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ttH Production

¢ Special: Top-Higgs Yukawa Coupling

m Also large contributions in loop processes
H (e.9.99 — H,H — vv)
— Coupling disguised by other contributions

m Special for ttH: Direct access to the
top-Higgs Yukawa coupling

Challenging: Search

m Predicted by SM, but not yet sensitive
for discovery
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a Higgs production channel with very
small cross section

® Dominating background processes

131?[Te1/‘]‘
13 TeV: ~4 times higher cross section compared to 8 TeV
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Final State Particle Decays

tt Decay: Semileptonic
m Hadronic top decay:
Large branching fraction & background

Higgs BR + Iotal Uncert

m Leptonic top decay:
Small branching fraction & background

-
S
e

Semileptonic tt decay: Compromise
between clean signature and good statistics

-4l LA - P P P,
108 00 120 140 160 180 200
M, [GeV]

Higgs Decay: H — bb

a Largest branching fraction at
a Overwhelming background in
hadron collisions
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Semileptonic ttH(H — bb) Event Topology

Decay Signature

a Four bottom quarks
(Higgs boson and top quarks)

a Two light quarks
(hadronic W boson)

a Charged lepton + MET
(leptonic W boson)
Resulting challenges:

a Dominating irreducible background
processes (tt(+bb) production)

@ Many Final state particles
— Combinatorial problem in event
reconstruction

ttHBDT Analysis Boosted Topologies

September 30, 2015

4/21



ttH(H — bb) Analysis

@ Event selection
a Single lepton
@ Event categorization based on

a Jet multiplicity
a b-tag multiplicity

CMS private work

o 10°gm T T T T T
c —— ttH(bb) x 30 (280.4)
g (s=13TeV, [ ti+l (137832)
w Ldt=10fb" [ tt+cT (24557)
108 [ ti+b (7033)
B (2D (2884)
168 [ ti+bb (3437)
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Analysis Categories
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Events

Vs =13Tev E g::'é%ht
150 IL dt=101" b

26 jets, =24 b-tag -tE+29
100 I tt+bb

— ttH x 20

50

-04 -0.2 0 0.2 0.4
BDT discriminant

@ Event reconstruction

a Assign jets to decay products
m Minimize x? based on
particle masses

@ Final BDTs:

a Discriminate ttH against
backgrounds

a Separately trained for each
category
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Boosted Semileptonic ttH(H — bb) Event Topology

Plehn, Salam, Spannowsky (2009): Boosted kinematic regime
Analysis of events containing top quarks and Higgs bosons with large
transverse momenta \eplonic top

But Why?

® Production of three heavy particles
— Small phase space

a Heavy particles only moderately
boosted

CMS private work
T LR B

T T T T
MC Powheg + Pythia —— Higgs (ttH) g Sti ” -

—— hadronic top (ttH)E

Normalized
o
b=
8

a For ttH high pr particles occur

m more often compared to tt
a alot more compared to QCD,
Electro-Weak

— Background reduction

—— hadronic top (tf) E

0 100 200 300 400 500 600 700 800
p.
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Boosted Semileptonic ttH(H — bb) Event Topology

\VZ

a Massive particles pass momentum

to decay products i | v 77b E
] Dece_ly pr.olducts are collimated i '\W/‘ & i
— Simplified reconstruction : * ) |
Approach: = | e - i
m Cluster decay products with large = i @ i
distance parameters — fat jet i :
a Analyze jet substructure with i g‘ ;
dedicated algorithms i \7v\ i
a Combine information for ; é‘\qb E
identification of rksand TTTTTTTTTTTTTTTTTTUARS
Ciagsvoson A
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Decay Products Distance

a Distance of decay products
a Eff. AR: Hadronic top quark
(upper left)
a AR: Higgs boson
(bottom right)

m Differential in massive particle

momentum

v b by b b b b b
% 100 200 300 400 500 600 700 800
Pt(TopHad)

m Distance required to cluster
decay products into one jet

a Based on MC particle level
information

m Larger distances for hadronic
top due to higher mass

Dr(B1,B2)

1 1 1 1 1 1
100 200 300 400 500 600 700 800
Pt(Higgs)
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Boosted Hadronic Top Reconstruction

Fat Jets

a Cambridge-Aachen algorithm R = 1.5

Subjet Finding 1/

a HEP Top Tagger Algorithm

a Declustering of fat jets >
m Subijet finding based on mass drop 2 \
m Subsequent jet grooming

m Returns three subjets assigned to
hadronic top decay products

Additional Substructure Information

m N-Subjettiness

S
RS AVAS)

m Optimal R
m Groomed jet masses
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Boosted Hadronic Top Identification

Identification based on continuous discriminators for later optimization

Cut Based Discriminators

a Standard HEP Top Tagger (HEP):
Cuts on invariant masses of subjet
combinations

a b-tagging HEP Top Tagger (HEPCSV):
HEP Top Tagger with b-tagging subjet
assignment

CMS private work

! ! | ! ! !
4 05 06 07 08 09 1
Signal Efficiency

T
01 02 03 O

ttHBDT Analysis Boosted Topologies

o Multivariate Discriminators

08 -06 -04 -02 0 02 04 06 08
BDTG response

2 w Likelihood Top Tagger:

£ [—rep Based on HEP-Top-Tagger variables
3 % |—HEPCSV

2 [ |— Likelihood m BDT Top Tagger (BDT_Std):

@ ' |—BDT_Std BDT trained on substructure variables
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Boosted Higgs Reconstruction

Fat Jets

a Cambridge-Aachen algorithm R = 1.2

Subjet Finding

m Subijet Filterjet Algorithm

m Declustering of fat jets

m Subjet finding based on mass drop

a Subsequent jet grooming

m Returns an arbitrary number of subjets

Additional Substructure Information
a N-Subjettiness

a Groomed jet masses
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Boosted Higgs Identification

Future Improvements
® Increase fat jet cone size

m CMS Higgs Tagger being
developed
m Double secondary vertex
reconstruction
a N-Subjettiness
m Groomed masses

ttHBDT Analysis Boosted Topologies

Normalized

Higgs Discriminator

m Second highest b-tagging output value
among filtered subjets

a Higgs mass unused — final BDT

a 8 TeV studies — improvement by MVA
Higgs Tagger

[ MC Truth

—— fake higgs

—— true higgs
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Event Selection Double Boosted Category

ma Exactly one selected lepton m One selected Higgs candidate
a One selected hadronic top
candidate
Lepton Selection (e/p)
a pr > 30GeV a pr > 200GeV
m n <241 m || <20
m Isolated m Select Higgs jet with highest

Higgs identification value

Had. Top Candidate Selection a Removing of overlap with

® pr > 200GeV hadronic top candidate:

® ] <20  Distance to hadronic top

: N candidate AR > 1.5
a Select top jet with highest top a No sharing|of subjets with

identification value hadronic top candidate
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Event Selection Performance
Full Event selection except for the cuts on the discriminator values

Performance Analysis

m Performance evaluated for all

: combinations of

: a Higgs discriminator cut

. a Hadronic top discriminator cut
i ® Analyzed for ttH (signal) and

o tt (main background)

-1 08 06 04 02 0 02 04 06 08 1
Top Tagger Cut

Signal Efficiency
CMsS

private work

Higgs Tagger Cut

Benchmark variables

a Signal selection efficiency

Background Efgciéencyt )
a Background selection efficiency
m Signal over background (S/B)

= Signal Significance (S/v/B)

a Event reconstruction efficiency

Higgs Tagger Cut

0*1 -08 06 04 02 0 02 04 06 08 1 °
Top Tagger Cut
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Event Selection Optimization

2.1 Receiver Operating Characteristics
(ROCs)
m Selection performance analysis for
each cut combination

N
T

09995

Background Rejection Efficiency

o
| © 1
© 3 ©
8 @ 8
@ & S

g m Various cut combinations with same
N O TN signal efficiency — Broad ROC space

Signal Efficiency

Signal Efficiency
CMS private work

Selection Optimization
m Search for best performing cuts

Higgs Tagger Cut

0.9
0.8
0.7
0.6

a Choose cut combination with
lowest background efficiency for gi
given signal efficiency 03
— Continuous line in two ‘;‘2

dimensional cut space 0 o

-1 -08 06 04 02 0 02 04 06 08 1
Top Tagger Cut
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Boosted Event Selection Working Point

a Working points close to line of best cuts deliver best performance
a Choice of working point ambiguous — Optimization for best limits

Example: High Purity Working Point

a Top Identification Value > —0.53 a Higgs Identification Value > 0.96

Signal Efficiency

CMS private work

Signal Eff. Background Eff. S/B S/v/B
0.00170 0.00004 0.014 0.26

o o
o o

iggs Tagger Cut
o e
> 3

H
°

a Signal efficiency = 40 times higher than
background efficiency

o o oo
S5 oo &

o

Top Rec. Eff.  Higgs Rec. Eff.  Event Rec. Eff. CT08 %05 04 9% 0 0z 04 08 06 1
69% 57% 45% P

m Very high reconstruction efficiency compared to standard analysis (=~ 20 %)
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Event Categorization

m Boosted category covers phase space with only few events

a Reconstruction of events not resolved by standard jet analysis

a Combination of boosted analysis category with standard analysis
categories

CMS private work
T T
—— tiH(bb) x 30 (280.7)
|| li+| (1(37903))
= i [ tt+cC (24565

I Ldt=101b [ ti+b (7035)
I ti+2b (2893)
B t+bb (3439)

. CM§ private work
—— {tH(bb) x 30 (280.4)
[ ti+ (137832)
I ti+cT (24557)
B f+b (7033)
W (i+2b (2884)
B (+bb (3437)

(s=13TeV,

Events
Events

0
4J2T 5J2T 6J2T 4J3T 5J3T 6J3T 4J4T 5J4T 6J4T Boost
Analysis Categories

4J2T 5J2T 6J2T 4J3T 5J3T 6J3T 4J4T 5)4T 6J4T
Analysis Categories

m Boosted event category overlaps with standard analysis categories
a Assign overlapping events to boosted category
— Better reconstruction efficiency
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Event Yields
Expected event yields for [ £ dt = 10fb~":

Boosted category features CMS private work

o 1T T T T T T
: H = —— ttH(bb) x 30 (280.7)
a Signal event yields S L,y =13TeV, @ ti+l (137903)
m e I tf+ce (24565)
comparable to 1o J"— dt=10fb @ ti+b (7035)
; B (+2b (2893)
standard categories - 105 (3439)

a Large fraction of
selected background
from tt + light flavor

10*
10°

m Comparably strong e
10

tf + bB baCkgrOund 4J2T 5J2T 6J2T 4J3T 5J3T 6J3T 4J4T 5J4T 6J4T Boost
. Analysis Categories
suppression

m Large tt + 2b background contribution

m Radiated bb pair merged into one jet
a Very likely to fake boosted Higgs boson
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Background Discrimination

CMS private work

§ ol Gowre | o
g ILm:m{ul — s [ ] F.urth'er. bagkgrouqd
— discrimination achieved by

B ti+bb (45.6) . ]
m Additional selection cuts

a Final BDTs

m Variables benefit from high
reconstruction efficiency

0 50 100 150 200 250 300
Tri-filterjet mass of Higgs-candidate [GeV/c?]

iable Examples

m Event reconstruction variables:
Mass of reconstructed Higgs 60

CMS private work
T T T

Events
©
o

candidate (upper plot) o
m Std. jet b-tagging variables: ig I 0D (45.6)
Average b-tagging output of all 10
standard jets (rlght p|0t) 0T 02 03 04 05 06 07 08 09 1

Average CSV anti-kt 4 jets
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Conclusion

Subsequent Analysis Steps

Training of final BDT, fit, limit calculation and optimization in progress

The boosted ttH analysis features:

a Boosted jet reconstruction specialized on
ttH search

| eptonic top

a Optimized selection for signatures with a
boosted Higgs boson and a boosted
hadronic top

m High reconstruction efficiency brings
further background discrimination

Outlook

a MVA Higgs tagger a Additional boosted categories

hadronic top

m Larger cone size a Full analysis
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The End

Thank you for your attention!

Sources:

a V. Khachatryan et al. [CMS Collaboration], “Search for the associated
production of the Higgs boson with a top-quark pair’, JHEP 1409
(2014) 087

a T. Plehn, G. P. Salam and M. Spannowsky, “Fat Jets for a Light
Higgs”, Phys. Rev. Lett. 104 (2010) 111801

m CMS Collaboration, “Boosted Top Jet Tagging at CMS,”
CMS-PAS-JME-13-007

a D. E. Kaplan, K. Rehermann, M. D. Schwartz and B. Tweedie, “Top
Tagging: A Method for Identifying Boosted Hadronically Decaying Top
Quarks”, Phys. Rev. Lett. 101 (2008) 142001
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Backup
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Analysis Strategy

1. Clustering of fat jet collections:

m Separate jet collections for top and Higgs identification
— Algorithms tailored to top/Higgs decay kinematics

a Independently clustered from all particles

2. Event categorization based on boosted object selections:

a Double boosted category Bo_?;;ed

— boosted Higgs & top candidate no

yes

v

a Single boosted top categories [Boosted Boosted
. . . Hi Hi
— boosted top candidate & anti-k7 jets i i
no yes no yes
a Single boosted Higgs categories T Double
— boosted Higgs candidate & anti-kr jets | \categoryJ | (Category
.. . Non- Singl
3. Training of BDT against background processes Boosted Top
Category Category

4. Fit to data and limit calculation
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Event Yields

Expected event yields for £ = 10fb~":

43t 44t 53t 5j>4t  >62t  >6j3t  >6>4t  Boost
Tt 218 26 319 76 55.0 45.9 16.7 49

tt+1f 44048 351 24285 360 168429 14353 318 18438
tt+b 5785 159 5797 339 12656 5120  47.7 26.7
tt+bb 2320 222 3829 828 7206  579.7 2086  38.0
tt+2b 2579 92 2792 176 6036 3436 355 45.6
tt + cc 964.3 171 944.7 29.7 5682.5 999.9 67.3 57.7
Totalbkg 64375 995 46150 199.8 251152 38705 3909 3528

Boosted Category yields comparable with 4 jet 4 b-tag category:

a Much more tt + light flavor background
— Can be separated from signal by also taking anti-kt b-tagging
information into account

m Less tt + bb background

a More tt + 2b backgound — Merged b jets misidentified as Higgs

m Small signal overlap with best performing categories
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September 30, 2015

24/21



Selection Performance 1

Signal Efficiency Background Efficiency
CMS CMS private work

Higgs Tagger Cut
Higgs Tagger Cut

%1 08 06 04 02 0 02 04 06 08 1

Top Tagger Cut

Q1 08 06 04 02 0 02 04 06 08 1

Top Tagger Cut

Signal Over Background

Signal Significance
CMS private work

CMS private work

Higgs Tagger Cut
Higgs Tagger Cut

ql -08 06 04 02 0 02 04 06 08 1

Top Tagger Cut

o*1 -08 06 04 02 0 02 04 06 08 1

Top Tagger Cut
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Selection Performance 2

Top Reconstruction Efficiency
CMS private work

Higgs Reconstruction Efficiency
CMS private work

0.7

0.6

0.5

Higgs Tagger Cut
Higgs Tagger Cut

0.4
0.3
0.2

0.1
%1 08 06 04 02 0 02 04 06 08 1

-1 -08 -06 04 02 0 02 04 06 08 1 °
Top Tagger Cut

Top Tagger Cut
Top & Higgs Reconstructlon Efficiency
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Higgs Tagger Cut

%1 08 06 04 02 0 02 04 06 08 1

Top Tagger Cut
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