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m Higgs Status and H — bb Motivation
m Jets beyond (E,n, ¢): Color Superstructure

m Color Connection Primer
m QCD radiation between and within jets
m D® Data on Higgs and Top and ATLAS work

m Multivariate Kinematics+Color

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

LEP Precision Electroweak
LHC POSSlblhtleS 2011
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Higgs at LHC

Production at LHC Decay Branching Ratios
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Higgs at LHC

Productlon at LHC
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Higgs + Z

Kinematic variables to distinguish signal from background somewhat...

Good ones are p¥ , Anyp, Adyg, -

Higgs Signal
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Color Connections in eTe~ Coliders

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

€

q
Gluons are treated as a colinear qq pair with different colors...
. equivalent up to 1/N2 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 Z + bb QCD Background

bs form color singlet 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

+TT
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Showering Same Hard Event Millions of Times

+TT

Higgs
example:

=)

ﬁ\\\\\\\\\\\\\\\\\\\\\\\\
‘-.,AJ T T T T T T

A%E =1
A%E =2

Add up pr in
each cell:
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Signal vs Background Accumulated Erp

Higgs: Background:
6~ 6~
of— of—
2 2
s =
T T T e I O R Tt

But event-by-event?
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Higgs+Z Signal Event Example
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7 + bb Background Event Example
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Probability that a GeV of pr somewhere is from Higgs
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Probability that a GeV of pr somewhere is from Higgs

Higgs:
k=
£ ’ accumulated all Pt weight - notZ | vz
3715
o E Meanx 0.0137
= 6 Mean y
i E RMS x
E E RMS y
E N
B B B R R af- Iy
il
— r
o ]
x -
0 A
o
Important discrimination isn’t at jet
B e e T center — it’'s AR =~ 0.5 — 1.5 away.
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Focus on Jets Themselves — Pull

Signal Accumulated py Background Accumulated py
T =
o o
L T B T e e e I R
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Add up particles or calorimeter energy deposits within a jet:

Pull Vector m

licchio

(UC Dav

Ad o E =
"w
-1
v v b e by |
-1 0 1 2
An
PriTil o o
Z T]LtZ’ T where 7 = (Yi — Yjet, i — Bjet)

i€jet pr
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Add up particles or calorimeter energy deposits within a jet:

Ad o i i
"w
-1
IO TS Y T NIRRT |
-1 0 1 2
An
Pull Vect Prlril - h 7 = (Yi — Yiet, b — b
ull Vector i = » e T where 7 = (Yi — Yjer, Gi — Djet)
i€jet %78

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

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

Call backgrounds HERWIG++

PYTHIAG

—— PYTHIAS8

toward other jet

- 0 ™

Om

Distribution of the pull angle (one b-jet) with Ay,; = 1 and Ag¢y; = 2
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Pull Angle w.r.t. where it Should Point

Signal Accumulated py Background Accumulated py
T =
0; o;
- B e B e e e e B N N

VBt + 63

Signal pull: o = /a3 + a3 Background pull: g =
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Pull Distributions for Full Z+Higgs Search

‘ pull of high-p b jet ‘al ‘pull of low-pr b jet: ‘ch ‘ pull signal-distance: |«
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Pull in D@ Data for (background to) ZH — bbuv!

(03] |061|

i fet: Analysis sample (pre-bta
pull of high-pr b jet: oy x10 : ly i pl ‘ (p! Ig)

Events / 0.05
N

TR
R
S
Spsesetet™
B

1 ZH->nunubb

0 05 1

1.5 2 25 3
Color Phi for Leading Jet

D® Note 6087-CONF Aug 2010, Andy Haas: ZH — bbvi
(data consistent with flat background)

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

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

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

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

m 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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tt Event Example 1
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tt Event Example 2
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tt Pull in DO Data!
k

e

T

e

M

D@ Andy Haas, Yvonne Peters, arXiv:1101.0648v1 [hep-ex| Jan 2011
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tt Pull in DO Data!

ttJets:

80ED@, L=5.3 fb * =
-

Nevent

Data x?/ndf: 0.95
tt

Neven(

Il Other
I W+jets
B Multijets

D@, L=5.3fb *

s Multijets —+—

15 2 25 3

8¢, for w-pair jets

15 2 25 3
€2, for b-pair jets
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tt Pull in DO Data!

ttJets:

80ED@, L=5.3 fb * =
-

Il Other
I W+jets
B Multijets

Data x?/ndf: 0.95
tt

Nevent
Neven(

D@, L=5.3fb *

s Multijets —+—

15 2 25 3

8¢, for w-pair jets

1 15 2 25 3
€2, for b-pair jets

@, L=5.3 fp *—=— Data x?/ndf: 1.08
-

tt
Il Other
i W+jets
I Multijets
——

1 15 2 25 3
g, for leading-p _ w-pair jet

W + 2jets (no b tags, so not from top):

(UC Davis)




W looks like a color singlet, not octet

g 1 Data
g D@, L=5.3fb" -~
z oL Singlet
70 B=t—r ---- Octet
L I
60 Il Other
50 B g ) W+ijets
40 B Multijets
30
o0 ER,
10

0 0.5 1 15 2 2.5 3
Minimum relative jet pull ©

Jason Gallicchio (UC Davis) Higgs and Jet -Connections 27 September 2011 24 / 49



W looks like a color singlet, not octet

g ! 5
Ea :DQ L=5.3 fb
]
= 08
= i
n_ =
E .
0.6
6.4 68% C.L.
I 95% C.L.
&k 99% C.L.
0 | ol
D -1 0 1 2 3
Measured fs.
inglet

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

m Measure W’s fginglet to 10% at ATLAS (DO got 40%)
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Improvements and ATLAS Plans

Measure W’s fgingles to 10% at ATLAS (DO got 40%)
tt cross section x 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 pr and rapidity)
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Improvements and ATLAS Plans

Measure W’s fgingles to 10% at ATLAS (DO got 40%)

tt cross section x acceptance at ATLAS is 25x to 80x Tevatron

[
[

m Better calorimeter, tracking, and calo/track matching

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

Take into account primary vertex location (affects pr and rapidity)
m Use pull in ZH and in ttH searches

(This is a way to measure color of new particles!)
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Improving the H — bb search

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

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



Higgs Window

Higgs Invariant Mass my; using anti-k7 R=0.5 jets

3
]

B H
£y @ =)
L B B B B B

IS

N

P e
200 250 300

Z H signal (solid blue) and Zbb background.
Normalized to same area (or you couldn’t even see signal.)

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

LHC (14 TeV) Tevatron (1.96 TeV)
Integrated Luminosity, [.% 30 fo ! 10 b1
pp—> ZH | pp— Zbb | pp — ZH | pp — Zbb
Xsec times Branching Ratio 33.4 tb 57,200 fb 3.63 tb 1250 fb
After Generator-Level Cuts 31.5 fb 26,000 fb 3.40 b 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 b 1100 fb 1.8 tb 14.9 tb
Events (Xsec x [.%) 370 33,700 18 149
Starting B/S 91.1 8.2
Starting S/vVB 2.02 1.47

hard-parton level cuts detector level cuts

Py > 7 GeV p5 > 15 GeV
ph >3 GeV ph > 6 GeV
pTr > 3 GeV p7 > 20 GeV (LHC), 10 GeV (Tevatron)

|ms| < 5 and |ne] < 5 || < 2.5 and |ne| < 2.5

Jason Gallicchio (UC Davis) Higgs and Jet -Connections 27 September 2011
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Twist Cartoon

Twist 7= 7/2 Twist 7 =0

N/
Beam \V‘ Beam
L]

Higgs-Like QCD-Like
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Parton level with no cuts
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Higgs Rest Frame: Helicity and Azilicity

H boost direction
/

U

(=l

Z direction
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Helicity and Azilicity

Madgraph hard partons with no cuts:
H Frame cos(0y,) helicity angle H Frame ¢, azilicity angle
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Showered and reconstructed, with detector cuts:
H Frame cos(0y,) helicity angle H Frame ¢, azilicity angle

KRS i
2000656205




RT3
I
2K ,N:'t‘f':

a.o.g,»,:,:,:::;_

XX
s
LR

'a?

(arbitrary, equal area)

O 4N W H g o»
0%
::0

o

w3

o

©

©

z 2 s
g P
=

=

£

z

2

&

o

SOeve%s
XXX
R

CM frame cos(6,,) helicit;



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.

: >
Sliding Cut
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Background vs Signal Efficiency “ROC Curve”

| LHC HZ : Signal and Background Efficiencies |
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Signal Over Background Improvement

cut
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Significance Improvement,
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2D Likelihood
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2D Likelihood

A

Background

fF A

2
T T P e e T

T

(I B B N W Fe|
3

Op1,01

I I VAN A A N |
-3

Ob1,01

(UC Da

40 / 49



2D Likelihood
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Boosted Decision Trees

Root
node
/ \
Xi > cl xi <cl

« ~

VRN VAR

Xj>c2 Xxj<c2 Xj>c3 xj<c3

4 N 4 N

B

S S
/ \

xk>c4 xk<ca

12 \
B S
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Boosted Decision Trees

-3 -2

[ BD1 256

6f
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Tevatron ZH improvements, up to 10 variables

| TVT HZ : Significance |
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Correlations Among Best group of
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Tevatron Improvement

TVT HZ : Significance
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Conclusions

Results:
m Tevatron Searches can be Improved 10% to 20%

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

Results:
m Tevatron Searches can be Improved 10% to 20%

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

Take Aways:
m Color-Connections and Jet Pull
m Ranking Variables (significance improvement)
m Boosted Decision Trees are not mysterious

m Correlated variables still provide improvement

Thank You
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CDF and D@ Variables

CDF ZH DO ZH CDF WH DO WH
My}
n
Mg _ br
Mpp pg“l ;ribrl;lbbalance Eb2
vy PF - ARy,
plj’? ARy oL Adyy
A MW b2
s ARyt p- . ’ Ay
% ARzp o D iz
Hr CM cos 0y Vz[),T p7W
Sphericity°?- | PH %T 3
Hr T ARw
H,
CM cos by

Jason Gallicchio
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Our Top Variables:

GROUP LENGTH IN - GROUP

LHC ZH LHC WH TVT ZH TVT WH
1-10  |pr| + P77
1-3 Ang b1 ~b2
12 Ayme 110 Aywn 1'18 |§T [Jr i
24 |7 = PP 20 BRI IPR] T A 110 Ayw
3-5 Ay, 1-2 CM cos g 10 ¢ Zist 1-2 CM cos 0
4 Dyzu 24 Ddere 210 Cv(ventr;?tk 210 Algre
410 |pFI+ PPl 27 Twist 75 2_3 52| Y 310 Hp™
410 myn 3-10  Twist Tp4,] 3‘10 pTH 8 410 Anbi )
4-9  Sphericity | 3-10 prim. 3' 0 pzu o 410 ApLt
59  Xyzum 4-10 pull B 3:10 Ir)n 4-10  pull o
59  Syzm 46 Adwis as CO:’;Q 410 pull B
5-9 XYz.b1 510 mwpi 2 7-10  avg. subj. 1
obj. (Z Frame) kr g
5-10 X 9-10  mw,p2 . (R.E=0.
v ’ 5-8 glI‘th gv2 SU?;%
5-10 pull « 6-10 ARmp2 610  aneul. A=0-01 7-10 s /p¥
6-10  girth gy 510 angul A[ mg b 2 gy i
— -, - b2
6-10 pull B> 510 [P | — 1pr Torool 810 mwm
—0.b0 9-10 angul. Abl ’
810 angul. A, 8-9 pull 910 Ady
9-10  pull B bb
9-10 | | + |7
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