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Introduction

e Consider charged Higgs (H*) production in association
with tb and decay in dilepton channel

 Aim is to provide limits on this production and decay by
using variables from reconstructing H* using boosted
decision trees (BDTs) and neutrino weighting
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Introduction

e Why 2ZHDM?
- In supersymmetric models, one Higgs doublet cannot
give mass to both charge 2/3 and -1/3 type quarks

- Could be useful in explaining baryon asymmetry due to
the flexibility of the mass spectrum and the possibility
of additional sources of CP violation
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Introduction

e Extend the SM by adding a second iso-doublet that
transforms under SU(2)xU(1), such that there are 8 fields

o After spontaneous symmetry breaking, there are two vacuum
expectations values (vev), v, and v,

e W and Z bosons ‘eat’ the 3 Goldstone
bosons

 Leaves 5 physical scalars, which are :
the Higgs bosons Ve

e Ratio of thevevsisan v« 7 N~
Important parameter: >\ij e
v]. Re(¢)
tan 8 = —
U2
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Introduction

e Alignment limit ~ frrrmremmmemmmsosmsosemeooees

sin(f — a) = 1 /7' """" '\T/’ -----

Mixing angle in Mixing angle Ig
CP-even sector CP-even sector

 Heavy Higgs bosons are taken to be degenerate in this
study.
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Cross section

 H* production cross-section is much smaller than the SM
e BR(H*—tb) dominates across all masses
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Monte Carlo samples

e Use MadGraph, Pythiab and Delphes software to
simulate hard-scatter, showering and detector effects
respectively

e Signal samples:
- my: = {300, 400, 500, 600, 700, 800, 900} GeV
- tanB = {2, 5, 10, 15, 30, 60}

e Background samples:
- ttbb
- ttce
- ttll, (I = u,d, s)
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Analysis steps
e Apply kinematic cuts:

. 2 LEPTONS i: 24 JETS !
: pr > 20 GeV : E pr > 30 GeV :
: n| < 2.5 - In| < 2.4 :
E my > 12 GeV E 1 > 2 b-tagged jets E
: |mu—mz| > 10 GeV Sesessssssssesssnssend .
5 ARy > 0.4 L1 EP > 40 GeV

e Match jets to truth-level b-partons using AR < 0.4 requirement

e Reconstruct event using:
- Reconstruction BDT to select the correct jet permutation
- Neutrino weighting to calculate the two neutrino 4-vectors

o Separate charged Higgs signal from background with a
classification BDT and set limits on the process
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Reconstruction BDT

For each event in H* sample:

4 SELECTED JETS

'

ASSIGN RANDOM
ORIGIN TO EACH JET

VARIABLES
prt Apr(ba,be)  phetle pite
e An(babe)  pbatbe  pttbe

Eb  Am(by,be)  Ehatbe  pltba
Mbabe AR(bg,be)

a,c={tH,t,H, g}, a#c
l={e" e ,u",n"}

REPEAT FOR ALL POSSIBLE ORIGIN-JET

SIGNAL BACKGROUND L pbe Ad(ba, be) Ghatbe  githe
COMBINATIONS 5
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Reconstruction BDT

e Separation improves with increasing mass
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Neutrino weighting

 Neutrino weighting is a method to reconstruct the neutrino
4-vectors that has previously been used in tt.

e This is the first time neutrino weighting has been used in ttbb
final state.

e How is this done?
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Neutrino weighting

e How is this done? Let’s look at simple tt event first.

mass mass
PPy P, > 7= 1, L PPy P,
W~ W
mass — t_ t _|_ mass
o, p, p, /2 V [ P, P, P,
y > o > y
mass o mass
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Neutrino weighting

e How is this done? Let’s look at simple tt event first.

eSS K3asS
Py Py Py D7 P, P, P,

B 1%
- +
o, p, p, /2 V [ P, P, P,
y > o > y
ase — —
o, P, P, b b P, P, P,
Yy Yy
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Neutrino weighting

e How is this done? Let’s look at simple tt event first.

eSS eSS

RePPz > 71— v P« Py P
— +

eSS _ W - W + eSS

P, Py P 4 t t l DpefReip=

x Py z > ° > y Iz

Byfie=P7 Re=97 P,
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Neutrino weighting

e How is this done? Let’s look at simple ¢t event first.

@Aass eSS
=197 [~ 1/ Py Py P,
W= T
aaass 5 ZT 4 44 l_|_ Laass
Py Py P . . . =7
Rt 3 kinematic constraints from PP
masses of W and top
Set value for top mass
l Neutrino n distribution
Choose n for both neutrinos [ described by Gaussian weakly
l dependent on top mass

Fully constrained system
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Neutrino weighting

e How is this done? Let’s look at simple ¢t event first.

2esS 2esS

aleter=i97 [~ 1) N Bt es
— +

2prez /Y Lot I aepre
Fully constrained system

!

Smear top mass input according to width, and solve for
neutrino rapidities to obtain the neutrino 4-vectors

:

Compare with measured ET™S and assign weight for
each smear - take maximum weight as solution
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Neutrino weighting

« Back to the ttbb final state, as there are more jets we use the
result of the reconstruction BDT

- Know which permutation of jets gives the correct by, by and
by.
o Use by and by in neutrino weighting calculation to fully
reconstruct H=*.
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Reconstruction efficiency
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Classification BDT

» Use a second BDT to separate signal from the tt + jets
background

5 VARIABLES :

: A¢(tH7 t) AR(b].7 tl) maX(wrecoBDT) :

v Ap(basbe)  AR(ty,t)  H=etn :

| E Aé(by, bg) AR(by. by mz.;ibijI’ i, j giving min(AR) :

e The variables that rank AN AR b m?ngmbi”; :
. : y minim = 1
highest are: v An(ba,bc) b 03Ot :

: An(bHabg) Hr :

my: = 300 GeV, tang = 2 LR, o= {tH.1}, c={H.g) |

et e L L LI | - [y L L L L

g 0.009 : Q045 3 o o Signal E

N 0.008 = S 04 3 o Background :
= 2 I = E N
2 o007 1Lz oss T < EES
Z 0.006 42 = o3 = - i
= 0.005 1 T 025 3z € ER
0.004 = P 0.2 43 4 ds
i< i<s i<
0.003 1z 0.15 15 3 15
0.002 ¢ E X7) E K
1% 0.1 13 2 13
0.001 4= 0.05 4= 1 4=
I i is
0 = 0 > 0 >
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Minv_Higgs DR_bH_bg MaxBDTWeight
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Classification BDT

» Use a second BDT to separate signal from the tt + jets
background

. [
: VARIABLES 5
1
L AG(tn ) ARG #)  masenn) :
L Adbabe)  AR(ty,t) bt :
N mp,p, for i, j giving min(AR) !
* The variables that rank o) ARG ) '
L ANt t) AR b)) mingm, )
. - 1 1

highest are: v Anlba,be) b c0s O, :
I An(bH, b ) .
v, Hr :
myz = 900 GeV, tan = 2 t Hr/) E b, a={tHt}, c={H,g} .
1 v 1

§0'003 ,,,,_; gOOOQS:—IIIII—? %ZSZ: e B L B i B B
%0.0025 3 '§ % 0.002 F - § % | §
i 13 2 : 15 2 oo0s S
= 0.002 EN =0.0015 | 43 T ooos 3
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i< 0.001[ —1s =
0.001 E ;'.; : E 5;; 0.002 ﬁ
0.0005 =H 0:0005 EH 0.001 2
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Classification BDT

e Again, separation improves with increasing mass
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Limit-setting VERY PRELIMINARY

e Use CLs method to place limits on signal cross-sections
at a luminosity of 150 fb-]

tanB = 2 tanB = 60

§ T | T T T T | T T T T | T T T T T § . T T T T T T T T T T T T T | T T T T | T T T T | T T T T T
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Summary

* Using MC samples, charged Higgs bosons have been
successfully reconstructed using neutrino weighting
and BDT methods.

A BDT was used to separate signal from the SM
background. The separation increases with increasing
mass.

e Successfully reconstructed events in this channel.
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Backup
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Input variables to reconstruction BDT

Input variable: Pt_HcJet
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Input variable: Eta_gJet
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300 GeV, tanB =2

Input variable: Pt_tHcJet
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Input variable: Eta_HcJet
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Input variable: Eta_tJet
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Input variables to reconstruction BDT
e Mmy: = 300 GeV, tanB =2

Input variable: E_HcJet Input variable: E_tHcJet Input variable: E_tJet Input variable: dPtPair_HcJet_gJet
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Input variables to reconstruction BDT

Input variable: dEtaPair_HcJet_gJet
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300 GeV, tanB =2

Input variable: dEtaPair_tHcJet_tJet
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Input variable: dEtaPair_tHcJet_gJet
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Input variable: dPhiPair_HcJet_tJet
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Input variable: dMPair_HcJet_tHcJet
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Input variable: dPhiPair_HcJet_gJet
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Input variable: dMPair_HcJet_tJet
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Input variables to reconstruction BDT

Input variable: dMPair_HcJet_gJet
1 1 1 1 1

0.07
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

0 20 40 60
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Input variable: dMPair_tJet_gJet

0.07
0.06
0.05
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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-60
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dMPair_tJet_gJet

Input variable: dRPair_tHcJet_tJet
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dRPair_tHcJet_tJet

Emily Orgill

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

300 GeV, tanB =2

Input variable: dMPair_tHcJet_tJet
1 1 1 1 1

0.08
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(1/N) dN/ 3.21
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40 60
dMPair_tHcJet_tJet

Input variable: dRPair_HcJet_tHcJet
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Input variable: dRPair_tHcJet_gJet

(1/N) dN/0.136

1 2 3 4 5
dRPair_tHcJet_gJet

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

0.0)%/ (0.0, 0.0)%

U/O-flow (S,B): (0.0,

Input variable: dMPair_tHcJet_gJet
1 1 1 1 1
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0.06
0.05
0.04
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0.03
0.02
0.01

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

20 40 60
dMPair_tHcJet_gJet

Input variable: dRPair_HcJet_tJet

(1/N) dN/0.136

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

1 2 3 4 5
dRPair_HcJet_tJet

Input variable: PtPair_HcJet_tHcJet
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0.005
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0.003
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0.001

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

100 200 300 400 500 600 700
PtPair_HcJet_tHcJet
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Input variable: dPtPair_HcJet_gJet
1 1 1 1 1

0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

(1/N) dN / 33.4

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

1
200 400 600
dPtPair_HcJet_gJet
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0.006
0.005
0.004
0.003
0.002
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0

0—600 -400 -200

(1/N) dN/ 33.7

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

200 400 600
dPtPair_tJet_gJet

Input variable: PtPair_HcJet_tJet

0.008
0.007
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0.005
0.004
0.003
0.002
0.001

-600 -400 200 O

(1/N) dN/ 15.9

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

100

200 300 400 500 600

PtPair_HcJet_tJet
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Input variables to reconstruction BDT

Input variable: PtPair_HcJet_gJet
] 1 1 1 1

0.007

3

0.006

0.005

(1/N) dN/ 18

0.004
0.003
0.002

0.001

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

100 200 300 400 500 600 700
PtPair_HcJet_gJet

Input variable: PtPair_tJet_gJet
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0.006
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0.001

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

100 200 300 400 500 600 700
PtPair_tJet_gJet

Input variable: EtaPair_tHcJet_tJet
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Emily Orgill

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

300 GeV, tanB =2

Input variable: PtPair_tHcJet_tJet
1 1 1 1

0.009
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0.004
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

100

200 300 400 500 600

PtPair_tHcJet_tJet

nput variable: EtaPair_HcJet_tHcJet

03 M B e e e e
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0.15
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0.05

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%
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Input variable: EtaPair_tHcJet_gJet

o 025[T T T T T T T T ]
< [ ]
2 o2fF 3
=z [ ]
© L o
‘Z_ 015 -
01f .
0.05F -

ok ]

0 2 4 6
EtaPair_tHcJet_gJet

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

Input variable: PtPair_tHcJet_gJet
] 1 1 1 1
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0.007
0.006

(1/N) dN/ 18

0.005
0.004
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0.002
0.001
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

100 200 300 400 500 600 700
PtPair_tHcJet_gJet

Input variable: EtaPair_HcJet_tJet
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nput variable: PhiPair_HcJet_tHcJet

(1/N) dN / 0.161

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

-3 -2 -1 0 1 2 3
PhiPair_HcJet_tHcJet
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

Input variable: EtaPair_HcJet_gJet
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Input variable: EtaPair_tJet_gJet
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Input variable: PhiPair_HcJet_tJet

(1/N) dN / 0.161
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PhiPair_HcJet_tJet

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)% U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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Input variables to reconstruction BDT

Input variable: PhiPair_HcJet_gJet
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Input variable: PhiPair_tJet_gJet
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Input variable: EPair_tHcJet_tJet
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.1)%
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Emily Orgill

300 GeV, tanB =2

Input variable: PhiPair_tHcJet_tJet
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Input variable: EPair_HcJet_tHcJet
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.1)%
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Input variable: EPair_tHcJet_gJet
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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EPair_tHcJet_gJet

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

Input variable: PhiPair_tHcJet_gJet
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Input variable: EPair_HcJet_tJet

™ 0.004
<
< 0.0035
pd
B 0.003
P

=0.0025
0.002
0.0015
0.001
0.0005
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Input variable: Minv_HcJet_PosLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.1)%

Input variable: EPair_HcJet_gJet
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Input variable: EPair_tJet_gJet
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%
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Input variable: Minv_tHcJet_PosLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.1)%
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Input variables to reconstruction BDT

Input variable: Minv_tJet_PoslLep
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.1)%
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Input variable: Minv_tHcJet_NeglLep
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Input variable: PtPair_tHcJet_PosLep
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Emily Orgill

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

300 GeV, tanB =2

Input variable: Minv_gJet_PosLep
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Input variable: Minv_tJet_NeglLep
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Input variable: PtPair_tJet_PoslLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

Input variable: Minv_HcJet_NeglLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.1)%
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Minv_HcJet_NeglLep

Input variable: Minv_gJet_NeglLep
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nput variable: PtPair_HcJet_NeglLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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nput variable: PtPair_HcJet_PoslLep
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0.005

(1/N) dN/ 16

0.004
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

300 400 500 600
PtPair_HcJet_PosLep

Input variable: PtPair_gJet_PoslLep

0.008

100 200

0.007
0.006
0.005
0.004

(1/N) dN/ 17.7

0.003
0.002
0.001
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Input variable: PtPair_tHcJet_NegLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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PtPair_tHcJet_NeglLep
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Input variables to reconstruction BDT

Input variable: PtPair_tJet_NeglLep
1 1 1 1
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Input variable: EtaPair_tHcJet_PosLep
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Input variable: EtaPair_tHcJet_NeglLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)% U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

300 GeV, tanB =2

Input variable: PtPair_gJet_NeglLep
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Input variable: EtaPair_tJet_PosLep
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Input variable: EtaPair_tJet_NegLep

8 025 -_ ] 1 1 1 1 1 1 _-
) i ]
o - o
= o02fF .
° C ]
Z i ]
= 015F ]
01 -

0.05 F 3

0 8

6 4 =2 0 2 4 6
EtaPair_tJet_NeglLep

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

500 600 700

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

Input variable: EtaPair_HcJet_PosLep
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Input variable: EtaPair_gJet_PosLep
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Input variable: PhiPair_HcJet_PosLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

Input variable: EtaPair_HcJet_NeglLep
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Input variable: PhiPair_tHcJet_PosLep
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)% U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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Input variables to reconstruction BDT

Input variable: PhiPair_tJet_PosLep
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U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%
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nput variable: EPair_tHcJet_PosLep
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.1)%
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Emily Orgill

300 GeV, tanB =2

Input variable: PhiPair_gJet_PosLep
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Input variable: EPair_tJet_PosLep
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= 300 GeV, tanB = 2

Linear correlation coefficients in %
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= 300 GeV, tanB =2

Linear correlation coefficients in %
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e ROC curves

Myt = 300 GeV

My= = 900 GeV

Emily Orqill
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Classification BDT: Difference between tan at my+ = 900 GeV

e Why is the separation different for tanp = 2 and tanp = 607?

tanB = 60
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e Difference seems to arise from the reconstruction BDT
weight.

e Need to look further into this.
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