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Motivation e

In the Standard Model, FCNC top decays are strongly suppressed

CKM+GIM):
(CKM+GIM) BR(t — cv) ~ 5- 1071

BR(t - cZ) ~ 1-107%
BR(t — cg) ~ 5-107%2
BR(t — ch) ~ 3.107%°
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CKM+GIM):
(CKM+GIM) BR(t — cv) ~ 5- 1071

BR(t - cZ) ~ 1-107%
BR(t — cg) ~ 5-107%2
BR(t — ch) ~ 3.107%°
Decay t—> ¢ h is most interesting: LHC (ATLAS 2016):
@ well constrained kinematics BR(t — ch) < 0.46%

o test of Higgs boson couplings

@ seems to be most difficult for LHC
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(CKM+GIM) BR(t — cv) ~ 5- 1071

BR(t - cZ) ~ 1-107%
BR(t — cg) ~ 5-107%2
BR(t — ch) ~ 3.107%°
Decay t— c h is most interesting: Estimated HL-LHC reach:
@ well constrained kinematics (Snowmass 2013/ATLAS 2016)
o test of Higgs boson couplings BR(t — qh) ~ 2- 10"

@ seems to be most difficult for LHC
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Motivation e

In the Standard Model, FCNC top decays are strongly suppressed

CKM+GIM):
(CKM+GIM) BR(t — cv) ~ 5- 1071

BR(t - cZ) ~ 1-107%
BR(t — cg) ~ 5-107%2
BR(t — ch) ~ 3.107%°

Decay t— c h is most interesting:
o well constrained kinematics
o test of Higgs boson couplings

@ seems to be most difficult for LHC

Two Higgs Doublet Model (2HDM) as a test scenario:
@ one of simplest extensions of the SM

@ large enhancement both on tree and loop level possible
BR(t — c h) up to 1072 and 10—, respectively
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Collider

Compact Linear Collider

drive beams @
these electron beams provide the RF power to the main accelerators

sy i s N

electron mair/| accelerator Slectrons positrons positron mair/| accelerator
main beams
Conceptual Design (CDR) presented in 2012 CERN-2012-007

@ high gradient, two-beam acceleration scheme

@ staged implementation plan with c.m.s energy from 380 GeV to 3 TeV
o footprint of 11 to 50 km

@ e~ polarisation, e™ polarisation as possible upgrade

@ ongoing R&D and large-scale system tests
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Detector Requirements

Benchmark reaction
Jet reconstruction and jet ete” — tt — 6j
energy measurement based '

on “Particle Flow" concept

Single particle reconstruction/ID % %
= high calorimeter granularity
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Detector Requirements

Benchmark reaction
Jet reconstruction and jet ete” — tt — 6j
energy measurement based '

on “Particle Flow" concept

Single particle reconstruction/ID % %
= high calorimeter granularity

Best possible jet energy estimate
= precise momentum measurement

Very efficient flavour tagging
= high precision vertex detector
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Experiments i

Detector Requirements

o @ ey Benchmark reaction
Jet reconstruction and jet 1 19/’ ete” wtt—4j+/+v
energy measurement based (?\
on “Particle Flow" concept o

Single particle reconstruction/ID ~ * o
= high calorimeter granularity

Best possible jet energy estimate
= precise momentum measurement

Very efficient flavour tagging
= high precision vertex detector

Missing energy measurement
= hermecity
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Experiments S

Detector Requirements

e Track momentum resolution: o7/, <5-107> GeV~!
@ Impact parameter resolution: o4 < 5um @ 10um plsiS%
@ Jet energy resolution: og/E =3 — 4% (highest jet energies)

@ Hermecity: O, =5 mrad

Three detailed detector concepts:

CLIC-ILD CLIC-SiD

L
u ™
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Detector Requirements

e Track momentum resolution: o7/, <5-107> GeV~!

@ Impact parameter resolution: o4 < 5um @ 10um plsifl;if/\{@
@ Jet energy resolution: og/E =3 — 4% (highest jet energies)
@ Hermecity: O, =5 mrad

Three detailed detector concepts:

CLIC-ILD CLIC-SiD CLIC 2016

u ™
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Running scenarios =

CLIC running scenario
Assume three construction stages (each 5 to 7 years of running)

e /s =380 GeV with 500 fb~! 4 100 fb~! at tf threshold
selected as an optimal choice for precision Higgs and top physics

e /s =15 TeV with 1500 fb~!
o /s =3 TeV with 3000 fb~!
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WHIZARD ==

Model
Dedicated implementation of 2HDM(III) prepared by Florian Staub.
Many thanks also due to Juergen Reuter and Wolfgang Kilian...

Test configuration of the model: Dedicated samples:
o mp, = 125 GeV e etem — tt  (2HDM/SM)
e BR(t — ch;) = 1073 e ete™ — chit, tchy (2HDM)

e BR(h — bb) = 100%
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WHIZARD o=

Model
Dedicated implementation of 2HDM(III) prepared by Florian Staub.
Many thanks also due to Juergen Reuter and Wolfgang Kilian...

Test configuration of the model: Dedicated samples:
o mp, = 125 GeV e etem — tt  (2HDM/SM)
e BR(t — ch;) = 1073 e ete™ — chit, tchy (2HDM)

e BR(h — bb) = 100%

Assume that we can select high purity tt sample
= main background to FCNC decays from standard decay channels
in particular from t — bW followed by W+ — cb

Parton level study

All events generated with CIRCE1 spectra + ISR. No polarization.
Only t, W and h defined to be unstable. No hadronization/decays.
No generator-level cuts imposed.
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Parton level study L

Very simplified detector description

@ detector acceptance for leptons: |cos 6| < 0.995
o detector acceptance for jets: | cosf;| < 0.975

ot o S
@ jet energy smearing 7 for E < 100GeV
O =
S

with S = 30%, 50% and 80% [GeV'/?]
e b tagging (misstagging) efficiencies: (LCFI4 package)

Scenario b C uds

Ideal | 100% 0% 0%
90% 30% 4%
80% 8% 0.8%
70% 2%  0.2%
60% 0.4% 0.08%

Onw >

November 29, 2016 9 /26
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Parton level study =

Signal selection
Compare two reconstruction hypothesis:

@ background hypothesis

Xbg = <M"”’ — mt>2+<M”’ - ’"W>2+<M""q - mr>2+</\4bq—rm>2
€ Ot lep OW lep Ot ,had OW  had
@ signal hypothesis

2 2 2 2
2 = <Mbh/_mt) +</\/7/V—mvv) +<Mbbq_mt> +<Mbbmh>
& Ot,lep OW,lep O't,had Oh

Independent search for best background and signal combinations
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Parton level study v

Result
Difference of log;, x> for two hypothesis, for signal and background events
Before (solid) and after (dashed) other selection cuts

Jet energy resolution 50%

Semi-leptonic events Fully hadronic events
grorf g
g | 3
* i * L
10 10;
e b3
10'E 107
4 -
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Jet energy resolution and luminosity =

Expected limits  on BR(t — ch) x BR(h — bb)

Collision energy 380 GeV

E —— 30%/\E
® —— 50%/\E
2 —— 80%/\E
[-13
E- 4 \\
w 10 WL
.\. H__""""'-L_
-\ __-‘-"""‘--__
i s
" \‘::_T\\
10-5 R N OO SN T N | Mﬁr o
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Integrated luminosity [fb™]

Top FCNC decays
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Full simulation e

Signal sample
10’000 events generated with WHIZARD 2.2.8
e THDMIII model from SARAH, tuned for BR(t — ch) = 1073
@ generated processes: e"e” — tchand eTe” — cht
@ beam spectra from file (350 GeV scaled to 380 GeV)
@ quark masses and PYTHIA settings adjusted to CLIC CDR
e polarization of -80%/0% (for e~ /e™)
@ corrected treatement of ISR

Standard event processing with CLIC_ILD_CDR500 configuration
Background samples

Full 6-fermion sample as produced for CLIC tt studies, see
https://twiki.cern.ch/twiki/bin/view/CLIC/MonteCarloSamplesForTopPhysics

Total 2034 files processed (out of 2055), 1014966 events.
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Full simulation Ve

Event analysis
DST files processed with MARLIN, ilcsoft v01-17-09 (ilcDIRAC)

Using LooseSelectedPandoraPFANewPFOs as input collection
LCFI+ primary and secondary vertex finder
LCFI+ jet finding with Valencia algorithm

LCFI4 vertex corrections and flavour taging
default weights used (no tuning), but seem to work OK

root TTree writing

A.F.Zarnecki (University of Warsaw) Top FCNC decays November 29, 2016 14 / 26



Full simulation S

Event analysis
DST files processed with MARLIN, ilcsoft v01-17-09 (ilcDIRAC)

Using LooseSelectedPandoraPFANewPFOs as input collection
LCFI+ primary and secondary vertex finder
LCFI+ jet finding with Valencia algorithm

LCFI4 vertex corrections and flavour taging
default weights used (no tuning), but seem to work OK
root TTree writing

Final analysis in root:
@ event pre-selection cuts
@ kinematic fit

@ final selection

A.F.Zarnecki (University of Warsaw) Top FCNC decays November 29, 2016 14 /



Selection

Hadronic event selection
Try to improve selection of hadronic top decays by looking at

transverse momentum and energy correlation

Background event distribution Hadronic event fraction

10°

E [GeV]
E [GeV]

100 120 140
P, [GeV]

80

W=
0 20 40 60

poa byt b b by b by
1002020 s0 80 100 120 140
P, [GeV]
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Hadronic event selection
Try to improve selection of hadronic top decays by looking at

transverse momentum and energy correlation
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Selection

Hadronic event selection

Try to improve selection of hadronic top decays by looking at

transverse momentum and energy correlation
= consider cut on E — 2 prt

Signal event distribution

E [GeV]
E [GeV]

Hadronic event fraction
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Selection

Hadronic event selection
Energy and transverse momentum balance can also be correlated with
longitudinal momentum

Background event distribution Hadronic event fraction

i Bl i
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

. E-2p_ [GeV] E-2 B, [GeV]
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Selection

Hadronic event selection
Energy and transverse momentum balance can also be correlated with
longitudinal momentum

= cut on Epzjance = \/(E —2pr — \/5)2 + 4 P%

Background event distribution Hadronic event fraction
1
0.9
0.8
0.7
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0.5
0.4
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. 0.1
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L CHT T T dss al i Lo Lo [l

150 200 250 300 350 400 450 150 i 200 250 300 350 400 450
E-2p_[GeV] E-2 B, [GeV]
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Selection

Hadronic event selection
Energy and transverse momentum balance can also be correlated with
longitudinal momentum

= cut on Epzjance = \/(E —2pr — \/5)2 + 4 P%

Signal event distribution Hadronic event fraction
— 1
= [ 2
s f g 0.9
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E 0.7
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g i 0.4
-50[- S0 0.3
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Selection

Mass resolution

Reconstructed mass distributions for signal events

(Valencia jets)

“« "
W boson spectator” top
Invariant mass of 2 jets Entries 3074 | Invariant mass of b-jet + 2 jets | Entries 3074
Mean 82.83 Mean 174.8
F RMS 14.32 F RMS 20.73
300 Integral 3070 160 Integral 3068
r & I ndf 2859/5 N %2/ ndf 1142712
F Prob 07217 1300 Prob 0.5186
2501~ Constant  290.5 =9.7 F Constant  156.1=5.1
L Mean 82.86 = 0.21 120 Mean 176.3 = 0.4
200 [ Sigma 5.714 =0.273 C 1205 -~ 0.68
F 100[-
1501 8o
100 80
[ 40
50 E
C 20
ol T oo L Ly |y f A it Lol il N R, !
40 10 120 140 n!ﬂ 100 120 140 160 0 200 220 240
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Top FCNC decays
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Selection

Mass resolution

Reconstructed mass distributions for signal events  (Valencia jets)

. s "
Higgs signal” top

Invariant mass of 2 b-jets Entries 3074 | Invariant mass of 2 b-jets + c-jet ‘ Entries 3074

Mean 118.5 Mean 169.3

F 19.38 E RMS 21.62

F 3085 L Integral 3087

160: 57619 140~ 2/ ndt 7712014

1a0F 0.7637 r Prob 0.8038

F 163.2 =57 120 Constant 1352 = 4.4

1200 121.7 =05 L Mean 1706 = 0.6

F 11.21 085 100 15012009
100[- F
F a0
80 r
F s0l
60 r
aof a0
20F 20>

ol PN ORI ANENO TN A RNENTN AVR A Wk i TN Qaraprsek s 1oy Lo Loy Lo o Lo Irfan
60 80 100 120 140 160 180 200 OECI 100 120 140 160 180 200 220 240

Relatively poor mass reconstruction for b-jets?...
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Selection

Mass correlation
Significant correlation observed between reconstructed masses of

Higgs and “signal” top W boson and “spectator” top
[ Mh:Mtsig {Chi2sig>0} | [ Mwspec:Mtspec {Chi2sig>0] |
220 o
=T L
200 ?“"5’
1801 401
1600 1200
140 L
F 100F
1200 r
100~ 80:_
80 60—
ao;— a0F
40 C
C 20
2%7||Iwu\uwI||wMu\uwlwu\uuluw\uu\u Clov i o Lo v Lo Lo ay
0 80 100 120 140 160 180 200 220 240 260 50 100 150 200 250 300
Mtsig Mtspec

= should be taken into account in event selection
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Vs gy s

Selection

New y? definition

@ signal hypothesis hadronic final state

2
2 2 Ebgq _ Epbe 2
Mpgg — m Mppe — m Tt M — Tt
2 b t bbc t My, M
Xsig — 99 + 4 99 + bbe
O¢ Ot Oy Oy
M 2 2
99 __ mMw Mpp __ mp
+ Mbqq me + Mpbe me
O'RW OR,
@ similar for background hypothesis (tt hadronic decays)
My g\ 2 Mgy 2
2 — Mhqq mt Mbqq m;
ng = . + +
O’RW O'RW
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Selection Ve pae®

Preselection  (before kinematic fit)

cut on Epzjance < 100 GeV

no isolated lepton veto

6 jets reconstructed in LCFI+

no addition veto cuts

3 jets with b-tag value above threshold of 0.4
additional jet with b or ¢ tag
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Selection Ve pae®

Preselection  (before kinematic fit)

cut on Epzjance < 100 GeV

no isolated lepton veto

6 jets reconstructed in LCFI+

no addition veto cuts

3 jets with b-tag value above threshold of 0.4
additional jet with b or ¢ tag

Final selection (after selecting best signal hypothesis)
@ cut on Xﬁ,g

cut on difference of reconstructed top masses

cut on product of b-tag values for Higgs candidate

cut on b-tag value for spectator b

cut on sum of b-tag and c-tag for c jest candidate

2 /.2
cut on Xsig/ng
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Results

Influence of selection cuts

Difference of log;, x? for two Background vs signal efficiency
hypothesis, for signal and (normalized to all decay channels)
background events after all cuts
2 f 7 107F
§ 10k I ol
> E ] [
w L k=] L
103; (0] . /
E 2107 -
C > ]
1025 % L
E S
10k & 107
§ -
10,‘5_ 10 ;
10’2; I I Lol I L
4 3 =2 -1 0 1 2 3 4 102 107!
A Iogw %2 Signal efficiency
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Results

Influence of selection cuts

Difference of log;, x? for two
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Results -

Vs gy s

Influence of selection cuts

Difference of log;, x? for two Background vs signal efficiency
hypothesis, for signal and (normalized to all decay channels)
background events after all cuts
2 f 7 107F
§ 104§ E) £ g o " |— No preselection
E © F A
[im] £ & L
103? g 1073k / o — 3highestb, |
2: § %‘/
10°¢ 5 [
E ~ L by G, 204
10k § 10+ o
E m 107
§ s
ok 10°
e ALl |
-4 —I3 - 6 1 J ; 102 107"
A Iogw %2 Signal efficiency

A.F.Zarnecki (University of Warsaw) Top FCNC decays November 29, 2016 21 /26



Results
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Results

Influence of selection cuts

ifference of lo or two ackground vs signal efficienc
Diff f logqg X2 for t Back d | eff y
hypothesis, for signal and (normalized to all decay channels)
background events after all cuts
%) C (>)'10_25
2 [ 2 E ~ — No preselection)
:>j 10; :g [ // 4 — shighestb, |
F g
103? g 1078 / -~ — by 0,204
E S ,/ o> 088
102? e r — b’ >0.88
E %’ r g Cug?0.72
10 3"’"/
E E S
1F [
g 1050 —/,'—/'/
10 =
10’2; ! ”AII il “ 1 I :r
4 3 =2 -1 0 1 2 3 4 102 107
A Iogw %2 Signal efficiency

A.F.Zarnecki (University of Warsaw) Top FCNC decays November 29, 2016 21 /26



Results L

Expected limits  on BR(t — ch) x BR(h — bb)

Collision energy 380 GeV, different jet energy resolutions

= — —.— Hadronic channel only

— 30%/\E
Ve —— 50%/\E
N —— 80%/\E

Expected limit
'

s © This study

10-_-w-wl----I....l....|\.\.\.\..ﬁr..

0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb™]
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Expected limits

on BR(t — ch) x BR(h — bb)

Jet energy resolutions of 80%/+v/E, different energies
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Conclusions Ve pae®

FCNC top decays t — ch
Preliminary results from full simulation at 380 GeV presented.

Focus on optimizing kinematic reconstruction in the hadronic channel
Expected limit at 500 fb~!

BR < 26-107%
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Conclusions Ve pae®

FCNC top decays t — ch
Preliminary results from full simulation at 380 GeV presented.

Focus on optimizing kinematic reconstruction in the hadronic channel
Expected limit at 500 fb~!

BR < 26-107%

Resulting limits indicate problems with tails of mass resolution...

Possible ways to improve
@ optimize LCFI4 performance
@ include semi-leptonic channel
@ try to use MVA

Better reconstruction should be possible at higher energies!
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LCFI+ performance
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