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Brief recap of future collider projects
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Future lepton colliders

Lepton collider projects:

- ILC (TDR, negotiations):
250, 500, 1000 GeV

- CLIC (CDRY):
380, 1500, 3000 GeV

- CEPC (pre-CDR, TDR ~2020):
250 GeV - no tt production

- FCC-ee (CDR 2018).
90, 160, 240, 350, 370 GeV

Detailed designs for ILC/CLIC
CEPC/FCC-ee to provide CDR

Clear complementarity:

Cavities key tech. for LC:
35 MV/m ILC

100 MV/m CLIC

(cf. 17 MV/m at SLC)

Niobium Superconducting Cavities
1.3 GHz 9-Cell ILC/TESLA
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Circular is superior at low energy, linear is the only option at high energy
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The next hadron collider?

Projects for the next very large hadron collider
- SPPC (China, CDR ~2018)
100 km (TeV)
- FCChh (CERN, CDR ~2018)
100 km (TeV) Vs/L ~1 TeV/km
- High-E LHC
LEP/LHC tunnel 27 km (or TeV)

New 16 T magnets

(cf. 4T Tev., 8T LHC)
are essential technology
for all these projects

Nb3Sn magnets are a
key R&D program in
current European

L

strategy e

M. Vos, The future of top physics, 2-8-2018 4



Top physics today
One energy frontier collider: the LHC
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THE LAST 41 TEARS BAVE
JUST BEEN A PRACTICE!

For a not-too-outdated review (so far) see: Cristianzini & Mulders, arXiv:1606.00327
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LHC establishes ttH production and H- bb decay !

ttH production observed with >5 ¢ in both ATLAS and CMS
“New physics”. Even if it is predicted by the SM, it is a process that has never
been observed before, and is proof of a new interaction
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Lepton vs. hadron colliders
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Hadron colliders: brute force

Run 2 at 13 TeV
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Fully hadronic tt event

0 X(cm) 5

Invariant mass: 3.3 TeV
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Hadron colliders: brute force

ArXiv:1605.00617

Hadron colliders are top quark factories

Data Tevatron LHC 2012
sample 10 fb: @ 1.96 TeV 20 fb: @ 8 TeV
# tt events 10°

Production in new kinematic regime
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Limits on KK gluon reach 3.7 TeV
ATLAS 36 fb™, arXiv:1804.10823
CMS 3 fb?, JHEPO7 (2017) 001
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o [pb]

LHC 2016 LHC design
30fb: @13 TeV 300fb1@ 13 TeV 3ab: @ 13/14 TeV 3ab: @ 27 Tev 10ab* @ 100 TeV

HL-LHC HE-LHC FCChh

10° 10* 10*

Production of new rare processes

Leading-order cross sections at a 100 TeV pp collider
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Differential cross section

CMS Preliminary ~ 35.9 fo'' (13 TeV)
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What does it mean?
Error in the measurement?
Mistake in the calculations??
The SM is broken???
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NEW: CMS TOP-17-014

13 TeV, 36 fb! data vs. MC and
NNLO and aN3LO calculations

Monte Carlo prediction is known to be
off since a long time

Fixed-order calculations do better, but
do not agree: p(SM) < 107

CMS Preliminary 35.9 fb' (13 TeV)
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New physics with top quarks?

A plethora of searches for Vectortke qusrk ai producton srwasio T gt
massive, new states ‘
decaying to final states
involving top quarks

0 0.4 0.8 12 1.6 2
Observed limit 95%CL (TeV)

C J|  CMS Experimentat LHC, CERN
j|  Data recorded: Sun Jul 12 07.25:11 2015 CEST
Run/Event: 251562 / 111132074
2

0 03 0.6 0.9 1.2 15
Observed limit 95%CL (TeV)

Resonances to dibosons

6fb
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radion - HH
13 TeV v

Vector-like quark single production Wi
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Observed limit 95%CL (TeV)

“model-independent
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New physics with top quarks?

A plethora of searches for
massive, new states
decaying to final states
involving top quarks

cMSe] g

Boosted top quark
reconstruction is “bread-
and-butter” physics now

M. Vos, The future of top physics, 2-8-2018

Vector-like quark pair production

Resonances to heavy quarks
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new physics

searches with
heavy SM particles

W’ = VW HVT(B)
W’ = WH HVT(B)
Z' = VH HVT(B)

radion = HH

Unfortunately, no sign of BSM physics
So far! Still a lot of LHC data to come

Excited quarks

g
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Hadron collider potential: challenges

Example: tt inclusive cross section at 13 TeV (arXiv:1606.02699)

Experiment:

Statistical uncertainty: << 0.1% (with 3.2 fb™)
Systematic uncertainty: 3.3% (2.8% had.)
Luminosity: 2.3%

Theory:

Scale uncertainty: ~3% (NNLO+NNLL)
PDF 4.2% (PDF4LHC)

Systematics limit many measurements already today. Precision
physics at hadron colliders requires new developments.

arXiv:1507.08169: “one of the key obstacles to exploiting the immense
statics available at hadron colliders for precision measurements, is the
intrinsic difficulty in performing accurate absolute rate predictions”
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Lepton colliders: stringent precision tests

M. Baak et al., arXiv:1407.3792

Electroweak fit yields indirect
m,, =80.354 £ 8 MeV
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Precision BSM physics. Precise measurements, precise theory & BSM sensitivity

— Higgs couplings

— Vector boson scattering

— Top EW production

Closure tests of the Standard Model

- EW it
— vacuum stability

M. Vos, The future of top physics, 2-8-2018
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Top is one of two SM particles to escape
scrutiny at LEP/SLC and the top sector
remains relatively unconstrained.

Error budget dominated by m
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Precision physics at lepton colliders

For precision there is nothing like e*e

Machine: per mille level control over luminosity,
polarization and beam energy calibration

Theory: no PDFs, small QCD corrections
Predictions at few per-mille level already today!

Selection: democratic cross sections allow for truly
inclusive measurements (no trigger!)

Statistics: smaller samples (decreasing with energy
for s-channel processes, increasing for t-channel)

Challenge: excellent detectors to make sure
the experiment matches few per mille theory
precision

See also: Chokoufé et al., arXiv:1609.03390

M. Vos, The future of top physics, 2-8-2018 15

—_
o
[\S]

s(e*e — ti(+X)) [fb]

o bl
&

—_
o
w

174

WA

1000

2000 3000

s [GeV]

w0 matched, no switch-off

matched, combined, symmetrized

340 350

360 370 380

V5 [GeV]



Precision BSM physics

Treat high-energy colliders as low-energy probes:

1
Lepr = Lsn + yE Z C;0; +O (A_4)

T
individual —s—s
—+—  marginalized —e—

Simultaneous fit to all (relevant) effective D6
operators provides general set of constraints
on (nearly) any BSM physics

1

LHC fit top sector arXiv:1506.08845 —— ’
Results can easily be translated into limits >
on concrete new physics models

pMSSM
2HDM-II
ILC fit Higgs sector arXiv:1708.08912 """

LHT-6

LHT-7

EFT fits are thriving at the LHC, but a truly
global fit may require a lepton collider

Radion

Singlet
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Top quark mass
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Top quark mass: direct

The top quark mass

LHC + Tevatron 2014:

m =173.3+£0.7 GeV
(arXiv:1403.4427)

ATLAS combination (2017)
m =172.5+0.5 GeV

CMS combination (2015)
m =172.4 £0.5 GeV

ATLAS+CMS Preliminary Miep SUMmary, s = 7-13 TeV September 2017
LHCIOpWG
"""" World Comb. Mar 2014, [7]
stat total stat
total uncertainty Myp * total (stat + syst) {s  Ref.
ATLAS, I+ets (*) 172.31x 1.55 (0.75 = 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 = 1.63 (0.64 = 1.50) 7TeV [2]
CMS, l+jets 173.49 + 1.06 (0.43 = 0.97) 7TeV [3]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7TeV [5]
LHC comb. (Sep 2013) LHCtopwaG 173.29 = 0.95 (0.35 = 0.88) 7TeV [6]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33 = 1.27 (0.75 = 1.02) 7TeV [8]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7TeV [8]
ATLAS, all jets 175.1+1.8(1.4+1.2) 7TeV [9]
ATLAS, single top 172.2+ 2.1 (0.7 £ 2.0) 8TeV [10]
ATLAS, dilepton 172.99 = 0.85 (0.41= 0.74) 8 TeV [11]
ATLAS, all jets 173.72 = 1.15(0.55 = 1.01) 8TeV [12]
ATLAS, l+jets 172.08 + 0.91 (0.38 = 0.82) 8 TeV [13]
ATLAS comb. (i?:::l);;) 172,51 = 0.50 (0.27 = 0.42) 748TeV [13]
CMS, l+jets T 172.35 = 0.51 (0.16 = 0.48) 8TeV [14]
CMS, dilepton 172.82 + 1.23 (0.19 = 1.22) 8 TeV [14]
CMS, all jets 172.32 + 0.64 (0.25 = 0.59) 8 TeV [14]
CMS, single top 172.95 + 1.22 (0.77 = 0.95) 8TeV [15]
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 748 TeV [14]
CMS, l+jets 172.25 + 0.63 (0.08 = 0.62) 13 TeV [16]
{2} ATLAS.CoNF 2015077 {5 EurPrys..C75 (2015330 {12] Phye Rew 035 (2019 072008
(*) Superseded by results (4] Eur prye 172 2012) 2202 10T ATLAS CONF 2014.055 {16] CHs PAS ToR17.007
shown below the ine RS RDmimmee
] | | ] 1 ] | ] ] | | 1 | ] ] | | ] ] ] | ] 1
165 170 175 180 185
m,, [GeV]

13 TeV, CMS l+jets, arXiv:1805.01428 (36 fb™, 600 MeV)
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CMS direct top mass at 13 TeV

x10° CMS 35.9 fo! (13 TeV) x10° CMS 35.9 fo! (13 TeV)
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© 150;_ E o B V
-'5 E S 60_ 2
100 E
qg_) qg_) 40[
Q. 50r s 20k
B O B
% 1.5 = 1.5¢
B B
g 1 s 1
"505./......‘|.\..|...‘|.\..|...J (S0 Y o WAL M A G B
& By 50 100 150 200 250 300 O 100 200 300 400
mie [GeV] miee° [GeV]

Mass peaks of 2- and 3-jet system that are selected as W and top candidates
W-peak is crucial to control jet energy response in situ — 2D (3D) fit of mt, JES, (bJES)
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CMS direct top mass at 13 TeV

x10° CMS 35.9 6 (13 TeV) x10° CMS 35.9 fb! (13 TeV)
160F "mmticorrett | mmSinglet’ ' ] e EEticorrect = mmSinglet

r = B W+|ets ] E mm W+jets =

140 EE1twrong mm Z+jets = 70 - [ttwrong I Z+jets ]
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36 fb™* at 13 TeV (lepton+jets)

arXiv:1805.01428 172.24 + 0.08 (stat.) £ 0.62 (syst.)
cf. 20 fb™ at 8 TeV (lepton+jets)

172.35 £ 0.16 (stat) + 0.48 (syst) GeV
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Progress at the LHC: top quark mass revisited

Direct mass can reach 200-300 MeV precision (CMS), well beyond 1 GeV
envisaged before the start of the LHC.

Interpretation of top mass measurements is hotly debated. The direct top

mass is probably close to, but definitely not identical to the pole mass...
Calibrate MC mass parameter: Hoang et al., PRL117

Parton shower analytics: Hoang et al., arXiv:1807.06617

Renormalon ambiguity: Beneke et al., arXiv:1605.03609

Status quo: distinguish standard, “direct ~ % ... CMS
mass” measurements and proper “pole = % . Preminay Prjecion]
mass” extractions from (differential) Eost L Ll wmeecomon
cross section measurements S e rea
% 15:_ ‘é.i I+jets, PRD 93(2016)2004 E
Progress below 500 MeV requires G e S E
significant experimental and theory work ER S \ E
arXiv:1310.0799 S 05—\ S =
=t \

0 Run I 0.3/ab,14 TeV ~ 3/ab, 14 TeV
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Alternative methods: pole mass

The top quark pole mass is extracted from a (differential) cross section
measurement with sufficient mass sensitivity
Control over mass scheme, provided unfolding is independent of MC mass

Top-quark pole mass measurements February 2017
1 1 1 DO oftt), 1.96 TeV
Differential cross section PLb T o) d0p @ 16750%520 55 Gev
E h d t t MSTWO08 approx. NNLO
DO oftt), 1.96 TeV ;
nhanced sensitivity OOy e
+ shape analysis D0 o), 196 Tev s 0 coy
PRD 94, 092004 (2016) : -3.20 Ge
MSTWO0S NNLO
. N ATLAS G{ﬁ) 7+8 TeV 79 90 +2.50 GeV
NNLO+EWK corrections for tt EPJG 74 (2014) 3109 ! e
1ol 1 ATLAS tt+j sh , 7 TeV +2.
NLO precision for tt+1 jet HeR 0 o iE — @ 17370 220 5 1oV
NLO for lepton observables e D e 17380170 4 Gy
NNPDF3.
CMS o(tt) 13 TeV +2.
ar;(iv:1%1.)oazza(zom —@— 17270240 ;55 Gev
CT14
CMS ti+] shape, 8 TeV 452
T0P-13-E-£3a (2(32} —® + 169.90 TH5% 565 GeV
World binati +0.
ATLAS, ODF, CMS, D0 @ 173347076 55 Gev
arXiv:1403.4427, standard measurements
| | | | | | | | | | | | | | | | | | | |

150 160 170 180
m, [GeV]
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Top quark pole mass determinations

TO p q u ar k p o I e m aS S ATLAS Preliminary compared to direct measurement

N +5.9
169,15

DO approx NNLO: MSTW08, 1.96 TeV 2009

DO approx NNLO: MSTW08, 1.96 TeV 2011 — 167.5752

Inclusive cross section

Well-defined mass scheme (p0|e mass, MS maSS) ATLAS NNLO+NNLL: PDFALHC, 8 TeV 2014 1741+ 26
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172,922
Limited Sensitivity: Am/m ~ 0.2 Ac/o ATLAS NLO: tt+1 jet, 7 TeV 2015 173.7°23
CMS NNLO+NNLL: NNPDF3.0, 7-8 TeV 2015 = 173.67)7
ATLAS and CMS ~2 Gev uncertainty Direct rleconstruction LH|C+Tevatron 201£|1 | B I 173.31£0.8
. 1 l14ol 1 L 1150I 1 1 l16ol 1 1 117OI 1 11801 1 L 1190
Recent DO result (arXiv:1605.06168): P [GeV]
mt=172.8 £ 1.1 (theo.) 32 _,, (exp.) GeV T ————————— ,....,....,....,.t...
: =108t :
QIS e Amf™- 10 GeV H —z=5
_ Amf™- 5§ GaV 5 ]
" = = I 'E 'r i —_
ttg Ccross-section % oo e A 10 Gov - Jdr =
E [ wmm am -5 GV : =] i
Alioli, Moch, Uwer, Fuster, Irles, Vos, arXiv:1303.6415 = 5 J{ =
. 05— ¥ —_IE-E-
ATLAS, arXiv:1507.01769 i ]

Mt =173.7 £ 1.5 (stat) £ 1.4 (syst) 10 (theory) GeV J

=4

Di-lepton diff. X-SECtion 3 1852 ATLAS| l MClFM NLO fixedl-order, p=m /|2 &l
ATLAS 8 TeV, EPJC77 (2017) 804 A i E
Mtpole =173.2 + 0.9 (stat.) + 0.8 (theo.) + 1.2 GeV (exp.) mh ii H11 ii . i‘I’ ii HH{»E
ot H T

165 — R NN;IDTFS.O e

E | total uncertainty v HERAPDF 2.0 J

- 1 statistical uncertainty r QEI’\F/J[;II nolet _:

Approaching 1 GeV precision
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world-average direct reconstruction
| i | i

Dilepton m™  Dilepton p®+p" Dilepton E°+E" Comb. (8 dist)
P! pton p_+p.

Leptonp Dilepton p:"



do/dX [fbltyp A]

Top quark mass from e+e- threshold scan

Threshold shape
reveals the top
guark mass

Kuhn, Acta Phys.Polon. B12 (1981)

8 T 7 1 LI T L 1 T 1 T ]
= —do/dm, [A =20 MeV] -

—do/dT [A = 40 MeV]
— do/de, [A =0.0006]

1 1 |
350

=
/s' [GeV]

) NSRRI
340 345

. Vos, The future of top physics, 2-8-2018

—

cross section [pb

=
fo)

-1 _4 T T T T T T T T T | T T T T I T T
| tt threshold - 1S mass 174 GeV |
12 | —TOPPIK NNLO —CLIC 350 LS+ISR _
—|LC 350 LS+ISH —FCCee 350 LS+ISH |
1 -
0.8 —

\

0.4

0.2

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)
| | 1 | | | 1 | |

345 350 355
/s [GeV]

Line shape also depends on width,
Normalization sensitive to o and y,
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cross section [pb]
SO Q8 S S
w BN o1 (o] ~

=
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0.1

Threshold scan: experiment

Detailed estimates of the precision in multi-parameter fits
Martinez, Miquel, EPJ C27, 49 (2003), Horiguchi et al., arXiv:1310.0563, Seidel, Simon, Tesar, Poss, EPJ C73 (2013)

Nominal luminosity spectrum Low Q machine parameters
B I T T T T T T T T T T T g E 07 C I T T T T I T T T T | T il
- ff threshold - QQbar_Threshold NNNLO ] Q. [ tithreshold - QQbar_Threshold NNNLO ]
ISR + CLIC LS Nominal i) c 0.6  I[SR+CLIC LSPIgowCharge iy
— default - m° 171.5 GeV, T, 1.37 GeV ] e — default - m;~ 171.5 GeV, T, 1.37 GeV :
m, variations + 0.2 GeV ] 8 0.5 m, variations + 0.2 GeV E
— T, variations + 0.15 GeV ] o = — T, variations + 0.15 GeV -
. 0
i )
©04
O

o
w

I simulated data points
100 fb™ total

I simulated data points
100 fb™ total

=
)V

ll||Ill]llllllllllllllllllll

CLICdp preliminary CLICdp preliminary

=
—h

IIIIIIIIII]IIIIIIIIII

IIIIIIIIII]IIIIIII

0
340 345 350 340 345 350
Vs [GeV] /s [GeV]

The machine parameters can be tuned (at a cost in instantaneous luminosity)
to minimize the impact of the luminosity spectrum on the threshold shape
Higher precision - per unit luminosity — in the mass extraction + potential gain
In the width measurement. The details of the scan can be further optimized.
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Threshold scan: potential

A multi-parameter fit can extract the PS mass with excellent precision

Statistical uncertainty: ~20 MeV 100 fb™

Scale uncertainty: ~40 MeV N°LO QCD, arXiv:1506.06864
Parametric uncertainty: ~30 MeV o, world average, arXiv:1604.08122
Experimental systematics: | 25-50 MeV | including LS, arXiv:1309.0372

This threshold mass can be converted to the MS scheme with ~10 MeV precision
Marquard et al., PRL114, arXiv:1502.01030

A very competitive top quark mass measurement:

Amt ~ 50 MeV

=3x10%, cf. Am ~1%
b

This is a real prospect, not a target! Build the machine and we perform the measurement.
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Top quark mass: alternatives

1 ] T 1 | T T 1 ] l T 1 1 ] I 1 1 1 T I ] ] ] T
—]— Pseudodata
= 1 Ll —

Scale variation envelope

)]
)
o

Radiative events:

“return-to-threshold”

TN

o

o
I

Cross section depends strongly
on top quark mass

N
o
o
I
HH
l

Matched threshold-continuum
calculation by Hoang et al.

0 R CLICdp preliminary i

il ST T ST TN T TN T TN SO NN SO SRR NN TR [T TN TN SR T AN TR SR T B
330 340 350 360 370 38
/s' (GeV)

Radiative tty events give access to the top quark mass in continuum runs:

Events (# / ILD ECAL binning)

~100 MeV uncertainty with 500 fb™ of 380 GeV data
~100 MeV uncertainty with 4 ab™ of 500 GeV data

Rigorous and flexible control over theory — access to the running of the mass
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3 decades of top quark mass measurements...

Tevatron: discovery (1995) and first characterization

— Legacyom, <1 GeV

LHC: direct measurements
— Today: 500 MeV
— Exp. Prospects: 200 MeV
— Interpretation to match this precision...

LHC: extract top pole mass from cross-section

— Today: om, ~ 2 GeV
— Rigorous interpretation
— Can reach ~1 GeV precision

Future lepton collider
— threshold scan
— 50 MeV precision!

Future 100 TeV pp collider:

-7

Tev. + LHC
today

M. Vos, The future of top physics, 2-8-2018 28

Evolution of the top quark mass

?77?

Bl Experiment
Bl Theory

?

-l-l'_

HL-LHC lepton collider FCC-hh
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Top EW couplings
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Top EW couplings

RS/composite Higgs type of SM extensions predict sizable
deviations from the SM prediction for the ttZ coupling

Extra dimension models LU AgR/g(%)
typically yield order 10% . LHE | ®
deviations for A ~ 1 TeV . —20%
LR 0%
A %-level measurement can e ™
pick up signals from very high s e ——
-30% -20% 3\!0% A . 10% + 20%  30%

scale, O(10 TeV) o Loz . Ag/a(%)

L’
. )
L] L]
@ v - 20%
* " 3
* 1 »
*

o 5D models by several authors
Richard, arXiv:1403.2893

* 1
LY 1 i
1 1

O 4D Composite Higgs Model
Barducci, de Curtis, Moretti, Pruna, JHEP 08 (2015)
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Rare processes

Top and friends: tty, ttW, ttZ, ttH, tttt
(and single-top associated production)

ATLAS ttZ/ttW at 13 TeV:
statistics still 2-3 times the systematics
(with approximately 1/10th of today's data)

arXiv:1609.01599

ATLAS ttyat 8 TeV

Systematic dominant,

Cf. CMS 8 TeV ttX results
(arXiv:1406.7830)

o, = 170" (stat.)*70 (syst)fb

tw

c,, =200"_ (stat.) + 40 (syst.) fb

t

theory comparable
arXiv:1706.03046
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ttZ cross section [pb]

E ATLAS %  ATLAS best fit

E —— ATLAS 68% CL
-1
2,5_— ys=13TeV; 32fb = ATLAS 95% CL

% NLO prediction
%S HZ theory uncertainty
RS W theory uncertainty

|IIII|I[IIIIIII|IIII

—

q»'ITT1‘|~,LI[Il]lll
.

o

X
o%%

K
oS
XL

ool 0.5 1 1.5 2 25 3 3.5 4
ttW cross section [pb]
T I T | | T T T | T T T T | T T I T
ATLAS NLO prediction based on
PRD 83 (2011) 074013
stat total
——e——
_ -
Vs=8 Tev 20.2 fb .
This work !
Vs=7TeV 459 b’ °
PRD 91 (2015) 072007 ; ' '
| | | 1 | | Il | | | | | | | I | | | |
oY/o2
tty tty
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Top EW couplings: LHC status

Simultaneous fit to Tevatron and LHC data
arXiv:1506.08845, arXiv:1512.03360

Single top production, ttZ | | =
a3 E Single top +—e—v
Ou.B ¢ ! E
First EFT fit in top sector
033 , —eiy
ul¥
Limits are still weak o ]
Validity of EFT marginal o
bq ]
1-parameter fit for EW coupling cs :
-1 -0.5 0 0.5
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More data on rare Processes

More constraints coming in from rare top production processes

q q

Physics Letters B 779 (2018) 358-3584

Contents lists available at ScienceDirect

PHYSICS LETIERS B

Physics Letters B

Al

i LA
ELSEVIER www.elsevier.com/locate/physletb

Z

Single top tZ production Measurement of the associated production of a single top quark and a

Z boson in pp collisions at /s = 13 TeV =

(3 . 7 G Slg nal I n C M S) The CMS Collaboration *

CERN, Switzerland

g

ARTICLE INFO ABSTRACT

Article history:

A measurement is presented of the associaed production of a single top quark and a Z boson. The study
Received 7 December 2017

T ! uses data from proton—proton collisions at /5 = 13 TeV recorded by the CMS experiment, corresponding
Received in revised form 5 February 2018 to an integrated luminosity of 35.9 fbo-!. Using final states with three leptons (electrons or muons), the
i::l:llfl‘: :nﬁfﬁ?&ﬂiq 208 tZq production cross section is measured to be oipp — tZq — WbiT{ gq) = 123:3?(swt}:§§(syst) fb,
Editor: M. Doser where £ stands fnr_electrcns. n'Euons‘ or T leptons, with observed and expected significances of 3.7 and

3.1 standard deviations, respectively.
Keywords: © 2018 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
M (http:{/creativecommons.org/licenses/by/4.0/). Funded by SCOAR.

Single top
Cross section
tZn
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Associated production at 100 TeV

Analyses of still “rare” processes to profit most from increase in rate.

100 .

10

1
0.1
0.01

Ot [1D]

W

0.001

it

t/t,t —ch ]
Wt=Wt 4

t/t,s —ch A
t/jt+ 7

t/t+ H

0.0001

le — 05 ]
, NNPDF3.0

le =06 1513 33 50 100

V3had [TeV]

Factor 50 increase in ttZ rate:
tZ and tH become accessible

ArXiv:1607.01831

Form cross section ratios (ttZ/tt and tty/tt) to cancel theory uncertainty (~20%)
Resulting uncertainty from scale variations = 3% in Schulze & Soreq, 2016

arXiv:1607.01831

Roentsch & Schulze,
arXiv:1501.05939

Schulze & Soreq,
arXiv:1603.08911

Cryv Cia Cov C2.4
SM value 0.24 —0.60 < 0.001 < 0.001
13TeV,3ab-! | [~0.4,40.5] | [-0.5,—0.7] | [~0.08,+0.08] | [~0.08,+0.08]
100 TeV, 10ab=! | [+0.2,+0.28] | [~0.63, —0.57] | [=0.02,+0.02] | [~0.02, +0.02]

FCChh boosts constraints on EW dipole moments

M. Vos, The future of top physics, 2-8-2018
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Top EW couplings at lepton colliders

T (K2, q,9) = ie {w (FX (k%) + 15 (K2) — 222 (g + )" (iFﬁW) + 75 Faq (K2)) }

— — th

LHC, Vs = 14 TeV, L = 3000 fb"
. Phys.Rev.D71 (2005) 054013
Phys.Rev.D73 (2006) 034016
ILC, Vs =500 GeV, L =500 fb'
EPJ C75 (2015) 512

Uncertainty

Il]ll[]

Prospects for 500 GeV ILC

CLIC, Vs = 380 GeV, L =500 fb™
PRELIMINARY

ArXiv:1307.8102, arXiv:1505.0620 L [CUIC, 15 =380 GeV, L =500 1 o e~ 3%)

PRELIMINARY

Measure 2 observables for 2 beam 107"
polarizations at ILC500 or CLIC380:

o) Ag() = | A Ry
Ak s =) | AR A

Measure Extract

380 GeV collider has similar sensitivity
Caveat: theory unc. Exception: Z-F

FCC-ee, Janot et al., arXiv:1503.01325, 1509.09056
ILC ME method, arXiv:1503.04247 Fiy = Foa Foy Fay
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CP violating interactions

N

t _ . Opuv -~ (-
L (k2 q,q) = de {% (Bt (k%) + 35 F74(K) = 5=+ )" (iF3y (K) + 15 Fza (k)

4

Reconstruction of optimal CP observables

é’ : .;Rféevi:;m;;;m!mfm ! : yields very tight constraints — sensitive to

5 | EmRnann - deviations predicted by viable 2HDM models
+— EEHILC, Vs =500 GeV, L = 500 fb . .

@ TF e iumup, /5= 50 Gev, L = 4000 " . Bernreuther, Richard et al., arXiv:1710.06737
8 - CLIC, Vs = 380 GeV, L = 500 fb" ]

D) CLIC, Vs = 3 TeV, L = 3000 fb"

Birman et al.
[~ 1605.02679

—
<

0.2 imozosa —~

1072

107°

RelF! 1 Re[F? | Im[F’ ] Im[FZ ]
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Towards a global EFT fit

Durieux, Perello Zhang, Vos, arXiv:1807.02121

| | | | | | | [ | T T T T T rrrrrrrri
- I
10°F 1 0o 5 ; _f'-”f .
o aC, f._,:,:fr - 1+ “4-fermion”
10t e : ~operators
1[}[]' | _ .
m_l _/’ — . 4 ff vertex”
. - _“¢ | operators
102} / - e stiLo 11 e
/ (Poy,P.—) = (+30%, —80%)
1“—3 ':' | 1 1 1 I | 1 1 | | N I T I I O A A N |
380 ._1[]'[]' 1000 1400 3000
/5 [GeV]

Sensitivity to 4-fermion operators (~new mediators) grows strongly with energy
— CLIC 3 TeV operation provides tightest constraint

Sensitivity to 2-fermion (~loop effects) is flat

— low-energy operation yields superior constraints
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Global EFT fit

Global 10-parameter fit requires
a linear collider, with two energy

stages and beam polarization

M. Vos, The future of top physics, 2-8-2018

Durieux, Perello, Zhang, Vos, arXiv:1807.02121
CLICdp top paper, arXiv:1807.02441
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'
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Figure 23. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables in a circular collider (CC-)like benchmark run scenario.

19 Cp} |— I
E =l statistically optimal ohservables
’ C*"Q [E— | ILC-like run scenario
26 O 500 ! at F = 500 GeV
16 CF — | Lab~at 5 = 1TeV
s W ] Plet,e”) = (£30%, T80%)
Ls Cp, |—— |
< e
Ciz J
cx, |
02 1 Ciz—
-0.2 £ C, l{_,l |
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Figure 24. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables, in an ILC-like benchmark run scenario.

0031 Gy jmmn o
- R: =zl statistically optimal observahles
2 C*"Q fu— =l CLIC-like run scenario
.26 C"_“q 5001 at s = 380 GeV
- C[\q' —_— ] |'3 ab-i at U-E:,.JT:_-V
ooV 1 dab™! at s =3 TeV
12 ey uum—1 | Plet.e) = (0%. T80%)
cl, -—
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Figure 25. Global one-sigma constraints and correlation matrix arising from the measurement of
statistically optimal observables in a CLIC-like benchmark run scenario.
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Global EFT fit Durieux, Perello, Zhang, Vos, arXiv:1807.02121
CLICdp top paper, arXiv:1807.02441

|| || ] ]
3 e e Tr
10 . indiv. limits - LHC run I TopFitter, arXiv:1512.03360

o}
o
L .
= @ global limits - ILC: 500 GeV. 0.5 ab” @ 1 TeV, 1 b’
o
22) 102 _ CLIC: 380 GeV, 0.5ab" @ L5 TeV, L5 ab” @3 TeV, 3ab” ] 0—1 —
= >
é. >
= =,
. 2
— S
@) %
L]
3 L =
\O =,
;‘;‘;‘;.: o v =
e e e ey L -
R e 2
BEXX ey 10

A" A R R
an q Cl.’p q CUA CUZ

Two-fermion operator limits exceed HL-LHC prospects by a large factor

Constraints on 4-fermion and dipole moment operators probe very high scale
- TeV LC competitive with gqgq — tt at the LHC and possibly FCChh
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Durieux, Matsedonskiy, arXiv:1807.10273
. CLICdp top paper, arXiv:1807.02441
From EFT to concrete scenario P f0P pap

Re-express EFT constraints as limits on the canonical composite Higgs scenario,
characterized by a coupling strength g, and NP scale m_(Giudice 2007)

The top quark is naturally composite in this framework (Pomarol 2008), the only
viable option to generate the top Yukawa coupling (Ratazzi 2008)

Benchmarks: partial (t and t, composite) & total (t, maximally composite)
Pessimistic 5¢ discovery contours reach 7-15 TeV, in favourable cases > 20 TeV

12} o total tr compositeness
L ttH
100 CLICdp
- semi-leptonic ff :
8 380 GeV + 1.4 TeV + 3 TeV -
X . .
(@)
6F
4t
2t
5 7 10 20 30 40
m,[TeV]
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Durieux, Matsedonskiy, arXiv:1807.10273
Comparing projects and channels

105 [y ——— ————7
CLIC - fully composite ¢ g CLIC - equally composite gt [
top and bottom . ‘
[]:-'-'\.'-'\.“' and diboson

Remember: EFT study
mapped onto “generic”
Composite Higgs scenario

. 107 —————— — C
Measurements N top and ILC—i;l(Jlll}g,r_:i;::??::ﬁi{tfuf g ILC — equally composite ¢t g~
Higgs sector yield 08 Higgs nd dibcson 37

complementary constraints
at linear colliders

08— : -1 R %
CC — fully composite ¢ g = CC — equally composite g,¢ g =
top and bottom
104 Higes and diboson 31 2

m, [TeV] m, [TeV]
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19.7fo" (8 TeV) + 5.1fb" (7 TeV)

Q :||| T ||||||\| T |||||||| T I|||||!| :
< | CMS ]
& La
il
5 [ |m68%cL i
107 |—95%CL
i C |---SM Hi .
Top and Higgs ; 908 :
10-25_ =
10° E M.e)fit |
g BE68%CL | -
—95%CL | A
-4 E 1 Illlllll 1 IIIlIIIl 1 IIIIlllI 1 —
N 0.1 1 10 100

Particle mass (GeV)
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Top Yukawa coupling

At the LHC the top quark Yukawa coupling is inferred from the observed gg - H
and H - vy decay rates. Legacy combined run | result: k = 1.43 +0.23.

ATLAS and CMS — tio

! ! LHC Run 1 -o- ATLAS+CMS —+ATLAS «CMS —12¢
t w « _ H . :
R " R W z i f— ! | = .£
t w — . — ———
Kw el —_— ——
gt

Bagy20  o—

Prospects for full LHC program: Parameter value
K - 14-15% (300/fb)

K, - 7-10% (3/ab) Snowmass Higgs report
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Top Yukawa coupling at the LHC

The LHC adds

yet another discovery

Results compatible with the predictions

for a Standard

Direct probe of

Model Higgs boson

the most interesting

Yukawa coupling

T T T T | T T T T | T T T T | T T T T | T T T T | T T
ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1 - 79.8 fb

Total Stat. Syst.
ttH (bb) :%: 079+ o8 (% 3% ,+0.53)
ftH (multilepton) —— 156+ 04 (% o5 % 059 )
ftH (yy) ——t——r| 189% (b .
ttH (22) k <1.77 at 68% CL
Combined H=s=H 132+ 0% (£0.18,+ %)
1 | 1 1 I 1 1 1 1 | 1 1 1 1 | 1 | 1 1 | | 1 1 1 | 1 1

-1 0 1 2 3 4
SM
Gttl-/GttH
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Events/bin
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ATLAS

{s=13 TeV, 36.1 - 79.8 fb’

I I

¢ Data

B H (n=1.32)
fiH (u=1) =

[]Background

Il'lll v v be v Ly
-15 -1 05 O

| I | 0 B 4
0.5
Iogm(S/B)

ATLAS

$ Combined data

Stat. only

Theory (NLO QCD + NLO EW)
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Top Yukawa coupling

ATLAS and CMS -~ ATLAS+CMS
LHC Run 1 = ATLAS
-+ CMS
B —+io
———— — 12
HggF - o

The top Yukawa coupling is measured -
directly in associated ttH production. Myer el
Runlresult:p =23 £0.7 N

Hyy
5.1 fb™ (7 TeV) + 19.7fb™ (8 TeV) + 35.9 b (13 TeV) T —_u_—
e Observed —
_CMS — 11G (stat @ syst) M B .
fHWW* ! _ — +1G (syst) ttH
( ) ! —— +20 (stat @ syst)
] - 5 H porall
ﬂH(ZZ} . i LILIIlllLILIlIIll_l-Lil-L_lllllllLILIIIIILILIIIII[ILIL
- 5 -1-050 05 1 15 2 25 3 35 4
ttH(yy) . Parameter value
ttH(t 1) -
fiH(ob) — .
New 13 TeV data
7+8 TeV
13 Tev —— CMS:p_ =1.26+0.3
Combined ——0—— ATLAS: MttH =1.32+0.3
v v v b e e e b e b by
-1 0 1 2 3 4 5 6 7
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Indirect top Yukawa coupling
Mitov et al., arXiv:1805.12027

L'y
Hh—gg — I,ST_;gg = 1+ 2Ay:,

h—gg
L'y

_ —W}*

h—>w
One-parameter fit of H - gg 0.10 1 e e £ o Zgiig — 10
and H - yyrates yields 1-2% il e e e S amay —
precision already in the low- l CLIC (V5 100G, £~ 1501 2) — |00
R R el
energy stage 0.6 | ILC (5 = 500 GeV, £ = dab) — |
j 0.05 + 10.05
More complex general case: o »

Vrryonidou & Zhang, ' 1™

arXiv:1804.09766 M |08
Perello & Tian, in progress gl 002
0.01 | | | | 10.01
0.00 | l l 0.00

hy tth h— ~yy h — gg total

CP properties in ttH
See arXiv:1807.02441
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ttH at lepton colliders

Requires at least 500 GeV
(550 GeV has 3x higher rate)

M. Vos, The future of top physics, 2-8-2018

o(e*e” — ti(+X)) [fo]
i )

—
<

47

—h
LILILILLL L

74 3

fiv,v,

1000 2000 3000
s [GeV]

Complex multi-jet events:
ttH, H — bb
O leptons — 8 jets,
1 lepton - 6 jets
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Top quark Yukawa coupling

Challenges:

Small signal sample

Large (x100) background rejection
Jet reconstruction and pairing

ILC : 3% with 4 ab™ at 550 GeV arXiv:1506.05992
ILC :4% with1ab™at1TeV arXiv:1409.7157

CLIC : 3.8% with 1.5 ab'at 1.4 TeV  arXjv:1807.02441
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Top quark Yukawa coupling at hadron colliders

Deal with theory cross section by using a wisely chosen ratio:

o (tEH )[pb] o (t£2)[pb) i_((?zi}

NERT 1= +5.79%+3.33% ~or+0.81%+3.27% +2.45%+0.525%
13 TeV | 0475 g 040, 3708%  0-789151 o9g- 3199 0-606157660, "0310%

=T +7.06%+2.17% =~ 0+8.93%+2.24% FQr+1.20%+0.314%
100 TeV | 33.97¢ 990 _518% D79 g tes—2.43%  0-985 15 000 0 147%

High rate allows to focus on events where H - bb and hadronic top

decay are sufficiently boosted to reconstruct them as “fat” jets

Fast simulation analysis achieves S/B~1/3. XI%_N ] "
Good mass resolution for H and Z candidates s0r e LGV °
Side-bands to control background normalization. :

40

FCChh claims to achieve 1% precision on o
the top Yukawa coupling (20/ab, 100 TeV) 201
Mangano, Plehn, Reimitz, Schell, Shao, 2015 10b
Full simulation results not yet available B0 o0 s o sy
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Direct top Yukawa coupling measurement - summary

%,
3
%%
P Evolution of the precision of the
¢~ direct Yukawa coupling measurement

B Experiment
B Theory
>
D
S
@fz?
N
Q°
H N N ™
" Tev. + LHC _ HL-LHC __ linear collider __ FCC-hh
today vs > 550 GeV
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The future of top physics: highlights

Top physics at the LHC is in full swing. So much is going on, it is
hard to keep up. BSM constraints derived from top physics
measurements will continue to improve until 2035.

Top quark studies at future facilities have the potential to
deliver the transformation that this field needs

Lepton collider prospects:
= 350 GeV: top mass measurement to 50 MeV precision
> 350 GeV: Unrivalled sensitivity to ttZ and tty vertices
> 500 GeV: direct top Yukawa coupling to 4%
Challenges: control of systematics to per mille level

100 TeV hadron collider targets:
Greatly enhanced mass reach for searches
Very tight constraint on top QCD interactions
Top Yukawa coupling to 1% ?
Challenges: control of (theory) systematics to % level, ultra-boosted production

Progress on EFT machinery enable a comparison of the BSM potential of top precision
measurements at different colliders — deliver by the time of the European Strategy update
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Let’s just do it!

Belle Il detector

collision point

‘ Positron ring \

_. | Electron-Positron
L | linear accelerator

Positron damping ring |

Japan and KEK are now officially in charge of the
study of the bottom quark
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Let’s just do it!!

( jERN( :OURIER ‘ International journal of
high-energy physics

Home | About | News | Features | Community | Viewpoint | Reviews | Archive |

NEWS

International committee backs 250 GeV ILC

15 January 2018

Japan can host the
machine that studies
the Higgs boson
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With the rest of the world,

e R e Japan can reach the top

Y _soiig)
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With the rest of the world,
Japan can reach the top,
sooner or later!!




The future of Higgs and top physics in Japan?

There is a real chance that the
International Linear Collider can be
realized in Japan, with important
international contributions.

Initial phase at 250 GeV is very good for
Higgs physics. Energy extendability is
key at linear colliders: the time for top
physics will come.

Time is running out: we need to move

forward before the European strategy
update.
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