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Top-quark physics at the Compact Linear Collider (CLIC)

http /Icllcdp.web.cern.chl
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, Compml.lnanolldor(Cl.lC) ,?« )
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T j0t i 1
' - ttZ 3
Why top quark? Q0 :
« Heaviest SM particle ~ 173 GeV D |
(window to new physics) © 4 3 E
» Never studied in an electron-positron ; ttv v,
collider -> precision needed e N A
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Top-quark mass measurements

As an unstable, coloured particle, the definition of the top-quark mass is not straight-
forward.

Depending on the context different definitions are used:

“pole mass”: mass of the propagator (numerically close to the mass parameter of the
generator).

MS mass: usually used in precision calculations.
threshold region: 1S and PS masses (both provide stable calculations in that region)

optimised: bunch charge
Threshold scan at 350 GeV reduced to 70% of the nominal
, ot TR charge (reduction of the
=0.7 1 ————— - Statistical uncertainty: charge ( o
Q [ tithreshold - QQbar_Threshoid NNNLO ‘ instantaneous luminosity)
c 0.6 ISR + CLIC Luminosity Spectrum PS PS T
O " [ —detault-m® 171.5 GeV, T, 1.37 GeV ] Am, " default spectrum Am,~ optimised spectrum
'8 m, variations + 0.2 GeV >
w 0.5 I', variations = 0.15 GeV E equal -[im 23MeV 19 MeV
2 equal running time 17 MeV 19 MeV
O 04
&
03[ _ o
I simulated data points ° SyStematIC Uncertalntles
0.2 10 fb™ / point
0.1 : preliminary AmtplS default spectrum Amfs optimised spectrum
: based on EPJ C73, 2530 (2013)
1 | 1 QCD scale uncertainties +42 MeV +40 MeV
340 ‘ A 345 T 350 A parametric o - 30MeV —-27MeV
\'s [GeV]
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events

Top-quark mass measurements

As an unstable, coloured particle, the definition of the top-quark mass is not straight-

forward.

Depending on the context different definitions are used:
“pole mass”: mass of the propagator (numerically close to the mass parameter of the
generator).
MS mass: usually used in precision calculations.
threshold region: 1S and PS masses (both provide stable calculations in that region)

Direct reconstruction in the continuum (6 jets from the full-hadronic decay or
4 jets + 1 lepton from the semileptonic decay)

15000

10000

5000

Full-hadronic decay

— All events
4-f + qq

......

LA B S S 1

T Y Yo ovoreryYeyYeyYe

_ 2000

A A VWY W N

15 20 250

m, [GeV]

Semileptonic decay

| N | O "

| — Allevents

4-f + qQ

—r T

—r Ty e T

—

; .

50

100 150 200

250
m, [GeV]

Combined statistical top quark mass precision ~40 MeV

Requirement: clean samples of
top-quark pair candidate events.

VLC algorithm to cluster
hadronic tops.

b-tagging.
BDT used for removing

background (~80%
efficiency achieve).
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Top-quark mass from radiative events

The idea is to measure the top-quark mass (m;) measuring
the differential cross section of the process e*e™ — tt yisR.

The tt production cross section is sensitive to the center of mass energy and m:
oleTe = tt) = f(s,my) olete™ — tty) = f(s',my)

e

e+

S = (pe— +pe+)2

The emitted 71sr reduces the available phase space for the ¢ ¢ production.

Therefore the tt_*yISR production cross section is sensitive to the emitted ISR photon
energy.

Martin Perello, IFIC / LC Spanish Network - Valencia - 21/03/18



Top-quark mass from radiative events

mt Car_‘ be measured by counting ete —tt Y, (matched calculation, 380 GeV, 6° < 6 < 174°)
the ¢t events produced for a
certain s’ (i.e ISR energy photon):

1=e(1-2)

— m, = 164 GeV
—m, = 165 GeV

m, = 166 GeV
— m, =167 GeV

m, = 168 GeV
0.8 ; :

1.2

o (fb / ILD ECAL binning)

Our observable is the differential
cross section of the t ¢ production
as a function of /s’

0.6
0.4

T

30 335 340 345 350 355 360 365 370 375 380
|'s', (GeV)

The observable is more sensitive to m: near the top production threshold, and the
dependence diminishes as /¢ grows.
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Sensitivity to the top-quark mass

The theory model convolutes the ISR
calculation with the threshold - continuum
matched calculation by A. H. Hoang et al.

/ ’ ) /
O me, 8" ) = o1sr(E~) * og(my, s')

'I.\‘R(

+ The input mass can be chosen to be any short-
distance mass scheme, in this case we chose
the MS scheme. For the calculation itself the
1S and MSR masses are used.

- For a detector coverage of 6° < 8 < 174°, 50 MeV
are within reach for 500 fb-1 at 380 GeV.

Taking into account CLIC’s luminosity
spectrum, the precision goes down to 75 MeV.

_ binning)

fo /1 GeV E binnin

o(

Statistical precision (MeV)

ete —tiy (380 GeV, 6° <0 < 174°)

2.5

)
)

m (rn’) — 166 Gev’ |uminosity Spectrum folded 4444444 ......... llll ..............
)

=166 GeV, with Vs = 380 GeV

=167 GeV, with Vs = 380 GeV

=167 GeV, luminosity spectrum folded

Observable sensitivity to the top mass

200

150

100

50

250 el ..........................

Pseudodata, with s = 380 GeV

Pseudodata, with luminosity spectrum

Pseudodata, with luminosity spectrum

+ 50% selection/reconstruction efficiency

OO

100

200

300 400 500
Integrated luminosity (fo™)
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Top-quark pair production

Reconstruction at 380 GeV Cly -

- Resolved analysis - Production near threshold, use b-tagging,
search for W, or 3 jets with a combined invariant mass near my

Semileptonic decay: reconstruction of 4 jets (2 from the hadronic W + 2 ’}’* / ZO*
b-quarks) + 1 lepton. Top quark candidates are formed by merging each of
the two required b-tagged jets with the two non b-tagged jets from the
hadronic W boson. The ambiguity in this reconstruction is solved by c
selecting the combination which minimises the kinematic variable d"2.

Need of a quality cut > _ (m‘ - l74GcV>2 ) (El - 1900c\/)2 ) (Eg —6SGcV)2 ) <cos9.,w — (cos ebw>>2
(mainly for reducing O, OF, OF; O
migrations - wrong W-b

pairing) Before quality cut

0s By w

‘ Aft?r qqality cut

~— 2500 v T ' T . , _— 2500 - - . T

‘0 | CLIC_ILD_CDR, 380GeV Qo | CLIC_ILD_CDR, 380GeV

; ——— Reconstructed PFOs = ——— Reconstructed PFOs

9 2000 = ... Generator-Whizard g™ c‘{,’ 2000 = ... Generator-Whizard

& - ——— P(e) =-80% E oy —— P(e) =-80%

‘qc'; 1500 P(e) = +80% g 1500 P(e) = +80% i -

®  freen 1 8 [

'© 1000 M '© 1000

o ! ! o

[ == c

= 500 - < 500 |

- CLICdp w0|[k in‘progress
- 0 A 1 | A | A A 1 A A A
Forward-backward o Y 5 - 1 J Y . o ,

asymmetry reconstruction cos(6,,,) C0S(6,,)
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Top-quark pair production

Reconstruction at 380 GeV et £

Resolved analysis - Production near threshold, use b-tagging,
search for W, or 3 jets with a combined invariant mass near my

Semileptonic decay: reconstruction of 4 jets (2 from the hadronic W + 2

b-quarks) + 1 lepton. Top quark candidates are formed by merging each of

the two required b-tagged jets with the two non b-tagged jets from the e t
hadronic W boson. The ambiguity in this reconstruction is solved by

selecting the combination which minimises the kinematic variable d"2.

Need of a quality cut > ('m — 174G

B cos Oy — (cos Opw ) ) e
(mainly for reducing

GCOS 9,, W

migrations - wrong W-b
pairing) p500 B _________ After quality cut

g | CLI'C_ILD_'CDR, :;me P(C ) - 80% +80% R, 380GeV
o ~— Reconstructed P structed PFOs
o 2000 ~ ... Generator-Whiz tor-Whizard
@ P(e) =-80% 161.0 76.0 80%
€ 1500 - P(e) = +80% 0% =
® e stat. unc. [fb] | 0.9 0.8
S 1000
S
utcj 500 L 0.171 0.222 |

Forward-backward o ——— L e o

asymmetry reconstruction C08(6;,)
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Top-quark pair production

Reconstruction at boosted topologies

Parsing through jet
cluster

.Toptagged

p T 200>

150iﬂﬂﬂwmﬂww

Three subjects

Standard identification techniques may not
work. Idea: tag tops by identifying sub-
structure.

'+ Jet clustering (incl. trimming)

|

—_

- 2 exclusive large-R jets

- Jet tagging:

« Parsing sub-structure
- Flavour-tagging (sub-jet, fat-jet)

000 - ———————  — T

Qo | —— Generated 1 £1000 | — Generated R

o - | Reco. corrected 1.4 TeV I o [ | Reco. corrected 3 TeV )

Te! ! Fit 1 - Fit |

1500 ... Reco. PH B 800F | peco, |

82 Background 1 @ i Background 1

£ 1 2 600 TH

21000 18 | 14 l :

1 W 400 ] [ §

500 LICdp work in progress | | | :

: PIT e oy 200 | ro1 g Ld -

T [l T ¢ ¢ r sy | |

OL.; ‘ e — L [ .y ;11' T L LLAU naier 1

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Forward-backward | cos 6, cos 6,

asymmetry reconstruction
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Top-quark pair production

Reconstruction at boosted topologies

Standard identification techniques may not

Parsing th h jet i : o
arsing through je Three subjects work. Idea: tag tops by identifying sub-

cluster

200: ‘“”A..\""“-.,_F_U!TOPtaggecj T StrUCtUre-
B R et clustering (inc. trimming)
5 1:‘; | 2 exclusive large-R jets
R Jet tagging:
b - Parsing sub-structure

Flavour-tagging (sub-jet, fat-jet)

5 c0ares®

\No"k 1.4 TeV 3TeV
c\_\cdpp(e ) 80% +80% 80% +80%

o, (stat.) [fb] | 18.45+0.43 9.86+0.26  3.66+0.52  1.93+0.10
Ap (stat.) 0.561+0.018 0.619+0.019 0.575+0.099 0.643+0.035
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Assoclated tt production processes

ttH production at 1.4 TeV

Using fully-hadronic and semileptonic tt decay and H->bb.

* Yukawa coupling.

Precision achieved
Ay, Ao  through the cross-
— =0.503 ? . section uncertainty.

Yt

+ CP mixing study O MelCab e
2 ===+ Semi-leptonic L
_igttH (COS (P 1 iSin d)YS) 0.3 0 - =+ Fully-hadronic -
L *— Combined i
. 2 : . 2 0.2} h

In the SM sin“¢ =0 while sin”"¢ =1 A
corresponds to a pure CP-odd coupling | T oo

0 i | 1 1 |

1
sin’
Martin Perello, IFIC 14 LC Spanish Network - Valencia - 21/03/18




Assoclated tt production processes

Vector boson fusion production

Individual operator fit (68% CL)

1 Light green: 50% stat. and 3% syst. uncert. 1
- Dark green: assume perfect top-quark reco. |
107! 3
2
> +1072 110
=~ :
(&) L
~1071f 3
-1} 3TeV |
Cot cf,,l(; cfgg Cew

“Higgs current” type operators

Direct WWit production on-shell

Study through an effective
field theory (EFT)

Observables used:
tt invariant mass

tt scatteting angle in the
centre-of-mass frame

Martin Perelld, IFIC 15
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Phenomenological interpretations: towards a global fit

Global fit through an EFT approach using dim-6 operators:

O _%? 'q ¢liDup Wtb vertex o
03, = % griytq iDL -
Opu = %ﬁ uyHu ‘PT';I_)LCP Ty,
Opud = l—’2‘2“ uyrd pleiD,p

OuG = Y19s qT"0" u ep*Gy, i+
Ouw = yegw qrlo*u E(,O*WJV -

Oaw = yrgw qrlot’d ep*W,, Z/y tt vertices _
OuB = yt9y qo"u  ep*By, vy, d

1 . _ Contact interactions
O, = qwqg Il
03 = gri~. g ITI~H] -
lq qz"'Yuq T . R Oququele
Oy = uyuu ot Olequ = qotu € /0‘,“,6 "o -
— — A Oledq p— dq /e
Oeg = qruq eYle
Oey = Uyuu evyle
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Global fit using common observables

Cross-section Forward-backward asymmetry
Sensitivity Relatlve T T T T T LI S S B B N B B R B o | T ‘ T T T T 1 T T I rrrr711r1TT:r: >
‘ == _OV 2k FB , e CA
change in cross-section10? | 1 a‘j — go e (_'lz 10°r :‘B ‘?‘{ — :7”‘ s 4
due to non-zero 09Cilg=o,vi = _.--m"—  — |+l 1 o 9C; Ci=0,¥i_ === e
operator coefficient 10" | e L — 10 e — %%,
Ao(C)/o/AC - — CA - it _()l\('l
100 — n W0 —— . Al
1071}/ Z 107 F {
/ " ( | *'Cg:q
, ' g — ~ A -2 ) | L ( )
1072 ",/ - ete= —ti, LO {1+Cs 1072 ete” = tt, LO
/ (P.+, P.-) = (0%, —80%) 1 1 l(”w ‘Pcl ) = (0%, +80%)
-3 | | 1 1 L e boeosoa | s s a sty 10—3‘ i L i A d - LJLLLleijLA'L
107" 380 500 1000 1400 3000 380 500 1000 1400 3000
Vs [GeV] Vs [GeV]

(multi-) TeV operation provides better sensitivity to contact-interaction operators

Individual: assuming variation in only 1 parameter each time.
Marginalised: assuming variation in all the parameters at the same time.

ﬁ’l— 1() L ) L} L ) L ) L} L} | L)
E l Marg. o + A, . Indiv. 0+ A,
&) CLIC 380 GeV + 1.4 TeV + 3 TeV
< 107"
1 -2
107
1074

\Y \Y
C C'Pq

eq

C,’; B

A v R R I 1
C‘N Clq CuZ CuA CuZ C

ul

Theory fits (pseudo-experiment): assume an
overall reconstruction efficiency of 20%

Global limit: a factor 1.3 to 8 worse (needs
improvement)

Martin Perelld, IFIC
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Global fit using common observables

'Eur. Phys. J. C manuscript No.
(preprint number: TTK-17-17, IFIC/17-26, ILD-PHYS-2017-001, CLICdp-PUB-2017-003 )

Intermediate step: add top quark
polarlzatlons at dlfferent axes (aI’XiVZ CP-violating top quark couplings at future linear e*e~ colliders
1005.5382) and CPV optimal R ek e

observables (arXiv:1710.06737)

Hnstitut filr Theoretische Teilchenphysik und Kosmologie, RWTH Aachen University, 52066 Aachen, Germany
“Instituto de Fisica Corpuscular (IFIC, UVEG/CSIC), Apartado de Correcs 22085, E-46071, Valencia, Spain
SLaboratolre de 1" Accélérateur Linéaire (LAL), Centre Sciemtifique d'Orsay, 91808 Orsay Cédex, France

October 19, 2017

Abstract We study the potential of future lepton colliders to probe violation of the CP symmetry in the top

quark sector, In certain extensions of the Standard Model, such as the two-Higgs-doublet model (ZHDM),

slmble anomalous top quark dipole moments can arise, that may be revealed by a precise measurement of

k pair production. We present results from detalled Monte Carlo studies for the ILC at 500 GeV

10 T T T C at 380 GeV and use parton- lo'ml simulations to explore the potential of high-energy operation,

e SE— Re that precise measurements in e*e” — tf production with subsequent decay to lepton plus jets final
l | Marg O + A | | Marg O+ A . A + Pa n provide sufficient sensitivity to detect Higgs-boson-induced CP violation in a viable two-Higgs-

Re model. The potential of a linear ¢™e™ collider to detect CP-violating electric and weak dipole form
- Inle O+ A - Inle O+ A + A + P(l f the top quark exceeds the prospects of the HL-LHC by over an order of magnitude.

ds CP violation - top physics - e'e™ collider

3 | CLIC 380 GeV + 14 TeV + 3 TeV
107

A C. [TeV?

1072
107

1074
CV

A A \Y
G G Coy C oq

Iq

\Y R R I |
C Cul CuA CuZ CuA

¥q

Ratio between marginalized and individual
limits improved by a factor 4 (still needs
improvement)

Martin Perello, IFIC 18 LC Spanish Network - Valencia - 21/03/18
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Statistically optimal observables
G. Durieux @ToplLC 2017:

https://indico.cern.ch/event/595651/contributions/2573918/

o ) [Atwood,Soni "92) !
Statistically optimal observables (Diehl,Nachtmann ‘94] 102+ 1 90; _ o _é?
— ~ = . q
minimize the one-sigma ellipsoid in EFT parameter space. 0i 0C;l¢,=0, vi ' —C‘;f}]
(Joint efficient set of estimators, saturating the Rao-Cramér-Fréchet bound: V /) 101
. o 0f +CL,
For small C;, with a phase-space distribution o(®) = oo(®) + 3 G 0i(®), 10 é%
i +C,
the statistically optimal set of observables is: O;(®) = ai(®)/oo(P). — JAZ
].0_1 C - +Cgoq
_CV
| . . ©q
e.g. o(d) =1+ cos(¢) + G sin(¢) + Csin(20) 102+ o s tE s B B . LO
1. asymmetries: O; ~ sign{sin(i®)} P(et,e™) = (0%, —80%)
—3 ] | ] ] ] ] | ]
2. moments: O; ~ sin(ic) 10 500 1000 3000
3. statistically optimal: O; ~ sin(ig) Vs [GeV]
14 cos¢

=5 area ratios 1.9:1.7:1

10

Previous applications in
[Grzadkowski, Hioki '00] [Jano

T JMarg. o+ A, [[_JMarg. o+ A, + A + Pa{_) Marg. Stat. Opt. Obs
B indiv.o + A [ Indiv. o + Ay, + A + P} Indiv. Stat. Opt. Obs

CLIC 380 GeV + 1.4 TeV + 3 TeV

A C, [TeV?]

107"
Even better individual limits for four-fermion )
operators 10
Global limits within a factor 1.3 to 2 1073
107

Co Ca Cu G Cuq Co Cyz Ciu Cyz Cy
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Full-simulation results

Using real P(e-) -80% +80%
reconstruction 380 8% 11%
efficiencies for the =~ 1490 9% 10%
3000 5% 6%

stat. opt. observables

dp W

Final fit using a top- c“‘“g o

philic operator basis T Cgw

(CPV operators not included) 0:00045 Cly g

"

Convert the results 008 o
into limits for your 3% c,
favorite model!! Ao

TeV 104 103 102 10~ ! TeV—2

Martin Perelld, IFIC 20 TopLC 2016 - KEK - 07/07/16



sSummary

Paper on top-quark physics at CLIC
collider will be published in a short time
scale.

IFIC has a great contribution on it.

Thanks!

Martin Perello, IFIC 21 LC Spanish Network - Valencia - 21/03/18
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Top quark polarization at different axes

J. A. Aguilar-Saavedra and J. Bernabeu. [arXiv:1005.5382].

z s top .
o Studied process
F,; L _do = ‘](l + a3 cos0) 6_6+ — tt —> W+bW_b — ll/bbqq_
odcosfl 2
/ L do 1. .pessy 1OP pOlarization in the transverse axis
cdoosly £ (perpendicular to the top flight direction
1 do 1 _ : . .
o ;o ;(L+aPycost,) 1N thg_p_roo’uct/on plane) prow_des good
proes sensitivity to the real part of dipoles
B — —_— operators (CtW and CtB).
plane
§90-70 0.7
2 T R > f R
=L w CtW from AFB é - il CtB from AFB
o‘0.6_— q ,'C‘Eb (_D.6_— o
< [ = Cf from PoT < [ = CifromPaT
_ F P(e,et) =(-08,4+03) 7 oo P (e, et) = (+0.8,-0.3)
Evolution of s -
individual limits g E
with center-of- 03 03l
mass energy - :
0.2 021~
- e -
0.1 0.1 =
- = - -
0-~500 7000 1500 2000 2500 3000 05061000 1500 2000 2500 5000
Vs [GeV] Vs [GeV]
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Optimal CP-odd observables

The CP-violating effects in ete— — tt manifest themselves in specific top-spin
effects, namely CP-odd top spin-momentum correlations and tt spin correlations.

CP-odd observables are defined with the four momenta available in tt semi-

leptonic decay channel

The way to extract the
CP-violating form
factor is to construct
asymmetries sensitive
to CP-violation effects
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Abstract We study the potential of future lepton colliders to probe violation of the CP symmetry in the top
quark sector. In certain extensions of the Standard Model, such as the two-Higgs-doublet model (2HDM),
sizeable anomalous top quark dipole moments can arise, that may be revealed by a precise measurement of
top quark pair production. We present results from detailed Monte Carlo studies for the ILC at 500 GeV
and CLIC at 380 GeV and use parton-level simulations to explore the potential of high-energy operation.
We find that precise measurements in e”e” — # production with subsequent decay to lepton plus jets final
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Theoretical model: matched calculation

A factorization theorem valid at O(aqep)
and to all orders in as (beyond
perturbation theory) has been stablished
by A. H. Hoang and V. Mateu in which the
observable can be calculated analytically:

Trinren(Mit, 8 ) = o1sr(E~) * ogi(my, s')

The model convolutes the ISR calculation
with the threshold - continuum matched
calculation by A. H. Hoang et al.

The model outputs the differential cross
section of the ete™ — ttvygr asa
function of the photon energy and polar
angle respect to the head-on collision, for
a given top mass.
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For more information and details on the matched
calculation:

ANGELIKA WIDL LCWS17 TALK

- The input mass can be chosen to be any short-distance mass scheme, in this case we chose the

MS scheme. For the calculation itself the 1S and MSR masses are used.
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https://agenda.linearcollider.org/event/7645/contributions/40095/

Sensitivity to the top-quark mass

In order to evaluate the sensitivity of the
observable to the top mass we generate pseudo
data of certain luminosities.

We assume that the real number of events in that
bin will follow a Poisson distribution with a mean
equal to the multiplication of the cross section
expected for each of the bins by the integrated
luminosity.

By generating thousands of datasets and fitting
them to the theoretical model. We estimate the
precision as the sigma of the mass spread.

For a detector coverage of 6° < 8 < 174°, 50 MeV
are within reach for 500 fb-1 at 380 GeV.

Taking into account CLIC’s luminosity spectrum,
the precision goes down to 75 MeV.
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