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Outline

* Particle Physics today: Towards new Answers

* Lepton Collisions as a Discovery Enabler - with a focus on SuperKEKB / Belle Il
* The stony Path to Precision - Delivering the Belle |l Physics Program

* Perspectives on Technology - Higgs Factories as Innovation Drivers

* Conclusion & Outlook

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon @Kkit.edu)
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Particle Physics - State of Play

Past Discoveries & Current Puzzles

* The Standard Model: A success story
The result of generations of
experiments and theoretical work.

Leptons

Lepton Colliders for Discovery — MPP Colloquium, June 2024

Frank Simon (frank.simon@kit.edu)
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Particle Physics - State of Play

Past Discoveries & Current Puzzles

* The Standard Model: A success story But: does not explain key astrophysical observations..
The result of generations of R L I R S S ST

experiments and theoretical work.
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* The Standard Model: A success story But: does not explain key astrophysical observations...
The result of generations of T i ‘

experiments and theoretical work.
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Particle Physics - State of Play

Past Discoveries & Current Puzzles

* The Standard Model: A success story But: does not explain key astrophysical observations..
The result of generations of G G T R e S R |

experiments and theoretical work.

Dark energy

Observations
- _from starlight
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Particle Physics - State of Play

Past Discoveries & Current Puzzles
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* The Standard Model: A success story But: does not explain key astrophysical observations..
The result of generations of R L I R S S ST
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Towards New Answers

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon @Kkit.edu)
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The Path Forward

Maggie Muhlleitner - FC@CERN WS 2024
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The Path Forward

No single right
experimental
path forward.
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The Path Forward
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Exploiting different strategies:
* Direct production at high energies

* Precision measurements + precise theory:

Phystes Rx Indirect probe of high scales

| Intensity | " , |
on‘l'ier | " SR 5 * Direct detection of “dark sector” particles

Maggie Muhlleitner - FC@CERN WS 2024
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Future Opportunities
Experiments in Particle Physics
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 Significant potential for ground-breaking discoveries in present and future experiments...

Evidence for new Discovery of new
particles and/or forces

at high energy scales

phenomena in the
flavour sector

Evidence for new
phenomena in Higgs
boson properties

Discovery of leptonic
CP violation

Evidence for a dark sector: Improved understanding
dark matter and other of gravity, connection to

weakly coupled particles particle physics

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon @Kkit.edu)
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Future Opportunities
Exper/ments in Part/c/e Ph ys:cs
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 Significant potential for ground-breaking discoveries in present and future experiments...

.. translated into an experimental roadmap followed by the world-wide community.

Evidence for new
phenomena in the
flavour sector

Discovery of leptonic
CP violation
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Discovery of new

N o — ) particles and/or forces
Studies of the Higgs Boson | at high energy scales

and of fundamental interactions 4
with extreme precision J
|

Exploring cosmology
and the dark sector of
8 the Universe
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Evidence for new
phenomena in Higgs
boson properties

Searches for new
particles and for new
phenomena

Evidence for a dark sector:

dark matter and other
weakly coupled particles
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Improved understanding
of gravity, connection to
particle physics

Lepton Colliders for Discovery — MPP Colloqu:um June 2024
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Lepton Collisions as Discovery Enablers

With a Focus on SuperKEKB / Belle 1]

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon @Kkit.edu)
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Lepton Colliders

Energy and Intensity Frontiers
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Lepton Colliders

Energy and Intensity Frontiers
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A history of discovery:

- CKM Together
SM precision, 3 neutrino families with theory!
gluon
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What's next?

An e+e- Higgs Factory as next intensity & energy
frontier collider: Physics in the mid-late 2040ies.

-t |
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A history of discovery:

- CKM Together
SM precision, 3 neutrino families with theory!
gluon

T

-~ Charm

What's next?

An e+e- Higgs Factory as next intensity & energy
frontier collider: Physics in the mid-late 2040ies.

For the next decade+: Intensity frontier physics
with SuperKEKB / Belle II.

Frank Simon (frank.simon@Kkit.edu) 11
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Y (45 ) mostly decay
to B-meson pairs

Continuum clete” - utu=(y)]=1.15nb

clete” - ui]=1.61nb-
olete~ > dd]=0.40nb—
oclete” - s5]=0.38 nb—"

o[e+e_—>cE]=1.30nb g

clete™ > YdS)]=1.11nb
0'[e+e— - yy({)]=4.99nb
clete” »vo(y)]=2.510"%nb
0[e+e_ — T+T_(‘}’)] =0.92nb
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o lete " —=Hadrons)(nb)

B Factories

o(e+e — hadrons) [nb]
s T f

25

¥
[ 6fb = 102M E n
)y 4
20K ' -
| Off-peak/Scan .
S 100fb" 54fb" = l+121fb = 36M
L so 1 ‘&a‘”V- W
sE§ )
L sk Y5S
11 25fb7=158M "’J-* .(L ) .
. +l 14fb™" = 99M LR T R
o} £, (Gev)
L % 3fb1=12M -
-4 /| 30fb"=122M
R | . . 711fb! = 772M
L b ' ,‘ % 433fb1 = 471M
Fg ™, ¥ \ —
:/? 24 ;—‘-—'d {"-"H; e
- Y(1S)  Y(2S)  Y(39) Y(4S)
OrllllLll_sfl 11111 $||||||'|||Ss|||i||||:.ﬁli||l
S.44 9.47 10.00 10. 03 IO 33 10.37 10.53

Mass (GeV/c2 )

Almost as many T as Bs!

A /ook at the bas:c Pr/nc:/ples

bb th

Known collision energy:
Powerful background rejection

A

eshg

>

N

!

b

)

A

4
2k

4a
A
25

s ‘
)

= A0S

R X
=

—
Decomposition of e+e- cross section

o [e+e_ — e"'e_(y)] = 300 nb

Y (4S5 ) mostly decay
to B-meson pairs

Continuum clete” - utu=(y)]=1.15nb

o[e+e_ —uu]=1.61nb
clete” > dd]=0.40n
a[e+e_ —>ss]=0.38nb
olete” —>_c_é]= 1.30 nb

clete™ > YdS)]=1.11nb
0'[e+e_ - yy({)]=4.99nb
slete” - vo(y)]=2.510"%nb
0[e+e_ — T+T_(‘}’ )] =0.92nb

— == —==
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Counts [a.u.]

5.2

i

Continuum
BB background

528 5.3 0
*2 (GeV/c2) AE = E*

“w B
Reconstructed B 4-momentum

5.22 5.24 5.26

M,. = \/s/4

03 -02 -0.1

Signal
Continuum
BB background

01 02 03
\/} /2 (GeV)

./

Event shapes in the centre of mass system

-

“Jet-like”

ete” — qq

“Spherical”

ete” - Y(4S) - BB

\
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The Belle |l Physics Menu
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Higher Precision of the
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Gaze!\?_@f-' Tau Spectral Funct; Ons

Lepton Flavor Violation (LFV)
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Known, Search for the Unknown
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¢ iXing and CPV

008>
Charm Lifetimes

- hing Fractions, Dalitz analyses
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Oton flavor violation
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M decays

easurements
oW M
AV
\\|td Nts from penguins
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XS \\“'b' - ZXC’USlve measurements
Qe X

lay
n
Y, lepton universality

Direct T violation

Time Dependent Measurements

ew i
Physics phases in b->s: B->phi Ks, B->eta’ Ks

Belle Il Data

i pi pi Direct CPV, isospin sum rules
Dy
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gamma and radiative penguins, B-->K(*) nu nubar

ama determinations

Cw
Char med resonances
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Constraining the CKM Triangle

The raison-d’étre of B Factories

_ - — —— = = —— —— e —_— | e —— ———————e e —— —

* First measurements of 3 by BaBar and Belle in 2001: Establishing the CKM structure of the SM
2001

- — P = = — — — . — i —

= —

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Constraining the CKM Triangle

The raison-d’étre of B Factories

S = = S — = = = — e —
= o — E— _ —— — | e —— ——————— e — — = —— = S === == p_— - —= —_—

* First measurements of 3 by BaBar and Belle in 2001: Establishing the CKM structure of the SM
2001

B

1.5IIII|IIII|IIII®|IIIIIIIIIIII

%

S

o

(e

¢ g’
3 ¢
N

% Amy & Amg

excluded area has CL > 0.95 .

1.0

:$n2%
0.5 —

= 0.0 —
0.5
. . - i €
today: overconstrained system, with measurements 101 mq)s ;
. . — fitter i sol. w/cos 20 <0 -
by B factories, LHC, Kaon experiments, ... - Summer23 ; (oxcl. at CL > 0.95) -
. Bgn on . _IIII|IIII|IIII|IIII|IIII|IIII_
-1.5
Pushing sensitivity to detect New Physics. W0 05 0.0 05 1 0 15 00
p
Lepton 7Colliders for Discovery — MPP Colloquiuh, June 2024 Frank Simon (frank.simon@kit.edu) 14
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Physics Example: Time-dependent CP Violation
he golden Channel: JW Ks

—_— T o e ————————— —— —————— —— — e — 3 = == = = e e e ————— = = —— _ —
= _ e —— —_— | e —— ———————e e— — — — — _ _ = = = — -

Exploits entanglement of B0 mesons:
Produced from decay of Y(4s) resonance.

e Differences between matter and antimatter
explored with B9 mesons:

BY ———> Jop BY ———> fep

\BO/ ) \BO/, Requires:

e Measurement of oscillation: time difference
In decays.

* Tagging of B-meson flavor at decay time.

— = -_—----———————— —_ —

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Physics Example: Time-dependent CP Violation
The golden Channel: J/Y Ks

_ S — P = = e — = - _ P e — - — — - = —— — _ .
= — _ _ —— e —_— | e —— ———————e — —— — _ S — _— = = = = — — = — — = B —

Exploits entanglement of B0 mesons:
Produced from decay of Y(4s) resonance.

e Differences between matter and antimatter
explored with B9 mesons:

BY ——> Jcrp BY ——> fcp

\BO/ ) \BO/ Requires:

e Measurement of oscillation: time difference
In decays.

* Tagging of B-meson flavor at decay time.

L
Q,<K tag-side
=
. . > 7GeV - 4 GeV OSCilla JIP ut
Trade time measurement for distance measurement: : Bo(89) = .
Boosted center-of-mass system! | K Chside
D BEEE——
At ~1.5 ps L
Az ~ 200 um )
Tt
- Leptoh 'CoIAIiders for Discovery _ MPP Colloquiu_m, JneZ - - | F?ankSimon (frank.simon @kit.edu) ié |
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Physics Example: Time-dependent CP Violation
easuring Sinf3

S - 0 -
e From principle to measurement: ———————— 5
------------ p

= — ——— —_— e — p— i = = = —— —_—

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Physics Example: Time-dependent CP Violation

Measuring sin?f3

S - o -
L _ tag
* From principle to measurement: e o v,

» 200 |

Y= _

D

:13:) 100
0f

2 05 :

=

= 0.0

P

A

<-0.5

At [ps]

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon@Kkit.edu)
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Physics Example: Time-dependent CP Violation

Measuring sin?f3

— & __—»
. . a
» From principle to measurement: e 7,

» 200 200 |

2 1004 2 100
O: 0'

QO.S: > 0.5 |

O = -

= 0.0 g 0.0

- =

~ >

7 7

<-0.5 <05

-5 0 \\i a5 0 5
AT [ps] - flavour tagging / At [ps]

_— ———

Frank Simon (frank.simon@kit.edu)
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Physics Example: Time-dependent CP Violation

Measuring sin?f3

. . ] tag
* From principle to measurement: e o v,

o 200 | » 200 | » 200 |
2 1007 2 100 2 100
Ot 0} 0f
%‘0.5_ }?0'5_ QO.S—
E O i O i
= 0.0 g 0.0 2 0.0
>, & =
Z 7 2
<05 <05} <05}

50 5 |
A = 0 .S -5 & 0 5
At \\ . :
sl - flavour tagging / At lps] \\« vertex resolution / At [ps]

_— = — = _— — — —_

—— = — = e p— ———— e . S— S = e —_—= =

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon@Kkit.edu)
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Physics Example: Time-dependent CP Violation
Putting Belle Il on the map

e — e ——————— —————— —— ———— e e — = e ——
—_— = —_ | e — —————— — — = — = = =

* First results with Belle |l data: Not yet competitive due to smaller integrated luminosity, but:

00—  Demonstrated capability of Belle |l for improved
— " Belle Il (Preliminar ; . .
0| [ cat 3(62 o ﬁ) t Buag (= +1) vertex z coordinate reconstruction compared to Belle
n 400f i Big(@=-1) " » Developed an improved tagging technique based on
S 200 | graph neural networks, GFlaT: 18% improvement in
% tagging efficiency
T 200}
E !
1@ Z
C 100
© |
O
< |
| | + 0 I
== —1f

SR = - i p— P e . — = = = = = e e —— _—
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0
ag)

Bt

N(BS,) — N

Physics Example: Time-dependent CP Violation

Putting Belle Il on the map

—— e —— = ——— — @

* First results with Belle |l data: Not yet competitive due to smaller integrated luminosity, but:

500 r e —  Demonstrated capability of Belle Il for improved

— BeIIe II (Prellmlnar ) ; . :

9 [ cdt=362 b1 ﬁ ? Btag g=+1) vertex z coordinate reconstruction compared to Belle

£ — . 1

n 4007 ¢ Brg(@=-1) - « Developed an improved tagging technigue based on
S 200 ‘ graph neural networks, GFlaT: 18% improvement in

\ n " "

$ taggmg eff|C|ency 0 Belle Il simulation

5 200 H w000 —— B, GFlaT -
O K :_ B
- A —— BY, GFlaT
_8 100 o 000 BY, category-based

O : : - ] BO cat _

O | : .‘Vu % 000 B*, category-based

1 * ' =

- B _ k 4(—6 4000

Y | - = 3000

f o use full information § 000

— 1000

i'é‘l _1: %700 —0.75 —0.50 025 0.00 025 050 075 100

~10

qr

At [pS]

e — — - = _— e - —— — - S

—_———— e — — o — -
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Physics Example: Time-dependent CP Violation

0
ag)

Bt

N(BS,) — N

Puttlng Be//e Il on the map

—— e — = —— —— -

* First results with Belle |l data: Not yet competitive due to smaller integrated luminosity, but:

500

400 -

N W
o o
- o

Candidates / (0.5 ps)

0

Et

N(B,) + N(

ag)
o O

I
—

BeIIe T (Prellmlnary) +' 5O |
f.cdt_362fb _—

1 angeper g

—  Demonstrated capability of Belle Il for improved
tag (9= +1)

vertex z coordinate reconstruction compared to Belle

* Developed an improved tagging technique based on
graph neural networks, GFlaT: 18% improvement in
tagging efficiency

Belle Il simulation
00 |
H 2000 F —— BY, GFlaT -
K : B
LN —— B9, GFlaT
O 7000
o B, category-based
— g BO, cat based
“ ~ o , category-base
j “Vu %5000 Jory
| k Q
. = 4000
O
- S
| full informat .
use Tull iInformation S 000
@)
1000

0k
—1.00 -0.75 —O 50 -0.25 000 025 0.50 0.75 1.00

~10 -5 0 5 10
At[ps] (232+15+06) WA (PDG "24) (226+O5 0.4)°
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Physics Example: Exotic T Decays
Lepton Flavour Violation & New Particles

—— e — e e — —— ———— —

* Belle Il is also a T factory:

—— — S—

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Physics Example: Exotic T Decays
Lepton Flavour Violation & New Particles

= — . —— — e _ - e — ——— ————————— —

— —_—— = = — — = . -

* Belle Il is also a T factory:

— e s e

Lepton Colliders for Discovery — MPP Colloquium, June 2024

Total integrated Weekly luminosity [fb~1]

Belle Il Online luminosity Exp: 7-30 - All runs
e e, W — - 500
17.5 Integrated luminosity
mamm Recorded Weekly T— uUupR, T —> AR
15.0 - s IERecordeddt = 463.38 [fb—I] ................. L o~gty——
- 400

12.5 -

10.0 -

7.5 1

5.0 1

2.5 1

0.0 -

- 300

- 200

- 100

The harvest is just beginning...

- - — _ - __

Frank Simon (frank.simon@Kkit.edu)
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Physics Example: Exotic T Decays
Decay into Lepton and new Boson

 LFV decay into invisible massive boson, such as ALP

= p— e i p—

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Physics Example: Exotic T Decays

Decay into Lepton and new Boson

__ _ -
— —— e e E— s —
———— = —

 LFV decay into invisible massive boson, such as ALP

|
[ |
\ Ve
~.

V_
:’- T

<

A )

1
%4
o
‘.—/

| P

x

Previous best limit from ARGUS:

E 0.06 [ Il' T l I 1 I
< - 0o
N -
00 | mToua
S o004 E
e -
~— t
:: 003 -
< :
T o002 |
- s
M 001
—l I 1 1 1 l 1 -
0 02

I I I T

l I I I

l I I I

l I I T

l T I I

l I I T l I _

ARGUS: Z. Phys. C 68 (1995) 25| -

Lepton Colliders for Discovery — MPP Colloquium, June 2024

04

0.6

0.8

1

1.2

l 1 .4l - 1 .6l
M(a) [GeV/c?]

e e ——— =

Light ALP: JHEP 09 (2021) 173

11
10 I | | I llllI | | llllllI g
IC/,'/j|=|C/,'/,'|=1 E
0 Mu3e—on|i% .
%‘ 1077F MEGII—fwd (F=100) 3
O) MEGI|-fwd (F=1)
q) ——————————————————————————————————————————————— " :41’\
T 109 - \"". ? .
O =
7y B \‘l
(@®)) : g2
-Ec 108 3 WD R(T’ = E Projected
© cooling 54" Belle-II 50 ab-
D cooling o3 \
- = -
Q 107k 5% _
> : S E
= 3 SN1987Ace . .
GEJ X | ARGUS -
6L 1 -
E 10 - ] =
> - i
. Clg<1i m -
\ ] SN1987A,, | =t
105 ||||1|| 1 | 1|||||I 1 1 ||1|||| L1 1111111 1 1111111‘ 1 11111] 1l 1 lllllll
102 103 10% 10° 10° 10/ 108 10°
m, [eV]

— = =

Interesting mass range: ~ 100 MeV - 1.6 GeV
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Physics Example: Exotic T Decays
Decay into Lepton and new Boson - New upper Limit

 Atwo-body decay: Peak in lepton momentum in 1 rest frame  '*°°°F Belle I
! _ -1 \\\\\§§§§S§§§\\ ANSN
12000f [Ldt=62810" &£ e
| | | - | ~ : . A\ Other
‘ u w w — 10000} 1—ea, M, = 1.6 GeV/c?
v g ; t—ea, M_= 1.2 GeV/c?
\\ / - 8000 & % .. t—eo, M =0 GeV/c’
/ unw (D .
sig WU R Sk A L [
———ll v "realpe < 6000
[ L] (D) A
o’w ”.?;’. L|>J i
4000}
2000}
0' o e et 11 _
l 0 02 04 06 08 1 12 14 16 18 2

=> Pseudo-TRF 7*

|

S

_ _ _ _ . __ _
—_— e e - —— —_— = —
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Physics Example: Exotic T Decays
Decay into Lepton and new Boson - New upper

— ——

* Atwo-body decay: Peak in lepton momentum in T rest frame

=> Pseudo-TRF 7*

—— — s e

Lepton Colliders for Discovery — MPP Colloquium, June 2024

Limit

e V1)

T —>€eV

B(t >ea)B (

14000F Befle ff a\ —+— Data
' \ S Total uncertainty
12000 JLdt=62810" & = eV
™ 10000k ? t?::, M =1R Ga\//c?
o X107 3
20 Belle Il —e— Observed UL . Expected UL + 1 std. dev.
18 ILdt =62.8 fb™ - -- Expected UL Expected UL + 2 std. dev.
16
14
12
10
8
6
4
2
00 — Of5 | 0f7 — l1 | 1f2 | 1?4 1.6

M, [GeV/c?]

No signal observed - improvement
compared to ARGUS up to x 14

———— S == — e — =S —
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Essential Ingredients: The Accelerator

SuperKEKB
o o o | beam current1sean:ze parx - a R | | - o . 7 . .
R\I N  Nano-Beam: very small beams, minimized longitudinal
L=-"5 (11 R fy‘ overlap region. Maximize luminosity.
267‘6 a: Rg ﬂ 1
LN .
vertical beta function x 1/20 — GZ ()'x* P eﬁecm{?
e+ 4 GeV 3.6 A "'I |
:\ ‘ «— 83 mrad j> —> | <
.{/ | O

7 New beam pipe SuperKE KB

=1 & bellows

Half crossing angle: ¢, oeff — %= < ,3*

overlap region (# bunch length)

requires sophisticated final focus systems (QCS).

Add / modify RF systems

for higher beam current Target |Um|nOSIty. 6 X 1035 Cm'ZS"I (HL_LHC 5 - 75 X 1034)

Low emittance positrons

to inject Positron source

Damping ring

New positron target /
capture section

Wi/

Super Low emittance gun
KeKB

Low emittance electrons
to inject

> 4

BEEEPESEE e e T T T e — ———— ————— = = — =
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Essential Ingredients: The Accelerator
SuperKEKB

. _ _____ _
E— e — —— e —_— | e — ——————— e R
———— =

beam current x1.5 beam-beam param. x1

NS
I — T 1 4 RL I— §y-
267‘6 | a: Rg ﬁ*_:

AN

vertical beta function x 1/20

e+ 4 GeV 3.6 A

7 e oo SuperKEKB

& bellows

/‘ g.
Y
s

Low emittance positrons
to inject !

Add / modify RF systems
for higher beam current

Positron source

Damping ring

New positron target /
capture section

Wi/

Low emittance gun

Super

<EK i
KEKB Low emittance electrons

to inject

> 4

= —

Lepton Colliders for Discovery — MPP Colloqu:um June 2024

\Uz

Target luminosity: 6 x 1035 cm-2s-1

e Also:
at the Z pole (91 GeV)

 Nano-Beam: very small beams, minimized longitudinal
overlap region. Maximize luminosity.

effective

T

83 mrad

Half crossing angle: ¢,

= & < IBy

overlap region (# bunch length)

requires sophisticated final focus systems (QCS).

(HL-LHC: 5 - 7.5 x 1034)

A “test bed” for FCC-ee - aiming at ~ 2 x 1036 cm-2s-1

___ __ — — R— ___ _ o
= = ————— = —— ——

Frank Simon (frank.simon@Kkit.edu)
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Essential Ingredients: The Detector
The Belle Il Detector

KL and muon detector

Taken over
Resistive Plate Counter (barrel outer Iayersj

Irom Belle ) Super conducting solenoid

1.5 T B-field

—

Scintillator + WLSF + MPPC
(end-caps, inner 2 barrel layers)

EM Calorimeter . ' _
Csl(Tl), waveform sampling electronics o

Particle Identification

Time-of-Propagation counter (barrel) TOP
electrons (7 GeV)

Prox. focusing Aerogel RICH (forward) ARICH
Central Drift Chamber

Ve

L -
e
" -
S
. A
A
B
A
AL
)o
i
———
_—
.
——
——

Trigger
Hardware < 30kHz

Beryllium beam pipe
Y PIp Software < 10kHz

2cm diameter

~—
—
~—— .
y ———

— - . /
) 4 l
151/, ¥
7)) | Y A&
/// n

Vertex Detector PXD + SVD
2 layers Si Pixels (DEPFET) +

4 layers Si double sided strip DSSD §

" Final focus system QCs | Positrons (4 GeV)

Set of super conducting
magnets very close to the IP

Central Drift Chamber

Smaller cell size, long lever arm

New for
Belle Il

Belle Il TDR arXiv:1011.0352

Lepton Colliders for Discovery — MPP Colloquium, June 2024

e Key capabilities:
* nearly hermetic.

e excellent tracking (momentum
measurement), particle identification,
photon reconstruction.

e Precise reconstruction of vertices.

* Similar performance for electrons
and muons.
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Essential Ingredients: The Detector
The Belle Il Detector

Taken over ’ KL and muon detector |
from Belle | . . Resistive Plate Counter (barrel outer layers)
J f‘;ge;fc? dndUCt'ng solenoid | Scintillator + WLSF + MPPC

. e | (end-caps, inner 2 barrel layers)

ALVASTERES

EM Calorimeter
Csl(Tl), waveform sampling electronics

electrons (7 GeV)

> -
.

.
-

Particle Identification
Time-of-Propagation counter (barrel) TOP
Prox. focusing Aerogel RICH (forward) ARICH
Central Drift Chamber

—~——

Trigger
Hardware < 30kHz

Beryllium beam pipe
Y PIp Software < 10kHz

2cm diameter
W
,é;l;?
Vertex Detector PXD + SVD

2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

positrons (4 GeV)

Set of super conducting
magnets very close to the IP

Central Drift Chamber

Smaller cell size, long lever arm

New for
Belle Il

Belle Il TDR arXiv:1011.0352

Lepton Colliders for Discovery — MPP Colloquium, June 2024

e Key capabilities:
* nearly hermetic.

e excellent tracking (momentum
measurement), particle identification,
photon reconstruction.

e Precise reconstruction of vertices.

* Similar performance for electrons
and muons.

e In “clean” ere- environment: Enables

 measurement of decay time
differences

* decays with missing energy
e decays with 10, other neutrals
* inclusive measurements

__ _ — __
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The PXD - The inner Vertex Detector
A teohnolog/cal H/ghl/ght

— s —_ R — —_—— = - = - _ - = = — —

== == = — — = = - —
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The PXD - The inner Vertex Detector
A technological Highlight

* Provides precise reconstruction of decay vertices, incl. displaces vertices ",
= A F 11

e M A4
g 2
|

[

K""W

158zt

DEPFET Technology - MPG HLL
The right technology at the right time:

* High signal-to-noise also for thinned detectors

* Fast readout, amplitude information

E—— = s — —  — _— ________ e —— — - =
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The PXD: From Idea to System

The Run 1 Detector

— _— R — - — e ————————— ————— —— — ——— = = — - e 2 == ——— —_— - __— — ———————————— == = _—— —

E— B _ — P — — - e N ————— = — — P — —— — — ———— — —_—

-
- I -
- -

* A detailed optimisation process: Sensor thickness, pixel size gate, :E-_!:it
“sweet spot” 75 ym thickness - thicker than minimum feasible H |

gate g i
Sensor thickness: d = 75um (vs. 50um) clear,., o G A
2 ( x pixel center) Ll L : 4

0 4000
£ = —— Variation S LEFFEEET :
5 35001 DCD g 2, Switcher
s00- o Baseline (analog readout) i Ny 32 Sty
— , gate/clear
- \ | M — “ay
2500 — /
2000 — - D H P
1500 - | digital
— ‘ . processing)
1000 ¥ S
- i~ | [
500 — | ~
- mounting hole —
I L 1 1 L1 11 L1 11 L1 1 : pev’ _ LT
200 -150 -100 -50 0 50 100 150 200 flexible interconnect F F
zVix (Rec-Gen)[um] (polyimide/copper) 75 um Bumps 0,002___Cu 0-007
active area '
thickness |— 2mm/ 450-525 pm
rigid frame
differential data
transmission (= 1.6 Gb/s)
conductive layers (*bonding not final design!)
(Al/Al/Cu)
Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon@kit.edu) 24
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The PXD: From Idea to System

The Run 1 Detector

_ S— = - —_—— e — ——————— " ——— E———— e
E— _— = = — —— e —_— | e — ——————— e R —

e e _ — = — —_—— = — e e

* A detailed optimisation process: Sensor thickness, pixel size Ry :Eit
“sweet spot” 75 ym thickness - thicker than minimum feasible T
Iear::E :
x DCD Switcher
> (a na|<_)g_ read out) (Zza tc:/irenaeris
— DHP
— (digital
/al processing)
CO2 cooling in support structure enring biols l ,,,,,,
flexible interconnect
] ] (polyimide/copper) 75 m Bumps 0,002__CY 0007
Detector with incomplete second R - B
. rigid frame
layer operating 2019-2022
differential data
transmission (= 1.6 Gb/s)
conductive layers (*bonding not final design!)
(Al/Al/Cu)
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The PXD: From Idea to System

The Run 1 Detector

_ S— = - —_—— e — ——————— " ——— E———— e
E— _— = = — —— e —_— | e — ——————— e R —

e __ —_— _ — = — — =— —_— = —

* A detailed optimisation process: Sensor thickness, pixel size Ry :Eit
. . _ . — 250 px
“sweet spot” 75 ym thickness - thicker than minimum feasible O ) i
=
Z:ﬂ:& . 2e /
ch . Syy.ijgc'her
+X> (analog read out) (Zza tc:/irenaeris
DO |ifetime — DHP
! ' ' ' | — (digital
: 7 : processing)
Belle |l E /'”’
CO:2 cooling in support structure Dy poe | e l ......
| | Belle Do IS{JI 1 ﬂf;ﬁ;,?,::;f;g&?,; 75 um Bumps 0,002, CY 0-007
Detector with incomplete second + sctivearea | L asosasum 8
_ y rigid frame
layer operating 2019-2022 BaBar + -
2 X better vertex res. than Belle ‘ differaritiol cata
L , transmission (= 1.6 Gb/s)
most accurate lifetime ‘L ,- e, Wl
measurements: DY, D+, Act, Ds* tlps] ? ) e
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The stony Path to Precision

Delivering the Belle Il Physics Program

Lepton Colliders for Discovery — MPP Colloquium, June 2024

Frank Simon (frank.simon@kit.edu)
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Beam Backgrounds
The expected

 Backgrounds have (and were expected to have) an important impact on detector performance

Touschek scattering beam gas scattering synchrotron radiation

e — — = _— — e - ——

—— —
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Beam Backgrounds
The expected

_ I - s ——— — = —_———
e ————— _ S — e —— - B

= — _ = = _ — e = =

 Backgrounds have (and were expected to have) an important impact on detector performance

Touschek scattering beam gas scattering synchrotron radiation

50 Hz continuous injection - a constant background challenge

AMPLITUDE

Injection background

_—— S e e —— e = S S —— e — == = - - —
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Beam Backgrounds
The expected

 Backgrounds have (and were expected to have) an important impact on detector performance

Touschek scattering beam gas scattering synchrotron radiation

50 Hz continuous injection - a constant background challenge

L
a
=
2| 10 us
>
<

Injection background

»—ZOmSL

“Gated mode” implemented in the PXD: possibility to periodically disable charge collection within
one readout cycle if background result in occupancy problems after injection.

e — — = _— —— — —_
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Understanding Machine Backgrounds
Measurements during Commissioning
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Understanding Machine Backgrounds
Measurements during Commissioning

—_— — = e e
S — e — - S —= —

* A dedicated program to measure backgrounds during commissioning. One system: CLAWS.

Based in SiPM-on-Tile technology g 10T }
| — [= § -
= i _
2 801 -
S | ]
) N — signal channel A i
O - | i
= 60 — signal channel B~ __
ol - — revolution clock 10 us -
% I — injection tigger ]
401 -
 On February 8, 2016, CLAWS was the first

. . . ‘ DI I — I I — ] | — I DI S | I I — I
detector to observe particles from circulating 0 50 100 150 500 550
beams in SuperKEKB time [us]
| Leptoﬁ Colliders for Discovery — MPP Colloquiz]n, ;JneZ S - F?ankSimon (frank.simon @ kit.edu) ? é% *
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Understanding Machine Backgrounds
Measurements during Commissioning

—— e —_— | e — ——————— e — — —

* A dedicated program to measure backgrounds during commissioning. One system: CLAWS.

Based in SiPM-on-Tile technology

Commissioning detector instead of PXD/SVD

2 CLAWS staves ‘

~ 300 ps time resolution for signals of ~ 10 MIP

E—— = s — —  — _— ________ e —— — - =
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Understanding Machine Backgrounds
Measurements during Commissioning

——— = =

* A dedicated program to measure backgrounds during commissioning. One system: CLAWS.

10
102
Based in SiPM-on-Tile technology _ 8 "
50 10°
. . . . =
Commissioning detector instead of PXD/SVD o 4 10-1
=
2 102
?_ : %:::ﬁﬂ‘ ——HHH ﬁfi — .
10° | —— LER Inj ]
—=- LER Non-Inj ]
10' —— HER Inj :
HER Non-Inj ]
% 100 }
=101
10
| §

2 CLAWS staves ‘

Time in Turn [ps]

~ 300 ps time resolution for signals of ~ 10 MIP

™ T adiHEPEETT] BT | 10-3
10! 10° 10! 102 10°
Hit Energy [MIP]
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Understanding Machine Backgrounds
Measurements during Commissioning

e — — e = = — ——— — = = - - = — — — —

* A dedicated program to measure backgrounds during commissioning. One system: CLAWS.

10 TIIII 1] ] TI

LER
Based in SiPM-on-Tile technology 8
Z
Commissioning detector instead of PXD/SVD P
I | | = k. I | |
Xz 12 ns Bunch =
0f R i " Spacing
10° ” E Bl Data i
e <
= 10"} w 10*} E
g o
~ & i
2 10 E
32 T 1071 3 -*E' 102 i _
2 [
| o107 E
1018 ! 100 | E
-100 -7 -50 -25 0 25 50 Yo 100
2 CLAWS staves ‘ = Time Relative to Injection Bunch [ns]
;_i 10°
2 10~
~ 300 ps time resolution for signals of ~ 10 MIP - s
0 T E———— Ty —d R T R R TR = |
10! 10" 10! 102 T
Hit Energy [MIP]
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I (mA) in HER

| (mA) in LER

L x1034

(cm~2s71)

o = N W S VIO
T

int. L (fb™1)

Challenges in Luminosity Production

Accelerator Performance

——— = —

* Performance of SuperKEKB in Run 1

- lHER

[
o
o
o

500 |

1500

- ILER
1000

500

E— Linst

M

| —— delivered
recorded

NN
o
o

/_

N
o
o

=

i Lint

_—

I | l
01/01  05/01 09/01

2021

I I [
01/01 05/01 09/01

2020

T [
05/01 09/01

2019

I
01/01

I
05/01

2022

1145 mA

1460 mA

4.65 x 1034 cm-2s1
(4.71 x 1034 cm-2s1)

> 2XLinst(Belle)

/ 491 fb-1

In early 2022: Luminosity world record: 4.7 x 1034 cm-2s-

e ——— =
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Challenges in Luminosity Production
Accelerator Performance

* Performance of SuperKEKB in Run 1
Belle Il Online luminosity Exp: 7-26 - All runs
175 alled Integrated |uminosity ...................................................................................
mam Recorded Weekly
- 400

15.0 9 s f ocordeq dt =427.79 fb—l, ................................................................................
i o A data set comparable to BaBar, 509% Belle

o ,
2z a
8 12,5 Jormmm R [ — > - less than originally expected.
E $ 300 8 Limited by backgrounds, beam loss with
% L T SRR —— U SRR covsmm Ml g hlghel’ bunCh Charge and CurrentS
Q O
_% 5 T O | [ | S | I} § - 200 %
QL .
© g But: More capable detector - enables first
®)) c—
% 5.0 e Bosernensmnnesassssnsenssssnsnnnsnnns BN . ......... Il T‘B COmpetItIVe I’eSUHS
- - 100 ©
©
8 25 i USRS | (§  (UUUNUUUNUNUDUNE gU SRSsRseeey  [l)) SR

0 | l | ' ., .

2019 2020 2021 2022

In early 2022: Luminosity world record: 4.7 x 1034 cm-2s-

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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CLAWS Evolution: Beam Abort

Proteotmg Detectors & Maoh/ne

clow sensor
5.1.20%8 RM

i 5] hemgg
' o gm

Lepton Colliders for Dlscovery MPP Colloqu:um June 2024

beam abort system: 32 channels on QCS

Dl 1 mz TR Be/é]¢ Lt

DO1HS (TLES

12C

DO1H4 (TL3 “ DOZH2 (TRID
DO1H3 (TL47) ) DO2H1 (TR142)

DO1V1 (TL60) DO2V1 (TRE0) D03V1 (TR300)
D12V4 (NR354) DO3H1 (OL352)
D12H4 (NR307)

D12V3 (NR285)

D12H3 (NR274)

D12H2 (NR236)

3C

D12V2 (NR209)
D12H1 (NR199) LE
D12V1 (NR134) “
P11 4t € D4 D4RS
4 H
" ?
NL OR :',);,:\»;
D10 -1 41D5 C

D
DO9Vv4 (NL156) '

D09H4 (NL203)
DO9V3 (NL232)

DO9H3 (NL236) & DC ,
DOSH2 (NL279) dm mPS DO6V2(OR27 4

9C DO9H1 (NL307)
' QFdPZl D06V (FL362
DOSV2 (FR354)
DO6H3 (FL276)
DOSV1 (FR20 6H1 lFL2

6C

D &t FL D7 QF4E21
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CLAWS Evolution: Beam Abort

Protecting Detectors & Machine

—————— - — _ = = @ —— = =

* Unexpected high background levels / sudden beam losses: results in QCS quenches, detector damage

clow sens

nsor V3.
5.11.20%8 Ru :
-
|

s ) bomyg
.

Trigger Signal
— — conditions — reaches

=pam fulfilled abort kicker
disturbance
begins
Beam abort
- B — request —— Kicker fires
- 2.5-10us Bsled
Di >
s > All bunches
~0.25 us ~6 us > are aborted
(CLAWS) |(Diamonds) ~3-8 us -
~10 us (both)
<0.3 us (both) max. 10 us
(CLAWS) (both)

e 7 ales < = e £ o SN et - 4 :
= — p— p— _— p— S—
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CLAWS Evolution: Beam Abort

Protecting Detectors & Machine

— e —— — —_— P —— —— i —— e e —— e — — L — e e — = — — —

- P —— . — —
- — —_ ———— = = — —— —_— = = - - = — — —~ — — = = = —

* Unexpected high background levels / sudden beam losses: results in QCS quenches, detector damage
® tea :

i1¥ ;1.,.‘,{

E-"" 5 +5VPA

Time Difference between CLAWS Abort and Next Fastest Abort Source

Trigger 7.
— — conditior
Seam fulfiled
disturbance
begins
5.
y AP > -
2.5-10us S
(Diamonds) *S )
~0.25 us ~6 us
(CLAWS) [(Diamonds) 5.
<0.3 us
(CLAWS) 1
0 | . : . .
-4 -2 0 2 6 8 10 12 14 16

Time [us]
Successful operation since 10/2021

—— = - — - .
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The Current Status

Improvements in LS1

e . — _ — = _— e — e — = _— ESSE =SS — —— = = =S —

* Belle Il and SuperKEKB coming out of Long Shutdown 1
(07 / 2022 - late 2023)

e Detector improvement:

First collisions in Run 2: Feb 20, 2024

 Completion of PXD: 2 complete layers

 Replacement of degraded TOP PMTs ‘_

* Improvement of CDC incl. electronics %, Belle II

» Extension of CLAWS system e
e Machine improvement: ‘ .

* Reinforcement of IR background shielding

 New non-linear collimator

* More robust collimators in LER

 Beam pipe changes to improve injection efficiency

Lepton Colliders for Discovery — MPP Colloquium, June 2024 Frank Simon (frank.simon@kit.edu) 31
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The current Status
Start of Run 2

Belle Il Online luminosity Exp: 30-33 - All runs Belle Il Online luminosity Exp: 7-33 - All runs

. 2.0- W Recorded Daily /,/' 60 . mam Recorded Weekly

— 1 ~—

lg fﬁDehvered dt =60.96 [fb ] /0 '_|'1_‘ lg 15.0 - “fEReCOFdeddt=484-65[fb—1] ................................................................ —
> - fﬁRecordeddt =56.75[fb~ 1] : - 50 - > 400 _|Q
c— ° el - — (T
m > m ---------------------------------------------------------------- —
g g [ I ITIIVIUITINIINNIUTRTAINI  WSHIINIRNII W A o F— E g 12.5 4?
= ' - 40 2 - S
E = 3 =
> S > 10.0 - 1 VU U | | | U SRR - 300 c
© . o) % =
g 1 I TSTH TR - J— e e 4 W W e -30 9 O -
D O = 3
.l.é 8 8 7.5 PP 99 (' TYTTIIIIIIY 1 el ' ' PETEEOR RN N I I E
§ 50 I= E 200 §
= o o =
4—9 0.5 e R }9 % B.0 oot e R R B R E
= - 10 Ic 100 ©

hd
|2 2.5 el eererernenenansenasssnensnacnesss - IR om— . . ... ...} ... B ..... DERERERE ... ......oiiiiiieieriereracnesasacsasasnenansenenannes
0.0 - L 0
\ e \ 5 & e, 0.0 0
o & RS & o o | |
> Q> > Q> > > 0 >
$ $ $ $ $ $ s S
Date

Updated on 2024/05/19 10:42 |ST

Updated on 2024/05/19 10:48 |ST

* Operations remain very difficult: Peak luminosity approaching that of Run 1: ~ 4 x 1034 cm-2s-1

* Background problems persist: Frequent sudden beam loss events, have resulted in damage to PXD
(increased noise, dead cells) PXD currently turned off, studies ongoing.

e —_——— e = ==

= = = EES e
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Improving Abort Systems
Cop/ng W/th Instabll/t/es and hlgh Background Levels

Dl 1. m

— po1MfTL18) ., |

3 DO1H4 (TL34) ', 'TRéZ'“()ozw TR120)
DO1H3 (TL4Y7) 1 (TR80) DO2H1 (TR142
DO1V1 (TL6D) DO3Vv1 umom
D12Vv4 (NR354) DO3H1 (0L352)
D12H4 (NR307)
D12V3 (NR285)

12H3 (NR274)
D12H2 (NR236)
12V2 (NR209)
12H]1 (NR199)
Z2V1 (NR134)

~ ._.\[ ‘cl‘v

D11

B # % D5V1(NLC)

NL

D10

&I)OWA (NL156)

)09H4 (NL203)

09V3 (NL232)

09H3 (NL236)

DOIH2 (NL279) DO6V2(OR

DO9H1 (NL30T7) :::5355.
QF4P21

DO9V2 (FR354) | ' i
DO6H3 (F L2l 3
) 09V1 | R)nu /
\ A Beam Dump
® BOR/BCM
? F S | QF4E21 @ Liber
Fuu

Gains one turn (~ 10 ,US) in abort time, optimisations in
cable routing may provide another 5 ps.

OC Vv
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Improving Abort Systems
Adding Al for higher accuracy

 R&D for improved accelerator control: Currently performed at KARA (KIT).

IPE-developed Slow control Successful application of reinforcement learning:
electronics & DAQ commercial FPGA 1 e agent learns to maximize a reward through
” card, Al engine Interaction with environment, w/o prior training set
interpreter KINGFISHER platform | P J
KAPTURE system Versal VCK190 * RL algorithm deployed on Versal-Al: low latency,
e 2R 0 (% g high throughput
L Aurora 40 Gbps link * Demonstrated on horizontal betatron oscillations
%Position signal Feedback signal “agent”
BPM hybrid
% %% %BPM signal Power
amplifier

Stripline kicker

accelerator (“environment”)

S—— - —  —  _ — _____ ___ ____— _ _____ ____— — — -
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Improving Abort Systems
Adding Al for higher accuracy

 R&D for improved accelerator control: Currently performed at KARA (KIT).

IPE-developed Slow control Successful application of reinforcement learning:
electronics & DAQ commercial FPGA 1 e agent learns to maximize a reward through
” card, Al engine Interaction with environment, w/o prior training set
interpreter KINGFISHER platform | P J
KAPTURE system NEESIVERIS0 * RL algorithm deployed on Versal-Al: low latency,
p ol % high throughput
L Aurora 40 Gbps link * Demonstrated on horizontal betatron oscillations
%Position signal Feedback signal “agent”
BPM hybrid Up next: implementation for SuperKEKB to
siana Power .
% %% %B"M o amplifier improve beam abort system performance

Stripline kicker

accelerator (“environment”)

S—— - —  —  _ — _____ ___ ____— _ _____ ____— — — -
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Longer-Term Perspectives: Significant Machine Upgrades
Modifications to Approach Target Luminosity

_ _ -

_— —— ————— = e e — = ——

10 ' , — 60 L . .
— pov— * Expected luminosity evolution - requires
2‘\.‘ g | [—mnt o] o0 solving current background issues:
X 40 Significant increases of beam current,
X ° r w o improved B squeezing required.
g . LS2 s « Full target luminosity likely only achievable
£ [date unclear] 120 — . o . :
E with additional machine changes, possibly
E 2 110 including new final focus.
N

0 | 1

2019 2024 2029 2034

= _—
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Longer-Term Perspectives: Significant Machine Upgrades
Modifications to Approach Target Luminosity

10 ' ' 1 60

— S—— * Expected luminosity evolution - requires
o g | [—mtiann] 50 solving current background issues:
X 40 Significant increases of beam current,
f; ° I 0 f’_:* improved 3 squeezing required.
g . LS2 s « Full target luminosity likely only achievable
§ datte unclear] 1% with additional machine changes, possibly
E 2 r 110 including new final focus.
o

2015 2024 2029 2034

 Geometry changes, but also radiation damage and
background levels will likely require a new inner tracking
system (and other detector upgrades):
CMOS DMAPS as prime candidate (“OBELIX").

 ~1 m2silicon area, < 100 ns integration time

S = -_— - 0= = p— P e - — S —
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Perspectives on Technology

Higgs Factories as Innovation Drivers

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Higgs- lop-Electroweak Factory Physics

Overview

——— =S —— I — — - N e = — = - _ e

[J. R. Reuter]

100 250 350 500
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Higgs- lop-Electroweak Factory Physics

Overview
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100 250 350 500

= P— p— e, = —=— — S

Lepton Colliders for Discovery — MPP Colloquium, June 2024

1000
(GeV]

1000 Ecm/ GeV

—

—

Frank Simon (frank.simon@kit.edu)



mailto:frank.simon@kit.edu

Higgs- lop-Electroweak Factory Physics

Overview
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[J. R. Reuter]
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Higgs- lop-Electroweak Factory Physics

Overview
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[J. R. Reuter]
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Higgs- lop-Electroweak Factory Physics

Overview

Electroweak Pillar 4

Electroweak Precision & Discovery:

Precision measurements as a probe
of New Physics at high scales.

Flavour Physics
The next generation Flavour
Factory: Solving flavour puzzles W|th
extreme statistics (10x Belle I1).

Direct Searches !
Weakly coupled lighter BSM

particles with high statistics.
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Higgs- lop-Electroweak Factory Physics

Overview
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Electroweak Precision & Discovery
Precision measurements as a probe [ Model-independent study

of New Physics at high scales.
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Flavour Physics P

The next generation Flavour
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Direct Searches
Weakly coupled lighter BSM
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Higgs- lop-Electroweak Factory Physics

Overview
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Electroweak Pillar

Electroweak Precision & Discovery:

Precision measurements as a probe | Model-independent study

Factory: Solving flavour puzzles with
extreme statistics (10x Belle Il). '

Direct Searches
Weakly coupled lighter BSM
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¢ well-defined
¥ measurement of top
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Higgs- lop-Electroweak Factory Physics

Overview
Electroweak Pillar Top Pillar
% Precise and theoretlcally
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Electroweak Precision & Discovery
; well-defined

¥ measurement of top §

Precision measurements as a probe Model-independent study

0o

of New Physics at high scales. of all accessible couplings § quark mass.
_ 4 to high precision. :
Flavour Physics 9P
¢ Top as a BSM probe: §
The next generation Flavour ¥ Sensitivity due to high &
Factory: Solving flavour puzzles W|th :% ¥ mass
extreme statistics (10x Belle 1I).
Direct Searches
Weakly coupled lighter BSM I E——
particles with high statistics.
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Higgs- lop-Electroweak Factory Physics

Overview

Electro weak Plllar Top Pillar

Electroweak Precision & Discovery

a5
< ¥
>

¢ well-defined
¥ measurementoftop

Precision measurements as a probe Model-independent study

Precise and theoretlcally

0o

of New Physics at high scales. of all accessible couplings | quark mass.
_ 4 ¢ to high precision.
Flavour Physics ¥ 9P
¢ Top as a BSM probe: §
The next generation Flavour ‘?j‘ £ Sensitivity due to high §
Factory: Solving flavour puzzles W|th ? mass
extreme statistics (10x Belle II).
Direct Searches :
Weakly coupled lighter BSM SRUEBEE——
particles with high statistics. \

_— — PP Details of potential of each pillar depend on facility details.
Physics potential has been studied in detail over the last
2+ decades
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Higgs- lop-Electroweak Factory Physics
e/ected Studies

e Studying the Higgs Boson

- / \
Z ?”zz LN vy
’ +

2° -
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e b
i 5

H & l‘/\ ‘V—,

Couplings at the (sub-)percent-level.

a) simulated data -
ZH; Z — qq; H — jets candidates —\ Elf f
T ] 10 . \
ol AN

b) fit template: bb

CLICdp Vs =350 GeV
ZH;Z —qg; H — bb

Do

=3

a2l
RS

M-...

d) fit template: gg
ZH;Z - qg; H — g9

4

c) fit template: cc
ZH;Z - qg; H —=cC

_ __
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Higgs- lop-Electroweak Factory Physics

Selected Studies

e Studying the Higgs Boson
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Couplings at the (sub-)percent-level. Mass to better than 50 MeV - interplay
oo s 5o with precise theory calculations.
a) simulated data o ;”}}‘ \ /

ZH; Z — qq; H — jets candidate §18 - —_— 1 | | | | | | | | Februalry2022
10l o 0.9 - ttthreshold - QQbar_Threshold NNNLO Z
2 10t d B rgr‘:i?‘:\lg'l ) it template: 0% _ . c 'Y £ ISR+ FCC-ee Luminosity Spectrum =
2 02 =\s|5(j o - —default-m > 171.5 GeV, I, 1.37 GeV =
£ 10° ONZR 0 ' = 0.8 ¢ t t —
W 402 %%0_6 810t} 3 n m, variations = 0.2 GeV =
10 & wn 0.7 — I', variations = 0.15 GeV ]
08 _<ywe 10 - _
e ? 0.6 F :
0 d N 0.0 —
0. 0. o = =
4 0 C05F ]
6 e " E E
d) fit template: gg O . 4 — ]
ZH; Z - oG H — gg - -
6 . 0.3 ted data ooint =
e @ - t simulated data points .
17y cC Wk £10 O 2 - 200 fb™ total P e
L 10 .- . E E
d O 1 — efficiencies and signal yields ]
oz L from EPJ C73, 2530 (2013) 7
4004 | | | | | | | | | | | | ]
0. . 340 345 350
: 6 00
17 . & \ ° \/g [G eV]
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Higgs- lop-Electroweak Factory Physics

Turned into Technology Needs
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e Studying the Higgs Boson
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Higgs- lop-Electroweak Factory Physics

Turned into Technology Needs

== —— _ — —— e —_— e e —— ————— e P —— —

e Studying the Higgs Boson

common requirements:
 flavour tagging
 jet reconstruction

e — S = _— —— — —_

_—— —
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Higgs- lop-Electroweak Factory Physics

Turned into Technology Needs
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e Studying the Higgs Boson

T .. common requirements:

The origin of DEPFETs as HEP  » flavour tagging

detectors: * jet reconstruction

e extremely thin, low-mass
detectors (50 ym or below)

* small cells (25 x 25 ym?2)- high
spatial resolution

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Higgs- lop-Electroweak Factory Physics

Turned into Technology Needs

e Studying the Higgs Boson

AT A Y

The origin of DEPFETs as HEP
detectors:

e extremely thin, low-mass
detectors (50 ym or below)

* small cells (25 x 25 ym?2)- high
spatial resolution

. flavour tagging

common requirements:

'Electron

 jet reconstruction

Charged ;'
Hadrons

Particle Flow as the path towards

S

Lepton Colliders for Discovery — MPP Colloquium, June 2024
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Highly Granular Calorimetry
The Origin of CLAWS
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 The CALICE SiPM-on-Tile technology: The path to a hadron calorimeter with 10 million cells

. |  SiPMs+

integrated electronics

high degree of
automatized assembly

e —— = — e — =
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Highly Granular Calorimetry
The Origin of CLAWS

(o e &) o - =, e .
T@ | oo e
el S ‘
A~ 70 B ‘J— -»4.-—“,)‘..&-__ o e
.

SiPMs +
integrated electronics

high degree of
automatized assembly
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Highly Granular Calorimetry
The Origin of CLAWS

SiPMs +
integrated electronics

high degree of
automatized assembly

A spin-off: T3B - measuring the

ti I t f h d h ===
ime structure of hadronic showers =
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Highly Granular Calorimetry
The Origin of CLAWS
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SiPMs +
integrated electronics

Basis of CLAWS system for | |
A spin-off: T3B - measuring the

first phase of SuperKEKB -,
P
time structure of hadronic showers o=l
o g | e Al = ==
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Not only Belle Il: LHC as Technology Adopter
% CM HGC%

- __ — . — ——— = _——
e ———— - P e = = —

* A major upgrade of the CMS endcap calorimeters

SiPM-on-tile technology in
outer region. Profited from
CALICE and CLAWS R&D.

e —— s —— — _———— NS — S—
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Not only Belle Il: LHC as Technology Adopter
_OMS HGCAL
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* A major upgrade of the CMS endcap calorimeters

SiPM-on-tile technology in And: an interesting data challenge:
outer region. Profited from 40 TB/s into backend system
CALICE and CLAWS R&D. (Serenity, developed at IPE)

Ultimate proof (and more!) of this
technology for future experiments.

Twin-ax cable

e i —_— e e —— = - = = —_ -~ —
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From Colliders to Dark Matter
DAQ as an enabling Technology

— —— e —_— | e —— ———————e e

* The Serenity Board:
Heart of the CMS Phase |l Backend

Maximum data
throughput: 3.2 TB/s

Sophisticated triggering
algorithms on FPGA

e —— — — EEpe———————— ===
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From Colliders to Dark Matter
DAQ as an enabling Technology

* The Serenity Board: A spin-off from Serenity development:
Maximum data software-defined radio technique
throughput: 3.2 TB/s ) i - ;..J

Sophisticated triggering
algorithms on FPGA

DAQ system for BullKID
dark matter search,

ECHo Experiment,
KATRIN Upgrade, ...

= —— — — e —— — = e ————— —
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From Colliders to Dark Matter
DAQ as an enabling Technology

* The Serenity Board:

A spin-off from Serenity development:
Heart of the CMS Phase Il Backend

Readout of guantum sensors via
Maximum data software-defined radio technique
throughput: 3.2 TB/s Sy |
Sophisticated triggering
algorithms on FPGA

Towards the future for colliders:
*No backend” -

Using commercial protocols from
detector on.

DAQ system for BullKID
dark matter search,

ECHo Experiment,
KATRIN Upgrade, ...

e

| . 2/

Lepton Colliders for Discovery — MPP Colloquium, June 2024

Frank Simon (frank.simon@kit.edu) 43



mailto:frank.simon@kit.edu

Closing the Circle: Upgrades as Stepping Stone

Towards Higgs Factory Detector Concepts

—_— — = — —_——
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* Physics program at Higgs
Factories: High luminosity, high
precision

» Key detector technologies:
 Low mass, large area Si tracking
* Highly granular calorimeters
 Capable data acquisition

— —_— — - = _— — e - —— — —
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Closing the Circle: Upgrades as Stepping Stone

Towards Higgs Factory Detector Concepts

—— e —_— | e — ——————— e P

* Physics program at Higgs
Factories: High luminosity, high
precision

» Key detector technologies:
 Low mass, large area Si tracking
* Highly granular calorimeters
 Capable data acquisition

Profits from the collective experience
accumulated with Belle II, LHC
upgrades, non-accelerator
experiments.
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Conclusions & Outlook
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Conclusions
Exploring Basic Building Blocks, Exploiting Technology

Lepton colliders: Exploring the basic building blocks of matter via direct and precision measurements

Belle Il has started its physics harvest - and there is much more to come.

Precision measurements are challenging.

Technology drives experimental capability, and connects projects.
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A Vision for future Discovery
Pushing Collider Physics beyond current Limits
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A Vision for future Discovery
Pushing Collider Physics beyond current Limits
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A Vision for future Discovery

Pushing Collider Physics beyond current Limits
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A Vision for future Discovery
Pushing Collider Physics beyond current Limits
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A Vision for future Discovery
Pushing Collider Physics beyond current Limits
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And a rich landscape of smaller experiments
with unique discovery potential.
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A Vision for future Discovery
Pushing Collider Physics beyond current Limits
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And a rich landscape of smaller experiments
with unique discovery potential.

... towards a new era of discovery.
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