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(ICLIC overview

LThe top Yukawa analysis at 1.4 TeV

* Strategy and Pre-selections i) \y; SMEFT flavour- changln%ﬁeum Curr
- Event Reconstruction and flavour-tagging TR Lo = Loy + \] \ Oy

* Multivariant selection (TMVA) '

* Results

(J CP property of Higgs boson

* Sample production and cross-section
calculation

* Preliminary sensitivity to CP mixing (cross-
section)

* Up-down asymmetry

* Preliminary sensitivity to CP mixing (cross-

section + up-down asymmetry) /\[~

O Summary
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https://clic.cern/

Compact Linear Collider (CLIC

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

detector
~

—

electrons positrons positron main accelerator
main beams

@ irnrne®
~1 km

Trrr | rrr 1| rrr o r o T

- | Integrated luminosity .
6H— Total -

- | — 1% peak .

- 0.38 TeV 1.5 TeV 3 TeV -
4+

- Stage 1 | Stage 2 | Stag 3]

Integrated luminosity [ab™]
N
|
|

o

CTF3 facility
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Motivation

Stagel Stage?2 Stage3

Pros:
1. Strongest Yukawa coupling
2. High rates of production of Higgs

| S

with top pairs
3. Direct probe of CP properties of
- 7| Higgs boson
10°2 Y el R I R | Cons:
0 1000 2000 3000 1. Large number of final states

/s [GeV] 2. Large backgrounds, e.g. from tt
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Analysis Strategy

Hadronic channel: 6 jets

ttH decay

Semi-leptonic channel: 4 jets

BR of ttH(bb) Charged leptons Channel classification
tt - 6jets + H > bb 46% 0 Hadronic
tt - 4jets + 11+ 10, + H > bb 45% 1 Semi-leptonic
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Backgrounds

tthb

- b

€ t W+
v/Z

\ W-

et t _

b

tt

- Generator: tt (Pythia), others (Physsim)
- signal and background samples are unpolarised
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signal<1%

mtt mttZ mttbb w=otherttH = signal




ete” > ttH & WbWbH 2 qgb tvb bb

CLIC1.4 TeV

same event before cuts on
beam-induced background
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e, .
L2

Timing cut and momentum cut applied to
suppress the beam-induced backgrounds.

ete Palrs Y/Y

Peiay

Beamstrahlung




Event reconstruction strategy

Start

stop

All particle
information
and
variables

07/04/2019

All particles 1

particles that are

k; algorithm

Cluster
into 6 jets

[

not a lepton

v

stop

Reconstruct
invariant
masses of

t, W and H

+ beam
bkg

Perform
Reclustered
flavour |[«——
i 6 jets
tagging
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Remove
beam
induced
background

Recluster
into 6 jets




BDTG response

p
01 0°
107 102
o)
5 10 =
i L
w1
102 1
1077 B I
—— Semi-leptonic signal
1072 —— Other ttH
3 — 1t % 0.01
107° 10 —— tthb
-ID—S AR NEAENE RN NN A EEEE FENE EUEE FR T N '
—0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 -1-0.8-0.6-0.4-02 0 0.20.40.6 0.8 1
BDT response BDT response
The BDTG response for signal and background samples. Optimise significance
(Left): Normalised BDTG response. S/NS + B

(Right): Scaled BDTG to number of events expected in 1.5 ab™
with new set of samples by using the result from (Left).
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Selection efficiency after BDTG cut

Process Evtin Evt with Evt with Evt pass Evt pass
1.5ab"! 0 Lepton 1 Lepton  Had BDT SL BDT
ttH, 6 jets, H—bb 647 555 (85.9%) 86 (13.4%) w 1%)
{tH, 4 jets, H—bb 623 208 (334%) 432 (69.4%) 0) ﬁﬁ%
ttH, 6 jets, HAbb 473 276 (58.4%) 143 (30.2%) 54 (11.4%)  I1(Z32%)
ttH, 4 jets, H/bb 455 70 (15.4%) 237 (52.2%) 8 (1.85%) 22 (4.88%)
ttH, 2 jets, H—bb 150 9 (6.18%) 53 (35.6%) 2(1.65%) 22 (14.8%)
ttH, 2 jets, H/4bb 110 4 (3.90%) 27 (25.0%) 0(0.11%) 1 (1.19%)
ttZ, 6 jets 2843  2133(75.0%)  445(15.7%) 345(12.1%) 34 (1.21%)
ttZ, 4 jets 2738 571 (20.9%) 1726 (63.0%) 59 (2.14%) 217 (7.94%)
ttZ, 2 jets 659 36 (5.49%) 214 (32.5%) 1(0.22%) 16 (2.45%)
ttbb, 6 jets 824 720 (87.5%) 95 (11.6%) 326 (39.5%) 26 (3.14%)
tthb, 4 jets 794 193 (24.3%)  552(69.5%) 57 (7.15%) 226 (28.54%)
ttbb, 2 jets 191 11 (5.84%) 70 (36.7%) 2(0.82%) 18 (9.70%)
tt 203700 116181 (57.0%) 76732 (37.7%) 498 (0.24%) 742 (0.36%)
total ttH signal 2458 1123 (45.7%) 978 (39.8%) 433 (17.6%) 365 (14.8%)
total background 211749 119846 (56.6%) 79834 (36.3%) 1287 (0.61%) 1280 (0.60%)
Significance 10.44 9.00
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Selection efficiency after BDTG cut

Process Evtin Evt with Evt with Evt pass Evt pass
1.5ab"! 0 Lepton 1 Lepton ~ Had BDT SL BDT
ttH, 6 jets, H—bb 647 555 (85.9%) 86 (13.4%) w 1%)
(tH, 4 jets, Hbb [ "] 208 (33.4%) 432 (69.4%) 0) ﬁﬁ%
(THL 6 jets, Hobb | S8MAII% [ sga%) 143 (302%) 54 (114%)  1TZ32%)
{tH, 4 jets, H4bb 70 (15.4%) 237 (52.2%) 8 (1.85%m ) (4.88%)

ttH, 2 jets, H—bb 9 (6.18%) 53 (35.6%) 2(]
ttH, 2 jets, H/AL 4 (3.90%) 27 (25.0%) 0

ttZ, 6 jets 3 (75.0%) 445 (15.7%) 34

{iZ, 4 jets (20.99# 5 )
ttZ, 2 jets 5(5.49%) 214 (32.5%)

tthb, 6 jets 20 (87.5%) 95 (11.6%) 326 %)
ttbb, 4 jets 193 (243%)  552(69.5%) 57 (1 :34%)
tthb, 2 jets 71 11 (5.84%) 70 (36.7%) 2 (0.82%) 18 (9 70%)

tt Before \81 (57.0%) 76732 37.7%) 498 ((I After 36%)

total ttH signal R 23(457%) 978 (398%) 433 (Frovo——orra 8%)

total background 211749 119846 (56.6%) 79834 (36.3%) 1287 (0.61%) 1280 (0.60%)
Significance 10.44 9.00
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B b To translate the cross-section measurement
€ W+ into top-Yukawa coupling at 1.4 TeV, a
linear approximation with NLO QCD
prediction is used I
— Ager Ao (ttH
ot W getn _ 0503 (_ )
No contribution b 9ttH o(ttH)
from g;z
Jeett L = 1.5ab L=15ab?  L=15abt
_ -1
Significance LO NLO L= 2..5ab. *
Ao /o Ao /o Polarisation
Hadronic 10.40
_ _ 7.3% 7.5% 2.7%
Semi-leptonic 9.00

[1] JHEP 1612 (2016) 075
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CP violation in ttH production

A model-independent way of parameterising the CP mixing in Higgs:
° Cto = —igtin(a + ibys)
° SM:a = 1,b = 0; pureCP-odd:a = 0,b # 0.

assume a? + h? = 1 with a = cos(¢) and b = sin(¢); measurement of the mixing angle
¢ indicates the CP properties of Higgs.
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CP violation in ttH production

A model-independent way of parameterising the CP mixing in Higgs:
° Cto = —igtin(a + ibys)
° SM:a = 1,b = 0; pureCP-odd:a = 0,b # 0.

assume a? + h? = 1 with a = cos(¢) and b = sin(¢); measurement of the mixing angle
¢ indicates the CP properties of Higgs.

Vs=1.4 TeV,pol=(0,0)
——

tE® cross section E *[ClCaprommay

= I ]
H — & as Higgs boson is no longer pure CP- 15 Coto =719, (cOSp#isingy ) ]

2150 ]
even ®

o

—
T 1 T T T

» 12 different values of sin(¢) samples I
produced 05} orie = ksin® ¢ + ¢
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Cross section to CP-mixing sensitivity

Vs=1.4 TeV,pol=(0,0)

O 5 V§=1 A Tev’p0|=(0,0) /\0 5 T T | T T T [ T T T ] T | L
X CL|Cd[I) Preliminar}I/ | | ] 1% [ CLICdp work in progress ) o ]
T - Ci1o =- 19, (cOSP+isingy ) 1 Nﬁ' i Ciio =-19,, (cOSPtisingy ) -
E0.4E - <~ - Hadronic(extrapolation) 0.4 - -+ - Hadronic(extrapolation)
T r - -+ Semi-Leptonic ] <t -+ Semi-Leptonic ]
+$ B —o— ttH Combined ';': 0.3 L —e— ttH Combined ]
1—{0.3 ~ ,A", A 3t :
3 1.5ab? R [ 1.5ab? ;

0.2 — 0.2 »

- - ‘F-‘g'a"'t‘""ﬂ'"'ﬁ'"'é'--!\----&---Ap---g-..;

: : [E-EI-E---El----D----B-__E___E____D____E___E___m
0.1F ] 0.1¢ =
0 [ 1 1 ] 1 1 1 | 1 1 1 | 1 1 ] 0 L L ] 1 1 1 | 1 1 1 | 1 1 1 ]
0 0.4 0.6 08 1 0 0.4 0.6 08 1
sin“g sin“g
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Apply the top-Yukawa analysis procedure to all samples
Measure Ao /o for all sin?(¢) values in the semi-leptonic channel

Extrapolate to result to include fully-hadronic channel
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Cross section to CP-mixing sensitivity

Ys=1.4 TeV,pol=(0,0) Ys=1.4 TeV,pol=(0,0)

'_0.5 T T T L} T T T T T T T T T L} T AO'S - ! ' ! I ! ! ! I ! ! ! I ! ! I ! ! .

i i CL|Cd[I)PreIiminar3|/ ! ! i \19, L CL|Cdpworkin progress . . J

T - Ci1o =- 19, (cOSP+isingy ) 1 Nﬁ' i Ciio =-19,, (cOSPtisingy ) -

0.4 - - <~ - Hadronic(extrapolation)| 0.4 - -+ - Hadronic(extrapolation)

T - -+ Semi-Leptonic ] <t - -+ Semi-Leptonic i
. P 1

+$ i —e— ttH Combined /": 0.3 X —=— ttH Combined :

\\6/0 3 [ 'Ao /—,E : :

3t 1.5ab™? R - 1.5ab ]

0.2 « . — 0.2 »

- ) Y T R E

] N ==t e i

— 0.1% =

1 T 0 B 1 1 L I 1 1 L I 1 1 1 I L 1 1 I L L 1 ]

o1 0 0.2 0.4 0.6 08 1

sin“g sin“g

Ofir = k sin® ¢ + C - Ao = kAsin® ¢
Asin? ¢ 1Ac
= ASIn =——0
k o

07/04/2019 TOP YUKAWA COUPLING AND CP VIOLATION IN HIGGS — Y.ZHANG




Up-down asymmetry

Up-down asymmetry Ay of antitop with respect to
the top-electron plane is sensitive to CP violation.

The angle { between the antitop and the top-electron
plane is given by

() = Pelle X P ——
Fell G- % 50| t

The up-down asymmetry of the tt® cross section o is LY
defined as
_0a(sing>0) —o(sin{ < 0) e

¢~ 6(sinl > 0) + o(sin{ < 0)

Component of asymmetry from

[1] arXiv:1103.5404v1 interference between tt® and ZZ® !
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sin ¢ and A4 with tight cuts

Pure CP-even 50% CP-even & CP-odd Pure CP-odd
§ | ' | ] o ' - i | Tﬂ + ]
-sin®p=0 . rsin®$=0.500000 ] o '_sinzg:lfooooa i
’ _o .3.?:“ + E 15 —; I\RI;(B:Co + + — ° S MC ++++ +Hﬂ {
2k . 1F { _ 04 + —-
1t t, 05 +++ ++— I 1
&} F + + + + +{- (] | :. (_)022 + ++ - _:
TR T 3. it gt
o ?HJrHJfJF{JrJﬁr#ﬁJfJ“ruﬁJer+++HH+++++§ i +.+.+.. {JrJFJ”rﬂj[JfJfJerJ[J[F[HJ[ﬂJr JFH_JF_J[_ # 8 j i+,...t.+f+++-.f. +ﬂ"<|_|++‘|'++++$ﬂ-} ﬂjﬂfﬁ
" ° i sin(‘ ) i sin¢ 1 ) " ° i sin¢ 1
< i CLICdp workinprogress i ]
| o Reco b f ] : o Reco
P2p e e : : S ' Quality cuts:

Remove taus and mis-
reconstructed tops

07/04/2019 TOP YUKAWA COUPLING AND CP VIOLATION IN HIGGS — Y.ZHANG



Preliminary results on mixing angle

{s=1.4TeV, 2.5ab™

=0.5 A T 1 LA I LB LR
e B CL|Cdpwork in progress
‘» s C., =-1i9 _ (cos¢+isingy )_
< - -wee o Se flleptonlc .
0.4 - ++ - o Hadronic ] o . _
- —+— o Combined 1 With integrated luminosity 2.5 ab! at 1.4 TeV
L e A c Semi-leptonic i . .
03L 1 » Combined cross section:
Asin?(¢) = 0.07
0ok 1 * Up-down asymmetry + cross section in
i ] semi-leptonic channel:
i ] . o N
O el s S el el el bl et Asin®(¢) = 0.03 —0.07
3 ]
i ¢ ® ° ° ° ° ° ° 3
0 IS RS ST N S SR N SR NS
0 02 04 06 08 1
sin“d
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Summary

*CLIC is a mature option for a high energy electron positron collider to make precision
measurements of the top quark, Higgs boson and potential new particles

* My analysis has found Aj@ = 2.7% with polarised beam and an integrated luminosity of
ttH

2.5abat+/s =1.4 TeV at CLIC,
* HL-LHC projection at 3000 fb'* measures ~10% precision, ATL-PHYS-PUB-2014-016

* ILCat 1 TeV found 4.5% with luminosity of 1 ab! and unpolarised beam, arXiv:1409.7157

*Sensitivity to Higgs boson CP mixing is determined Asin?(¢) =~ 0.07 with cross section
measurement with luminosity of 2.5ab™! and polarised beam.

* An angular distribution using up-down asymmetry has shown an improvement to CP
sensitivity up to Asin?(¢) =~ 0.03 with luminosity of 2.5ab! and polarised beam.
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Result on top-Yukawa coupling

o(ttH) [fb]

07/04/2019

_I I T T T
| 0=1.5180 x (x-1)?

LI LN N B L L B B L L B

+3.0769 x (x-1) + 1.6360

i ofx _ .
| ( Tdoldxl )H =0.53171x 0.00023

To translate the cross-section

0.8

measurement into top Yukawa coupling
at 1.4 TeV, a linear approximation is used
(old, using quadratic fit):

Agtin _
IttH
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Ao (ttH)
" o(ttH)
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Top, W*and Higgs Reconstruction

Chi-square method is used to reconstruct the W*, top and Higgs candidates

by combining the jets. N
2 VE
Semi-leptonic: E 8
2 B 7
o _ (M12—My,+) n (M123=Mp)*  (Mys—Mp)* 6
X6 = o2 o2 ' o2 5
wx t H 45
Hadronic: 3
2 2
2 _ (M12=My4)" | (Map3-Mp)? | (Mas—My4)"  (Myse-Mp)? | (M7s-Mp)® °
X8 - o2 + o2 + o2 + o2 + o2 E
Wi t Wi t H 9’0 80 90 100110120130140150160 0
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BDTG cut ef

iciency &

optimal significance

=3} =]

(= =]

o j=)
I I

Signal events (1.5 ab™)
o
=
2

I I PR I DU S U O PR O P
-0.80.604020 02040608 1
MVA cut

signal

b

o0
=
o=
(=]

a

s (1.5

round event

|
o
o=
(=]

6000
5000
4000

g

Back

3000F

2000
1000

A naasStas =
Significance

o . N W s o Oy~ 00 W
T T T [T [T T [T [T [T [T T T

N S R I DU P P I Loy SN PR TR BT ¥ I P P IR T |
-0.80604020 02040608 1 -0.80604020 02040608 1
MVA cut MVA cut

background significance

=S/\NS+B

Optimal significance obtained for the semi-leptonic channel.
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Improvement of top reconstruction

MC vs REC

How to cut away mis-identified top?
> Choose suitable cuts by looking at events passing
or failing (sin in range -1 to 1):
|sin({rec) — sin(Gme)| < 0.05:

Example: Mt ™ Mtpaq from reconstruction:

I 9 ] 5¢ L, = 25F L =
[ sin%=0 i . sin®=0.500000 1 : sin®$=1.000000 3
6f ° Far . . af o Far . ] of & Far . ]
3 i i S E 2N 5
Y I, T AN -.
r #ﬁcﬁ% c;*H' * ] 2 2 ¢ $ ##*J@» E 1 - ; + + _
B a R aAR Ny ] : %%d'%%‘? 'Wﬁ ] - + ++#
2 L <§> ¢ T 4 J r #E% M gg¢“ ¢ ] C + %’ ##
I égg) O e 1r éﬁ’ " %%@%J@%—_ 05F ; % %55
0 ;&’ P R T B ;j P R B .o - : J
-200 0 200 4(30 —0200 0 200 4(30 —0200 O 200 400
Tight cuts:

= My, —My, < 100
— jetmatch y%< 10 (x? used to match jets into t, W and H )
— remove hadronic taus
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Error estimation

Fitting B —(x—wi \g=20f+a,(x—wix<u
function:  f(*) = exp( N 5 2 32
g g =205 +ag(x—w,x>u
sin®¢:0—-01 |  sin?¢:02-08 |  sin?¢:09—1
Asin? ¢ | Asin? ¢ FWHM Asin?
Sin =0 : Sin = — : Sin =0
N : 222 ! L
E GOOO- I I I I ] E :‘-7\ I I ) I I
: g | @ooo— ]
| 8000 ] L=
| Bow LR NB: Bin size=20
E 1000} ] E 20001 1 for all.
E 0505 04 08 08 E O 08 1 12 14
sin’ sin?)
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x¥* template fitting

Calculate y? for a specific sin? ¢ value (e.g =0.5)

)(2 30-_ T T T T ]
nbins 0 0 2
. data(sin? ¢=0.5) ~ YMC(n) 20t 4
Xn(sin® ¢ = 0.5) = z < alsh” 9209) : ) [ ]
— Odata ! 1 X times
=1 10F
N10__ T T T __
- i i in2 Csin20=0. ] N A B R
n is the different sin“ ¢ g [ =0.500000 ] VS R
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Sensitivity to CP property
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