SS 1+ Jets ol
% = 165 GeV/c’ = S pof M, =165 GeVic? =
5 £ 18 Sty
> [0
w o 1
14
12
10—
8
1
a-
2 25_
e c_-

1 -08 06 -04 -02 0 02 04 06 038 1

08 06 -04 02 0O 02 04 06 08 1
NN Output

NN Output

-
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CDF H>WW Trilepton Channels

CDF Run II Preliminary [L=59f"
My =165 GeV/c?

tt 037 + 0.11
wz 535 £+ 0.76
77 1.30 + 0.18
W+jets 292 £ 0.72
Z~y 3.13 + 062
Total Background 13.1 =+ 1.5
WH 0611 + 0.084
ZH 0.159 £ 0.022
Total Signal 077 £ 0.11
Data 11

4

3.5

3

2.5

2

1.5

1

0.5

0

CDF Runll

AlISB-trilepNoZ

_[L:s.sm“

WH Signal (Z Removed): M, = 165 GeVic?

T

-1 -08 06 -04 -02 o] 0.2

04

Total
wi

06 038 1

NN Output

CDF Run II Preliminary

[L£=59f"

My = 165 GeV /c*

CDF Run II Preliminary

[L=59fh"

My = 165 GeV/c?

tt 0.067 £+ 0.030 tt 0.084 =+ 0.022
Wz 85 =+ 1.4 Wz 230 =+ 0.52
YA 3.97 £ 0.57 Z7 1.34 =+ 0.26
W +jets 51 =+ 1.3 Wjets L4 £+ 036
Zy 414 + 085 Zy 142 + 038
Total Background 218 + 2.7 Total Background 6.5 + 1.1
WH 0.0280 + 0.0046 WH 0.0085 + 0.0017
ZH 0.203 + 0.032 ZH 0491 + 0072
Total Signal 0231 + 0035 Total Signal 0500 + 0073
Data 26 Data 16
AlISB-trilepZ2j
AllSB-trilepZ1j
CDF Run Il J' L=59m" _CDF Run Il Preliminary IL= 591"
ZH Signal (Z Peak, NJet=1): M, = 165 GeVic® Motal 6 ZH(—> WW) M, =165 GeVic® Trilepton
mi L LI
7 zz C wz
g 50 %
6 —m x10 E —::ZaHkEWH)xm
s :é;;'o 4}._% Egvr::xx11oo
4 33_
3 B
2
2 r
1 . = _’;,_l_m
%08 05 04 02 0 02 04 06 05 1 “ 05 96 94 02 0 02 04 06 08 1
NN Output NN Output
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CDF H>WW Lepton + 1,4 Channels (e and p Channels)

CDF Run II Preliminary f L£L=59fh"! CDF Run II Preliminary fﬁ =59t
mpg = 160 GeV/c* mpy = 160 GeV/c*

dijet, v+ jet 1+ 22 dijet, 7+ jet 5 + 16
7 —TT 0.3 =+ 0.2 7 — TT 05 =+ 0.3
7 — 00 77 + 16 7 0l 411 + 6.2
Wjets 395 + 66 Wtjets 229 + 39
Wr 21 + 03 Wo 12 + 02
Diboson (WW, WZ, ZZ) 152 + 2.3 Diboson (WW, WZ, ZZ) 101 £ 1.5
tt 107 + 26 tt 48 + 09
Total Background 135 + 70 Total Background 291 =+ 43
99 — H 0677 + 0.085 99 — H 0.408 =+ 0.052
WH 0160 L 0022 WH 0.099 + 0.014
7H 0104 + 0014 ZH 0.063 + 0.009
VBF 0.059 + 0.009 VBE 0.036 + 0.006
Total Signal 1.000 + 0.089 Total Signal 0.606 + 0.055
Data 446 Data 205

p7 channel
er channel

CDF Run Il Preliminary I Ldt=59f" CDF Run Il Preliminary _[ Ldt=591f"
] — g
100/— et channel o data (59 2 " = ut channel e data(591")
B 77 20 x Hs ww i = 165 GeV/c? 20 x v ww
L m, = 165 GeV/c? Z Fmy= eVlic -
" - Drell-Yan 60 - Drell-Yan
80 [ wjet [ wHjet
Way 50 Way
I wwiwzizz B wwiwzizz
60 Cle 40 Cle

& total Bkg error EZZ] total Bkg error

30
40

20

20
10

||||||||||||||IIJ|\I\I‘I\I\|

,Il\llllll\llllll\

0.4 0.6 0.4
BDT output BDT output
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Two Techniques for Computing Limits

CL, (used by DO)
L(data s+ b,0)
L(data | b,0)

2InQ=LLR=-2In

2ol @ LEP
‘B —— Observed my, = 115 GeV/c?
=} ----- Expected for background
% 01l Expected for signal
- plus backgroun
)
N
= 0.08 7
E >
S 0.06 /
Qignal-like | /bkg-like

,,,,,, L. ... J
0-15 -10 -5 0 5 10 15

-2In(Q)

p-values:

CL, = P(-2InQ = -2InQ,,| b only)
Green area = CL_,, = P(-2InQ = -2InQ,, | s+b)
Yellow area = “1-CL,” = P(-2InQ=-2InQ,, | b only)

CL = CL,,/CL, > CL,,
Exclude at 95% CL if CL.<0.05
Vary runtil CL;=0.05 to get R,;,

Expected limits can be computed from
the distributions of -2InQ

0.95 = -2

are computed with

Bayesian (used by CDF)

L'(data|R) = f L(data | R.0)7(6)d6

Rip Using Joel Heinrich’s

[ L'(data| R)n(R)dR

“correlated”
f L'(data| R)w(R)dR
0

yield

n Il Preliminary, L=4.8 fb” Mean 0.4358

and Luc Demortier’s

prior —flat in the
accepted signal

301

20

pseudoexperiments

w2
1 1.5 2 25 3 3.5

Example: CDF
.
o t 165 GeV
CDF Run Il Preliminary, L=4.8 fb" :::fs 208
8 F RMS 0.4592
T | 1 | | 1 P PO 4957+ 1975.3
95 2 25 3 35 4 45 £60F Pl 0511300220
G*BRISM % p2 1798+ 0.259
Q - 3 ¥ + 0.
50 | Lp3s  3s96x0250
- h
s
Expected limits fao
X @ 40F
p S m, =165

.

c*BR/ISM



CDF Combined H2>WW Limits, ICHEP 2010

CDF Run Il Preliminary o
L=591b
............ - ==+ High Mass Expected -
I ] Hiah Mass £ 16
.................................?.... H.gh '.'Et%
©
=~
J. 10 B - S S S S SR S S
°\° USSR SR
m ....................................................
D) o s e
)l movrreveerreer v e —T——"~~~__zssrrwssworrseeeooreeeoees-wevororereevoen
e U T BN S
110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV)
High IMass 10 | 115 120 125 130 135 [ 140 | 145 150 155| 160 | 165 170 | 175 | 180 | 185 | 190 | 195 200
—a/asi 985 | 531 334 210| 169 | 134 112 | 096 | 083 | 0.70| 0.53 | 0.50 | 060 | 0.71 | 0.85 | 108 | 1.30 | 157 | 176
~lojosy 13.78 | 741| 469| 313|238 190 | 158 | 1.35 | 115 098 | .73 | 0.70 | 0.83 | 0.99 | 118 | 153 | 1.86 | 223 | 245
Median/osy | 10.90 | 10.59 | 6.74 | 4.50 | 3.42 | 2.74 | 228 | 1.95 | 1.67 | 1.40 | 1.05 | 1.00 [ 1.20 | 1.42 | 1.70 | 2.17 | 2.67 | 3.23 | 3.57
+lo/asy 2.02 | 1536 | 9.73| €57 | 498 | 395 | 3.33 | 2.83 | 241 | 202| 153| 147 | 1.75 | 2.05 | 240 | 3.20 | 383 | 472 516
20/, 0.5 | 2179|1383 | 9.11| 695 | 550 | 462 | 399 | 340 | 286 | 214| 2.07 | 248 | 290 | 355 | 4.51 | 555 | 667 | 7.35
Observed, agyy | 22.98 | 13.12 | 6.65 | 5.37 [ 4.10 | 3.13 | 2.68 | 223 | 2.51 | 1.74 | 1.32 [ 1.08 | 1.28 | 1.54 | 224 | 3.57 | 3.23 | 479 | 5.24
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CDF’s Low-Mass Searches

Lepton + MET + bb - Primarily WH—>Ivbb signal

MET + bb (veto leptons) -- Z->vv, but also WH—=>Ivbb

llbb Primarily ZH->1lbb

H2>Ttt+2 jets WH, ZH, ggH and VBF all included

What'’s not included: gg—>H—>bb: dominant production and decay, but gg—=>bb
is millions of times bigger.

N§ 12000 . coF i gata (584 po) 0 2 ook O 1S SO WO
8 N Best background ¢ ’. < 400F
S 100001 [Mzswowe  # %, B2
N R T We can see Z->bb in this last channel
@ 60005 wp T but the s/b is small and the Z production
- »wwwemwm e cross section is about 8000 pb instead of 1 pb
4000:_
2000 M
- -
) I ERINEN I S e

e PSP ARG CAL R Y e :
0 20 40 60 80 100 120 140 160 180 200
Dijet mass Mii (GeV/cz)



CDF’s Searches for WH=>Ivbb

» Select events with an identified lepton (e, mu, or isolated track), MET,
two or three jets, and one or more b-tags
 Divide search channels by b-tag category (one or two tags, loose and tight
b-taggers), lepton, and jet categories.
 Different signal and background contributions,
 Different s/b (better dijet mass resolution in double-tag events!)

 Different systematics

* Train separate neural networks/matrix element discriminants in each category

CDF Preliminary, L = 5.6 fb™

S
(=3
(=
=

Candidate Events

2000~

SVnoJP —— CDF Data
WH (115 GeV)
I single Top
tt
W+HF
I W+LF
B other
Uncertainty

W+5jets

W+2jets W+3jets W+4jets

Single b-tag

Candidate Events

CDF Preliminary, L = 5.6 fb"

SVJp

0
W+2jets W+3jets W+djets W+S5jets

Tight+Loose b-tag

Candidate Events

CDF Preliminary, L = 5.6 fb”
SVsV

2001

100}

0
W+2jets W+3jets W+4djets W+5jets

Two tight b-tags



CDF’s Searches for WH=>Ilvbb

Central Lepton

average, so better
relative resolution.

40

Central Lepton . E
ST4+ST P CDF Run Il Preliminary (5.7 fb") ST4+ST CDF Run Il Preliminary (5.7 tb™)
70F —e— Data .
N (=] m:w C Q'f,'é‘{! N N b_J et
70 - [ Z+jets o [ diboson(WW Wz zZ)
1 diboion(WW‘\:‘V)Z,ZZ) 60— [~ Sing:e top (t-cf;‘) tl
[ single top (t-c Single top (s-c —_—
N — s@emﬁis-cm C [— &"g plere energy corrections
w — 1t ‘ - B Wictle . . .
- — e 50¢ o similar width of m;,
- B L - —" gIH((111155:??X550 J
— = Higgs WH (115GeV)x 5 L = Higgs eV)x . .
s0p T R s o e for signal, but higher

30
30

20

LI B B

20F

1o Does not sculpt

10
- — 0 50 100 150 200 250 300 baCkground
0 50 100 150 200 250 300 Dijet mass (NN b-jet Energy corrected) (GeV/c?)
Dijet mass (GeV/c?) AN Leplon Types
ST4+ST CDF Run Il Preliminary (5.7 fb™)
NN Built out of (example, 10° ==
double-tight tag, two-jet events): . e 3-jet events use
— .
m;; — oy matrix-element
102 LF
P; Imbalance (+ flavor-separator)
M., (I+v+jet) 10 ‘ - discriminants
anlepton
Sum E;(loose jets)
P-(W)
HT 0 0102 03 04 05 06 0.7 0.8 09 1
BNN output (MH =115)
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The Top Two WH Events at m,,=115 GeV

Event : 365736 Run : 234754 EventTyps : DATA| Unpre=c: 32,33,34,3,354,36,5,37,6,38,3940,42,12.44,13 45,46,15, 16,17 49,18,50,20

Run 234754 Eve 365736

Hizsing Zt

Lt=55.8 phi=2.d I = — ——— e — Pacticlf

. ¥ pdg
List of Tracka 11
d Ft phi  eta /5:\ 13

- 22 15 0.1-0.3

cdf Tracks: Eirst 5 | 11 2.5 0.4-0.5
372 -85.7 -3.0 0.5 To lizt all pacticles
387 -10.8 -0.5 0.3 ListCdEPacticles ||
351 10.1 -0.9 0.0
352 8.3 -0.5 0.2 Jeta|R = 0.7): Eicat
03 7.1 -0.5 1.7 En Tot et phi et

1.0 85.5 3.3 0.
0.2 80.8 5.7 0.
0.3 58.7 0.4 -0.
To list all jets
ListCdEJaka | |

To select track type
SelectCdETrack( 1d)

vt Tracks: Eicst S
31 -180.8 3.3
? -10.5 5.7

u

o -5.7 0.5
3 5.2 03
L] 5.0 5.8

To select track type
SelectIvtIcvack(1d)

A Event : 17296825 Run: 264015 | Prescaled: 1,2,5,6,7,L1,12,13,14,16,24,27,28,29,31,34,45,49,60

This Was found as the most Higgs |ike eve nt at 1.9/ scaled: 1,2,3,5,6,7,L1,12,13,14,15,16,18,20,23 24,27,28,29,30,31,32,33 34 35,37,39,4 1 48 49,53 ,55 60
analysis (event display was blessed).

Mizsing Xt —_—
Et=55.1 phi=3.5 ] Packticles: Eicrat 3
. . I I — — pdg Pt phi  eta
ur r'e_ n S IS even 1 List of Tracks 1 — = 11 81,4 4.3 0.2
W pt phi  eta 13 18.3 0.5 0.1
- 13 8.8 0.5 0.1
CdE Tracks: Eirst § = § 11 7.1 2.0 -0.%
Y 93.2 -2.0 0.2 | \\\ 106.67 13 5.3 0.5 0.1
#3032 -2.0 0.2 { P 2\ To lizt all pacrticles
55 -93.7 -2.0 0.2 A\ ListCdEPacticles ||
52 -93.7 2.0 0.2 { \
0.2

385 91.3 =20 Eicat
Run 264015 Eve 17296825 I et ok e
SelectCdETrack(d) 1.0 3.8 3.3 0.
0.8 33.9 1.9 -0.
Svt Tracks: Eirst S To list all jeka
0.3 3.3 ListCdEJetbs ||
3 30.1 0.5
3 20.1 0.5
s 18.1 0.5
1 7.5 1.8

To zelect track type

SelectovtIrack(1d)




CDF’s MET+bb Search

* Events collected with a MET+jets trigger

« MET>50 GeV, 2 or 3 jets, one or two b-tags, lepton veto to be orthogonal to Ivbb
analysis

e Anti-QCD neural network to target dominant background — dijet events
with mismeasured MET (usually MET points along one of the jets, and
calorimeter MET and track MET are misaligned if it’s fake)

CDF Run II Preliminary, 5.7 fb™*

Process Excl. ST ST+ST ST+JP
Top Pair 381.1 + 46.4 89.7 £+ 13.0 76.7 £ 13.0
Single Top 136.4 £ 245 323 &+ 6.3 24.6 £ 5.3
Diboson 106.5 £ 17.3 14.2 +£ 2.6 124 4+ 2.5
Z+HF 399.7 +£129.6 32.7 £ 11.1 35.0 £ 12.3
W-+HF 1065.2 £ 356.0 49.7 4+ 17.4 68.5 + 24.9
Multi-jet 1108.0 4+ 113.8 43.5 + 9.7 120.3 £+ 13.3
Exp. Background 3196.9 + 501.8 262.2 + 33.5 337.7 £+ 42.0
Observed 3220 237 301

ZH — 1lbb  (mg =115 GeV) 0.3 =+ 0.02 0.2 £0.02 0.1 =4 0.02
WH — lvbb (mg =115GeV) 59 + 03 28 + 02 21 + 0.3
ZH — vvbb (mg =115GeV) 56 + 02 28 + 02 20 + 0.2




Events/0.20

CDF’s MET+bb Search

CDF Run II Preliminary, 5.7 fb”!

— T T T T T T T T T T T ——
800 | 1 T

i B Higgs 1S

i I Multijet ]

i I W+HF
600~ [ z+uF

i [l Diboson

i [ Single Top

B [l Top Pair
400~ — DATA
200

1 ©

2 -1 0 1
NNsig
CDF Run II Preliminary, 5.7 fb~!
Higgs mass (GeV)| VH limit, combined
Predicted Observed
100 RHT R R
105 3.2 oo 2.2
110 35 1t 23
115 4 18 2.3
120 48 1, 28
125 54 T332 38
130 6.7 132 4.7
135 9.3 3¢ 5.4
140 11.9 *39 7
145 18 721 104
150 32.5 1558 194

Events/0.20

CDF Run II Preliminary, 5.7 fb”!
T

T . : — — CDF Run II Preliminary, 5.7 fb’!
] | | o F T T T T I T T T T | T T T T | T =
- Bl tiges SSH{ A L , -
B - Multij T Q r R - Higgs SJ i
et 7] ..
601 B W HE 1 5 80+ I Multijet |
[0 Z+HE > I I W-+HF i
L 1 @ L 4
B I Diboson E L = f;‘:“: i
- [ Single Top 60— rooson |
[ Top Pair N [ Single Top
401 DATA N L [l Top Pair
i . . i » — DATA .
Signal (x10
2 Signal (10) 40 2222 Signal (x10)—
20 3
20
0
2 -1 0 1 0
NN -2 -1 0 1
sig NN

sig

CDF Run Il Preliminary, 5.7 fb™

= C

g - 68% Confidence interval

= B [ 95% Confidence interval

E P s Expected 95% C.L. limit

= - Observed 95% C.L. limit

=

(8]

= -

n

o

10 —
1 1 1 1 1 1 1 1 1 1 Il 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1
100 110 120 130 140 150

Higgs Mass (GeVic %)
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CDF’s lIbb Search

* High purity sample of Z2>ee, Z2uu + jets

* Technical challenge to loosen all the lepton ID requirements and calibrate
efficiencies and fake rates for loose lepton categories

» Special feature: No real MET in signal events (and most background events).
Use MET projections and a neural network to improve m,, resolution

* Low expected signal yield though (Br(Z—=2>1l) ~ 3%)

High S/VB Low S/VB
. ZH 07 £ 01 01 + 0.02
Example yield table: tt 99 + 15 44 + 07
Two tight b-tags ww 0.02 =+ 0.003 0 =+ 0.0
wz 01 + 0.02 0.03 + 0.004
_ zz 36 = 05 07 % 01
High s/b and low s/b ZoU+bb 221 + 92 46 = 1.9
indicate different Z—ll+cc 24 & 1.0 05 + 0.2
leoton ID categories Z-U+lf. 12 £ 02 05 x 0.1
P g fakes 09 £ 05 21 + 1.0
Total Bkg 403 + 94 127 + 2.3

Total Data 37 14




Three High s/b Candidates in the llbb Channels

Run, Event: 196170, 6577
Dijet Mass: 126.44 GeV/c?
Z Mass: 97.94 GeVjc?

N Jets: 2

MET: 10.12 GeVe=

CDF Run Il Preliminary
Dimuon Fvent

ZH NN: 0.94, t{NN: 8.5x10 °

S/B @ 115 GeVlc?: D.25

GeV/c

Run, Event: 229879, 3787664
Dijet Mass: 113.06 GeV/c?

Z Mass: 86.22 GeV/c?

N Jets: 2

MET: 8.52 GeV_

ZH NN: 0.95, tt NN: 8!
S/B @ 115 GeV/df 0/42

CDF Run Il Preliminary
Dimuon Event

1 ==

Vic

. =

s/b of each of these events:i®0:8 t@0:4:rches T Junk UMD/JHU 13 Oct 2010

Run, Event: 230010, 12199215
Dijet Mass: 115.98 GeV/c?

Z Mass: 92.75 GeV/c?
N Jets: 2

MET: 10.9 GeV
ZH NN: 0.96, tt ﬂﬁ: 3!
S/B @ 115 GeV/gf: O

CDF Run Il Preliminary
Dimuon Event

LEpto
41,

S|GeVv/c

Combination of Mainline ZH—1lbb Sub-Channels

4 data [ fake
o° [ Z+ce [ WW,ZZWZ
1 W z+ob [t
0 zar WZH (M, =115 GeV/c)

Number of Events

1()2 CDF Run Il Preliminary (5.7 fb™)
10
1
107
log, (S/B)
o 48



Higgs Boson Couplings to Photons

At one-loop, the Higgs boson couples to photons via a loop of charged particles:

vt
AWAYAWA ,+ AN NN "‘
f VVVV ’Y W >V VV V ’Y ~ N ~J ’Y
r.":..‘x‘) '.""J\' V1 ™~
"“»:':-' < > "'/" .'~~‘3
0 0 oD 0 S ‘o
h h L, S h S <
~ A A A A PE--;:;\ A A A ,v/.‘ |Vf\;..-4I - L"-v";'
f \/ "v" I'v"’ Il‘u" ’Y ‘,‘,"— !, I'\a" l'v" A\VAAV, ’Y - ’Y
W

If charged scalars exist, they would contribute as well. These diagrams lead to an effective

Lagrangian
et _ 9Ny pop g
hyy — L P ’
' 127mw
where 9
2 _m;
N, = E Nc-z'ez{ Fj(wl) ) Li=—%.
; m;

In the sum over loop particles z" of mass m;, N.; = 3 for quarks and 1 for color singlets,
e; is the electric charge in units of e and F)(x;) is the loop function corresponding to ith
particle (with spin 7). In the limit of z > 1,

,

1/4, j=0,
Fj(z) — < 1, j=1/2,
—21/4, j=1.

H. Haber, HCPSS 2008 \
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Number of Events

A New Diphoton Channel

* Uses triggers based on 2 or more EM clusters. Lower-energy threshold triggers
have isolation requirements, higher-energy triggers loosen this.
Single-photon triggers

* Photons are required to be central -- |n|<1.04

* |solation required — < 2 GeV of tracks pointing at a photon candidate and < 2 GeV
of non-photon candidate calorimeter energy

Limits for h— vy (5.4 fb™)

90— h— vy signal at M =120.0 = 90
C [ Signal scaled to expected limit (19.7 x SM) - P
80— — — —- Signal scaled to observed limit (22.8 x SM) 2 80— CDF Runll Pre"mmary
= —+— Data —~ E —=— Observed limit
70 % [ Background Model > 70E Expected limit Central Photons
= CDF Run Il Preliminary ?’ - [ 1 sigma region
60 = [ 2 sigma region
= -
T 50—
| E
X 40
©
30—
200 ’
10/
0 :I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1
130 100 110 120 130 140 150
M, GeV M,
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95% CL Limit/SM
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CDF Run Il Preliminary, <L> =
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95% CL Limit/SM

CDF Run Il Preliminary, <L> = 5.6-5.9 fb™
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Tevatron Run II Preliminary, <L.>=15.9 ™ Tevatron Run II Preliminary, <LL.> = 5.9 b

6 m200 B T T I T T | | S
&10 E T T T T ! ! E E | 2 /' |
g 2 ¢ Tevatron Data| , m,.=100 GeV/¢ i
§10 5| my=100 GeV/c = Background | o180 | H
= e Bl Signal ] = 160 | Signal+Background h
104} oo, July 19,2010 7 o : Background
N ° A ] g 140 | ¢ Tevatron Data s
107 ¢ ®e E — i o |
5 S ] =120 %
102} v : £ * HH
C ! 5100 | + o
10 | v M |
? t | 80 + |
L . 60 | e ]
-1 f ] i ]
10 ¢ E 40 | W ++ ]
2 B - I .""‘ ]
10} ! e ]
u 20 s +M July 19,2010 |
10 -3 L L | L | L | L || -_ 0 Al ] ] | —— - ] | L Lo ]
-4 -3 -2 -1 0 1 0 2 4 6 8 10 12 14 16 18 20
log,,(s/b) Integrated Expected Signal
T T rrrTTTTT T T I
§ 100 CISF + D(J Run II Pre]iminar?+_ Data-Background B
= L>=59 fb + [0 Signal ]
% 5ol _|—’_—|__| — =+l s.d.on Background;
LE E - -
0 H—T
i +
50 [] A4+ 1
r _L_l—l_ 1
o m, =100 GeV/c> ]
-100 1 | Ju]i[‘y 19,2010
| | L L L

4 35 3 25 2 15 1 05 0
log,,(s/b)



Tevatron Run II Preliminary, <L.> = 5.9 !

Tevatron Run II Preliminary, <L.> = 5.9 !
T S

2 7 ‘ ————— « 160 " 7
6 e Tevatron Data| i _ 2
§10 mH=115 GeV/c2 mm B_ackgroun d | §140 mH_l 15 GeV/c %
R10° g W Signal = AR Signal+Background
sl July 19,2010 ] 2120 | Background ]
10 e 00q0, E g I e Tevatron Data | M |
103 S, . ] =100 ‘ ]
. = | |
10%} g . = ! i
- S 80
10 | ’
Fet 60 :
1} - ]
-1 40 i
10 | y
2 ] 20
10 ¢ | 3 July 19, 2010
3t : ‘ ‘ ‘ ‘ ! ] 0 [ T . L ]
10 4 3 2 1 0 1 0 2 4 6 8 10 12 14
log, ,(s/b) Integrated Expected Signal
~ T T T HELE T T rET '_‘ P
S100 || | CDH+ DO Ryn 11 Prelimifary T~ Data-Background -
S 75 T LS b9t T 0 Signal E
w2 ]
)= - - — — =1 s.d. on Background
§ 50 |- groune 3
m 25 | § E
O P ———
_25 - -+ _,—I_'_ + _;
50 Bl T :J:_ £
el L 1 m, =115 GeV/c®
-100 July 19,2010
. [T N ' [ Ll NI BRSNS ST N S SR .

4 35 3 25 -2 -15 -1 -05 O
log,,(s/b)



Tevatron Run II Preliminary, <L> = 5.9 !

Tevatron Run II Preliminary, <> = 5.9 i1
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What These Look Like for a 5.00 Observation

(a) (b)
SD + MJ Combination 200 SD + MJ Combination '
210° « CDF Data " 2 * CDF Data '
g [single Top 15 5 ------- Signal + Background
>104 BBackground | > —— Background
11 w 150 -
810° X g ! o |
g 02 04 06 038 1 % ‘."
S .02 L
2 10 g 100
3510 5
O
1 50
10
10 0
-2 1.5 -1 -0.5 0 0.5 1 0 10 20 30 40 50 60 70

log,o(s/b) Integrated Expected Signal

Xiv:1004.1181 Accepted by PRD .
i CeERIEa Y CDF Single Top, 3.2 fb™
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Tevatron Correlated Systematic Uncertainties |

Total Systematic error count: 109 (not counting bin-by-bin errors)

Note: correlation in errors on backgrounds between experiments helps
sensitivity! One experiment is another experiment’s control sample.

Luminosity: 3.8% Correlated CDF and D@ o, (ppbar)
4.4% detector-specific

Diboson Cross Sections: WW, WZ and ZZ
Cross sections used (6% relative uncertainty)
Oww=12.4+0.7 pb

Oyw;=3.7%20.2 pb

O0,,=3.8+0.2 pb

ttbar Cross Section: Moch and Uwer, evaulated at
m,=172.4+1.2 GeV is 0,=7.794 with a 10% syst. assigned



Tevatron Correlated Systematic Uncertainties Il

Signal Cross Section uncertainties:
WH, ZH: +5%
gg—H: +23% (Weighted over the jet bins with different uncertainties)
VBF: + 10%

These uncertainties are treated like other systematic uncertainties, e.g.
acceptance uncertainties.

Applied to SM interpretations, but taken off for cross-section times branching
ratio limits.

CDF-DO@ Uncorrelated uncertainties: ™
K-factors (data driven) Correlated within
trigger efficiency CDF and. DO where
b-tag efficiency and mistags > appropriate
jet energy scale
lepton ID, fakes and conversions
MET modeling /




Steps Required for Combination

® Histograms and named rate and shape errors exchanged
e Check stacked histograms and systematic tables
with analysis documentation total counts:
data, signal, background
e look for bins with b=0 and have data events (bad!)
e Repeat individual channel limits -- compare against
approved results.
e Assess correlations on systematics

CDF and D@ teams each do three combinations, using Bayesian
and CL, techniques.

CDF

DO

Tevatron
Consistency at the better than 5% level required for all
combinations at all test masses. Take the Bayesian limits (a priori,

if for no reason than because we always have).



Looking for a Hint of a Signal

2InQ=LLR =-2In L(datals+bﬁ,9)
L(datalb,0)

5 B ﬂ o Tevatron RunII Prellmmary
—~ 15 +26 ---------------- o ------ <-L->- -5--9ﬂ) =h....
10 :_ O S SURRRRN
5 ....................................................................................

O ...............................
5

_IlllillllillllilllliIllliIIlIlI.I'IIIIIIIiIIIIilIll
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July 19, 2010 m,; (GeV)
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95% CL Limit/SM

Tevatron Observed and Expected Limits

Tevatron Run I1 Preliminary, <L>=591b"

L I IIIIIIIIIIIIIIII [ T T T ' llllllll | LI
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. #2c Expected - s ... R 4
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Bayesian

mH(GeV/c )

TevairopmiMy EiggnasRnch exp. SinkHMPAN 13096t 2010

Excluded regions:
158 < m, < 175 GeV
100 < m, <109 GeV
Expected Exclusion

(if no signal is present):

156 <m < 173 GeV
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L

-1

Analyzed Lumi/Exp. (fb

Tevatron Projected Performance

2xCDF Preliminary Projection

v
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0
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With Projected Improvements m, (GeV/cz)

We continue to improve our analyses
as well as collect more data.

Multivariate analyses are pretty much at their
limit: We now seek more acceptance, looser
requirements, new channels...

A Priori Expected Sensitivity ¢

2xCDF Preliminary Projection, m,;=115 GeV
I Y L E L B
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Luminosity [fb ']

significance
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PRL in February 2010

* Issues: not all input channels are final and published.
low-m,,, taus and trileptons (hew for Moriond 2010). Most low-mass channels
are newer and have more data than their last publications.

* Still want to publish the test of m;~2M,,. So publish three PRL’s, one from CDF,
one from DO, and one combining them, for all the OS+SS channels.

* On agreement of CDF and DO, produce a single author list sorted alphabetically.
1042 Authors! 132 Institutions!




February 2010 PRLs

Inclusive Search for Standard Model Higgs Boson Production in the WW Decay
Channel Using the CDF Il Detector

T. Aaltonen et al. (CDF Collaboration)

Phys. Rev. Lett. 104, 061803 (2010) — Published February 12, 2010

Search for Higgs Boson Production in Dilepton and Missing Energy Final States
with 5.4 fb! of pp Collisions at sgrt[s] =1.96 TeV

V. M. Abazov et al. (DO Collaboration)

Phys. Rev. Lett. 104, 061804 (2010) — Published February 12, 2010

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

T. Aaltonen et al. (CDF and DO Collaborations) 1042 Authors!

Phys. Rev. Lett. 104, 061802 (2010) — Published February 12, 2010




The February 2010 H>WW (well, IIMET really) Combination PRL
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Library or Other Institutional Use Prohibited Until 2015

R AR AR o T WA GG Bt
""" Expected
rrrrr - [ Expected £lc -
~ [1 Expected 26

L ‘ L L L L L L Il \7\7\\”1‘7\\”\ L L L
150 160 170 180 190 200
Higgs boson mass (GeV)

L L L L i L L L
130 140

Published by the

American Physical Society Volume 104, Number 6

physics

Articles published week ending 12 FEBRUARY 2010

We made the cover!

And we are the subject
of a Viewpoint article
by Klaus Monig

http://physics.aps.org/articles/v3/14
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Fourth Generation Analysis Strategy

* Not a straight-up model drawn on the same exclusion curve:
* o(gg—2>H) is enhanced by a factor of 9 (m,=100 GeV) to 7.5 (m,=300 GeV)

but WH, ZH, and VBF remain unchanged
* SM combination assumes SM mixture of gg—>H, WH, ZH, and VBF

* Strategy:
* Remove WH, ZH, and VBF signals, and retrain discriminants just for gg=>H

* Extend mass range 110<m_ <260 GeV (up to 300 GeV coming soon)
* Compute o(gg—>H) assuming enhancement factor from Tait, Plehn, Kribs
and Spannowsky’s HDECAY. Note: 2-loop EW piece does not get enhanced!

But the interference term does (but by only one power).
Waiting for a full NNLL calculation, but private communications indicate

we’re very close with this prescription.
* Set limits on o(gg—=>H) x Br (H2>WW). Draw theory curves on top
* Also produce a mass limit assuming theory and uncertainties treated the

same way as for the SM.

* Something to be careful about at high m: A®, no longer peaks at low

values for the signal. W’s are boosted!



Ay?

Fourth Generations Possible — Affects the
Precision EW Constraint on m,

6 July 2010 m =158 GaV
(5)
5 ) i Aty = i
. - 0.02758+0.00035
. "-,_ -=== 0.02749+0.00012
4 — % wee incl. low Q2 data —
3 ] ]
2 . -
1 . _—
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Four Generations and Higgs Physics
Kribs, Tait, Spannowsky, Plehn
Phys.Rev.D76:075016,2007.
arXiv:0706.3718 [hep-ph]
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Branching Ratio

Higgs Boson Decay Branching Fractions and Scenarios

ggH coupling is enhanced, so Br(H—>gg) is enhanced.

0
10 ; T l//) l\‘l__lhl__l__l_L_l—I—ll||ll||||l||l|l|||;

Branching Ratio BR(H)

SM (Spira)

Two Scenarios: “Infinite Mass: “ M(f,)=1 TeV,

1:

0.1}

0.01F

0.001F

0.0001

4G (Kribs, Tait, Plehn, Spannowsky)

Low-Mass: M(b,)=128 GeV, M(t,)=256 GeV,
M(l,)=100 GeV, M(v,)=80 GeV



Candidate Summaries in the gg—=>H Searches,
Summed over CDF+DO, all Channels

Bins sorted by s/b, and summed over all channels.
Signal normalized to the infinite-mass scenario
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Testing the Fourth-Generation “infinite-mass” scenario at m;=200 GeV



Background-Subtracted Data Distribution, with Signal
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Background model has been fit to the data and subtracted
Error on data — background is sqrt(background)
Blue histogram is the post-fit uncertainty on the background.
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Test of the Fourth Generation Hypothesis with m,

4 R B
: CDF+DO Run II Ppehmmary Expected L

D +2 S. d Expected 1

__________ __________ ; __________ : __________ _________ ilnl!\4G(lOW*maSS), ........ ‘
: 130<m 4<210 GeV (approx) § : ' : ’

o [E\ _ Bcludedassuminga4® Generation

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

95% C.L. Limit/4G(infinite-mass) Prediction

|, e
07120 140 160 180 200 220 240 260

m.(GeV)

arXiv:1005.3216 (2010),
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Multivariate Analyses and Mass Measurement

CDF Run Il Preliminary, L=4.6 b Jwwenz
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Leveraging our Rate Measurements to
Measure the Higgs Boson Mass

Assuming SM cross sections and branching fractions, measured rates are strong
functions of m,. Example at m, ;=115 GeV, assuming +3 sigma excess, and a median
outcome in both the bb,tt channels and the WW channels:

Tevatron Run Il Preliminary Projection

Tevatron Run Il Preliminary Projection
rrrTT T T T T T T T T T T T T T TTT T T tr rrrprrrrT T ol LA DAL L

T L L T T T T T
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— H-bb,t7
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m,=115 GeV

Accepted Cross Section x Branching Ratio (fb)

2 / m,=115 GeV .
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Accepted Cross Section x Branching Ratio (fb)

Lo l Ll Ll | P I
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Tau channels can contribute here, even with
less precise m,,. than the bb channels



What this looks like at all m, assuming getting the median SM outcome and have a
+3 sigma excess

H to bb, tautau channels
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Assumes: Same uncertainty on cross section times
b.r. for equal lumi and in bb+tt and WW channels
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LLR

Stirring it All Together — The LLR Test

= ‘ [ LLR, #lo
50 E_SM Higgs Conibination |:] LLR, ¥
40 : BZ!‘: U x2 lUjl:Lt d """""""""LLRb
30 = ==a= LLR .
LLR .
20 ;
10 S TR U o R R
0K o
-20 f. ....‘ 0"'.
30 F e
100 110 120 130 140 150 160 170 180 190 200
August 18,2010 my, (GeV)

Assuming observed and expected +3 sigma
excess, and median outcome. Resolution from
-2ALLR = Ax?2=1

Resolution at 115 GeV: +5 GeV
Resolution at 135 GeV: ~+10 GeV

LR, *1o
LR. .26

ro X2 Projected

60 " SM Higgs Combination

-40 -

v
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Summary

The Tevatron is working VERY WELL!
We congratulate the Beams Division for their achievements.

CDF and DO have vigorous Higgs boson search efforts

CDF and DO together exclude m,, between 158 and 175 GeV assuming the SM
And we expected to do that! (assuming a Higgs boson is truly not there).

CDF Sensitivity alone is at the SM level at m ;=165 GeV

CDF and DO together exclude m, between 130 and 210 GeV (approx)
assuming a fourth generation of heavy fermions exists

* CDF and DO hope to accumulate 10 to 12 fb! of data by the end of Run Il.
Possible run beyond 2011 would raise this number.



Backup Material




Parton Luminosities — Comparing 14 TeV LHC to

10 and 7 TeV LHC, 1 e
and the Tevatron F ratios of parton luminosities [f’/ i
- at 7 TeV LHC and Tevatron ,
1 L ————
[ ratios of parton luminosities 100 L
at7 TeV, 10 TeV and 14 TeV LHC 2
0.8 |- - =
——3qq 1 B
ke) ] £
e q =
E 0.6 - = 10 -
2 * :
= 04 - -
& : MSTW2008NLO
| 10’ 10° 10’
0.2 ) M, (GeV)

[ MSTW2008NLO
0.0 ra s aaal i o a s aaaal

2

Tevatron: 10 fb! analyzable/exp at

10° 1.96 TeV by end 2011. Asking for three
M, (GeV) more years.

LHC: 1 fb! per exp by end 2011.

Much more data and energy later
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Different PDF sets

MSTWO8 — fit all previous types of data. Most up-to-date Tevatron jet data. Not
most recent HERA combination of data. PDFs at , and

CTEQG6.6 — very similar. Not quite as up-to-date on Tevatron data. PDFs at
New — CT10 include HERA combination and more Tevatron data. Little changes.

NNPDF2.0 — include all except HERA jet data (not strong constraint) and heavy
flavour structure functions. Include HERA combined data. PDFs at

HERAPDF1.0 — based entirely on HERA inclusive structure functions, neutral and
charged current. Use combined data. PDFs at |0, and now

ABKMO9 - fit to DIS and fixed target Drell-Yan data. PDFs at and

GJRO8 — fit to DIS, fixed target Drell-Yan and Tevatron jet data. PDFs at
and

Use of HERA combined data instead of original data slight increase in quarks at low
= (depending on procedure).

Tevatron SM Higgs Searches T. Junk UMD/JHU 13 Oct 2010

82



November 2009 Combination (Low and High-mass) for HCP 2009

Tevatron Run Il Preliminary, L=2.0-5.4 fo

:x:r"!yllIIIIIIIllllIII|IIIIIII|IIIIII|IIII|IIII

___LEI?,_Echusmn Tevatron.. .. ]
Exclusmn

! Expected : :
10 ............ Qb‘ser_ve.d ............ S

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

'
........................

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

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

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

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

95% CL Limit/SM

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

l Nov?mber 6, 009

I L

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

v "',{/ Ll 1 L I I i I | I N I

does not include new WW trilepton or tau channels, CDF lumi=4.8 fb!
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Studies of Injecting a Signal at m,=115 GeV

CDF II Preliminary (5.7 fb)
| T T T [ T | : | ! |

* lvbb, METbb, and llbb
channels included

* Inject SM*1.0 signal at
m,=115 GeV on top of SM
backgrounds, and generate
pseudoexperiments with that.

* Analyze 115 signal+background
pseudoexperiments
at other test masses — 100 GeV
to 150 GeV

* Find the median expected limit
assuming signal is there (compute
it just as you would without the
signal) and compare ' '

--------- Expected Limits = 1o
107

- Expected Limits + 20

.................. Expected with Injected MH=1 15 GeV/c?

t/SM

11m1

10

95% CL L

. . . . L
with the distribution of limits assuming 100 110 120 130 140 1350
the signal is completely absent. nggS Mass (GBV/CZ)
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Ogw [%]

Comparing H—yy with gg—H coupling shifts

10 B ww  zz tt
8_— ) 6EW, light ferm.
B l}/’y T 6EW, light ferm., Fig.2 of first paper of Ref.[27]
6 . )/ 6EW, total, CM
] \F
o i
2
o e Coulomb singularity
N T not present in
21 SRR cast it ggH coupling
a -
-4 '._—l 1 L l L 1 L 1 l 1 1 1 L I L 1 L 1 l 1 L 1 l“‘ll 1 1 1 1 MOderated by rwand FZ
150 200 250 300 350 400 P
M, [GeV] 7
H
. Au oy
Passarino ";“:: )
//// J \AAM’\I’Y

Passarino, Zurich 2009
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Comparing Pythia Differential Distributions to NLO and Resummed Predictions
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Figure 1: On the left figure, we show the normalized transverse momentum distributions for
my = 160GeV and p = pr = pr = my using NNLO fixed-order perturbation theory and the re-
summed calculation of Ref. [56]. On the right figure, the same distribution is shown for MC@NLO,

PYTHIAS, and the calculation of Ref. [56].

Anastasiou, Dissertori, Grazzini, Stockli, and Webber 2009
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Cross Sections and Branching Fractions used for ICHEP 2010

muy Ogg—m|own | oz |over | B(H — bb)|B(H — c¢)|B(H — 777 )|B(H — WYW ™) |B(H — ZZ)|B(H — ~7)
(GeV/c®)| (fb) | (fb) | (fb) | (fb) (%) () (%) (%) (%) (%)
100 1861 1291.9(169.8| 99.5 80.33 3.542 7.920 1.052 0.1071 0.1505
105 1618 [248.41145.9| 93.3 78.57 3.463 7.821 2.307 0.2035 0.1689
110 1413 1212.01125.7| 87.1 75.90 3.343 7.622 4.585 0.4160 0.1870
115 1240 [181.9|108.9|79.07 71.95 3.169 7.288 8.268 0.8298 0.2029
120 1093 [156.4] 94.4 | 71.65 66.49 2.927 6.789 13.64 1.527 0.2148
125 967 |135.1| 82.3 |67.37 59.48 2.617 6.120 20.78 2.549 0.2204
130 858 [116.9] 71.9 | 62.5 51.18 2.252 5.305 29.43 3.858 0.2182
135 764 1101.5| 63.0 | 57.65 42.15 1.854 4.400 39.10 5.319 0.2077
140 682 | 88.3 | 55.3 | 52.59 33.04 1.453 3.472 49.16 6.715 0.1897
145 611 77.0 | 48.7 149.15 24.45 1.075 2.585 59.15 7.771 0.1653
150 Hh48 | 67.3 | 42.9 | 45.67 16.71 0.7345 1.778 68.91 8.143 0.1357
155 492 5&.9 | 37.9 142.19 9.88 0.4341 1.057 78.92 7.297 0.09997
160 439 50.8 | 33.1 | 38.59 3.74 0.1646 0.403 90.48 4.185 0.05365
165 389 | 44.6 | 30.0 | 36.09 1.29 0.05667 0.140 95.91 2.216 0.02330
170 349 40.2 | 26.6 | 33.58 0.854 0.03753 0.093 96.39 2.351 0.01598
175 314 35.6 | 23.7 | 31.11 0.663 0.02910 0.073 95.81 3.204 0.01236
180 283 | 31.4 | 21.1 | 28.57 0.535 0.02349 0.059 93.25 5.937 0.01024
185 255 | 28.2 | 18.9 | 26.81 0.415 0.01823 0.046 84.50 14.86 0.008128
190 231 25.1 | 17.0 | 24.88 0.340 0.01490 0.038 78.70 20.77 0.006774
195 210 2241 15.3 23 0.292 0.01281 0.033 75.88 23.66 0.005919
200 192 20.0 | 13.7 | 21.19 0.257 0.01128 0.029 74.26 25.33 0.005285

ggH: Grazzini and de Florian; Anastasiou, Boughezal, Petriello
WH, ZH: Baglio and Djouadi (June 2010, update in hep-ph Sep. 2010 came too late,

even though we knew about it a few weeks before ICHEP by e-mail)
VBF: MCFM
Branching Fractions: Spira’s HDECAY v.3.53 (April 2010)




