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Exploring the luminosity frontier with SuperKEKB
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History of Peak Luminosity (e+/e- colliders) SuperKEKB
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2 X 1034/cm?/s : 8 X 103°/cm?/s

Future e+e— circular colliders use “nanobeam” collision scheme

— was tried for 15t time at SuperKEKB in 2018
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SuperKEKB / Belle-Il &

Control beam induced backgrounds
Luminosity monitoring & tuning

1) Phase 1:2016/Feb. = Jun.

- single beam commissioning, vacuum scrubbing
- no luminosity (no final focus), no detector

2) Phase 2 :2018/Feb. = 2018/Jul.

- colliding beam commissioning, no vertex detector

3) Phase 3: ~ February 2019...

- towards full luminosity for physics running
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SuperKEKB
parameters HER
Beam energy Eb 7.007
Half crossing angle [0} 41.5
# of Bunches N 2500
Horizontal emittance €x
Emittance ratio K
Beta functions at IP | Bx/By
Beam currents Ib
beam-beam param. Ey
Bunch Length oz
9‘ Horizontal Beam Size| g«
Vertical Beam Size | @y
Luminosity L

- Luminosity x 40

“Machine-Detector Interface”

g

oo SUperKEKB

Add / modify RF systems
for higher beam current

\\ , _Positron source

New positron target /
capture section

<)

Half crossing angle: ¢
B, =300 um d ~300 um
- mitigates hour-glass (and beam-beam) effects
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Luminosity

Fast & slow variations at IP require feedback corrections
Beam-beam deflection for fast vertical motion

Ay at IP= BPM

~5nm ~1/10c,’

Ay at BPM=~ 1.3um
Vertical vibration ~ 25-100 Hz
Sampling (BPMs) ~ 32 kHz

BPM

Luminosity feedback by “dithering” for slower horizontal motion

Cf. WEXBAO4 by Yoshihiro Funakoshi, Wednesday, 11:20 am

a Horizontal motion ~ few Hz
> RN .
2 2xf, Modulation freq. f, ~ 79 Hz
2 Sampling (lumi. meas.) ~ 1 kHz
g \Z‘/ f - minimize f, output component
4 0 .

S X - dithering x lumi. signal = phase Dithering coil x 12
[q + psin(27ft)]?

4
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Radiative Bhabha at vanishing scattering angle

G ~ 250 mbarn (E,> 1% E,,.,,)

major background source from

@ (spectator) ~ e induced particle losses after IP
(quasi-real) il
-
luminosity .. Positron
e’ monitoring enerey
47
Correction for cross section due to
finite beam size
5 Luminosity monitoring specs
g orsf :
§ omf * Relative measurements
3 ous ED sbppression for vanishing  « 102 in 1 ms over all bunches (“dithering”)
§ o ffr—OM ”t“EnergyE,[jpgmfgg% * 102in ~ 1 s for each 2500 bunch — 4ns
el * Dynamic range — 1032 ~ 1036 cm2s!
"o X 02 04 06 o5 1 * Non luminosity scaling contamination < 1%

Vertica beam size [um]

I (P KEKE 0 A%} (e.g. beam gas bremsstrahlung and Touschek Iosses)

Y. Funakoshi (KEK), background workshop, Feb. 2012
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Two complementary techniques —UMIBElE

Luminosity Monitoring for Belle Il

LumiBelle2 ZDLM (Zero Degree Luminosity Monitor)

Count photons and recoiling electrons or positrons from the radiative Bhabha

rocess at vanishing scattering angle
P & & ang o ~250 mbarn (E,>1%E,,,.)
y eam
* Diamond sensors * Cherenkov and scintillator detectors + PMT
‘ ;Le)r:sléé 0.5/0.14 mm? single crystal CVD diamond *15 X 15 X 64 mm?3 LGSO non-organic scintillator and ES-

crystal (quartz)

* Fast charge/current amplifiers * Analog electronics

* Digital electronics

Case outer size: ,
25x25x121 M
L

rCherenkm/ Scintillator

]
M
T




LER side LumiBelles=

Luminosity Monitoring for Belle Il

LER HER

*Signal: Bhabha positrons

*Background: Bremsstrahlung and
Touschek positrons

*Platform: 11 m after IP
3 sensors aligned

*Window + radiator




HER side

*Signal: Bhabha photons

*Background: Bremsstrahlung photons,
Touschek electrons

*Platform: 30.5-30.8 m after IP

*3 sensors: up & down, (side)

HER beam pipe

X-Axis
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LumiBelle=

Luminosity Monitoring for Belle Il




DAQ and online signal processing
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AT P— : MHz DAC
: cloc 4 =
;508.9 1272 MAz Sk
SuperKEKB l 0-10V (~2 buckets)

Sampling signal
sequences at 1GHz

e 8 B B B B
T

TIL:if S[(— 1) x 2+ 1] = S[(i — 1) X 2 + 3] > threshold:

TIL +=S[(i—1) x 2+ 1] = S[(i = 1) X 2 + 3]

LumiBelle=

Luminosity Monitoring for Belle Il

FAN (Top)

ACQUISITION (ADCx4, FPGA, DACx8)

FAN (Middle)

y— SYNCHRONIZATION (127MHz) + RPI3

FAN (Bottom)

DS0S245A

SERVER LINUX /lumidagq

lumi-diamond (EPICS 10C)

ETHERNET LAN
HV 2x 0-600V

LV 4x 0-30V

RAWSUM: if S(j) > threshold:

Rawsum += 5(j)

No trigger + Synchronization to RF ----- > Continuous monitoring, averaging at 1 kHz
TIL and RAWSUM are different ways of calculating the luminosity from the measured signal



Coulomb

Single beam background

° Proportional to vacuum pressure and beam current
o Important globally but negligible for luminosity monitoring

Bremsstrahlung

dominant for LumiBelle2

° Proportional to vacuum pressure and beam current
° Largest source of background in phase 2

° Photons measured at HER side

o Positrons measured at LER side

Touschek

° Proportional to square of beam current
° Inversely proportional to beam size

Luminosity signal

Radiative Bhabha process

» Scattered @ IP

» Proportional to luminosity
» Large cross-section

e*(p)

e
Coulomb e Brem

(p)
7 et(p) ex(p)

Bremsstrahlung e




Background study (1)

e Background measurement:
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Background study (2)

eComparison with simulation

CH4
€O :0.086536

. H21
s °F Enies 84150 a5
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Current/mA
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Control room display of recent luminosity run (June 16, 2018)

Luminosity vs. Time
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Normalization of LumiBelle2 w.r.t. ECL LOM absolute luminosity
(channel / configuration dependent + can evolve in time... is monitored)
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LumiBelle2 LER compared to ZDLM and ECL LOM
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Offline check of LumiBelle2 channel correlations

| CH3 | CH4 | |i= ]
0.9624  0.9019 3
0.8888  0.9975 :
1 0.8822 1
0.8822 1 :




Application: input to dithering feedback to maintain collisions horizontally

. ZDLM =
d=p*sin(2nft) o LumiBelle2 S

‘{\se\:' 7.9
© Current l

-1 Luminosi po§ition . .
ER v A Luminosity

monitorin

’//I Lock-in amplifier

Orbit offset @ IP
calculation
(size and sign)

N
w

N
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Closed orbit IP bump
(correction @ 1 Hz)
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Application : Luminosity fitting w.r.t. IP beam tuning parameters

* Example: vertical offset scan to estimate average of e+ and e— o atIP
- offset scans usually range from Ay = —14um to Ay = +14um
- d,, estimated from 4 LumiBelle2 luminosity monitors
- bias from beam-beam induced blow-up for high current and/or small B*

— can help to probe the beam-beam blow-up and benchmark the beam-beam simulations

CH2_TIL (39330 mV/s)

CH3_Rawsum (99390 mV/s)

CH2_TIL vs SKB2:MGHIRFB:VOFFSET
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Evolution in gy, in May

* 0y is obtained for each monitor and averaged

* The errors combine statistical and systematic measurement uncertainties
e Already some bias from the beam-beam blow-up ?

BELLE2-NOTE-PH-2018-007 & +* +

Salvatore Di Carlo

1

0.5 SuperKEKB/Belle Il 2018 (preliminary)
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Sensitive luminosity monitor important to correct optical
aberrations in vertical IP beam size*

—> must do at very low intensity to avoid confusion from beam-beam blow-up

‘ Super
KEKS

B: = 200 mm

- » —_—
8, =4 mm

Extremely low bunch current
15.8 mA/1576 bunches
to avoid beam-beam blowup as much as possible
and to get geometrical luminosity.

0.1 mA/bunch

Ey=yfo2 +ai2 o) =Z%,/V2

LumiBelle2 is good performance !
Very large beam size !

Estimation from X-Ray Monitor:
oy = 0.4 ym (LER), 0.5 pm (HER)
No change after adjustment of
X-Y coupling(R2) at IP

Measurement by beam-beam scan:
oy =1.253 pm — 0.689 pym
Very small !

Adjustment of XY Coupling with QC1 Skew Quadrupoles

Before R; adjustment After R; adjustment
Vertical Scan Vertical Scan
yp2018_6_14_2_23_4.dat yp2018_6_19_19_16_41.dat
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5 0 5
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‘10
iBump l!eiuht Tuml

71t Flesun [FResa
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o - v - ) o
AR g s O p i 0 s s b St
12 T T ‘
A 0T A '
fed U 1\ > M
- / o 15} ‘
8F \ - |
g fo g i
_5 6 / \ £ ™)
s \ [\
B | A
3 L5 St $-§ 4
- 2h ot . 3 s y’ .‘- .
o A L a t 4 :
S 8 5 .18 -5 @ S5 10 15
uminosity Fit RePiot ReFa Luminosky Fit RePict RefFi
Lum st T e Lum ottt 2
o, () 1258 o, jum) | 0689
Vertical Offset [Lm] 1.768 Vertical Offset [um) | 3078
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Y. Funakoshi

* Yukiyoshi Ohnishi’s opening plenary talk on Monday 24/9



SNR and optimum offset from vertical LumiBQJl 2

bea m OffSEt SCan Luminosity Monitoring for Belle |l
; %2 I ndf 16.63/18
B Prob 0.5485
40|~
B Constant 46.88 £ 0.90
: Mean 0.1851+0.0120
30— Sigma 05063 £ 0.0112
201
10
O_ L ¢ ¢ ¢ 9 p p ¢ : ] ] ] ] ] 1 b p P 6 9 o
-6 —4 -2 0 2 4 6
Vertical offset [um]
Leciiom = 1.3 1032 cm2 st e optimum collision offset ~ 0.19 um

measured SNR ~ 65 (simulation — 42) * X, ~051pum



bunch-by-bunch luminosity signal [V]
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Application : bunch-by-bunch luminosity monitoring

T T T
100 200 600
T T
700 800 900 1000 1100 1200
T T
1300 1400 1500 1600 1700 1800 1900
T T
2000 2500
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2600 2700 2800 2900 3000 3100 3201
: 5
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T T T T
3900 4000 4100 4200 4300 4400
‘ T T T
4500 4600 4700 4800 4900 5000 5100

Bunch order

- Lecpiom = 1.6 1033 cm™2 st (end of Phase 2)

- Nyynen = 395

- bunch separation = 32 ns (nominally — 4 ns)

- RMS bunch luminosity spread =9.3 %

- RMS bunch current product spread = 8.7 %
- integrated lumi. precision @ 1 kHz = 2.35%

- bunch-by-bunch Lumi precision @ 1 Hz = 1.5%



Conclusion and prospects ~ LumiBglle=

Luminosity Monitoring for Belle Il

 LumiBelle2 operated satisfactorily during Phase 2
- reasonable agreement with simulation for single beam backgrounds
- provides useful online luminosity information for SKB machine tuning (e.g. IP beam size tuning)
- 15t test as input to horizontal IP orbit dithering feedback — Cf. Y. Funakoshi’s talk on Wednesday
- application: evaluate mean o, of beams at IP — “Van der Meer” scans @ LHC
- bunch-by-bunch luminosities

e Future evolution of LumiBelle2

- increase HER signal rates — have identified and will use better location for Phase 3

- faster charge amplifiers & lower noise current amplifiers

- long term DAQ solution, possibly with a few more channels

- shielding / protection to mitigate activation on LER side under study

- ability to easily vary signal acceptance to keep few % precision @ 1 kHz over 1032 - 1036 cm2s!
— important to limit accumulated radiation dose

- more remote operation, with less human resources and less presence at KEK
— one of LAL Belle Il group service tasks

* Application to future high energy colliders

- start by evaluating basic specifications and methods



Backup slides



LumiBelle2 pr§C|S|Qn/dose LumiBelle2
an d I uminos |ty Luminosity Monitoring for Belle Il

H E R . Luminosity uncertainty vs SuperKEKB Phases Absorea aose of 10n1ZINg raciation Vs SUPErKERL Fnases
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* Initially low precision
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* Low dose £ S0t
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* High dose 8 - g
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= Need both HER and Phase2! Phase22 Phase23 Phase24  Phase e ey PR "y F R wrer y e

LER to cover full range
of SKB luminosities;

= HER precision can be
improved with larger

Luminosity AL/L HER/LER Dose HER/LER
(cm2s1) (%) (Mgy/h)

diamonds; 2.1 1 x 1033 28.9/2 2e-7 / 2e-4
= LER can be moved to
receive a lower dose; 2.2 1x 1034 20.7 /0.6 1.5e-6 / 1.5e-3
= Recent study shows % -
level precision enough 2.3 2 %10 15.1 / 0.4 3e-6 / 3e-3
for horizontal IP orbit
feedback with 24 4 x 103 10.5/0.3 6e-6 / 6e-3

dithering technique
3 8 x 103° 3.1/0.07 1.2e-4 /0.12



