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e Why?
* Future colliders

*a short overview for younger scientists
(in no particular order)

* Physics reach (highlights)
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what about detectors?

| will not talk about detector design but the executive summary is that
there are multiple detector prototypes on the market

Many more details on detectors in Nigel Watson’s
talk later this workshop

All general-purpose detectors with excellent performance at least similar but
usually much better than modern LHC detectors, including excellent b and ¢
quark tagging, low (<1 GeV) energy photon and lepton measurement
capabilities and high rapidity acceptance

* ATLAS/CMS-like but with suitable resolution, efficiency, acceptance

*  More ambitious using really cutting edge technologies such as monolithic active
pixels, modern drift chambers using si-detector technology, next-generation
highly granular calorimetry etc

Both full and fast simulation are commonly used, while parameterized
detector simulation (e.g. DELPHES) is also frequently used for more

phenomenology-oriented studies
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Why new colliders?

d a better telescope?
d a better microscope?

Let’s focus on the physics and on

VRIJE
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Outstanding Questions in Particle Physics circa 2011

Quarks and leptons:
O why 3 families ?
O masses and mixing
EWSB O CP violation in the lepton sector
0 Does the Higgs boson exist? O matter and antimatter asymmetry
O baryon and charged lepton
number violation

Physics at the highest E-scales:
O how is gravity connected with the other forces ?

U do forces unify at high energy ?
Dark matter:

0 composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, .. Neutrinos:

O one type or more ? 8 v masses and and their origin
O only gravitational or other interactions ? O what is the role of H(125) ?

O Majorana or Dirac ?
The two epochs of Universe’s accelerated expansion: Q CP violation

O primordial: is inflation correct ? O additional species = sterile v ?
which (scalar) fields? role of quantum gravity?

O today: dark energy (why is A so small?) or
gravity modification ?




Outstanding Questions in Particle Physics circa 2016
... there has never been a better time to be a particle physicist!

Higgs boson and EWSB

O my natural or fine-tuned ?

- if natural: what new physics/symmetry?

O does it regularize the divergent V,V, cross-section
at high M(V,V,) ? Or is there a new dynamics ?
elementary or composite Higgs ?
is it alone or are there other Higgs bosons ?
origin of couplings to fermions
coupling to dark matter ?
does it violate CP ?
cosmological EW phase transition

Dark matter:

L composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

O one type or more ?

O only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:

O primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
O today: dark energy (why is A so small?) or
gravity modification ?

Quarks and leptons:
why 3 families ?
masses and mixing
CP violation in the lepton sector
matter and antimatter asymmetry
baryon and charged lepton
number violation

Physics at the highest E-scales:
O how is gravity connected with the other forces ?
U do forces unify at high energy ?

Neutrinos:

O v masses and and their origin
O what is the role of H(125) ?

O Majorana or Dirac ?

O CP violation

U additional species 2 sterile v ?




These questions are compelling, difficult and intertwined = require multiple approaches
high-E colliders, neutrino experiments (solar, short/long baseline, reactors

OvBB decays), cosmic surveys (CMB, optical/IR spectroscopic and photometric ), dark matter
direct, indirect and astrophysical detection, precision measurements of rare decays and
phenomena, dedicated searches (WIMPS, axions, dark-sector particles), ...

Main questions and main approaches to address them

High-E | High-precision | Neutrino Dedicated | Cosmic
colliders | experiments |experiments| searches |surveys

Higgs , EWSB
Neutrinos
DarkMGTTZf‘ .....

New particles
and forces
Universe
acceleration

These complementary approaches are ALL needed: their combination is crucial to explore
the largest range of E scales, properly interpret signs of new physics, and build a
coherent picture of the underlying theory.




Curiosity!

BIG ROCK /S MOST
FUNDAMENTAL PARTICLE
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it doesn't matter how beautiful your theory is, it doesn't matter how
smart you are. If it doesn't agree with 'fexperilpent, it's wrong. .
| " # - Richard Feynman

»
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Future Circular Colliders at CERN

International collaboration to Study il
Colliders fitting in a new ~100 km
infrastructure, fitting in the Genevois

- Ultimate goal: |~16 T magnets
100 TeV pp-collider (FCC-hh)

- defining infrastructure
requirements

Two possible first steps:

« e'*e collider (FCC-ee)
ngh LUMi, ECM =90-400 GeV From what we know today :
the way by FCC-ee is probably the fastest and cheapest

e HE-LHC 16T = 27 TeV way to 100 TeV.

. That combination also produces the most physics. It is
n LEP/LHC tunnel the assumption in the following.

Possible addition: ‘
alaz

* p-e (FCC-he) op tion ccelerator project”

Study kicked-off in Geneva in Feb 2014
B -V 1/7/19 Freya Blekman, YETI 2019 6N
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Future Circular Collider FCC-ee

* High-luminosity ee circular collider proposed in
new 80-100 km tunnel near CERN

* Flexible centre-of-mass-energy from 90 to 400

GeV
* Top physics run at 365 GeV AR
* Schedule (and physics) complementary to LHC " ong tunne
and in synergy with upgrade to FCC-hh (pp @

100 TeV)

* With precision measurements, 20-50 fold improvement on many SM

parameters such as
°* Mz my My, sin28y Ry, aqep O, top and Higgs couplings

* Potential to directly or indirectly discover BSM physics

* Understand BSM through quantum effects in loops —
* DM as invisible decay of H as Higgs factory - i e

* FCNCin Z and ttbar, flavour physics

VRIJE very diverse exotica programme
UNIVERSIEI T mex01cd PTOB
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Possible Timeline of the FCCs

Technical Schedule for each of the 3 options

26 28 30 32 34

Technical Design Phase b Sfrateg;i Upda'te 202I6 - as'sume(:,l projtlect dez:ision' ' | | | | |
| T 1
ipole long models
g 16 T dipole indust. 16T magnEtS
g 16 T dipoles preseries
a
£ FCC-hh
&
; —
8
[T
&)
3
T _____Installation HE-LHC

schedule constrained by 16 T magnets & CE

— earliest possible physics starting dates

* FCC-ee: 2039

« FCC-hh: 2043

HE-LHC: 2040 (with HL-LHC stop LS5/ 2034)
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CLiC: Compact Linear Collider

PEYEN ST I = o

» Future e+e- collider with oo o copfer i G

p [ 1.5 TeV - 29.0 km (CLIC1500)

access to >=TeV sqrt(s)

Energy scenarios (staged)

sqrt(s) [GeV] Integrated luminosity
[fb]
380 500
350 (top scan) 100
1500 1500
3000 3000

Drive Beams
these electron beams provide the RF power to the main accelerators

)

Detector

— —

/ /
electron main accelerator electrons . positrons positron main accelerator
Main Beams

* Accelerator techniques are novel and rely on two beam
cceleration involving gradients over 100 MV/m!

UNIVERSITEIT
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International Linear Collider ILC

e+ bunch
Dampina Rinas IR & detectors compressor

 |LC25(
initial %
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Higgs |
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energy to study ttbar o - A
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Circular colliders: CEPC

Injection energy 10GeV

Linac

CEPC collider ring (100km) CEPC booster ring (100km)
Center of mass energy 91 - 240 GeV
VRIJE Max. luminosity (\./s=2v40 GeV) 3 x10%* cm?s™
UNIVERSITEH. Later install SPPC (pp collider) Vs = 100-120 TeV

BRUSSEL 1/7/19 Freya Blekman, YETI 2019 15



CEPC Site Selections

Huanghe Company participated

i

Google Earth

@an
* 1) Qinhuangdao, Hebei Province (Completed in 2014)
* 2) Huangling, Shanxi Province (Completed in 2017)

* 3) Shenshan, Guangdong Province(Completed in 2016)

* 4) Baoding (Xiong an), Hebei Province (Started in August
2017)

* 5) Huzhou, Zhejiang Province (Started in March 2018)

*  6) Chuangchun, lJilin Province (Started in May 2018)
1/7/19 Freya Blekman, YETI



CEPC

Studies for site ongoing

Lumi. Higgs W

Qing Huang Dao “Site 1” (close to
Beijing) is used for studies CDR x10% 293 115 166 321

Source: X. Lou, ICHEP18 plenaries

Top quark runs currently part of potential
upgrade

EEMEROME
[ HRY) ARE
R \V~7 -~y

(xiong an) 4

1) Qin huang dao, Heihe (Compietea in zui4)
2) Huanging, Shanxi (Completedin 2017)
3)Shen shan, Guangdong (Completed in 2016)
4) Baoding (Xiong an), Hebei (Started in August 2017, near Beijing
5) Zhejiang (under contact)

VRIJE 6) Jiangsu (under contact)
UNIVERSITEIT
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Source: X. Lou, ICHEP18 plenaries

Paths to realizing the e*e collider(s)

ILC ILC250 is read
“The 2018 Asian Li
28 May to 1 June. /
scientific importan
hosting the project
supported Europec
end of 2018 if the |

1 from the Japanese government

is being held in Fukuoka, Japan from
imously endorsed stressing the

> government to declare interest in
1e European Strategy Group, which
pdate in 2013, needs input by the
aport.”

CLIC Can be implemented at CERN, as an international project, after completion of the LHC.
FCC-ee Can be implemented at CERN, as an international project, after the LHC.

CEPC: Chinese Government: "actively initiating major-international science project...”
E% (2018) 55 (2018.3.14) http://www.gov.cn/zhengce/content/2018-03/28/content_5278056.htm

* focuses on “frontier science, large-fundamental science , global focus,
international collaboration, ...”

* by year 2020, 3-5 projects will be chosen to go into “preparatory stage”, among
mwhich 1-2 projects will be selected. More projects will be selected in later years.

= * This is a likely path to realize CEPC.


http://www.gov.cn/zhengce/content/2018-03/28/content_5278056.htm

FCC-hh: 100 TeV proton-proton collider

* Nigel Watson will discuss CY wy o a 100 Tov
more L s

* Physics- and analysis-wise
this machine very similar
to LHC — but with larger
cross sections/better S/B —
ratio

* parton luminosities!

* And BIG analysis
challenges: almost
everything boosted, more
forward production

* But for that you can design
a detector that can do that

o [nb

VRIJE
UNIVERSITEIT
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FCC-hh discovery potential highlights

FCC-hh is a HUGE discovery machine (if nature ...), but not only.

FCC-hh physics is dominated by three features:

¢ Highest center of mass energy — a big step in high mass reach!

ex: strongly coupled new particles up to >30 TeV
Excited quarks, Z’, W’, up to ~tens of TeV
Give the final word on natural Supersymmetry, extra Higgs etc.. reach up to 5-20 TeV

Sensitivity to high energy phenomena in e.g. WW scattering

¢  HUGE production rates for single and multiple production of SM bosons (H, W, Z) and quarks

Higgs precision tests using ratios to e.g. yy/uu/ 1t/2Z, ttH/ttZ @<% level

Precise determination of triple Higgs coupling (~¥3% level) and quartic Higgs coupling
detection of rare decays H > Vy (V=p, @,J/v, Y, Z...)

search for invisibles (DM searches, RH neutrinos in W decays)

renewed interest for long lived (very weakly coupled) particles.
rich top and HF physics program

¥ Cleaner signals for high P: physics

]

allows clean signals for channels presently difficult at LHC (e.g. H — bb)

VRIJE
UNIVERSITEIT
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Future lepton colliders luminosities

Z

T

1000

100

[a—
=)

ILC

Total luminosity [103* cm™2s™]

50 500 5000
Vs (GeV)

Clear advantage in luminosity for circular colliders vs. linear colliders.
Linear colliders (CLIC) have higher energy reach, but less than a pp collider.



* The threshold shape is affected

Collider: does it matter which one?

by ISR and luminosity profile

-t Y
N s

cross section [pb)

© © o ©
N A O ®

o

vus

Width of turn-on affected by width
luminosity peak

Possibility to shift below threshold
energy means reduction in effective
Cross section

=

§ 10% —ILC 350 GeV

S —CLIC 350 GeV

— —FCCee 350 GoV

-,g nosnalzed owver (Ul energy mnge
©10°

=

10

lIIllIlI 1 Illlllll L1 lllllll

345

350

355 360

330 335 340 35
Vs' [GeV]

i —aowotemn 4 Both sample size and knowledge of
- TresmsmEE uncertainty centre-of-mass create
] adening ifﬂfi-_; Important uncertainties
: —+—, 1 * ISR/luminosity profile sharper for
: NS circular machines
=, | | TiTrmeens 3

345 350 esewy ° Can be optimised for expected
VRIJE physics performance
UNIVERSITEIT
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Circular e™e” colliders: FCC-ee, CepC

o Basic measurements similar for all efe—colliders
+ Some differences in experimental conditions

_y|||.|.\..]..\|||.|\.|‘.|\||v.|§.|‘.|

section (fb)

250 [— —e'e > HZ ]
C —WW-H

& 200 - — Total -
o C ]
— + . -

C SN ]

150 [— g T

100~ - - i , ! \f

50—

= resrsurnl IS B RPN SR SR N SR AR
800 220 240 260 280 300 320 340 360 380 400

(s (GeV)

s e'e" — HZ at /s = 240-250 GeV : Higgs boson are tagged with a Z and mgecoil = My
e Measure oz (X guz®) independently of H decay: absolute determination of gyz
® Measure oz x BR(H — invisible) and many exclusive decays oyz x BR(H — XX)
e Infer Higgs width I'y from oz x BR(H — ZZ) (oc guz*/T'H)
e Fit couplings gux from BR(H — XX) and I'y in a model-independent manner

+ e*e” — HZ completed with WW fusion at 1/s = 350-365 GeV at FCC-ee

e First glance at top Yukawa coupling A: and Higgs self coupling A4 (next slides)

VRIJE
UNIVERSITEIT

e Improves all precisions, especially on guw and I'y
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Analysis at lepton colliders
crash course for a hadron collider physicist

* At lepton colliders, measurement of
photons from ISR can be used to
accurately measure centre-of-mass of
each event

e Triggers are not really an issue typically

» Relatively few backgrounds that are SM- ¢
based (few ‘fake’ backgrounds)R

—
o
w

—
o
IIII| T T TTTTIT T T TTTTIT

* Strategy jet reconstruction is very
different: typically fitting all
information in event for the expected
Jet multiplicity

And different jet reconstruction
algorithms

* So effectively *always* 4 jets in HH-
>bbbb, ttbar->|+jets, etc

ttz E

ofe*e’ — ff(+X)) [fb]

—
IIIIII| T TTT

—
Q

PR T | T S WA TR SR N SO TR S T
0 1000 2000 3000

VRIJE s [GeV]
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Higgs width at FCC-ee (or CPEC)

Unpolarized cross sections

FCC-ee ?%?m:_ __________________________________________________________________________________________________ 4;‘;‘;Hi
§ e
5ab-1@240GeV ¢, —z-u |
oZOOE- : otal : et ) Z
~1.5 ab'@365 GeV 7 Pty
| | E . e ‘.H
woo o | -
0 Y (S ST S S SR S 7 S S H
e
Ve/€

%0 220 240 260 280 300 320 340 360

\s (GeV)
Vs (GeV)
Total Integrated Luminosity (ab™) 5 1.5
I |
Higgs Factory! # Higgs bosons from e’e’ > HZ 1,000,000 180,000
tJ/IEIII“\l/EERSITEIT # Higgs bosons from fusion process 25,000 45,000
BRUSSEL 1/7/19 Freya Blekman, YETI 2019 25



Comparison with other e*e™ colliders

[ ) J u St fro m t h e S h e e r Collider pCollus lLCzso CL|C380 LEP3240 CEPCzso FCC-eeu,o FCC-ee;ss
. Years 6 15 7 6 7 3 4
number of Higgs o
Lumi (ab™) 0.005 2 0.5 3 5 5 1.5
bosons, CPEC and FCC- _smmen |o:  |u  Jmo | |s e
. 8w/ Th (%) 6.1 3.8 6.3 3.7 2.6 2.8 1.6
ee have a clear gain
8gub / gub (%) | 3.8 1.8 2.8 1.8 1.3 1.4 0.68
beyond other ee e e
CO I I i d e rS 8gH: 1gH: (%) | 6.2 1.9 4.2 1.9 1.4 1.4 0.80
3Gy 1gHy (%) n.a. 6.4 n.a 6.1 4.7 4.7 3.8
OgHu/GHu (%) | 3.6 13 n.a 12 6.2 9.6 8.6
89z 1 guz (%) n.a. 0.35 0.80 0.32 0.25 0.25 0.22
SgHc 1 gHe (%0) n.a. 2.3 6.8 2.3 1.8 1.8 ot
8QHg 1 GHg (%) n.a. 2.2 3.8 2.1 1.4 1.7 1.0
BRinvis (%) g5%cL SM <0.3 <0.6 <0.5 <0.15 <0.3 <0.25
Green = best BRExo (%6)g5%cL SM <1.8 <3.0 <1.6 <1.2 <1.2 <11
VRIJE Red = worst
UNIVERSITEIT
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Higgs seIf—coupIing

+21{9W (

OZh =

- “h
6249 =100 (267 + 0. ()14«»;,) %

Very large HZ datasets allow gzy measurements of extreme precision

Indirect and model-dependent probe of Higgs self-coupling
CEPC/FCC-ee

w 5ab~! at 240 GeV A precision on o6k; of +40%
0.02 F 11.5ab~! at 350 GeV can be achieved, and of +35%
- in combination with HL-LHC.
3 Op | 4 If ¢z if fixed to its SM value,
0021 then the precision on o6x;
P(e™,et) = (0, improves to +20%
R S p— 0 > 1 6

Freya Blekman, YETI 2019 27



electron Yukawa coupling

s-channel Higgs production

¢ unique opportunity for measurement
close to SM sensitivity

¢ highly challenging; c(ee—H) = 1.6 fb;
¢ various Higgs decay channels studied
¢ studied monochromatization

scenarios
>~ baseline: 6 MeV energy spread, L
=2 ab’
>~ optimized: 10 MeV energy spread,
L=7ab

> |limit ~3.5 times SM in both cases

/Se,e. SPread (MeV)

N W

-
o

_e* Yukawa coupling limits in e’e’— H, Vs = 125 GeV

o

10

o

N W RO

1).1 0.2 1 2 345 10 20 100 200 0
= Line (ab™)
£ . Convolution Breit-Wigner (I'=4.2 MeV)

& -} with Gaussian beam spread vs=4.2 MeV)

(=] L

Sos- 17  Breit-Wigner

e+ X= W,Z,b,g § [ R el R=0.003%

%06; € | Ta=t2l MeV

: b
H T [
’Q ™~
D 0.4—
I - - © [ E 124900 124950 125000 125050 125100
L Vs (MeV)
0.2
l' e- ‘ 0—\.,;\1.\.‘.M.vl‘..\.,.\...l‘.[
X=WZ b 0 5 10 15 20 25 30 35 40
1/7/19 %,0,9 Freya Blekman, YETE2§1@Y € beam spread (MeV) 28



BSM Higgs

Significant improvement in most rare decay modes sensitive
to exotic Higgs decay

95% C.L. upper limit on selected Higgs Exotic Decay BR arXiv:1612.09284
1
m HL-LHC
10—1 [ | CEPC
R = ILC(H20)
8 10-2 m FCC-ee |
2
w
L 1072 —
o
N II1II-I1II|I-I1|III III -I
10

Mg, (bb) e, (/D*ME, (")"ME, bb*ME, Iitmg, Mg (bb)(bb) (CC)(CC) UGy (bb)(,,) (rr)(,,) W)y, (VV)(,,},)

vus
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Top physics at lepton colliders

e*e” Collider Luminosities

—e— FCC-Amsterdam 2018

—m— CepC - Amsterdam 2018

CepC-2T at Z pole

—» |LC-HK Jan. 2017

——e— ILC - Lumi Upgrade TDR

ILC - New 240 GeV - HK 2018

—#—— CLIC 99% - Rebaseline 2016
CLIC total - Rebaseline 2016

2,
|
>

I T TTITI

>
m]

—_
o

|

Luminosity x 10* cm? sec™

*  Where/when does top physics come
in the programs? 10°

| . . .k I§qqeschi,INEN-Pisg

102 10°

* @350 GeV and just above threshold @370 GeV:
e cross section ttbar: ~0.5 pb
* dedicated run at/around 2m,, ‘Mega-Top’
* 2abt=1M top pairs

* Just above threshold is optimal for top electroweak couplings and other
properties measurements

*  Top production in the continuum (including searches) at higher energies
S\i/I?Q%IEe top quark sample: byproduct of 240 GeV runs at H+Z mass

UNIVERSITEIT
BRUSSEL 719

Vs GeV

Freya Blekman, YETI 2019 30



merit of Miop threshold scan

O arXiv:1604.08122

750

250

NLL, full
o
—— ONRQCD
expanded,NLL,full E
TNRQCD [een, axn]
e
L offsh el |, NL O, full
o I oqcp '
i
ol & g ® O matched _|

| L L L L | L s L L | L s L L | L s L L |
330.0 337.5 345.0 352.5 360.0
+2 [GeV]

* Most ee colliders aim to measure a, with unprecedented precision at
Z pole and WW threshold

* Cross section shape depends strongly on top quark mass and width,
o, and Y,

* Top mass and width can be measured directly with an accurate top
cross section threshold scan

* Improved a, drastically improves correlations m,, I, and Y,

VRIJE

UNIVERSITEIT
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o_threshold scan

arXiv:1604.08122
1000_[""]"“]""I""I_
750_—
g 500
b
250_—
£ o NN]IiIé%dNI.LF L .
7 % ]
raedIN i I ocm :
o i h I & T'matched ]
| ! ! ! ! | ! ! ) ) ] ) ) ) ) ] ) ) ! ! |
330.0 337.5 345.0 352.5 360.0
/7 [GeV] .
* Threshold shape depends strongly on My, and Iy, so indirectly Vy,

* Size of resonance behavior at and above threshold can be used to

VRIJE

UNIVERSITEIT
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Mass and width for some ee collider scenarios

Syssf JFYEVIRE (N
8 N ILgs’:a;ﬂgg)e' . —;oconttour 1 0.5 8 Wlth 02 ab'1
— 1.5 r,=137Gev FobAakalib To) i
F:J - 2 Sfn .. S FCC-ee can achieve
81451 =l eI following
= N N X . ..
14 F - 0.3 2 uncertainties:
- _ D O
- ] o
1.35 - o
m - il [Op mass: 45 MeV
13k W02
s . gl 0P width: 17 MeV
1.25 :_ preliminary. —: 0.1 %
~ based on CLI{ ] o
1.2 — EPJ C73, 2530 (® — O
C oy = 1 M R T T O 9
1713 1714 1715 1716 1717
fitted m, [GeV]
F. Simon
VRIJE
m UNIVERSITEIT
BRUSSEL 1/7/19 Freya Blekman, YETI 2019 33




AR CLIC mass measurement: direct and
threshold scan

Measurement using top mass peak possible at all CLIC

vus

scenarios

* Highest statistics at first stage CLIC: 500 fb-! at 380 GeV

7)) . L B L T T T ]
‘15000 - —  All events CLICdp
2 i 4-f + ]
ke - qq i
10000 — -
5000 — -
O . e NN ]

0 50 100 150 200 250
m, [GeV]

All hadronic: statistical

uncertainty on mass 42 MeV

(2} o L
g 6000 | — Allevents CLICdp |
T - 4-f+qq
m -
4000 —
2000 B —
0 I 1. L
0 50 100 150 200 250
m, [GeV]
Semi-leptonic: statistical

uncertainty on mass 56 MeV

Combination all hadronic + semi-leptonic:: 40 MeV!

VRIJE
UNIVERSITEIT

CLIC has excellent top physics overview paper: 1807.02441
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Flavour Changing Neutral Currents

* FCNC are one of the best handles on
constraining SM/indirectly discovering BSM in

the top sector

* Almost all popular BSM extensions predict
increased rare decays of the top quark

VRIJE
UNIVERSITEIT
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Sensitivity FCNC: 95% CL exclusion limits

_ 95%CL upper limits <@ ATLAS <® cMms
Work in progress [1] JHEP 02 (2017) 079 [2] JHEP 10 (2017) 129
Each limit assumes that [3] arXiv:1712.02399 [4] JHEP 04 (2016) 035
all other processes are zero [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028 .
[7] arXiv:1803.09923 (8] JHEP 07 (2017) 003 Example:FCC-ee expects to substantially
— SM HL-LHC e FCC-60 .
e FCC-eh s FCC-hh e ILC/CLIC improve beyond HL-LHC
e | HeC
_______________________________ — 1 T T T T T 111m T T 110 WRERLLL T T T 1T
6. 2] lg. T | T | ] j
t—Hc @ t ot 95% CL Exclnded Regiod
[2] = 3
= 3
t—Hu LI’ 5 M L[ ATLAS (7 TeV) ]
__________ — - R 10 =
t—yc I .
4] -
<® “ 103 CMS (748 TeV) E
t—yu SE— CMS B TeV) .
I - e @] 104 = = =
t>ac <9 8l E » ATLAS. 14TeV. 300 b3
J <® 6 o ]
[5] 10 :E__' """ ' —§
t->gu @ E ' : » FCC-ee, 350 GeV, 3 ab* 3
_______________ I Q_____E_ 10'6'- 1 1 lJll]: 1 1 ]':lll 1 l]ll]l‘ 1 1 ll]lJ_ll 1 l]lllJJJ 1 I]llll:
S 7 10° 10° 10* 107 10 10" 1
t—Zc <® (8] BR(t — qy)
<@ (7]
t—Zu
| II II II II II II II II II 1 II If‘ll II |[81
-1 -1 -1 - - -
107" 107" 107" 1077 107 107
Branching ratio
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Outlook

* Lepton Colliders= Precision physics with BSM sensitivity
* Lepton colliders offer unexplored physics and unprecedented
precision
* Four potential ee machines — physics input/studies ongoing

* CLIC and FCC-ee have ttbar in their ‘standard’ programme, for CPEC
and ILC it is part of the upgrade planning

* Knowledge most SM parameters accessible can be improved by
factors > 10 if sample is large enough

* Example: Top quark mass and width can be measured down to 16
MeV and 37 MeV respectively, depending strongly on size of sample
and accelerator scenario

* Not all work is done — CDRs have appeared but your help
is needed to make these machines happen
* And your opinion is even more important!

* Many opportunities for new ideas for interesting short (and
not-so-short) studies in collider physics

VRIJE
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L

Higgs self-coupling at FCC-hh

e

= ——mhh — A3

2

772 772
h h /\4 h
20 Sv?

EFT Lagrangian

h?

2AInL

Enormous di-Higgs samples produced at
FCC-hh

s 5(100 TeV)/ 5(14 TeV) = 40
o L (FCC-hh) /L (HL-LHC) = 10

e Naively, factor 20 smaller statistical uncertaint

Studied a number of final states

e bbyy most sensitive channel

vus
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=, %%,

FCC-hh Simulation (Delphes)
_IlIITIII]lIlIIIIIIIIIIIITIIIIIIIIIIITII IIIIIII

T Vs =100 TeV — stat. only 7

- —048:1% _-

L L=30ab’ —— 3JS =0, /H=1% B
oS =0y,

HH— bbyy

0~"08 085 09 095 1 105 1.4 1.5 12
K, = My My
S = 2-4%
Details in arXiv:1606.09408 and arXiv1802.01607 6% E 5%
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Simulation of ee-> bWbW

ESourfe: WHIZARD collaboratibn

ngoing work by Chokoufe/Reuter/Weiss
(2015)

Liebler/Moorgat-Pick/Papanasthasiou (2015)
hokoefe/Kilian/Lindert/Reuter/Pozzorini/Wei
5 (2016) ]

‘‘‘‘‘‘
.....
R

o [fb]
=

------- matched, no switch-off

300 - NLL
200 matched, combined, symmetrized
NLO

# o
o
o~ o
i
..... 2 5 NNLL
T T

Uncertainties

I 1 L L I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
330 340 350 360 370 380

Vs [GeV]
*  Complete vNRQCD threshold / QCD-NLO continuum matching available

* Canin principle be reweighted to NNNLO QCD accuracy at threshold

*  To dostill: EW corrections, semi-leptonic/hadronic top decays, ttH threshold matching, top
threshold matched with EWcorrections

WHIZARD 2.6 framework for automated NLO QCD (almost) done — WHIZARD 3.0 [EW in validation]
VRIJE
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Electroweak couplings to top
g

wo L (pt o pf)'u
Fttv — 5 Y {(Av T 5Av) o 75(Bv T 5Bv)} T (501) o 5Dv75)

2mt

* Each contributes differently to double-
differential cross section

Lepton angle (cos 0)
X (reduced lepton energy)

*  Sum contributions fitted to data
SM+8A,,+6B,

__ 2K,
=

- - N W
n L 1 1

COS%

04 U6

-1 0.2 X

Standard Model

VRIJE Reference: arXiv: 1503.01325
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Constraining BSM with Z/y to ttbar

° Precision measurement has
great potential to constrain
BSM

* Az, and By, parameters can be
interpreted as gz and g,

g =5(A +B)
8r %(AZ _BZ)

* Cross section constraint of .
~2% can be used to constrain
BSM well beyond LHC
precisions .

* in this case Composite Higgs
models
VRIJE

[ Agr/gr(%)
LHE | ®
L 205

I- -r—IG%.Z
—0—904—;&?—.——4_;_.

-30%  -20%  ORECL-pp!0% LO20% 30%
® -10% Agylg(%)

® -20%

Note: 2% uncertainty cross section
depends on controlling large QCD
uncertainties near threshold!

Currently theory uncertainty at 370 GeV
is about 3-4%

Larger at 350 GeV
We are not far from 2% needed

UNIVERSITEIT
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Large and pure ‘MegaTop’ sample good for FCNC

. . . e q
* In this case taking an effective
Lagrangean approach
Ff\v a_b iaﬂqu A# Z,y
.Ceff — ;c e;\tqt()t — A Y )Tq
— | . t
+ ﬂntqf(n” — n“"y‘r’)zoquq VA
2ew L
| i ' ! |
+ ;cixw fyu(zhPL+2RPg)g Z¢| +he. o S‘;’Yg?

*E s =350 Gev Ozt

=
[ =
|

012

Normalized distribution

.lAL‘l‘llll‘Ll..ll;llli.l‘l.L‘l[

* FCNC tgZ and tqy: top quark+light b
quark jet final states ool
* Due to lower total mass, already ,L:: E
sensitivity at 240 GeV FCC-ee run aurf % E
(ee --> HZ) ¢ 20 100 |~n . ':1;1"“ 550' 300 \i“s‘g'u' \;im
* Can be analysed in full hadronic and  Fcc-ee Clear distinction between tav
VRUséemiIeptonic top decays and ttbar in semileptonic final state
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FCNC at CLIC

* Advanced analyses (including machine
learning, full simulation) with 380 GeV, 500
fb! dataset

BR(t — cy) < 4.7-107°
BR(t — cH) x BR(H — bb) < 1.2-107*

Event classification for t — cH BR(t — cE) < 12-4.1. 1074
L2 2 R = ' T T T 1
c - CLI £ hadronic =
230000 - CLICdp [ semi-leptonic ] g —e— Low mass BDT CLICdp
I 3 [ leptonic o 102 | —* Highmass BDT .
25 PP 4f + qq m n ]
— i
20000 |- - ) .
3 X -
- : 7 . o) i
2 NN M 7 T o
10000 |- NN - N o L
3 " ] Q
- N O
2 NN NN \\\\\§§: s 8 4
0 P RSN & 1777, S 10— — 1
04 02 0 02 04 o Y S B
Semi-leptonic BDT response 50 100 150
myy [GeV]
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Top Quarks in p-e collisions?

* Note that proton-electron collider scenarios also have top physics
sensitivity

* Particularly FCNC and V,,

S E } B A—A003
o F | —
> _ Bw
@ 50 [— _I_ gz
2 - +_|_ Bu
00 :_ Cross sections:
- + + ow=8.611 pb
300 [ o0u=0.074 pb
C _|_+ + oz= 0.6171;b
200 = +-|- . 0:=0.415 pb
= LIS
100 [ + i
: E
16-_S+B/B s s —
@ Sgl_mmm_l ++ BR(t>uy)  4.0x10% 7.5x10° 1.5x10%
Y S BSOS SIS SOSF GOSN SRS SPSSSEIES SRS SIS S S
2 F : +,,,.t“t. MMW“M&M#
0o R R E s me BR(t->cy)  4.0x10° 9.0x10- 2.0x10-
m¢{GeV]
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@

CLIC forward-background asymmetry

* FB-asymmetry directly derived from top quark
angular distributions and used to constrain

SMEFT

- ; ' '
© 2500 - (s = 380 GeV, D*<1 CLICdp
k%) L —— WHIZARD i =250fb7"
S Hnnn L e Reco. corrected
@ 2000 Y
o | —— P(e) =-80%
— P(e) = +80%
1500

Semileptonic ttbar with

tightened kinematic fit to avoid

bias on angle

vus
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- cos(67)

102

0.0002
0.00017

0.00016

10~4

0.

0.0

1073

10! TeV
0035
CLICdp
0.0044 semi-leptonic tt
single-operator limits
034 380GeV +1.4TeV +3TeV
380GeV
0.004
0.0054
0.0054
0.0077
0.047
0.057
0.046
0.056
102 107! TeV—2
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Electroweak couplings to top

Fit includes conservative

assumptions detector

performance such as b-tagging,
lepton identification and
angular/momentum resolution

Expected precision of order 10
’t0 103

Uncertainty

—
Q

1072

- B LHe

B c o

I FCC-ee

103

vus

Ay £
Ty v 2 2y 14

VRIJE

-30%

12gr/gr (%)
EHE | o
-1~ 20%
_mx.':
T
' —
-20% ';.qoar;FC _epl0% 5 20%  30%
. A0k Agifgi(%)
o N 4--20%

Expected uncertainty on bounds ttZ/tty
couplings dominated by theory
uncertainty on prediction mechanism

 Optimal centre-of-mass energy is 365-
370 GeV: going for 365!

* Also confirmed by full analysis using
Whizard and assumed FCC-ee detector
performance

Reference: arXiv: 1503.01325
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Uncertainties on Moo

* Uncertainty due to as:
© Am,, = 2.7 MeV x (Aa/0.0001) =2 5.4 MeV

* Input measured (at FCC-ee) with precision of
Ao, < 0.0002 using W/Z boson hadronic
branching fraction

* Theory uncertainty:

* Description shape e*e” to bWbW calculated at | | ‘ | |
NNLL o> ,

« Most important NNLL dependence » e
e 1S-MSbar scheme top mass ) /\_

* Recent developmenst: 0 arXiv: 1111.4486
* Uncertainty my, 23 MeV (parton shower level) ™ VS

* Experimental (statistics) uncertainty 8-14
MeV depending on 1D or 2D fit

* 10 MeV stat uncertainty my,, within reach if

VEDEeory improvement continues
‘m UNIVERSITEIT
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Threshold scan: what part of the

spectrum is sensitive to what

Spectrum very sensitive to theoretical uncertainties

One approach: look at derivative of cross section

Has sensitivity to changes in mass, width, top Yukawa, o

1 November 2017

) — T L

=" 0.9 =3 tt threshold - QQbar_Threshold NNNLO E

i = ISR + FCCee Luminosity Spectrum .

O 0.8 | —default- m® 171.5 GeV, T, 1.37 GeV =

g C m, variations = 0.2 GeV R

o 0.7 | — 1, variations = 0.15 GeV =

@06 ]

o UbE =
= -
So5F
0.4 F

0.3F =

= z sm;tt:lated data points 1

= 20 fb™ / point =

0.2 - preliminary R

0.1F based on EPJ C73, 2530 (2013) _

0 E |

1 1 1 1 I 1
340 345

for example

350
Vs [GeV]
Leads to parts of spectrum with low sensitivity to scale variations,

-30 I

|1III|IIII|III

'Z‘ 40 _— l T T T T l l Jw_w‘%:&—’_

C mf®171.5 GeV, FCCee .
o g = —do/dy [A=0.1 ]
S gl —dofdm[A=20Mev] —dody,[A=0.1] E
= . do/dT, [A = 40 MeV] -- Ay for 10 for ]
=, - —do/dag [A=0.0006] - u=50...350 GeV .
x 20 il g
2 1
= S 1 o o

preliminary ~
based on CLIC/ILC Top. Stud
EPJ C73, 2530 (2013) e

|I‘IIIIIIIIIII

Scale uncertainties equivalent to luminosity uncertainties: target is

few per mille accuracy

VRIJE

Uncertainties beam energy can shift by up to 10 MeV!

Sensitivity to

340 345 350

Vs [GeV]

mass
width
Yukawa
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Mass and width for some ee collider scenarios

May 2017 °
T

1D mass resolution

; - [ L Y B Al .
[ 1.55 - ILC, 10x 10 b + MPV 1105 % (assuming def. Ii)
Q) C  ps v —1ocontour "~
— 1.5 '_ LI —2 ocontour _7} 18 MeV ("'C)
— 19 p 112137 Gel : & 21 Mev (CLIC)
o - 2D template fit I al 0.4 8
g 1.45 :_ E TS 16 MeV (FCCee)
= - - X« 1D width resolution
1.4 E_ —E 0.3 § (assuming def. my)
1.3 — — ' ﬁ 37 MeV (FCCee)
B N > * Extension of 1 o contour:
1.25 - preliminary ] 0.1 _?:) m: +39 -35 MeV (ILC)
~ based on CLI _
1.2 E EPJ €73, 2530 (&( — S Mt +90 -45 MeV
C oy = 1 M L O e mt +40 '45 Mev (CLIC)
1713 1714 1715 1716 1717 < [ +130-95MeV
fitted m, [GeV] m; +35-30 MeV
E Simon [ +95 -65 Mev  \F CCe®)
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Higgs production at FCC-ee (or CPEC)

FCC-ee

5 ab-1@240 GeV : Cwon E
~1.5ab'@365 GeV =~ -

280 300 320 340 360 380

800 220 240 260

Total Integrated Luminosity (ab™) 5 1.5
I |
Higgs Factory! # Higgs bosons from e’e’ > HZ 1,000,000 180,000
tJ/IEIII“\I/EERSITEIT # Higgs bosons from fusion process 25,000 45,000
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Higgs boson couplings

Precision Higgs coupling
measurements

¢ Absolute coupling measurements
enabled by HZ cross section and total
width measurement

¢ Data at 365 GeV constrain total width

+ only used H—bb in fusion production
so far

¢ Tagging individual Higgs final states to
extract various Higgs couplings

¢+ Couplings extracted from model-
independent fit

¢ Statistical uncertainties are shown for 5
ab'@240 GeV and 1.5 ab '@365 GeV
(from arXiv:1308.6176)

o all measurements are under review /
are being redone

o possible improvements of 10-35% on

in % +HL-LHC

5ghzz = 0.25 0.22 0.21
OgHWW 1.3 0.47 0.44
SOhbo | 1.4 0.68 0.58
5Qhes = 1.8 1.23 1.20
SQHgg 1.7 103  0.83
SOhee | 1.4 0.8 0.71
SOHu. |~ 9.6 8.6 3.4
SOhyy =~ 47 3.8 1.3
OQHtt 3.3

ol y 2.8 1.56 1.3

Several couplings improve further by doing a combined
fit with HIL -l HC

0SS section measurements
3 VRIJE
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Prospectives EWK t-W fits

m — l” I"“ |‘ P4
@ 037~ [—TLEP (Z pole) A !
= | |— TLEP (Direct) | “ v
e F|— iciex | e
' 4 N\
[~ |—— LHC (Future \ e \
80.365— { ) AP e
| |---- Tevatron e ((c:((,e ,,,,,
- [—— Standard Model Fe
- v 27 \06‘\0 - I
_ : 1
80.36{— ’
80.355|—
- ,/’
'I
80.35(— ¢ ‘ ,
I_l’Illllll‘;llllll llllllllll"lllllll

1715 172 1725 l l173l 173.5 174 17r;1]t.5 (Gej\;?
* Improvements m,,, as M,, at FCC-ee N

* Would improve understanding consistency SM in top-W-H
radiative corrections

e Standard Model line uncertainty dominated by Z boson

 Without FCC-ee it’s 2.2 MeV!
VRIJE
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Electroweak couplings to top

* Fitincludes conservative N S T
assumptions detector § P
performance such as b-tagging, 5 |- S
lepton identification and 102

angular/momentum resolution
* Expected precision of order 10"

2to 1073 10°hss
3 C : L L L L L L L L L L L L
s Ml LHe 350 400 450 \s (GeV) 500
g e * Expected uncertainty on bounds ttZ/tty
S = couplings dominated by theory
B uncertainty on prediction mechanism
I * Optimal centre-of-mass energy is 365-
0% 370 GeV: going for 365!
B * Also confirmed by full analysis using
i Whizard and assumed FCC-ee detector
10° performance
ar “r 2, P 4
VRIJE Reference: arXiv: 1503.01325
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