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Outline

Higgs Status and H → bb̄ Motivation

Jets beyond (E, η, φ): Color Superstructure

Color Connection Primer
QCD radiation between and within jets
DØ Data on Higgs and Top and atlas work

Multivariate Kinematics+Color

New kinematic observables
Ranking observables
Combining observables (multivariate Boosted Decision Trees)
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Standard Model Higgs: Hints and Bounds

LEP Precision Electroweak
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Higgs at LHC

Production at LHC Decay Branching Ratios
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Improve search for H → bb̄ associated with a Z/W for mH ≈ 120 GeV.
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Higgs + Z

Kinematic variables to distinguish signal from background somewhat...

Good ones are pHT , ∆ηbb̄, ∆φbb̄, ...

Higgs Signal
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Full multivariate treatment after a long interlude...
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Color Connections in e+e− Coliders

Long History: ‘String Effect’ or ‘Drag Effect’ on planar events:

e+e− →

Gluons are treated as a colinear qq̄ pair with different colors...
... equivalent up to 1/N2

C corrections
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An Unexploited Handle for Higgs

Higgs Signal

bs form color singlet
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An Unexploited Handle for Higgs

Higgs Signal

bs form color singlet

Z + bb̄ QCD Background

bs color connected to beams
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Showering Same Hard Event Millions of Times
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Showering Same Hard Event Millions of Times

Higgs
example:

∆ηbb̄ = 1
∆φbb̄ = 2

Add up pT in
each cell:
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Signal vs Background Accumulated ET

Higgs:

xx
Background:

xx
But event-by-event?
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Higgs+Z Signal Event Example
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Z + bb̄ Background Event Example
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Probability that a GeV of pT somewhere is from Higgs

Higgs:

Background:
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Probability that a GeV of pT somewhere is from Higgs

Higgs:

Background:

→
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Mean y   3.139
RMS x     1.8
RMS y   1.822

accumulated all Pt weight - notZ

Important discrimination isn’t at jet
center — it’s ∆R ≈ 0.5− 1.5 away.
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Focus on Jets Themselves — Pull

Signal Accumulated pt Background Accumulated pt
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Pull

Add up particles or calorimeter energy deposits within a jet:

Pull Vector ~m =
∑

i∈jet

piT |ri|
pjetT

~ri where ~ri ≡ (yi − yjet, φi − φjet)

Jason Gallicchio (UC Davis) Higgs and Jet Color-Connections 27 September 2011 14 / 49



Pull

Add up particles or calorimeter energy deposits within a jet:

Pull Vector ~m =
∑

i∈jet

piT |ri|
pjetT

~ri where ~ri ≡ (yi − yjet, φi − φjet)

Angle of moment ~m gives “pointing” direction of teardrop

Length of moment |~m| doesn’t help much
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Different Shower Programs, Same Event

θm

signal

all backgrounds

toward other jet

pythia6

pythia8

herwig++

−π π
0

0

Distribution of the pull angle (one b-jet) with ∆ybb̄ = 1 and ∆φbb̄ = 2
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Pull Angle w.r.t. where it Should Point

Signal Accumulated pt Background Accumulated pt

Signal pull: α =
√

α2
1 + α2

2 Background pull: β =
√

β2
1 + β2

2
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Pull Distributions for Full Z+Higgs Search
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Pull in DØ Data for (background to) ZH → bb̄νν̄!

α1 |α1|
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DØ Note 6087-CONF Aug 2010, Andy Haas: ZH → bb̄νν̄
(data consistent with flat background)

Andy claims 5% improvement in multivariate search
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Validating Pull through Semileptonic tt̄

The two b jets are color-connected to
the beam (like Z + bb̄ background
earlier)

The two light quark jets from W are
color-connected to each other
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Validating Pull through Semileptonic tt̄

The two b jets are color-connected to
the beam (like Z + bb̄ background
earlier)

The two light quark jets from W are
color-connected to each other

Test QCD and the Monte Carlos:

Given b tags and clean top sample, what
do the pulls look like?
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tt̄ Event Example 1
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tt̄ Event Example 2
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tt̄ Pull in DØ Data!

DØ Andy Haas, Yvonne Peters, arXiv:1101.0648v1 [hep-ex] Jan 2011
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tt̄ Pull in DØ Data!

tt̄Jets:

 for w-pair jetsrel
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tt̄ Pull in DØ Data!

tt̄Jets:

 for w-pair jetsrel
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W looks like a color singlet, not octet
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W looks like a color singlet, not octet

fSinglet = 0.56 ± 0.36(stat) ± 0.22(syst)
... or exclude fSinglet = 0 to three standard deviations
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Improvements and Atlas Plans

Measure W ’s fSinglet to 10% at Atlas (DØ got 40%)
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Improvements and Atlas Plans

Measure W ’s fSinglet to 10% at Atlas (DØ got 40%)

tt̄ cross section × acceptance at Atlas is 25x to 80x Tevatron

Better calorimeter, tracking, and calo/track matching

Use true boost-invariant jet rapidity (not pseudo-rapidity)

Take into account primary vertex location (affects pT and rapidity)

Use pull in ZH and in tt̄H searches

(This is a way to measure color of new particles!)
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Part 2

Improving the H → bb̄ search

arXiv:1010.3698 with theorists Matt Schwartz and Brock Tweedie
and Atlas people: Michael Kagan, John Huth, and Kevin Black.
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Higgs Window

Higgs Invariant Mass mbb̄ using anti-kT R=0.5 jets
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ZH signal (solid blue) and Zbb̄ background.
Normalized to same area (or you couldn’t even see signal.)

Pick initial window: 90GeV < mbb̄ < 124GeV(justified later)
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LHC and TVT cross sections for ZH and QCD

LHC (14 TeV) Tevatron (1.96 TeV)

Integrated Luminosity,
∫

L 30 fb−1 10 fb−1

pp → ZH pp → Zbb̄ pp̄ → ZH pp̄ → Zbb̄

Xsec times Branching Ratio 33.4 fb 57,200 fb 3.63 fb 1250 fb

After Generator-Level Cuts 31.5 fb 26,000 fb 3.40 fb 570 fb

Two b Tags % (of Gen-Level) 57% 25% 81% 25%

Higgs Window % (of Gen-Level) 40% 4% 52% 3%

Initiated by gg 0% 90% 0% 27%

Xsec (in Higgs Window) 12.3 fb 1100 fb 1.8 fb 14.9 fb

Events (Xsec ×
∫

L ) 370 33,700 18 149

Starting B/S 91.1 8.2

Starting S/
√
B 2.02 1.47

hard-parton level cuts detector level cuts

pbT > 7 GeV pbT > 15 GeV
pµT > 3 GeV pµT > 6 GeV
peT > 3 GeV peT > 20 GeV (LHC), 10 GeV (Tevatron)

|ηb| < 5 and |ηℓ| < 5 |ηb| < 2.5 and |ηℓ| < 2.5
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Standard Kinematic Variables
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All In Higgs Mass-Window: 90GeV < mbb̄ < 124GeV(and equal area)
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Twist Cartoon

Twist τ = π/2 Twist τ = 0

Higgs-Like QCD-Like
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Twist Distributions

Parton level with no cuts Jet level with detector cuts
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Higgs Rest Frame: Helicity and Azilicity

b

b̄

H boost direction

Z direction

beam

φa

θh
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Higgs Rest Frame: Helicity and Azilicity

Madgraph hard partons with no cuts:
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Menu-Method Variables: ‘One from Column A...’
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How to Evaluate a Variable?

How do we pick the most useful variables?

We want to find clean variables that can be used for separation.

Jason Gallicchio (UC Davis) Higgs and Jet Color-Connections 27 September 2011 36 / 49



Background vs Signal Efficiency “ROC Curve”
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Signal Over Background Improvement
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Significance Improvement

σ ≡ S√
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2D Likelihood
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2D Likelihood
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Boosted Decision Trees
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Boosted Decision Trees
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Tevatron ZH improvements, up to 10 variables
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Correlations Among Best group of 10
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Tevatron Improvement
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Conclusions

Results:

Tevatron Searches can be Improved 10% to 20%

LHC’s current “boosted Higgs” can be improved as much as 200%
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Conclusions

Results:

Tevatron Searches can be Improved 10% to 20%

LHC’s current “boosted Higgs” can be improved as much as 200%

Take Aways:

Color-Connections and Jet Pull

Ranking Variables (significance improvement)

Boosted Decision Trees are not mysterious

Correlated variables still provide improvement

Thank You
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Backups

...

Jason Gallicchio (UC Davis) Higgs and Jet Color-Connections 27 September 2011 47 / 49



CDF and DØ Variables

CDF ZH DØ ZH CDF WH DØ WH
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Our Top Variables: (group length in - group

length out)LHC ZH LHC WH TVT ZH TVT WH
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