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Q1: What is the best implementation for a Higgs factory?
Choice and challenges for accelerator technology: linear vs. circular?
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Rationales

CLIC:

Ultimate goal: Achieve multi-TeV electron-positron collisions

e Linear collider with high gradient normal-conducting
acceleration

* Overcome the challenges with technologies

* Now: do it in stages for physics and funding

FCC-hh + FCC-ee

Push the energy frontier with protons

* Large ring with high field magnets

Use the FCC-hh tunnel for an electron-positron collider

* The layout and cost is not optimised for FCC-ee proper

LHeC:
Expand the LHC programme with limited cost

ILC:

Ultimate goal: Reach energies of originally 0.5-1
TeV

* Use high gradient superconducting technology
* Now reduce cost to obtain funding

CEPC:

Build a higgs factory with limited energy with a
tunnel that could house a hadron collider
afterwards



Comparisons

Project

Int. Lumi.

[a!]

Oper. Time

[yl

ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade

0.5 4 10 163 (204) 7.8 GILCU

1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF

1.5 2.5 7 (370) +5.1 GCHF

3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 149 5GS

0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF

0.24 5 3 282

0.365 (+0.35) 1.5 (+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF

D. Schulte

Higgs Factories, Granada 2019
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D. Schulte

Proposed Schedules

o] el o] L) | ] sl e ] ]
LC ] 250 GeV [ ] 500 GeV & 350 GeV ]
Fccee | z w  240Gev || 3s03esGev [

m Start Physics (higgs) Proposed dates from projects

CEPC 2022 2030

L 5004 5033 Would expect that technically required
time to start construction is O(5-10

CLIC 2026 2035 years) for prototyping etc.

FCC-ee 2029 2039 (2044)

LHeC

2019



LU m | ﬂ OS |ty Energy dependence:

Luminosity per facility At low energies circular colliders trump

* Reduction at high energy due to synchrotron radiation

L [1034cm'23'1]

1000 — ——— .
; FCC-ee —+— | _ . :
CEPC ] At high energies linear colliders excel
ILC | * Luminosity per beam power roughly constant
ILC-up.
100 | CLIC --®-- -
L CLIC_up ..... Q- ]
Luminosity Spectrum
10 ¢ (Physics)
R
1 L . . . . e
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-3.5 LUuP. . E
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The typical higgs factory energies are close to the cross over in luminosity
Linear collider have polarised beams (80% e, ILC also 30% e*) and
beamstrahlung

: _ o
 Allincluded in the physics studies Grows with E: 40% of
The picture is much clearer at lower or higher energies CLIC lumi 1% off

oE/E ~1.5% in ILC

D. Schulte Higgs Factories, Granada 2019



Conclusion

Four main proposals for higgs factories exist

ILC, CLIC, FCC-ee and CEPC

FCC-hh and HE-LHC need time for technology development (see Yamamoto’s talk)
LHeC would also produce some higgs

No clear proposal for options like LEP3 or low field magnets in FCC-tunnel

Muon and plasma-based colliders will need more time to become realistic
alternatives

No feasibility issue is known for any of the proposed higgs factories CLIC,
ILC, FCC-ee and CEPC

* More work has to be done for each of them to ensure performance goal is met
* Should review in detail them before commitment is made

* In all cases need several years before construction could start

* Currently, technology can not help with the choice of the next project

Cost are high in all
e 5.9 GCHF for 380 GeV CLIC, 5.3 GILCU for ILC, 11.6 GCHF for FCC-ee, 5 GS for CEPC

Physics potential and strategy should be the governing principles



Q2: Path towards the highest energies:
how to achieve the ultimate performance
(including new acceleration techniques)?

Compact Linear Collider (CLIC) = ‘
4'* B 380 GeV - 11.4 km (CLIC380) '
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FCC integrated project technical schedule
BB BB Bl ]3537@39 40 41@43][

15 years operation
| tHcrn3 | 1s3 | LHCrn4 |(Ls4)| LHCrun5 J(Lss)  tHCmne | U

~ 25 years operation

o

Project preparation & , Update
o . Permis- .
administrative processes sions Permission,

Funding & governance strategy Funding

Geological investigations,
infrastructure detailed design and

FCC-ee dismantling, CE

Tunnel, site and technical infrastructure .
& infrastructure

construction

tendering preparation adaptations FCC-hh
e N N - o N N
: -hh accelerator .
FCC-ee accelerator R&D and technical design FCQ-ee dce Bl gon§trgct|on, R&D and technical FC.C'hh dce IR gon§trgct|on,
installation, commissioning design installation, commissioning
\_ VAN J & J
f \( N ( FCC-hh detect N ( b
Detector R&D and FCC'?G detegtor FCC-ee detector i detector FCC'.hh d.etectorl
concept development Rl O] construction, installation, commissionin R&D, SSTEUELE, [TEAE),
P P collaborations ’ ’ g technical design commissioning
\_ VAN J U J J
e A
SC wire and 16 T magnet 16 T divole maanet
Superconducting wire and high-field magnet R&D R&D, model magnets, CIpole magne
) series production
prototypes, preseries

g /U

FCC integrated project is fully aligned with HL-LHC exploitation and provides for seamless continuation of
HEP in Europe with highest performance EW factory followed by highest energy hadron collider.



s.c. magnet technology

* Nb,;Sn superconducting magnet technology for hadron colliders, still requires step-by-
step development to reach 14, 15, and 16 T.

* It would require the following time-line (in my personal view):

* Nb,Sn, 12~14 T: 5~10 years for short-model R&D, and the following 5~10 years for
prototype/pre-series with industry. It will result in 10 — 20 yrs for the construction to start,

* Nb,Sn, 14~16 T: 10-15 years for short-model R&D, and the following 10 ~ 15 years for
protype/pre-series with industry. It will result in 20 — 30 yrs for the construction to start,
(consistently to the FCC-integral time line).

* NbTi, 89 T: proven by LHC and Nb;Sn, 10 ~ 11 T being demonstrated. It may be feasible for the
construction to begin in >~ 5 years.

* Continuing R&D effort for high-field magnet, present to future, should be critically
important, to realize highest energy frontier hadron accelerators in future.

Intensify HTS accelerator magnet development

A. Yamamoto, 190512b




HE-LRC 27/ TeV

* Needs some 1700 large magnets in Nb,Sn (1200 dipole 15 m long) operating
at . (same as FCC-hh)

* It needs a new generation of Nb,Sn, beyond HiLumi (like FCC-hh): the 23y
timeline presented is realistic (21 for the magnets) but t, is probably 2025 or
more because of SC development.

* The set up of a SC Open Lab for fostering development of superconductors
(F. Bordry and L. Bottura proposal) is critical for HEP HC progress.

* A further upgrade to 42 TeV in HTS at 25 T possible to envisage for longer
time. 24 T dipole is the long term goal also of the Chinese SppC.
(Recently an HTS 32 T special solenoid and a commercial HTS 26 T NMR
solenoid have been announced!)
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What and Why?

Problems vs  Mysteries

* Dark Matter * Cosmological Constant
* Baryogenesis * EW hierarchy
* Strong CP * Black Hole information
* Fermion mass paradox

spectrum & mixing * very Early Universe

Challenge or

outside

Plausible EFT

solutions exist

EFT paradigm

R. Rattazzi




Measuring Naturalness

Hierarchy
Paradox

unavoidable and global perspective
on energy frontier exploration

In any model with calculable m;: mi = Z ATn,,L2
7
4.
M, |exp
fine tunin € = h
E Am% |maa:

offers a measure of where Nature stands in the negotiation
between Simplicity and Naturalness

R. Rattazzi

Measures of fine tuning

- Direct searches: depends on top partner
constraints in model (e.g. SUSY varieties,
composite H, twin H)

s LHCnow: e <1072 -1

> FCC-hh: € < 10~* — 10~2 (if nothing)
- Higgs observables: € ~ 6g/g
- Electroweak precision: € ~ 10°x6S/S

Higgs and EWK precision observables can
test naturalness beyond direct searches




Big Questions

1.

How well can the Higgs boson couplings to fermions, gauge bosons and to itself be
probed at current and future colliders?

How do precision electroweak observables inform us about the Higgs boson
properties and/or BSM physics?

What progress is needed in theoretical developments in QCD and EWK to fully
capitalize on the experimental data?

What is the best path towards measuring the Higgs potential?




Interpretation of Higgs Measurements

e SMEFT and k . .
M2 [SM 2 - Include BSM in kappa via :
} G; Ki 1f K f ¥ _ o -BR K‘,“ a Kf
(6-BR)(i—H — f)= S - = = —
Iy Ky osum - BRsm Kj7 - FH KH
Ta=—
k-framework: phenomenological parameterization of NP in single Higgs processes 1 — (BRinv r BRunt )
but not adequate for a systematic exploration/interpretation of BSM
deformations in SM measurements
g Pros A Cons 1
-Compact parameterization of NP in - Not usable beyond single Higgs processes
single Higgs processes
-Does not distinguish the source of NP
-Does not require any BSM calculation per se (interpreted only as mod. of SM-like H couplings)
-Info easily applicable to several interesting -Only for total rates, no kinematics
NP scenarios (e.g. CH, MSSM) (Energy, angular dependence), no polarization
-Theory constraints (e.g. gauge invariance, custodial) -Theory constraints (e.g. gauge invariance, custodial)
not implicit not implicit
\ P r

For heavy New Physics (NP) the formalism of Effective Field Theories (EFT)
provides a suitable framework for systematic studies of indirect sensitivity J. De Blas
to BSM effects in EW/Higgs/Top/Flavour/... j

Open Symposium - Update of the European Strategy for Particle Physics Jorge de Blas
Granada, May 14, 2019 IN*N - University of Padova




HL-LHC Higgs measurement projections

Vs =14 TeV, 3000 fb™' per experiment

(Zy)Z

- Total
—— Statistical

—— Experimental

—— Theory

S

ATLAS and CMS
HL-LHC Projection

Uncertainty [%)]
Tot Stat Exp Th
18 06 07 15

26 12 09 21
34 09 12 3.0
15 07 08 1.1
15 07 10 08
1.8 09 10 1.2
3.1 13 13 26

42 38 10 15

98 72 18 6.3

0 002

0.04

0.06

0.08

0.1 0.12 0.14

Expected relative uncertainty

Some remarks:

- Combination benefits from extensive analysis
experience of ATLAS and CMS since 2012 Higgs
discovery

> Precision dominated by theoretical uncertainties
for most decay modes

o Scaled by factor 2 compared to present uncertainties

- Measurement of absolute couplings model-
dependent

o Measure also ratios to reduce model-dependence

P Azzi
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Improvements w.r.t. HL-LHC

M. Cepeda

EFT-framework
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Question 2:
How do precision electroweak observables

inform us about the Higgs boson properties
and/or BSM physics?




What can HL-LHC do?

* W and top mass are key parameters of the SM P Azzi W mass:
* Motivation for low PileUp run: 200 pb-1 of Low PU data (u~2) at 14 TeV | . )
- goal is ~6 MeV

* 5-10 weeks of running —> ~3MeV (stat only)
* Exp syst assumed to be at same level of Stat uncertainty - PDF prQCiSion important
* PDF unc ~4MeV with ultimate PDF)

* Goal Am(W)~6MeV (extended coverage+combination+ultimate PDF)
* PDF syst can go down to ~2MeV with LHeC PDF set TOp mMass.

< 20p : : ] : . - Several methods explored

S R T < 18:_ATLASSimulationPreliminary '3 ..

2 gost ATLAS =sm,-80370:0019Gev] = 181 V5=14TeV, qu>=2 I Stat. © PDF 200 pb” > Precision range: 0.2-1.2 GeV
< = & Bl =172842070Gev & 16_—n\~frommT&p',|-q||<4 Ms q =

" ---m,=12509+024GeV { 4 C T tat. ® PDF 1 fb . u
R Foous- - 19 uEb — o 11| - Relation to pole mass unclear for
-~ 1 2 - most precise methods
= = 10 i
E 25 E x:::‘: ?&ev): (7 lepton+jets t-channt(?)l. :isngle top gsg :";a : .‘
N = = : S ent Statistically dominated
& 80BN 0 175 180 185 2F =
mx[GeV] 0: :

CT10 CT14  MMHT2014 HL-LHC LHeC

INFN




Top precision at Future Colliders

Top Mass Collider plans:
:Masamnnansrrapasaar I Masanssnentpaarhns > FCC-ee plans Sy run at s ~ 2m,,
§ [ o § | mummurnn 1 Threshold scans after 9y run at 240 GeV
0.6 - - top mass + 200 MeV = 3 0.6 |- - top mass £ 200 MeV = : 1g . B
B B | | s well-defined - CEPC currently not planning on top
04 04f ] Mrop programme
02} 02 : o CLIC 1st stage at 380 GeV includes
! J | ol ] F. o cuc ] top programme
345 350 355 345 350 355
Vs [GeV) § [GeV] ° ILC plans run at /s ~ 2m,,, after
about 15
Current uncertainty ~ 400 MeV from Tevatron/LHC y

CLIC/FCC/ILC all expected to achieve:

15-20 MeV statistical @
10-20 MeV systematic
But presently uncertainty from theory is larger: 30 MeV (as),
40 MeV (HO). This will be reduced by the measurements at Z-pole.

18 14/05/19 Mark Lancaster | Electroweak Precision Measurements European 4""3

M. Lancaster




Electroweak Observables at Future Colliders

oy oo e o e Precision EWK Observables
Submission Inputs: 29, 145, 101, 132, 135
g : = i;:::l\il(WW) 1012 Z,s” EWI:O Current | CEPC | FCC (ee)
10 Tera-Z Mz [MeV] 2.1 0.5 0.1
2 'z [MeV] 2.1 0.5 0.1
1077 N, [%] 17 0.05 0.03
’ My [MeV] 12 1 0.67
: A%} [x104) 16 1 <1
10°- sin’ 03} [x10°] | 16 1 0.6 LHeC can measure
; Ry [x10°] 66 4 26 sin20\y as f(E).
» R) [x10°] 2500 200 100
10}

LHeC : Mw to 10 MeV but can measure PDFs allowing HL-LHC to
half PDF uncertainty and achieve O(5 MeV) Mw.
ILC/CLIC : Mw to 5 MeV similar to HL-LHC/TeV average.

M. Lancaster
ILC:

- “Giga-Z” running not part of baseline
but maybe later

16 14/05/19 Mark Lancaster | Electroweak Precision Measurements WQ




Question 4:
What is the best path towards measuring the
Higgs potential?




Higgs Potential: measurement of self-coupling

¢ Higgs potential: V (@):% u’ <I>2+% D

V(o)

NN L L T
U\ arﬁ!ﬂ'{p&, e dctis on e
§ motivations in the
talk by G. Servant

“r'1~. !
"\“lm“

LT

) ) -400 -300 Re(¢)
¢ Approximation around thle v.e.v:
V(®)=~Av’h+\ vh3+zk h*
mass term self-coupling terms 2
¢ ) known from v.e.v and Higgs mass: A= - H2 ~0.13
-V
o i . A
_ ¢ BSM effects could change A = define deviation of tri-linear term: ;= k;=—qr—
E. Petit Abmn

— no quartic terms considered here




Measurement of Higgs Self-Coupling

Di-Higgs processes at hadron colliders:
cg(HH) = 0.01x0(H) O 5 il
o Important to use differential measurements

S
/
~

Di-Higgs processes at lepton colliders

o : 5¢ y y Ce e
ZHH or VBF production complementary 53 3 e e e JL—
- . - ngm = E N 0200 s ee » vvHH 3000 GeV 3
Single-Higgs production sensitive 4E-., ee > ZHH 500 GeV E
8 35E —— @@ » ZHH 1400 GeV =
through loop effects, e.g. for k; = 2: o :
- Hadron colliders: ~3% SEE.
- Lepton colliders: ~1% of
18 AN
DOD00D | ¢ 15._. e
I - =
ﬁH ' ---H O'SE_, 1 1 1 1 1 —E
® 25 "0 05 1 15 2
|
Q00000 = :




Sensitivity to A: via single-H and di-H production

Higgs@FC WG ([ di-H, excl. [l di-H, glob. [ single-H, excl. [l single-H, glob.

D i 'H iggs . All future colliders combined with HL-LHC
 HL-LHC: ~50% or better? LU e
> Improved by HE-LHC (~15%), HE-LHC‘?@E -
:_quo (“I'Zfﬁ)éfll-éCwoz (9“‘;6)0/0) FCC-eelehinh . [
° rFrecise y by 3000 \" Y 70), 4 : :
FCC-hh (~5%), Nl e e e
- Robust w.r.t other operators FCC-eeys e
o . ILCos0 .
Single-Higgs: LGy o e — L
> Global analysis: FCC-ee365 and ILC. 7 [ ———— R e S
ILC500 sensitive to ~35% when 200 7 . . I
combined with HL-LHC CEPC ;.
o ~21% if FCC-ee has 4 detectors CLIC s o S e,
o Exclusive analysis: too sensitive CLIC,500 5
to other new physics to draw CLIC, 7 p— e e e e
conclusion 3000 fex L.
0 10 20 30 40 50
May 2019 68% CL bounds on x5 [%]

37




Question 3:
What progress is needed in theoretical
developments in QCD and EWK to fully

capitalize on the experimental data?




Theoretical Uncertainties: production

Production at hadron colliders

- For HL-LHC uncertainties expected to be - Improved PDFs
improved by factor 2 w.r.t. current

o Higher precision calculations
> HE-LHC: another factor of 2 > Improved non-perturbative aspects
o FCC-hh: well below 1%

o]

Requires e.g.

ggl: many small sources of uncertainties that add up

.......................

e

[

Improving substantially on any of the current sources of uncertainty repre-
sents a major theoretical challenge that should be met in accordance with

3 #0Fea,) our ability to utilise said precision and with experimental capabilities.
\Lm '

15

L
TTT

di/Ttotal X 100%
o

It 1s obvious that the future precision of experimental measurement of

SPOE-TH Higgs boson properties will challenge the theoretical community. Achieving

e ] a significant improvement of our current theoretical understanding of the

e e d Higgs boson and its interactions will inspire us to push the boundaries of
Collider Energy / RV our capabilities to predict and extract information.

f

N
TT T T T T TTTT

=
L

~ extreme kinematics [boosted, off-shell.. .| F. Caola




Theoretical Uncertainties: partial widths

1iggs: parametric uncertainties

Decay | Partial width current unc. AT/T" [%] future unc. AT/T" [%]
(keV] | Thiw Thew(m) Thee(@) Thew(mu) | Thie Thew(mg) Thee(@) Thee(mi) F._Caola

H — bb 2379 <04 14 0.4 - 02 0.6 <0.1 - 66[5 - 0 0N <= very hard but doable at M,
wae | m e m w - |m o m aw _ Ome=30MeV <=OKate'e threshold scan
H—ptp- 089 | <03 - - - <01 - = = (Slllb = 13 MeV <= OK
Howitw- | 883 05 = s 26 | 04 - = 0.1 Oom.— 7 Mel <= OK

H-5gg 335 32 <02 37 - 1.0 = 0.5 - dmu= 10 MeV

H-+27Z 108 05 - - 3.0 03 = - 0.1

Hoyy 9.3 <10 <02 - . <10 - - - \

H-2Zy 63 5.0 - - 21 1.0 - - 0.1 see S. Dittmaier's talk




Higgs and top mass and vacuum stability

lm T T T T T T L T T L T T T T .1 T

0.10 rrrr it 1T 1T T T 1T 1T 1T/
ame b 3 bands in A
- A= 1731 £ 06 GV (gmay) -
[ iz = 0115 & 0 0007 red) ]
~  DaE M, = 1257 £ 03 CeV (bloe) ; E
2 =
B oomf =
a .
& ]
= o
B. 0.0 i 'E,,
] i e M= IN3GY B
G 0.0 e == H
-2 f et i
M =10 G -
_l:'-m'||||||||||||||||_ ]_ﬁ'ﬁ;---I-..I...I...I...I...
107 109 1@ 108 oY 1gve oW Iow oW 1o 120 122 1M 124 12T 130 152
ROE scale o in Ge¥ Higas pole= mas= 44, io DeW

J. R. Espinosa — PoS TOP2015 (2016) 043, arXiv:1512.01222

With more precision, we may get more clear picture on indication of scale of new physics



Some points from the discussion sessions

* M. Spiro — strong support for FCC-ee followed by FCC-hh

K. Jacobs — against FCC-ee, wants to go for FCC-hh directly and as
soon as possible

* Many expressed an opinion that FCC is too large and and too long
project at that we should go for linear e+e- accelerator



Summary

* volba budouciho urychlovace v Evropé neni lehka

* po fyzikalni strance se mi nejvic libi volba FCC-ee nasledovana FCC-hh
(kombinace presnych EWK meéreni na ee a vétsi objevitelsky potencial FCC-hh)

* mnoho otazek - projekt je mimo soucasné financni moznosti CERN, dlouha

casova skala, je vedecky program dostatecnée atraktivni, aby pritahl nadkriticke
mnozstvi védcu a hlavné studentu?

THE FOLLOWING TOOK 75 THOUSAND

GENERATIONS TO CALCULATE

T\JEN\ISV\E{TOLFEU\I\/ERSE

\.

AD BRYTHNG =

IT HAS BEEN CHECKED
VERY THOROUGHLY




Backup



Higgs width and/or untagged decays

Unique feature of lepton-lepton colliders:

[ qqH(H—+bb) |

ILC: full simulation

- Detecting the Higgs boson without seeing I Sl e |
decay: “recoil method” s N\ ———

o Measure ZH cross section with high precision
without assumptions on decay

o Often interpreted as quasi-direct measurement U1 ek
of width %

110 120 130 14 . 150
M, [GeV]
o(ete” +ZH) o(ete - ZH) |[o(ete” — ZH) r
BR(H — ZZ*) o I'H — ZZ*)/FH o I'(H — ZZ*) SM *LH Collider 8Ty (%) Extraction technique standalone result oy (%)
from Ref. kappa-3 fit
FSM i K2 ILCy50 24 EFT fit [3] 2.4
3 g s H H ILCspo 1.6 EFT fit [3,11] 1.1
In kappa-framework: Iy = | — (BRiny + BRunt ) CLIC:s0 47  K-framework [85] 26
e . CLICisw 26  K-framework [85] 1.7
CLIC;3000 23 K-framework [85] 1.6

CEPC 3.1 o(ZH,vvH), BR(H — Z,bb,WW) [90] 1.8
— i i I 20 T FCC-ee 2.7 K-framework [1] 1.9
> Will probe width with 1-2% precision e L e e

arXiv:1905.03764




