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* \We know that there exists at least one fundamental scalar with a non-vanishing expectation value

« \We don't know what shapes the potential and whether the potential is the footprint of a larger mass scale
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How to make progress?

Roman Pdschl

1) Collisions at energies well above the electroweak scale
- Requires now and in the foreseeable future Hadron colliders

- Direct production of new particles
- Produce large number of rare particles and study rare decays
- First precision measurements of key particles of electroweak theory

-> High energy, High luminosity LHC

2) e+e-Collisions at energies at the electroweak scale

- Probe the electroweak scale with high precision
- ... In particular particles that carry the “imprint of the Higgs Field
such as W, Z and top”

-> LC

3) e+e- collisions at 'smaller’ energies
- Requires high luminosity to get sensitive to tiny quantum effects
-> SuperKEKB

TYL/FJPPL, FKPPL Annual Meeting
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e+e- Physics program

Roman Poschl

New Physics
ee->ZH top-continuum
w
m, 2xmW tt-threshold  tth-threshold 1 TeV
»L/10* cm?s™
0.6 0.7 1.0 1.8 sz

 All Standard Model particles within reach of planned e+e- colliders
* High precision tests of Standard Model over wide range to detect onset of New Physics
« Machine settings can be “tailored” for specific processes

« Centre-of-Mass energy
« Beam polarisation (straightforward at linear colliders)

opp = i (1— PP')(orr+0orL) + (P — P)(orL — oLR)]

 Background free searches for BSM through beam polarisation
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4‘5 Energy Frontier Electron-Positron Collider Projects G‘

\'s

0.1-1TeV

0.35-3TeV

90 - 240 GeV

90 - 350 GeV

Table courtesy of J. Brau

Roman Pdschl

beam
polarisation

- 80%
e+: 30%

. (80%)
e+: 0%

0%
e+: 0%

: 0%
e+: 0%

|Ldt for Higgs R&D phase

2000 fo-1 @250 GV TPR completed
200 fb-1 @ 350 GeV

4000 fb-1 @ 500 GeV in 2013

1000 fb-1 @ 380 GeV CDR completed
2500 fb-1 @ 1.5 TeV

5000 fb-1 @ 3 TeV in 2012

CDR completed

5600 fb-1 @ 240 GeV _
in 2018

5000 fb-1 @ 250 Gev CDR completed
1700 fb-1 @ 350 GeV in Jan 2019
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Y T 1 ! ! 7] T * High energies ~above tt-threshold

A _ _ Lumino-sity.vs Energy 6f Future e*e’ C;:)Iliders DOmaIn Of Iinear CO||IderS
(R N\ e =
o\ e CERC R0 Attt  Low energies e.g. Z-pole
O AN ] ILCbaseline D

SR T TR feceeianenns P R (PR e DOmaIn Of CerUIar maChlneS

e N U i...] ==2#= ILC luminosity upgrade @ |._.. e

voare ILC 10 Hz operation |- ----- - However, see Iater

___.é______‘::::::é::::::::::é:::::::é::::::é:::::é::::é::::é:::é:::::::::::::::::::::::é:::::::::::::%:::::::::é:::::: e Transition region, l.e. HZ threshold
eahend = = : ....................... ...... i ......... ..... Z __not so clear

il e o Comparable numbers for all proposals
s 5 e 5 -  Linear colliders are more versatile
1 IR S LN IS N U O 5 S — N - to test chiral theory due to polarised
e it s S 1 S— S beams

Luminosity /IP [10%* s cm?]
S
|
|

» Detailed design parameters see backup

Figure J. List
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Higgs production at e+e- colliders

Roman Poschl

ole*e” — HX) [fb]
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two important thresholds:
Vs ~ 250 GeV for ZH, ~500 GeV for ZHH and ttH
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Higgs-strahlung at lepton colliders

o C L L L L
« Powerful channel for unbiased tagging of Higgs Eveng - —e— Toy MC Data .
. Abso!qtg norr_nal_is_ation _of Higgs couplings g 400 E Signal+Background -
« Sensitivity to invisible Higgs decays LU - Sianal -
I A igna ]
300 :— Tmm Background —:
+ + i R I
© ¢ Well measurable 200 b €'+e - W + X @ 250 GeV B
decay leptons from Z - .
u Pairs, e pairs [ | N i
= 100 B —
L > No assumption on Higgs F e

. i modes 0 120 130 140 150
e H Recoil Mass (GeV/c?)
Higgs Recoil Mass: Mi:Mfewﬂ:SjLMé_ZEZ\@ * Clean and sharp peak in Z recoil spectrum

* |lllustrates precision that can be expected
from e+e- colliders

Roman Poschl )
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AL Fitting Higgs Couplings — Kappa and EFT C"

Couplings to Higgs Boson in Standard Model

7/W ;
...... _ SRR
m 8 _my
Ewv="_ SH]™ V
7/W f
10
Mass (GeV)
Analysis using Kappa-fit:
« Simple scaling of SM-couplings I'h— ZZ*) X ogle"e” — Zh) ,
* Implies that Higgs coupling to Z in production and decay are identical SM =Kz , SM =Kz
* No new operators e s
Analysis using EF T-fit:
 Introducing set of SU(2)xU(1) compatible operators T'(h — ZZ‘)/ SM = (1 + 217 — 0.50(z)

* e.g. breaks simple relation between Higgs production and decay
 Total width and Higgs to invisible as free parameters
» Receives additional input from e.g. ee->WW and EWPO

Roman Poschl )
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Precision on Higgs Physics — Kappa framework

SPter | g, M (1) DA, Aty

68% CL

0.11

0.1¢
0.09¢
0.08F
0.07
0.06
0.05¢
0.04¢
0.03f
0.02F

0.01
0

« Latest results from SFITTER group

== |LC-base e |LC—lumi = |LC-stage m— Gy o,=0

=== FCCee-base === FCCee-350 Update 1706.02174 of Otheo=CUIT.
Eur.Phys.Lett. 1011 (2013) 51001

{121 A IIIIIIIIi bt Loty T

Y/ ) <. ds, I8 Y/
q < - < % < < ?p }%’% \p@/% % %_5 % 5

Assumption: HL-LHC basically completed before e+e- machine starts

« |[LC250 already powerful program (needs however e.g. top-Yukawa as input)

« Higher energies beneficial for total width
and top-Yukawa couplings (fit constraints and H->yy)

Roman Poschl
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LNL Precision on Higgs Couplings — EFT Framework
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Actual Hiaas coublinas aTGCs (=> Constraints in EFT Framework)
Courtesy of
Higgs ECFA Study group B B HL+ILCpo M HL+ILCspp M HL+CLICssp M HL+CLICs000 Ml HL+FCCoopso Ml HL+FCCouss Ml HL+CEPC
For ESU | | Higgs@FC WG
Dark/Light: SMEFTpew (Perfect EWPO) /| SMEFTyp (Global fit)
10 | SRR T L
o -3
SEL: {10° g
5 ] 5
3 g
107" {107

ff ff f f ff ff ff ff f ff
gﬁZZ gﬁIWW gﬁlyy gﬁIZy gﬁgg gﬁltt gﬁlcc gﬁlbb gﬁlrr gﬁlpp 69, z 6KV Az
e Analysis in EFT Framework

* No clear winner among lepton colliders
» Polarisation at Linear Colliders compensate for higher integrated luminosity at Circular Marchines

Roman Poschl .
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Anomalous Triple Gauge Couplings

@.

Ag!

AK

Rom

W+ et

» Sensitivity to triple and quartic gauge Boson couplings
W+ (TGC and QGC)
» Observables depend strongly on beam polarisation

=> Enrich different helicity modes of W
=> Disentangling of couplingsto Zand y

W™ =>in situ measurement of beam polarisation (and
luminosity)

Limits on Triple Gauge Couplings@250 GeV

=-|EP2 ==ATLAS ==CMS ==HL-LHC

O — g

=L 250

----------'p---------------------:---------- -------

r e o | oowea 5 | 5
0.05 0.1
TGC Limits @ 68% CL

Detail View of the ILC Precision
m |LC full H-20 = |LC 350GeV m—= |LC 250GeV

Ag!

-------_h----------------t---------------- --------

AK

ar,

N
0.001
TGC Limits @ 68% CL
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EFT Framework and beam polarisation

s, Model Independent Fit LCC Physics WG « EFT adds additional spin strucuture to ZH

N Impact of Luminosity, Energy and Polarisation | . —_— ' :

By B-D | HLLHC o eve- 2 abrt 250 Ge potarteed production cross section (see backup)

- x1/3

= i .. ®e*e 4 ab 500 GeV polarised x 1/2

g— 3 . HL-LHC @ e+e- 5 ab-1 250 GeV unpolarised .......................................... — A Z h Z h

8 ] .. ®e*e 1.5 ab™ 350 GeV unpolarised x 1/10 = Y has to be small
C D5 i e — V4 A due to EWPO
2 constraints
Y E T — gz | | - NN

(D |

= |

f 1 -5 Y R A Y. Y O PTTfT 1 TTYT'MTY O T — ALR(ZH) prOjeCtS Out CWW
“— | ~CWW

O 1 g e S A SRR R ] only diagram

o | allowed in SM| <—— Polarisation dependent

‘N

8 0-5 e . . . . ... . .. .. veee. M., EE............... BR..... IB..... H..... B..... ........ |.... — ° PreCiSion fOr 2ab_1 polarised - 5ab_1 unpolarised
o

Roman Poschl

TYL/FJPPL, FKPPL Meeting 2019 15



LABORATOIRE
DE [ '/ACCFLERATEUR
L E

Top Yukawa Coupling

=

e

== |

- Coupling of Higgs to

heaviest particle known today

- Up to eight final state jets

Roman Poschl

Vs[GeV]
[ab-1]
Oyt/yt[%]

e/et pol. = (0.0, 0.0)
,—-x103 = T T [ T T T T =
S e oW
g10° i
0 - B L = §
uf 10 ttH (with ¢t bound-state effects) 17 =
R B ———— =
s 1 £ ttg —>tthb -
101 /- " 1tH (without ## bound-state effects) -
: er(H1ggs radiated off Z)E
10-2 I T T T Wl B AR I T TR RS SR AN W T T T RN S SR S
500 600 700 800 900 1000
\s (GeV)
ilp AP
o
550 1000 1400
4 8 2
2.8 2.0 2.7
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tﬁﬁt The Higgs Potential G‘

Perfect (electroweak) symmetry Broken (electroweak) symmetry
and massless particles and massive particles

Two questions:

« Shape of “today's” Higgs Potential? ” 3
S
V(n) = 1m " +®U?7 Ji = )\774 => Triple Higgs-self coupling Yy
h // \\ h

e Transition from symmetric, unbroken to broken phase?

Roman Poschl )
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4‘4 Phase Transition in Standard Model GO
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Electroweak Baryogenesis requires 1% Order PT

Drawings by Y. Nir

M, <70 GeV

% ¢ MH > 70 Ge
0
- Coexistence Two minima at 0 and v_at T _ - No coexistence of two minima at 0 and v_
=> 1* order phase transition => Cross over into “today's” shape at T=0

and development into “today's” shape at T=0

The discovered Higgs is too heavy to provoke a 1° order phase transition

=> New physics needed

Roman Poschl .
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New particles — Extended Higgs Sector

Roman Poschl

Contour plot of AAyn/Annn @nd @ /T, in the mg-M plane

ol ' ‘ . ' ' r T Deviations
- e 100K cccaemmmmssmssmmanm=im0 i of A from
SM Value

AMnnn/Anhh = 5%

30 - arxiv: 1305.1563

sin(a-B) =-1,tanB =1 -

mh = 120 GeV

Mo =My=Ma= Mu?
l | | I ]

0 ! !
0 20 40

60 80 100 120 140
M (GeV)

- New (bosonic) particle may modify A and enable 1° order phase transition
- Impact on measurements and achievable precisions of A ?

TYL/FJPPL, FKPPL Meeting 2019

19



Higgs self-coupling and new physics GO

Manifestation of new physics in observables and extracted results?

Cross section o/ Og

w

SM

 Remarkable sensitivity of 500 GeV machine in case of large upward deviation
* 1 TeV machine superior for large upward and downward deviations

T. Tanabe, Higgs Coupling 2016

Roman Poschl )
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Feebly interacting particles — A summary

@.

-1.5 F

LEP2 Z¢ |
e
-2.0 LEP1 LHC1
~—
‘ Z—>’ untagged
L' LHC3
M=l
2 =S 0 untagged
21: ; 6\,,,+‘° \ HL-LHC
% 30 // e untagged
o " h->4b \
S [ \
- : I
351 CEPC, FCCee Zg

riny<-g qOH

e+e- untagged

FCC,CEPC,ILC,ILC250,CLIC

_/

i Tera-Z a _\f
4.5 | Z->llp LT
N\
Na
-5.0 E—4 e . —
5 10 5 20

Courtesy M. Peskin

Roman Poschl

1
m(p[GeV]

6\ 1 I | I | I, L L N l ........ Lo LA L. | . L S L I Lo LA I:
C\Tt_: ,'Iﬁ.__:
£ 1V
w L Search for extra light scalars s'ine‘e — z8°
----- OPAL, Eur.Phys.J. C27 (2003) 311-329
el N T O S
10 ::.::::.‘T.'.::‘::::::::::::::::::::::::::::::::::::::::::::::: L.
o 1L€250, ILD preliminary (DBD)
::::::::::::::::::::::::::::::::::::::::?::::::::: ...... ILC250, Pythia stable particle level
1072 o
T _H‘COU/TGS}/JLISI'_
— 1 I 1 L 1 1 I L L L 1 i
107°
0 20 100 150

MSO /| GeV

» e+e- colliders extend limits considerably w.r.t. LHC
» Statistics helps at lowest masses

« CEPC, FCCee (>Z pole) limits order of magnitude

better than ILC

« Backgrounds taken correctly into account?
« Similar at stable particle level

TYL/FJPPL, FKPPL Meeting 2019
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Two fermion processes

Roman Poschl

* Important threshold tt => top mass
e Sensivity to new physics at all cms energies

TYL/FJPPL, FKPPL Meeting 2019
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4‘4 Top mass Higgs mass and BSM

80.60 | 1 | | I I 1 1 | I I | l | I L ¥ 1 I 1 1 T
- experimental errors 68% CL .
: LEF2/TevatiofEHE iy |« Precise Top (and W) mass
| — LHCfinal: dm, = 0.5 GeV, 8M,, =10MeV | |  crycial to test compatibility
80.50 ILC: dm, = 0.05 GeV, dM,, = 3 MeV - of measured Higgs mass
> u M =12509+3.1Gev| | < SM might not be sufficient
o} . mssMm| | to explain Higgs mass
2 H .
= 80.40 « LHC may not reach sufficient

discriminative power

A lepton collider will for sure

SMIM , =125.09 + 0.48 GeV T
80.30 | ™ H = MSSM L

SM, MSSM Eiiiiis
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune "16

| 1 1 1 I I l 1 I | I 1 I 1 | 1 | | | | I I 1

168 170 172 174 176 178
m, [GeV]

Roman Poschl )
TYL/FJPPL, FKPPL Meeting 2019



Top pair production at threshold ( =

“Bound states” at tt threshold
Hydrogen-atom of strong interaction

08, -~ -

0.6

5 04)

02,

NN —

0936 338 340 342 344

s (GeV)
- Size O(10""m), smallest non-element\a/:y object known in particle physics
Small scale => Free of confinement effects => Ideal premise for precision calculations

Measurement of (a hypothetical) 1°S , State

- Decay of top quark smears out resonances in a well defined way

TYL/FJPPL, FKPPL Meeting 2019
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Top threshold scans at different e+e- colliders

cross section [pb]
i e e
') = N o =l

S
o

0.1

L
C fi threshold - Beneke et al. NNNLO - u = 80 GeV

[ ISR + ILC LS, mass fit incl. scale uncertainties

— default - m; > 171.5 GeV

— best fit template, mrs 171.45 GeV ——_ -

----mass varnations + 0.2 GeV = .ok L

preliminary
based on CLIC/LC Top Study
EPJ CT73, 2530 (2013)

340 345 300
ILC (s [GeV]

IIII|IIII|IIII|IIII|IIII' I'-'llllllll

Fit uncertainty:
28.5 MeV (18 MeV stat)

Scale uncertainty:
40 MeV

F. Simon Top@LC16

Roman Poschl

cross section [pb]
c 2o 2 2 2
2 = en o =~

&
N

0.1

L A B
— ftithreshold - Beneke et al. NNNLO - u = 80 GeV
ISR + CLIC LS, mass fit incl. scale uncertainties

— default - m; > 171.5 GeV

— best fit template, m’ > 171.45 GeV
- mass variations + 0.2 GeV s

preliminary
based on CLIC/ILC Top Study
EPJ C73, 2530 (2013)

340 345 350
CLIC /s [GeV]

Fit uncertainty:
31 MeV (21 MeV stat)

Scale uncertainty:
42 MeV

TYL/FJPPL, FKPPL Meeting 2019

- | T T I I | I I T I | T E
C i threshold - Beneke et al. NNNLO - u = 80 GeV E
- ISR + FCCee LS, mass fit incl. scale uncertainties .
— — default - m;~ 171.5 GeV =
- — best fit template, m’ - 171.45 GeV E
F - mass variations + 0.2 GeV 3
3 prellminary E
R based on CLIC/ILC Top Study -
i EPJ C73, 2530 (2013) =
[ I 1 1 | | I | | 1 | | 1 1
340 345 300
(s [GeV]
FCC-ee

Fit uncertainty:
27 MeV (15 MeV stat)

Scale uncertainty:
40 MeV
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LNL Two fermion production and asymmetries

+

€ f

Z'Z2'Z 7YY

e
Differential cross section:

dJ_af2
dQ  4s

9 ~ (1 + cos?@) 'Usual' Vector current, symmetric in cosf
[Ao(l T COs 9) T Alcosﬁ]{ v~ cosfl  Axial Vector current, asymmetric in cosf

o SU(2) xU(1), symmetry of Standard Model introduces forward backward asymmetry and

Left-Right asymmetry, i.e. A #A . => Observables highly dependent on beam polarisation

 New physics implying new vector bosons will modify coefficients and asymmetries
e Discovery potential in e+e- is supported best by polarised beams

Roman Poschl )
TYL/FJPPL, FKPPL Meeting 2019
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4“ Mass reach for vector new bosons (Z') in 2-fermion production l@'

* X, g, n are linear combinations of bosons appearing
in Grand Unified Theories with couplings orthogonal to the SM Z

5o discovery

=20
E - Ys=500 GeV, L=4000 fb™ » SSMis “carbon” copy of SM Z and used
?3_— 95%CL exclusion as common metric in generic Z' searches
N V=500 GeV, L=4000 fb” |
ot Sc discovery » ALR introduces an “ad hoc” SU(2)_ and
E14:— Vs=250 GeV, L=2000 b a Z' with orthogonal couplings to the fermions
- 95%CL exclusion
121 {s=250 GeV, L=2000 fb™

Typical mass reach 5-10 TeV
* Reach shown fore, nu, T
* Adding quarks would improve limits

SSM ALR ¢ v n

Study by Kyushu group and KEK group
within TYL/FJPPL HEPO1 Project

Roman Poschl .
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Electroweak couplings of heavy quarks

Roman Poschl

- SM does not provides no explanation
for mass spectrum of fermions (and gauge bosons)

- Fermion mass generation closely related
to the origin electroweak symmetry breaking

- Expect residual effects for particles with
masses closest to symmetry breaking scale

(),

b L

Strong motivation to study chiral structure

of heavy quark vertices in high energy e+e- collisions

TYL/FJPPL, FKPPL Meeting 2019
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AL Electroweak top couplings GO

—h
Q

Uncertainty

10°

Roman Poschl

Accuracy on CP conserving couplings

e+e- collider might be up to two orders
of magnitude more precise

. LHC Run-3 B LHC than LHC (s = 14 TeV)
- 300 fb~! Bc
Bl FCC-ce » Large disentangling of couplings for ILC

thanks to polarised beams

Final state analysis at FCCee
» Also possible at LC => Redundancy

Note
 Maximal Lumi scenario for FCCee
 Minimal Lumi scenario for ILC

(~factor 4 possible with increased lumi and

improved selection)

Arxiv:1503.01325
corrected for ILC values published in 1505.06020

LC promises to be high precision machine for electroweak top couplings
EFT Analysis for CLIC predicts mass reaches well above 10 TeV

TYL/FJPPL, FKPPL Meeting 2019 29



Electroweak top couplings and discovery reach

New physics reach for typical BSM scenarios with composite Higgs/Top and/or extra dimensions
Based on phenomenology described in Pomerol et al. arXiv:0806.3247

% Exclusion Limit |
95% Exclusion Limi 50 discovery
— 20 :
> T TCG500T T0p GUaTK CoUpTgS =
2 ooy P(ee")= (+80/ ¥30%, arXiv:1505. 06020 0806. 32472 : ©
— 18 b R SRS SRR .. 95%. lowet limit from.0.806.3247: c}j c(La)._I g. =1.0.. =, : : : :
. . N . N N - - ——— -+ %% %% w e
! : Lo : [ ; 1) (3) a IE'CSUU r‘"‘“"ﬁ""‘rop fuark coupnngs : 5
= - : N : : P 95% '°""e' limit from 0806 8247:0 =¢ =1 9 =" p= P(e’ e")=(+80%,730%, arkiv:1505. 06020,0806. 3247) :
16 S S YRR S YT T T L X EEN  Kel-Ti oW 0531} Hesultfrom1505,06020 .................. SGdlscoeryfrom08063247 C; cL =1, 9, 10
B ILC500, 4:0 ab ™, Result from 1505.06020
14 ~ ,. ...............
12 L LR e R R U RUUERE

OIIIIIIIIIIiIIIilllilllilllilllilllilll

1 1 [ I 1 1 1 1 1 1 I 1 [ ] 1 I 1 [ 1 i 1 [ ] 1 I 1 1 1 I 1 [ ] 1 I 1 1 1 I 1 [ 1
0 0.2 04 0.6 0.8 1 1.2 14 1.6 8g1 .?g [0/0]2 00 0.0 0.4 0.6 0.8 1 15 12 16 18 >
i 2L Sgﬂ_/ 9, [%]

ILC@500 has discovery potential up to 10 TeV for typical BSM scenario
More cms e.g. at CLIC would of course help a great deal (also for disentangling effects)

Roman Poschl
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New physics below tt threshold? - Example b quark couplings l@‘

. b

~30 in heavy quark observable A7 g ee->bb@250 GeV

ST F
' : dol/dcosBb . doR/dcosOb
Ab l @ i 8
: : 4 7 L
0,c : 5 5 i : 5 ' .
A| ; 6
ob | s s E 5 5 ' :
A W e > 5
o i i i i - :
0 : I 2 [
I:{b i. . [ [
: ; 1 _ 2
] I I I 0 o e o s b b e ; 1 | PO N T T I N O T | L1
Is tension due to underestimation of errors or 1 07505025 0 025 05 075 1 °

[y

-1 0.75-05-025 0 0.25 05 075 1
cosOb cosOb
Randall Sundrum Models Djouadi/Richard '06

due to new physics?
« High precision e+e- collider will give final word on anomaly

* In case it will persist polarised beams will allow for discrimination between effects on left and right
handed couplings
- Randall Sundrum Models generate basically automatically a symmetry group of type SU(2)

Roman Poschl )
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entries / 0.05

40000

35000

30000

25000

20000

15000

10000

_—l- T I T l LI I LI [ T T [ LI ] LI I LI | [ T l T '1—_
C  eje;— bb @ 250GeV, 250 fb" =
E ——— signal + charge corr. E
— —&—— signal + ch. corr. + accep. corr. =
R fit T
- parton level i
L. = ]
B o i
& = ]
_—l | ]| | | e o) | | e | I o | | e v | B | I:
1 0 02 04 06 038 1

cosb,

entries / 0.05

6000

5000

4000

3000

2000

1000

G | B |

lflll'fl]'l'llll

e e;— bb @ 250GeV, 250 fb”

—+— signal + charge corr.

——&—— signal + ch. corr. + accep. corr.
--------------- fit

-------------------- parton level

IF|IIII[IIII|IIII|I

Il‘-lilill|+l
W
.I.
¢!
3
+

|IIIJ.JIIII|

lll'fll'[ll'l]lll

rr[rr1]111

-
|

1-¢-r+|]|

IIIIII+!I]|IIII|IIIIlI

! |
-1 08 06 04 02 O 0.2

0.4

—

cosb,

Study by S. Bilokin (TYL/FJPPL Laureate) and A. Irles (LAL) within TYL/FJPPL HEPO1 Project

 Full simulation study (with ILD concept), Benchmark reaction for 250 GeV running
« Experimental challenge: Measurement of b-quark charge on event-by-event basis

- Long lever arm in cos 6, to extract from factors or couplings

do!

_ ol 52 7l
" S*(1+ cos”“8) + A" cosb

[ =

Form factors/couplings

Ls R from S and A
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LeZLbZ LeZ'LbZ' :
— 10 E . LeLb = QeQb + —— BWZ+Z ———BWZ
o, - . - s‘wcw s‘wcw
s F ILD Preliminary - Z |
= 4L B 1LC250, 2000 fb _ v | y v
> = : E
? - ILC GigaZ - ILC250 SM GigaZ New resonances
- " I LEP1 i

— SRR
S
e L R
R Pk
ey ek o

» Couplings are order of magnitude better than at LEP

[ llIIIIl
%
%
%

* In particular right handed couplings are much better constrained
1072 = e « => Sensitivity to 'right handed' Z' (see above)
* Presentation of helicity amplitudes preferrable since new physics
can also infliuence the Zee vertex
* in 'non top-philic' models

I Il!lllll
%
%
%

|

g

i

%
g

10° L0 LA R
oL LR L, BR L2
» Full disentangling of helicity structiure for all fermions
Figure: A. Irles only possible with polarised beams!!
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On the Z-pole Above the Z-pole

o f
* ILC/GigaZ with ~10° Z » Sensitivity to interference effects of Z and photon!!
» Sensitivity to Z/Z" mixing » Measured couplings of photon and Z can be influenced
» Sensitivity to vector (and tensor) by new physics effects
couplings of the Z * Interpretation of result is greatly supported by precise input

* the photon does not “disturb” from Z pole

TYL/FJPPL, FKPPL Annual Meeting 34
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e*e Higgs Factory Luminosity Comparisons
Updated 15/04/2019

"7; == FCCee (CDR)
o — wegy== CEPC (CDR)
e = mfe = CEPC (Oxford 4/2019)
3) ILC 1312 bunches
< 1 02 — e |LC 2624 bunches
™ — ILC 10 Hz 2624 bunches
2 - =)= CLIC (2018)
‘é" _
E" -
= -
o
c
E 10
3 F
B )
Plot by M. Stanitzki i —9
Number follow discussion i
between H. Yamamoto, -
S. Michizono and F. Richard -
(See also LC-Note by Nick Wa/ker) - oo oy ey ey ey ey by
0 200 400 600 800 1000 1200 1400
Vs (GeV)

» Option for Z-Pole extension exists for ILC (may need to be further scrutinized)
e It is useful to remind on the potential of a linear collider running on the pole

TYL/FJPPL, FKPPL Annual Meeting
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Example: b couplings and helicity amplitudes

—_
o
N

- Djouadi et al., arxiv:hep-ph/0610173

- Hosotani et al., arXiv:1705.05282

Peskin, Yoon 4, arXiv:1811.07877

I T T TTTT

Peskin, Yoon 5, arXiv:1811.07877

arxiv: 1905.00220

Number of Standard Deviations

—_
o

IIIIIII|

T

(g7 )7 e Qb Qe b, Qe.b Qqb

eLL eLR

« Spectacular sensitivity to new physics in RS Models
« Complete tests only possible at LC

 Discovery reach O(10 TeV)@250 GeV and O(20 TeV)@500 GeV

e Pole measurements critical input
» Only poorly constrained by LEP

» Pole measurements will (most likely) influence
also top electroweak precision program
* (t,b) doublet

Uncertainty

Don't forget: Electroweak observables

1= i .
= anxiv: 1905.00220 B 'Lc/Gigaz
10 B ersic
- FCCee
1072 =
1078 =
107 =
10°° =
46
10 AR sin?e! A, R, Ao A, A,

eff

Precise measurement of sin29£ff

» Ten times better than LEP/SLD

» Polarisation compensates for ~30 times luminosity

» ...and ALR at LC can benefit from hadronic Z decays
 No assumption on lepton universality at LC
Complete test of lepton universality

» Precisions of order 0.05%

Excellent control of beam polarisation(dP/P ~ 5x10™)

and beam energy (~MeV or better) required

TYL/FJPPL, FKPPL Annual Meeting 36
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» As of today e+e- colliders are the most promising tools to detect the onset of new physics
» Precision on Higgs couplings at or below 1% level
 Indrect and direct discovery potential at all centre-of-mass energies
 Light scalars or vector bosons with different gauge symmetry

« e+e- colliders ranked high in international strategies for particle physics (by scientists)

» Clear priority in inputs to European Strategy:
* long term contributions to ILC
» CLIC project @CERN
« FCC-ee CDR
e Asia:
» [LC discussed at gouvernmental level in Japan for implementation
« CEPC CDR
« US: ILC is integral part of P5 strategy
 Full exploitation of physics potential requires large energy coverage and polarised beams
» Effects at HZ threshold and below are expected to become more prominent at higher energies
* New physics signals and relevant operators depend on chiral state of initial and final state fermions
» Both premises are fulfiled only by linear e+e- colliders (=> preferred choice!?)
 ILC is shovel ready. Why don't we build it?
A clear pattern of anomalies would be an excellent (and maybe the only)

motivation for a large hadron machine

TYL/FJPPL, FKPPL Annual Meeting
Roman Pdschl
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Circular Electron-Positron Colliders

Roman Poschl

Schematic of an
80 -100 km
Iong tunnel

..---

‘alaz

 ~100 km storage rings

e Coupled to hadron collider proposal

* 90 — 350 GeV cms energy

* No long. beam polarisation

« CDR completed January 2019
http://fcc-cdr.web.cern.ch

CEPC

CEPC collider ring (100km)

 ~100 km storage rings

e Coupled to hadron collider proposal
* 90 — 240 GeV cms energy

* No long. beam polarisation

 CDR completed September 2018

« Arxiv:1809.00285

TYL/FJPPL, FKPPL Meeting 2019
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Linear Electron-Positron Colliders GO

Roman Pdschl

Japanese Gouvernment expressed its interest in project in March 2019

@

Possible future project at CERN
TYL/FJPPL, FKPPL Meeting 2019

Energy: 0.1 -1 TeV
Electron (and positron)
polarisation
TDR in 2013
+ DBD for detectors
Footprint 31 km

Initial Energy 250 GeV — Footprint ~20km

Energy: 0.4 - 3 TeV
CDR in 2012
Footprint 48km

Initial Energy 380 GeV
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EFT: Two distinct observations

Observables at fixed mass m
(e.g. Z pole of Higgs decays)

o Cem? ‘2

O M A2

Increasing UV scales probed in EFT
achieved solely by increasing the
measurement precision

G~ (9"
Typical experimental precision 0.1-1%

High energy tails of distributions
(e.g. Drell-Yan Productions

o ce E*
e

OSM A2

Increasing UV scales probed in EFT

achieved solely by increasing the
energy scale of measurement precision

Typical experimental precision 10%

A. Falkowski, Journée Grands Accél., LAL
TYL/FJPPL, FKPPL Annual Meeting
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M. Perelstein: AWLC2017

Roman Poschl

® Polarized beams play a crucial role in disentangling the two
spin structures

2ma?, m%  2kg E?
o= — 2+ 14+ 2a + 2
3 (s—ml) V52 T my) 9

The a and b coefficients depend on beam polarization:
1

i QEL — (§ = Sfu) 3 ar = —CH
€r € 2 2
L*R 9 Sw S — mz
br = c;(1+ T )(Beww)
€_8+ Qzr = (—-‘ii) ; Gr = —CH
B 8§ — mz
br = c(1 — Z)(8eww)

S

® Angular distributions in ¢ ¢~ — hZ can also be used, but
have weaker analyzing power and require more luminosity to
achieve the same result

TYL/FJPPL, FKPPL Annual Meeting
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Precision of Higgs boson couplings [%]

—
OO'I_L

Model Independent EFT Fit

LCC Physics WG

Impact of improved TGC precisions ................................................................. —

B HL-LHC ®ILC250

B HL-LHC @ILC250, TGCs from LEP X173
l x 1/2

TYL/FJPPL, FKPPL Annual Meeting
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Higgs couplings — Polarisation + EWPO

Ceo

Roman Pdschl

Precision of Higgs boson couplings [%]

3.5

2.5

1.5

0.5

Model Independent EFT Fit

LCC Physics WG

HL-LHC @ e*e’ 5 ab™' 250 GeV unpolarised |-

.. ®e*e 1.5 ab™ 350 GeV unpolarised x 1/3
HL-LHC ® e*e 2 ab™ 250 GeV polarised
.. ®e*e 4 ab™' 500 GeV polarised
dark/light: current / improved EWPO

TYL/FJPPL, FKPPL Annual Meeting

44



Higgs couplings — Polarisation + EWPO

Ceo

Roman Pdschl

; N o
o N oW o

N

Precision of Higgs boson couplings [%]

O
o

o

Model Independent EFT Fit

B HL-LHC @ ILC250 x 1/3
B HL-LHC @ILC250 @ ILC500
dark/light: S1*/S2*

LCC Physics WG
x 1/2

TYL/FJPPL, FKPPL Annual Meeting
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Science drivers | ce@®

Bacinon NMeulting Muoan Neukhing Tau
Moss =0 =0

Elackron Muon
A 105.7

QUARK

“ | @

Up Chanmm
faas: 5 1 500

)

]
Do Sirange
B 140

Elementary Scalar? Composite object

- Higgs and top quark are intimately coupled!
Top Yukawa coupling O(1) ! (h)
=> Top mass important SM Parameter :

AL ' ﬁR
- New physics by compositeness? /A\
t

Higgs and top composite objects? LE
Courtesy of S. Rychkov

- e+e- collider perfectly suited to decipher both particles

Roman Poschl .
TYL/FJPPL, FKPPL Meeting 2019 46



Top Yukawa Coupling and New Physics

Top-Higgs couplings in “presence” of heavy particles

14°
: arxiv: 1408.4456 0067

12 custodial RS model

| .. - arxiv: 1408.4456
U-ﬂ-ﬂ.!;‘:. MR - PR S PR T - b bk —U.m J,_sf;‘
235 50 75 100 125 150 175 200 25
Mg(l) [TEV]

't g

50

i ¢ clstodial RS model

:-"-. s W
. "

75 100 125 150 175 200

arxiv: 1408.4456

oy -

Mg(l} [Tew

* Heavy particles, e.g. (Kaluza Klein) “duplicas™ of SM particles provoke sizable effects

« Sensitivity to CP Violation !?

Roman Pdschl _
TYL/FJPPL, FKPPL Meeting 2019
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Higgs Self-couplings — An overview

e

Roman Poschl

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3

+—Fed 1 68%,95%CL bounds, lepton collider only

V" 68%,95%CL bounds, combined with HL-LHC

“Rax txxx 85% CL bounds (combined with HL-LHC)
= <« §8%,95%CL bounds, 1h only (w/ HL-LHG 1h)

HL-LHC *128114TeV(3/ab), rates & distributions
CEPC| 2. »'os1240GeV(5/ab) only (CEPC)
& *.701240GeV(5/ab)+350GeV(200/fb)
FCC-ee| " N e | 240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)
+0 80 | FCC—ee with zero aTGCs
ILC 131250GeV(2/ab) only
*831250GeV(2/ab)+350GeV/(200/fb)
*024{ above + 500GeV(4/ab)
*020| above + 1TeV(2/ab)
CLIC s :1350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

+Zhhat14TeV

binned M, in vvhh (4 bins)

-2 -1 0 1 2 3
arxiv:1711.03978

T TL/rJrrL, rNrFrLvicecully cvio

48



Light scalar study in ILD |@.

. 1 o e e b e f e L e e e e
2000 fb 1 @ 250 Gev ”—C :_‘___..".“:
@0000— - LI 7Y ILD preliminary - I 2 0000 OOt N
(5 T D 1sew e | [ ;
E L B o [ 1 I N SO POOE SO U ORUOORTORY SO i
i) : M .
= — el — il 1077 s L ot sclora S me'e - 28"
% 'r]ﬁcm -ut.w 1 ISR S
0 m- W | o B o
12 GeV 1 NC e e .
B <2 bechgreanas 1 "N PN SRR
10000 a
) 1 150 2
00 O 00 1 0—3 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

M,-eco“ (GGV)’CZ) 0 o0 100 150

 New resonances cleanly dinstiguishable for large range of masses

* Sensitivity to mixing angle 6h down to 10 (taking all relevant backgrounds into account)
* 'new scalar would count as “Feebly interacting Particle” (FIPS)

Roman Poschl .
TYL/FJPPL, FKPPL Meeting 2019 49
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Higgs self-coupling — Precisions at LC

Roman Poschl

Cross section vs CM energy (e+e-)
0.6 —

Cross Section / fb

0.5}
0.4
0.3}
0.2f
0.1}

I L] L]

M(H) = 125GeV  P(e.e) = (-0.8,40.3)

e +e > ZHH |
e + e —»vwHH (WW-fusion)
e*+e - vwWHH (Combined)

T i,

e
wifr™"
.

I L] L] Ll I L] L L]

Expected precision based on
full detector simulation studies:

ILC
500 GeV, 4 ab-1

OA = 27%

el s
400 | 6

a2 s 2 a1
00 800 100
Center of Mass E

1200 1400
rgy / GeV

References:
J. Tian, LC-REP-2013-003

M. Kurata, LC-REP-2014-025

ILE
500 GeV, 4 ab-1
& 1 TeV, 8 ab-1
OA = 10%

C. Duerig, Ph.D. thesis at DESY, 2016
HH->bbbb, bbWW?* combination

CLIC
1.4 TeV, 1.5 ab-1
OA = 21%

Diagrams with triple-Higgs coupling

References:
arXiv: 1307.5288

CLIC
1.4 TeV, 1.5 ab-1
& 3 TeV, 2 ab-1
OA = 10%

HH-=>bbbb only, upgrade in progress including bbWWw#*

TYL/FJPPL, FKPPL Meeting 2019
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Electroweak top couplings

Top is primary candidate to be a messenger new physics in many BSM models

Z | . Z
591, / gr,
arxiv-1505.06020 soon Light top partners Alternative 2
see also: arxiv:1608.07537 0 ®
arxiv:1503.01325 Statistical error:
ILC Precision Vs ~ 500 GeV
L =500 fb
10% 1T &
RS with Z-7Z’ Mixing SM 7
—— - | | ® | | -8
-330% -20% -10% 10% 20% gR /gR

Light top partners Alternative 1

5D Emergent

® 4D Composite Higgs Models
® -10% @ Light top partners

® Little Higgs

-20% 9 RS with Custodial SU(2)

® Composite Top

Precision expected for top quark couplings will allow to distinguish between models
Remark: All presented models are compatible with LEP elw. precision data

Roman Poschl

TYL/FJPPL, FKPPL Meeting 2019
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-

j his a spin O state; a2

h,,, = COS Y, h==
+ Sin ), AP Jgwy
ﬁ- lff}=|Tl}+E2m|1'}
f(cosy  + Sin | _.lhm 2> [y= 0 CPeven, a—b
- /2 CP odd )

g PR I |
2 25 3
input v [rad]

| based on NIM A810 (2016) 51-58 I

TYL/FJPPL, FKPPL Annual Meeting

b
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~and CPV in
Zh coupling:

hZ 7

1b
2V

= ) to+0.005

tﬁﬂh?? -
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Vs [GeV]

10*

B ®
= @ LHC13
L LHCS8
—— Tevatron | Tevatron i
— HERA I. HERA Il
o LEP Il

~  SLC-LEPI

FCC-hh
SppC

() HE-LHC

®
HL-LHC
FCC-eh
HL-LHeC HE-LHeC
O
(@ CLIC (O

CEPC ILC FCC-ee

Full bullets: Completed, running or TDR, Open bullets: CDR

1980 1990 2000 2010

 |LC is the only machine that can be built now
« European XFEL gives credbility for construction

Roman Poschl

2020 2030 2040 2050

Year

TYL/FJPPL, FKPPL Annual Meeting
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High-priority large-scale scientific activities

After careful analysis of many possible large-scale scientific activities requiring significant resources, sizeable
collaborations and sustained commitment, the following four activities have been identified as carrying the highest
priority.

Points 1,2,4:

* Exploit LHC and implement HiLumi. Well underway.

* High field magnets and high gradient acceleration, project planning for CLIC and FCC/He-LHC. Studies being
summarized for the European Strategy update in 2019-20.

* Develop a neutrino programme at CERN. Neutrino platform implementation.

Point 3:

* There is a strong scientific case for an electron-positron collider, complementary to the LHC, that can study the
properties of the Higgs boson and other particles with unprecedented precision and whose energy can be
upgraded. The Technical Design Report of the International Linear Collider (ILC) has been completed, with large
European participation. The initiative from the Japanese particle physics community to host the ILC in Japan is most
welcome, and European groups are eager to participate. Europe looks forward to a proposal from Japan to discuss
a possible participation.

TYL/FJPPL, FKPPL Annual Meeting 54
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European 5-@ Why European Particle Physics Strategy?

* Relation between ESFRI and CERN had to be clarified within the European
Commission
» ESFRI, the European Strategy Forum on Research Infrastructures, is a
strategic instrument to develop the scientific integration of Europe and
to strengthen its international outreach.
» CERN's convention mandates coordination of infrastructure of particle
physics for Member States

 First ESFRI roadmap published in 2006, with 35 projects, the Roadmap was

updated in 2008 bringing the number of RIs of pan-European relevance to
44, Later updates 2008, 2010, 2016, 2018

 First European Particle Physics Strategy (EPPS) called-t RALCouncil in
2005 and endorsed in 2006, latest update in 2013..Jnext in 2020.

/

Current period

TYL/FJPPL, FKPPL Annual Meeting
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EPPSU — The Schedule

EPPSU Secretary:
H. Abramowicz

Roman Poschl

European Strat&)

European Particle Physics Strategy Update

Dec.2017
Call for proposals

for venues for Open
Symposium and
Strategy Drafting

Session
(deadline May 15, 2018)

March.2018

Call for nominations
of the PPG and
ESG members

’ |

June.2018

organisation &

Council decision on
venues and dates;
Call for scientific input

Sept.2018
Council to launch the

Strategy Update process &
establish the PPG and ESG

input preparation by community

| after May 2019 will be taken |
into account in the process :

Dec.2018 Jan.2020
1| Closing submission Strategy Update
community input Drafting Session
Open S I
pen Symposium
March.2020
Strategy Update
Sept.2019 submitted to Council
Physics Briefing
Book available
consultation &
consensus building
U Physics resuts appearing | May.2020

Council to approve

Strategy Update
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ILC Parameters

Roman Pdschl

ed4/cm’s

TDR New
Center-of-mass energy Ecu | GeV 250 | 500 | 250
Bunch population N ell 2 2 2
Bunch separation ns 554 | 554 |554
Beam current 578 |578 |5.78
Number of bunches per pulse Nb 1312 | 1312 | 1312
Collision frequency Hz 5 5 5
Electron linac rep rate Hz 10 5 5
Beam power (2 beams) Ps MW 526 |105 |5.26
r.m.s. bunch length at IP o. mm 0.3 0.3 0.3
relative energy spread at IP (e-) o/E | % 0.188 1 0.124 | 0.188
relative energy spread at IP (e+) o:/E | % 0.15 |0.07 |0.15
Normalized horizontal emittance at
IP - um 10 10 5
Normalized vertical emittance at IP | &., nm 35 35 35
Beam polarization (e-) % 80 80 80
Beam polarization (e+) % 30 30 30
Beta function at IP (x) B. mm 13 [N 13
Beta function at IP (y) mm 041 (048 |041
r.m.s. beam size at IP (x) G, nm 729 | 474 | 516
r.m.s. beam size at IP (y) o, |nm 766 | 586 |7.66
r.m.s. beam angle spread at IP (x) 8, ur 56.1 |43.1 |39.7
r.m.s. beam angle spread at IP (y) | 8, ur 187 |122 | 187
Disruption parameter (x) Dx 026 |0.26 |051
 Disruption parameter (y) Dy 245 (246 |345
Upsilon (average) Y 0.020 | 0.062 | 0.028
Number of beamstrahlung photons | n, 1.21 | 1.82 |1.91
Energy loss by beamstrahlung Oas | % 097 | 450 |2.62
Geometric luminosity Lgeo | e34/cm’s | 0.374 | 0.751 | 0.529
Luminosity L 082 (179 |1.35
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Z W= Zh tt

Circumference km]| 97.756
Bending radius km] 10.760
Free length to IP £7 'm] 23
Solenoid field at IP [T] 2.0
Full crossing angle at IP [mrad] 30
SR power / beam [MW] 50
Beam energy |GeV] 45.6 80 120 175 182.5
Beam current imA| 1390 147 29 6.4 5.4
Bunches / bheam 16640 2000 328 59 48
Average bunch spacing [ns] 19.6 163 994 2763 3306 -
Bunch population ] B 1.5 1.8 2.2 2.3
Horizontal emittance £ |nm] 0.27 0.84 0.63 1.34 1.46
Vertical emittance ¢, [pm] 1.0 : 19 ) 2.9
Arc cell phase advances |deg] 60,60 60/60 90,90
Momentum compaction [1077] 14.8 14.8 7.3
Arc sextupole families 262
Horizontal /3 'm| 0.15 0.2 0.3 1.0
Vertical 3 [mm] 0.8 1.0 1.0 1.6
Horizontal size at IP o, lum)| 6.4 13.0 13.7 36.7 38.2
Vertical size at IP o [nm] 28 41 36 66 68
Energy spread (SR/BS) %] 0.038/0.132 | 0.066/0.131 | 0.000/0.165 | 0.144/0.106 | 0.150/0.102
Bunch length (SR/BS) |mm) 3.5/12.1 3.0/6.0 3.15/5.3 2.75,3.82 1.07/2.54
Crab sextupole ratio o] 97 87 80 50 50
Energy loss / turn |GeV] 0.036 0.34 1.72 7.8 9.2
RF frequency (MHz| 400 400 / 80O
RF voltage GV 0.1 0.75 2.0 4.0 / 5.4 4.0 / 6.9
Long. damping time [turns| 1273 236 70.3 23.1 20.4
RF acceptance 7o 1.9 2.3 2.3 3.5 3.36
Energy acceptance (DA ) _“FE, +1.3 +1.3 +1.7 -2.8 +2.4
Synchrotron tune -0.0250 -0.0506 -0.0358 -0.0818 -0.0872
Luminosity / IP [10™* /cm®s] 230 28 8.5 1.8 1.5%
Horizontal tune Q; 269.139 269.124 389.129 3809.104
Vertical tune ¢}y 269.219 269.199 389.199 388.175
Beam-beam Eszi 0.004/0.133 0.010/0.115 0.016/0.118 0.088,/0.148 0.099/0.126
Lifetime by rad. Bhabha min | 68 59 38 37 40
Actual lifetime by BS min | > 200 = 200 18 24 18

Roman Poschl

Luminosity / IP (cm™2s™)
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E. Levichev, FCC Week 2018
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Higgs W Z (31) Z (21)
Number of IPs 2
Beam energy (GeV) 120 80 45.5
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.73 0.34 0.036
Crossing angle at IP (mrad) 16.5X2
Piwinski angle 2.58 7.0 23.8
Number of particles/bunch N, (101%) 15.0 12.0 8.0
Bunch number (bunch spacing) 242 (0.68us) 1524 (0.21us) 12000 (25ns+10%gap)
Beam current (mA) 17.4 8§7.9 461.0
Synchrotron radiation power /beam (MW) 30 30 16.5
Bending radius (km) 10.7
Momentum compact (10-) 1.11
P function at IP B */ G * (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001
Emittance &/&g, (nm) L 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016
Beam size at IP g, /o, (um) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04
Beam-beam parametém ElE 0.031/0.109 0.013/0.106 0.0041/0.056 0.0041/0.072
RF voltage Vpr (GV) ‘ 2.17 0.47 0.10
RF frequency f z (MHz) (harmonic) 650 (216816)
Natural bunch length . (mm) 2.72 2.98 2.42
Bunch length o. (mm) 3.26 5.9 8.5
Betatron tune v,/v, 363.10/ 365.22
Synchrotron tune v, 0.065 0.0395 0.028
HOM power/cavity (2 cell) (kw) 0.54 0.75 1.94
Natural energy spread (%o) 0.1 0.066 0.038
Energy acceptance requirement (%o) 1.35 0.4 0.23
Energy acceptance by RF (%) 2.06 1.47 1.7 )
Photon number due to beamstrahlung 0.29 0.35 0.55 E. Levichev, Y. Wang
— : : . = FCC Week 2018
Lifetime simulation (min) 100
Lifetime (hour) 0.67 1.4 4.0 2.1
F (hour glass) 0.89 0.94 0.99
Luminosity/IP L (10**cm2s) 2.93 10.1 16.6 32.1
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