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CP Violation and CKM Matrix

+**The strength of the coupling of quarks via the

charged weak current is described by the
Cabibbo-Kobayashi-Maskawa (CKM) Matrix.

+2*Its unitarity constraints define the CKM Unitarity
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+*»Time dependent CP violation measurements in Bq decays allow us to measure the

angles ¢+ and o¢o.
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Time Dependent CP Violation Measurements

-Belle I
“simulation
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+*Tree-dominated b—ccs, golden mode B? —J/PKs, theoretically and experimentally precise.
+%*Gluonic-penguin-dominated b—qgs, e.g. B® »dKs, n’Ks, particularly sensitive to new physics.

+*»Statistical error is still dominated in the measurements of angles of the unitarity triangle.
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Time Dependent CP Violation Measurements
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+*Tree-dominated b—ccs, golden mode B° —,
+%* Gluonic-penguin-dominated b—qgs, e.g. BO »®Ks, n’Ks, particularly sensitive to new physics.

+*»Statistical error is still dominated in the measurements of angles of the unitarity triangle.
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Belle Il Experiment

Flavour Physics @Belle |l

**Precise measurements of CKM matrix elements and their phases.

+2*Are there new sources of CP violation in the quark sector?

‘:‘time-dependent CP violation in penguin transitions b->qgs quarks, such as B->pK0and
B->n’KO
**Multiple Higgs bosons?

**Search charged Higgs in flavour transitions to T leptons, including B->tv and B->D(")tv.
+**Flavour-changing neutral currents beyond the SM?
s»*forward-backward asymmetries of b->s I+|-

+*Lepton flavour violation (LFV)

Non-Flavour Physics @Belle
+%»States not predicted by the conventional hadron interpretation.

+2Dark sector

DESY 5



SuperKEKB el

~ 3

Design peaking luminosity is 8 x 1035 cm-2s-1

beam current x2 beam-beam param. x1

N S
I — V_i(H_a)ﬁ IL8y+
Positron ring collision point | Belle Il detector %er. Rg ;i
- S— B -
1 ~ vertical beta function x20

&~

Electron ring Nano-Beam scheme:

Squeeze vertical beta function at the IP (3y*) and
minimize longitudinal size of overlap region.
~ O; Ox' —
/ d

_ | Electron-Positron 2p, =
WL | linear accelerator 89 rurad

Half crossing angle: ¢

overlap region (# bunch length)

Positron damping ring Strong focusing of beams down to vertical size of ~

50nm requires low emittance beams, very
sophisticated final focus quadrupoles (QCS) and a
large crossing angle.

+*2*The ultra-high luminosity also increases the background level and trigger rate.
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SuperKEKB

Design peaking luminosity is 8 x 1035 cm-2s-1

Accelerator KEKB
Beam Energy ey 3.5 x8 (v=0.425)
CM energy ... , Y(49), ......
Luminosity (cm?s") 2.1x10°* x40
Total data (v 1 x 50
reduced boost Al

| i

Y (45) Btag ~ /
i T
e ;}% at - {/@D 7

pﬁ/ 0 T
anti
732000 - TR

Quantum entangled neutral | Belle ~ 200 um
B meson pair production Belle Il ~ 130 um
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D

Belle |l Detector /O

Belle II

KL and muon detector (KLM):
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps, inner 2 barrel Iayers))

[EM Calorimeter (ECL): article |dentification \

Csl(Tl), waveform sampling Time-of-Propagation counter (barrel)

Prox.focusing Aerogel RICH (fwd)
\(7%\

electron

J

=< 3 ’ Beryllium beam pipe: ]
2cm diameter

"Vertex detector (VXD): J )
2 layers DEPFET pixels \ \
4 layers Double-sided silicon \

strip detectors % ¢\\\\ L l

Central Drift Chamber (CDC)
He(50%):C2H6(50%), Small cells, long
lever arm, fast electronics.
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Highlights of Detector Upgrade

Smaller beam pipe radius allows to place the innermost PXD layer closer to the Interaction
point (r = 1.4 cm)

= significantly improved vertex resolution

VXD comprises the PXD of the ultra-low mass DEPFET pixels and larger SVD.
PID: TOP and ARICH

= better K/mt separation covering the whole momentum range

- fake rate reduced by factor 2-5

ECL and KLM consolidation

= improvements in ECL and KLM to compensate for larger background
Improved hermeticity

= geometry and reduced boost

Improved trigger and DAQ

= 30 kHz L1 rate

= 10 kHz HLT output rate (300 kB/evt)
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Belle Il Vertex Detector

Pixel Detector (PXD)

e 2 layers of 40 DEPFET modules @r=14/22 mm
e 250 x 768 pixels per module

e Pixel size: 50 x 55-85 pm?

e Occupancy: 0.4 hits/pm2/s (3% max)

e |ntegration time: 20 ps (rolling shutter)

e Thickness: 75 uym, 0.21% X, per layer

Silicon Vertex Detector(SVD)

e 4 |ayers of 172 double-sided silicon strip
detectors (DSSDs) @r=3.8/8.0/11.5/14cm;

e 768 strips in p-side, 768(512)strips in n-side.

e Slant shapes in FWD region for the material
budget reduction.

o Mmaterial budget: 0.7% X, per layer

DESY.

2 layers of DEPFET pixel detector ( PXD)

4 layers of Double-sided
silicon strip detectors (SVD)
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DEPFET Pixels

DEPFET provides radiation detection, fast charge collection and internal amplification.

external
gate

Eleep N-dopin
Internal gate

[(®)

source clear gate

internal ‘

O

DESY.

| gate | l | clear
- o

drain

Each pixel is a p-channel FET on top of fully
depleted silicon bulk

% Fast charge collection (~ns)
% Charges collected in the “internal gate”
< Readout of modulated drain current

= internal amplification

_a_INSO()%

Ja= 0q e
< High Signal to Noise Ratio (SNR)

< Periodical clearing of “internal gate
required to reset the pixel
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Module Production

a) oxidation and back side implant
s of top wafer |

¥, TopWafer \ ﬁ

¢) process =» passivation

- X
Ladte 400, Wiites. open backside passivation
—_——— ;olchst()pSiO2; ; ;
b) wafer bonding and d) anisotropic deep etching opens "windows"

in handle wafer

grinding/polishing of top wafer

“*Highly granulated pixel detector with ultra-low mass
(down to 50um)

“*Key Process Modules:
Wafer bonding and thinning of the top layer Sensor
fabrication on SOI
Etching of the handle wafer

DESY. 1 3



PXD Module Concept

% Pixel size: varies in z direction, 50 x 55-85 pm?2

% optimized to have the best resolution in
forward direction around 45° incident angle

% 250 x 768 pixels per module

< By thinning the active sensor thickness can be
reduced to as little as 50 pm.

% For optimal position resolution (COG) 75pum
were chosen for PXD

% 3 Metal layers for circuitry

< 2Al + 1Cu

% Mechanically self-supporting device

DESY.
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ASICs

% 3 types of ASICs are bump-bonded to the
module

% Switcher: controls the gate and clear
lines of the matrix.

< DCD: consists of 256 current mode
pipeline 8-bit ADCs digitalize the inputs
for drain lines.

< DHP: digital processor chips, O-
suppression & triggered readout; able to

transmit 1.6 Gbit/s of data over a 15 m
cable to the backend.

DESY.

small pixels

large pixels

Module

250 x 768

pixels

#1000 Drains:

192 Gates
i 192 Clears 3

Switcher

DCD

DHP
Wire-bonding

/
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Readout Mode

% Rolling shutter mode
% Read signals row-by-row
“ 4 rows in parallel
< Read-Clear cycle in ~100ns

< Full integration time is 20us (twice the
revolution time of SuperKEKB)

% Only ‘activated’ rows consume power
“ Low sensor power consumption

% Max. Acceptable average occupancy <3%,
otherwise,

*» data loss,

% degrade tracking performance.

DESY.

Module 50 pm
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=
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Module Testing

Characterization:
< High-speed links scan
“ Find the optimal parameters for stable data transfer
% Delay scan
% Communication between ASICs.
% Offset calibration
% ADC curve scan
“* Source scan
% To achieve homogeneous response in matrix

DESY 17




Pedestals

pedestals

spread=185

10°

104

102

10*

100 :

:

|

]
Emax-185

imin=0
)

readings / gates

700

600

500

o
o
o

w
(=]
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200

100

DEPFET data (64 transfer lines)

b

Data transmission between the two ASICs

DESY.
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2-bit offset compensation (16 transfer lines)

DU

250

200

150

100

50

104+

10°

10°

10 1]

Noise

current subtraction

fit_ mean=0.79
 fit_std=-0.09

-« threshold=3.00
mm Noise (100 frames)

offset

T
N 4

compensation

ADU

ADU

Principle of the offset compression
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Module Performance

% Soft components (<10keV) on calibrated cluster % SNR =z 50 has been achieved
energy spectra.
% hint for synchrotron radiation

*» from PXD Phase3 module

SNR MPV for DHE H2041

x10°
> —
[0 -
o
8 =
g 120— all cluster
& u single pixel cluster
100 —
R A | B Fit u=8.4keV o=1.3keV
80—
- 2
= 2
60 [— 2
40—
20 —
0 _l 1l I L1 1 1 I 1 L1 1 I L1 1 1 I L1 1.1 I L1 1 1 l 1 L1 1 I L1 1 1 : 1 | I — J—'—ﬁ
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

cluster charge / eV
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Irradiation test with full PXD module

(Ves — Vione) o o/ Ip o gg x MPV

—$— W05 OB1
—$— PXD6 : +
10000 { —*— Phase 2 IF . .
4 Phase 2 OF Preliminary
* X-ray irradiation campaign @ 200 krad/h
8000 -
>
£ 6000
&
L
Vp)
4000 1
2000 -
0. - 100 200300 400 500 600
0 5000 10000 15000 20000 25000
Dose [krad]

% Defects of SiO2 cause shift of threshold voltage.
% Consistent results from dedicated irradiation campaign with earlier lab measurements

and phase 2 experience
% Module still functional after > 25 Mrad (corresponding to 250mrad/s for 10 smy)

DESY. 20



Gated Mode Operation

% At design luminosity we have to inject at
2Xx25Hz (=> 20ms)
% Continuous / trickle beam injection causes
noisy bunches.
% Sensor can be periodically blinded with
Gated Mode (GM)
% Newly created charges are not collected
% Charges in internal gate are preserved

10 us
revolution
time

HER

Injected
bunches
100 ns

LER apart

10 us rev. packet

real clear suppressed clear
clear voltage high clear voltage high
gate voltage low gate voltage high

clear contact clear contact

external gate

internal gate

° °0

external gate

internal gate

.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII. NI S AAHHIT SN

20 us DEPFET frame

DESY

~ 4 ms noisy

~ 16 ms clean
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PXD Layout

Ladder formed from 2 sensors

Q self supporting

d 4 type of different sensors

Q butt-face joint glueing, ceramic

mini-rods embedded in the rim.

One common support for both layers
2 4 combined support and cooling

blocks (SCBs)

d connected by silver coated carbon

tubes for air cooling and grounding

SCB, manufactured with 3D printing, with
enclosed CO, and open N2 channels integrated.

DESY. 23



Ladder Gluing

1. Preparations for Gluing Step

2. Glue automatically dispensed
on sensor front edge

DESY.



Ladder Gluing

1. Preparations for Gluing Step

L2 029 + Y
W32 OF1

2. Glue automatically dis
on sensor front edge

“*Due to relatively high failure rate in gluing, de-scoped PX
-~ installed in 2018.
Ly~ »Full PXD installation is scheduled in 2021.
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Ladder Mounting

Bracket to guide

ladder jig on bridge

(“z” direction fixed)
: A NS

Rotate surface to horizontal
for each ladder \ °
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Half-Shell Mounting
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PXD System

Detector, service and readout

Hardware interlock
(VLHI)

Slow Control

-

PS cables
Slow Control C02 in/outlet
N2 flow
Event-builder farm <
4Gbps Dockbox \l
) Data rate of 5Gb/s
High Level Trigger Trigger&Clock (FTSW) ~er DHF Patch | | PXD
Slow Control PCB Pane modules
determi dR;OISCDc+svo JTAG, sync, -
(determined from ) 25Gbps trigger Support &
DATCON Coolina block
ROls Temperature 00ling bloc
(determined from SVD) an Sensors
| T DHRTM
Data Handling
Data Handling Isolator (DHI)
— Concentrator
LocaIDAQ (DHC) - Data Handling
6.5 Gbps .
A Engine (DHE)
urora

Data Handling Hub (DHH)
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PXD System

Detector, service and readout

Hardware interlock
(VLHI)

Slow Control

PS cables
Slow Control CO2 in/outlet
N2 flow
Event-builder farm
4Gbps Dockbox T~
, Data rate of 5Gb/s '
High Level Trigger Trigger&Clock (FTSW) per DHP —{ Dockbox Patch PXD
RO Slow Control [ e PCB Pane modules
S
determined from CDC+SVD) JIED Sie _—
trigger Support &
DATCON Cooling block
ROIls Temperature 9
(determined from SVD) Sensors

Data Handling Hub (DHH)

On Top of Belle Il
DESY. 30



Global DAQ

small pixels

R/O
PC —»

Belle2link

large pixels

R/O
PC

DCDDCDDCD DCD

S I R e

DHP DHP > DHP

"l ~__Capacitors
Resistors

Optical transmitter Dock Box

Capacitors

Capacitors

DESY.
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HLT
distributor

HLT
(>6400 corg

s)

Z 1ap|ing 1uaAT

Online
Disk

DAQ, data reduction |
ROI selection

>y

~

FTSW, clock, trigger

-y

Slow control




Slow Control

EPICS (Experimental Physics and Industrial Control GUI: CS-studio
system) Architecture

CS-Studio

.:éPXDOVQNieWm @ @ 100% v & v Do
| —

GUI e ﬁ:f",'f,' 5;2 Tota [1F 18| oF | o8| module occupancy Statistics
AI S t A h . proccessed Events 2,350,556
(e.g. CSS) arm system [ChYEL aloba Eirpaa@t @z ¢4 S =
-8 PXD Run Control ] DHH data rate 111,471,796 bytels
] output data rate 111,234,900 byte/s
ONSEN g e
8= HLT
DAICON 3 | DHH —;} ONSEN —4£32. EB2
LAN LocalDAQ e
PS Control
Global ]
] =
PS Control S
S
10C |OC(S) Module Control ° Global RC
DHH Control ‘ CommitiD 276 R Global PXD
{ Pedestals |
__ Sequences | g
8 LB I s e s e s e T T | e
Environment b= 10:36 10:38 10:40
Phyvsical [ HER 13 mA 2019-03-20
ySICa S oY ‘ LER 35 mA [total occupancy IF ] total occupancy OF
Devices Temperatures ‘ beta_y * = 8mm total occupancy OB HV state
! Interlock [ SKB Status Important Websites PXD HV
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2-Phase CO, Cooling

DESY.

Pressure

NIBEEF
S New cycle for particle detectors: 2PACL

Liquid

2-phase

(The 2-Phase Accumulator Controlled Loop )

CERN

2PACL method:  Pumped liquid system,
(LHCD) cooled externally

Compressor : @
Vapor

—

_ Chille 4‘ Liquid circulation

A 4

Cold transfer

Enthalpy

> Cooling plant Detector

« The 2PACL has the following advantages:

Cycle stays on the liquid side, no heat required (experiment can be cooled unpowered

Challenges:

and no control heaters reqwred)

Evaporator pressure=(temperature) controlled with a 2-phase vessel away from the
experiment. No local control nor sensing needed!

All control hardware in a distant accessible cooling plant

Primary cooling can be anything, no accurate temperature control needed as long as it

is colder than the 2PACL 2-phase temperature.
Inlet fluid state defined by physics => saturated liquid.
Large temperature range (typical from room temperature down to -40°C)

17

From B. Verlaat, SLAC Advanced Instrumentation Seminars i

In March 2012

“* high pressure
“* need to guarantee the 2-phase state, otherwise “dry-out”.
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Belle Il VXD Cooling Pipe Line System

coc VXD cooling pipe line system (Rev. 2016) coc

and tiange ts in dfferent scales or anly symbols) end flangs £
olume with homicit (cannaction pant deck area) per ' (eznnac t dack ares) s
! y st e pousiie VXD VXD _'_";P“_'"_‘ an volune with ¥
warn cry volume VXD VXD o
Y yxy ond 1
-: 2‘:— cold dry volume w tight .:.:.

(02 -~Endring L3+La5e6

inn @15, | 2, 1ma (FK

N2-Manif old
(1h<cannactions)

KEK vacuum

V0 @o e c.

pump system
(MV) with 1 x Wt mbar 3
i
all Transter-Lines with 2 . .
ARMAFLEX (insulation «3an) u SVD cooling pipe
£3 fon E-hut)
S5-2VCR-1 (fomala) H
SS-VER-4 (mala) N4
$S-8VCR-2 seall
Ll Pressure control pipes
’ connecter 1/2” VIR Swagelek (vakwen pump in E-hut]
ss..vr.n. ] SS-8VCR-1 [female) ’
- BVCR-1 [femal SS-8V(R-4 (male) Sniffing pipes
(ME:NU(: I:I:eul??ug. SS-SWR-4 il SS-8VER-2 (sedl) St Wg.° p:'p[e_m
€ bar, ZC, T lte/min SS-8VLA-2 (sadl) GLV-SV(R-18TBT (2)
: ‘o ELV-SVIR-I.STRY (24)

. -
12 VER sut-going e wtusllz vr:.‘s(-;gu
SS-BVLR-L (male)

beam-line ' ' transter Ine VCR fo VR S5-3V(R-2 (seal) . ]l P
=E2 0= overall: 319C0nMm pactate hall-line VCR to JB: 1%00ma ep——

ELV-BVCR-3-6T87 (24)

1BBelle (0*-System Plant A with E-rack
(total weight: «5000 kgl

all Transfer-Lines with ARMAFLEX insulation VIR to BEelle: LI00MA trer ot ingimnacted, dautie tea) 188ckle CTRL-Rack ADD2 (-LO3kg

DESY. 34



Belle Il VXD Cooling Pipe Line System

coc VXD cooling pipe line system (Rev. 2016) coc

end flanga ts in dfferent scales or enly symbols) and
volume with humidity (connaction paint dock area) Lt 4 {cennaction point dack area) volume with humidity
- gt m o St = pasctie

VXD

cold dry volume

WS =]

V0 @o e c.

3
]
ii SVD cooling pipe
23 fon E-hut)
SS-8V(R-1 n..a.)m . ¥ -
SSAVIR-4
$S-8VCR-2 [seall
6LV-SV(R-1-8T8) (2 Pressure control pipes
’ * [vasuen pump in E-hut]
Nz (source=TOP) SS-SVIR-1 (femiy Sniffing pipes
connection point: BELLE bridge, sss;.:‘::_l;:: (vakuen pump in E-hut)

o 1
6 bar, 2°C, 1 ttr/nin ELV-SVIR-3.6TBT (2]

SS-AVIR-2 (seal)
ELV-BVCR-3-6T87 (24)

transfer Ine VCR to VIR
overall: 319L0mm bactates)

beam-line

1BBelle (0*-System Plant A with E-rack
(total weight: «5000 kgl

all Transter-Lines with ARMAFLEX nsulation VIR to IBBelle: L300mA e
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VXD Thermal Mock-up @ DESY

Study the thermal / mechanical properties of VXD as well as the integration procedures.
Verify the performance of the 2-phase CO, cooling system.

% The temperature on sensors and ASICs need to be well controlled for S/N improvement.
% A cooling capacity of 2-3kW in the dense VXD volume is required.
% The 2-phase CO, cooling is an efficient concept for low-mass detector.

< An optimal CO> temperature region of -20 to -30°C has been established.

DESY. 36



Temperature along PXD Ladder

% The power consumption of full PXD is 420W,
% 360W are contributed from DCD/DHP, which are

located in the end of stave.

= Active 2 phase CO2 cooling is required there.
% Little power derived from matrix (0.5W per module)

and Switchers (1W per module)
= Forced N2 cooling is sufficient in the sensitive area.

Temperature along PXD ladder

50 pr——— —— s
45 E_ /\ L2.top — 002@25°C, SVDH&Con
S . E O L2midde —— C0,@-25°C, SVD H&C off _-
£ 40E [] L2.bottom A ‘ : -
T 35E- Y % C0,@-30°C, SVD H&C on - 10-1
S £~ L2.average in x,y n : q
8 25F | o
£ = 0O 1 - 2
O 20 : ; — ~ 10
= E : : g £
15E- 5 3 i =2
10 =~ A A L A A A A L A A A A " A m
50 0 B 103
z(mm) =
50p—4m—————— ¥ a
45 /A Li.top i 5:
[T E- [ Li.bottom - 104
® 35F —Ll.average in x,y A -
3 E . 1
T 30 N
é‘ 25F ] A 1 105
S 20F :——”/\@ =
~ “YE .
15 O L
= 1 . . . 1 . M 1
10 50 0
z(mm)
DESY.

N, channels

, N, carbon tube
CO, inlet

. CO, outlet

SCB

Possible vibration in PXD ladder

E T T L S S S
= sensor, N2 30L/min

C —— sensor, N, 20L/min

_ - sensor, N2 9L/min

| sensor, N2 OL/min

v | screw, N2 30L/min
UL T L

| | |-_'l,|'” ) l.?__ il ! ,,“a W VAL i ALY ll‘[,‘. il
: !

biilll!

(il

,' "

I Il

Ml i

0 200

400 600 800 1000
Frequency (Hz)
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PXD Performance: Efficiency

1.00

tan A

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

“* Projection on the ¢o-tan(\) plane.

“ A=11/2 - 0, : angle between a track and the plane L to the beam.
% Gaps between fwd & bwd modules and between half shells

% Few modules not yet at optimal working point

DESY. Commissioning of Belle Il PXD , 2019.07.11



PXD Performance: Efficiency

1.00

0.95

o v
a
-

:
|
"l
“l
-
e
.,ﬁ: N

, x ?:' 1 0.90 "
X i i 08
B S ;
S "
> 3 . 05
..i,_.':
-1+ i
-2 U —— —— — 0.60
-3 -2 -1 0 1 2 3
P — $o . l
Ring structures indicate shift of working point Voltages were adjusted
%+ The rings due to small scale variations in the bulk doping. to cure the rings
ﬁ % Almost completely invisible if properly biased.

“* Projection on the ¢o-tan(\) plane.
“ A=11/2 - 0, : angle between a track and the plane L to the beam.
% Gaps between fwd & bwd modules and between half shells
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Transverse Impact Parameter (do) Resolution

< After correcting for the beam spot position, the ¢-dependent o(do)
depends on the intrinsic VXD resolution and transverse size of the

luminous region:

0dy = /0% + (00 5in §0)2 + (0, 05 ho)?
% In early phase 3, ox = 14.8um and oy = 1.5um

% The intrinsic resolution is estimated by

Ad, = d, (t—) +d, (t+),

from 2-track (t- and t;) events, which are produced back-to-back.
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“*@Good agreement observed between data and MC expectation
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Summary

% The DEPFET concept combines the detection together with the in-pixel amplification by
integration, on each pixel, of a FET into a fully depleted silicon bulk.
% The first real beam experience with a completely new detector type (DEPFET) and half of
the full scale has been achieved.
% Challenging operating conditions close to the IP at a very ambitious machine like
SuperKEKB
“Good PXD performance is demonstrated in the 2019 spring runs.
% Well controlled thermal performance
% Efficiency -> further module optimisation possible
“ Impact parameter resolution very close to MC expectation
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