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SuperKEKB project

Phase 1 : Feb. 8 - June 28, 2016 
Phase 2 : March 19 - July 17, 2018 
Phase 3 : March 11, 2019？ - ? 

40 times luminosity as high as KEKB

Final Target

K. Akai



Luminosity in Nano-Beam Scheme
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<latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit>

Final Target ⇠y ! ⇥ 1
<latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit>
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y

<latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit><latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit><latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit><latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit>

Beam-Beam
Parameter ⇠y± =

reN⌥
2⇡�±(�⇤

x,eff )

s
�⇤
y

"y
<latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit><latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit><latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit><latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit>

�⇤
y ! small

<latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit>

⇠y ! small
<latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit>

L ! large
<latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit>

�⇤
y ! ⇥ 1/20

<latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit>

I± ! ⇥ 2
<latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit>

L ! ⇥ 40
<latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit>

Final Target ⇠y ! ⇥ 1
<latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit>

"y ! small
<latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit>
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Luminosity L =
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y

<latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit><latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit><latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit><latexit sha1_base64="hGC3TiAEAMW7b164I52AwNakkbY="></latexit>

Beam-Beam
Parameter ⇠y± =

reN⌥
2⇡�±(�⇤

x,eff )

s
�⇤
y

"y
<latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit><latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit><latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit><latexit sha1_base64="FH4F7+8loQx1hFrpbtq/fHTuiT0="></latexit>

�⇤
y ! small

<latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit><latexit sha1_base64="7z8ugBBQzedvx6GDx60G/4p2tBU="></latexit>

⇠y ! small
<latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit><latexit sha1_base64="R0xAYFiEZistSBpEDvW9z3gY5ig="></latexit>

L ! large
<latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit><latexit sha1_base64="HrGfafV95HEmGVQs+qw4qpaLOUk="></latexit>

�⇤
y ! ⇥ 1/20

<latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit><latexit sha1_base64="CJ4W+W4OSGZ/kPTcG8ckUj0cy3U="></latexit>

I± ! ⇥ 2
<latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit><latexit sha1_base64="3gJIlfay0gk8CCgGKxmWx2Yztas="></latexit>

L ! ⇥ 40
<latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit><latexit sha1_base64="LLY7FtWlZRvquDdFntl903dq7CI="></latexit>

Final Target ⇠y ! ⇥ 1
<latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit><latexit sha1_base64="DgD2AznZAAJoaF9nAckteYOwSME="></latexit>

"y ! small
<latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit><latexit sha1_base64="9ZA1gL/BP/Hqk1Qj2UXcqxhmddI="></latexit>



Nano-Beam Scheme

�4

�x
<latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit>

2�z
<latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit>

2�⇤
x

<latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit>

How to squeeze βy* smaller than σz ? 



Nano-Beam Scheme

�4

�x
<latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit>

2�z
<latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit>

2�⇤
x

<latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit>

Same luminosity between them.

�⇤
x,eff = �z�x

<latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit><latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit><latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit><latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit>

�z,eff =
�⇤
x

�x
<latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit><latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit><latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit><latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit>

☞
transformation

2�z,eff
<latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit><latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit><latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit><latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit>

2�⇤
x,eff

<latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit><latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit><latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit><latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit>

effective beam

How to squeeze βy* smaller than σz ? 



Nano-Beam Scheme

�4

�x
<latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit><latexit sha1_base64="Kf4nGwPQ5A/IuamdwsLm05BERRY="></latexit>

2�z
<latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit><latexit sha1_base64="GaGI8EGLfnmUZyxkTfCQPq1gbgc="></latexit>

2�⇤
x

<latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit><latexit sha1_base64="rbFMqLESpzFYwm2n7w98o1qdNvc="></latexit>

Same luminosity between them.

�⇤
x,eff = �z�x

<latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit><latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit><latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit><latexit sha1_base64="zIqmd+ZHPXlBQvorFYUqxsF/EA8="></latexit>

�z,eff =
�⇤
x

�x
<latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit><latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit><latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit><latexit sha1_base64="GKFXcHtrmN4uAVC+YeD81uYxIuI="></latexit>

☞
transformation

2�z,eff
<latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit><latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit><latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit><latexit sha1_base64="uaUuHMGJzIVRGp8X1JkFNmXmLE8="></latexit>

2�⇤
x,eff

<latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit><latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit><latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit><latexit sha1_base64="f3i7BK8r2GkijYnGPm1G37HZZkw="></latexit>

effective beam

How to squeeze βy* smaller than σz ? 

� =
�⇤
x,eff

�⇤
x

<latexit sha1_base64="LXTQoOQ7xN3aErVZTp9cDjSATBg="></latexit><latexit sha1_base64="LXTQoOQ7xN3aErVZTp9cDjSATBg="></latexit><latexit sha1_base64="LXTQoOQ7xN3aErVZTp9cDjSATBg="></latexit><latexit sha1_base64="LXTQoOQ7xN3aErVZTp9cDjSATBg="></latexit>

Piwinski angle

Hourglass effect �⇤
y > �z,eff =

�z

�
<latexit sha1_base64="/iAgh0MwixXjyv1Pk+DZXkFqagc="></latexit><latexit sha1_base64="/iAgh0MwixXjyv1Pk+DZXkFqagc="></latexit><latexit sha1_base64="/iAgh0MwixXjyv1Pk+DZXkFqagc="></latexit><latexit sha1_base64="/iAgh0MwixXjyv1Pk+DZXkFqagc="></latexit>

𝚽 > 10 -20 in the nano-beam scheme 
cf. Φ < 1 for ordinary schemes

�z = 6 mm, � = 20 ! �z,eff = 300 µm
<latexit sha1_base64="dyS03MycTK1ooxQb6dZ59a6qLvY="></latexit><latexit sha1_base64="dyS03MycTK1ooxQb6dZ59a6qLvY="></latexit><latexit sha1_base64="dyS03MycTK1ooxQb6dZ59a6qLvY="></latexit><latexit sha1_base64="dyS03MycTK1ooxQb6dZ59a6qLvY="></latexit><latexit sha1_base64="dyS03MycTK1ooxQb6dZ59a6qLvY="></latexit><latexit sha1_base64="dyS03MycTK1ooxQb6dZ59a6qLvY="></latexit>



Nano-Beam Scheme

�5

Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase 2)

�⇤
y > �z

<latexit sha1_base64="p/5KWLWNRcuyfNzqSCX5gm5lB3U="></latexit><latexit sha1_base64="p/5KWLWNRcuyfNzqSCX5gm5lB3U="></latexit><latexit sha1_base64="p/5KWLWNRcuyfNzqSCX5gm5lB3U="></latexit><latexit sha1_base64="p/5KWLWNRcuyfNzqSCX5gm5lB3U="></latexit> �⇤
y >

�⇤
x

�x
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HER : electron LER : positron

LER: εy/εx= 5% 
HER: εy/εx= 2%
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Nano-Beam Scheme
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Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase 2)
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Nano-Beam Scheme
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Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase 2)
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Overlap Region at IP
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Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase2)

σ = 550 μm
σ = 4.5 mm

measurement at Belle II 
measurement at Belle 

The vertex distribution is constrained 
in the nano-beam scheme.bunch length x 2

I. Adachi, T. Iijima



Targets in Phase 2 Commissioning

1. Verification of nano-beam scheme 
Large crossing-angle, low emittance, and low beta at the IP 

Luminosity increases even though βy* is smaller than σz. 

Beam-Beam parameter, ξy > 0.03 

L = 1034 cm-2s-1 at 1 [A] beam current in the LER 
2. Understanding and reduction of Belle II backgrounds 

3. Establishment of the injection system

�7



History of Phase 2 Commissioning
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HER
collision
optics

LER
collision
optics

First Collision
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Luminosity
improvement

Lpeak = 5.55 x 1033

(not optimized)

Beam
Current

Luminosity

High current trial

Vacuum scrubbing

Max 800 mA
(HER)

Max 860 mA
(LER)

1/4 of KEKB
luminosity tuning



Beta Squeezing at IP
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Strategy of beta squeezing for Phase 2 and Phase 3 Phase 2.0
detuned

The smallest βy* in the world！

Year

�
⇤ y
[m

]

CEPC

FCC-eeKEKB

DAFNE

PEP-II
CESR-C BEPC-II

VEPP-2000
SPEAR

CESR

PEP

PETRA
LEP, BEPC

TRISTAN

Final design

Phase 2
mm-world

µm-world

Phase 2.0
(LER)

Phase 3

First collision

�⇤
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Start collision tuning

βy* < σzβy* from mm to µm-world 
 in Phase 3 Test of Nano-Beam



Summary of Beta Squeezing at IP
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Phase βx* [mm] βy* [mm] comment Lpeak x1033 [cm-2s-1] ILER / IHER , nb
[mA]

Start
Date

LER HER LER HER

2.1.0 200 8 Luminosity Run 0.93 250 / 220, 600 April 16

2.1.1 200 6 Luminosity Run 1.37 340 / 285, 789 May 22

2.1.2 200 4 Luminosity Run 1.36 340 / 285, 789 May 28

2.1.3 200 4 3 Luminosity Run 1.32 340 / 285, 789 June 8

2.1.4 200 3 Luminosity Run 1.05 320 / 265, 789 June 11

2.1.5 100 4 Luminosity Run 1.09 340 / 285, 789 June 12

2.1.6 200 100 4 Luminosity Run 2.04 350 / 295, 789 June 13

2.1.7 200 100 3 Luminosity Run 2.6 340 / 285, 789 June 20

2.2.0 200 2 Optics correction
50 mA

N/A 50 / 50, 1576 June 7

2.3.1 - 100 - 1.5 Optics correction
50 mA

N/A - / 50, 1576 July 9

improve !

no improve



Machine Parameters
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Phase 2 (high bunch current) Phase 2 (high current) Phase 3 (final)
LER HER LER HER LER HER Unit

 I  @ Lpeak 265 217 788 778 3600 2600 mA

nb 395 1576 2500

I/nb 0.670 0.549 0.500 0.494 1.44 1.04 mA/bunch

εx 1.8 4.6 1.7 4.6 3.2 4.6 nm

βx* 200 100 200 100 32 25 mm

βy* 3 3 3 3 0.27 0.3 mm

αc 2.9 x 10-4 4.5 x 10-4 2.9 x 10-4 4.5 x 10-4 3.2 x 10-4 4.5 x 10-4

σδ 7.58 x 10-4 6.31 x 10-4 7.58 x 10-4 6.31 x 10-4 8.10 x 10-4 6.37 x 10-4

U0 1.76 2.43 1.76 2.43 1.76 2.43 NeV

Vc 8.4 12.8 8.4 12.8 9.4 15.0 MV

νs -0.0220 -0.0258 -0.0220 -0.0258 -0.0244 -0.0280

νx 44.562 45.542 44.561 45.545 44.53 45.53

νy 46.617 43.609 46.614 43.612 46.57 43.57

σy* (X-ray) 883 652 1285* 528 48 62 nm

ξy (Σy/√2) 0.030 0.021 0.0244 0.0141 0.088 0.081

L 2.29 x 1033 5.55 x 1033 8 x 1035 cm-2s-1

*εy enhancement in LER Preliminary



Machine Parameters (cont’d)
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Phase 2 (high bunch current) Phase 2 (reference) Phase 3 (final)
LER HER LER HER LER HER Unit

 I  @ Lpeak 265 217 327 279 3600 2600 mA

nb 395 789 2500

I/nb 0.670 0.549 0.414 0.353 1.44 1.04 mA/bunch

εx 1.8 4.6 1.7 4.6 3.2 4.6 nm

βx* 200 100 200 100 32 25 mm

βy* 3 3 3 3 0.27 0.3 mm

αc 2.9 x 10-4 4.5 x 10-4 2.9 x 10-4 4.5 x 10-4 3.2 x 10-4 4.5 x 10-4

σδ 7.58 x 10-4 6.31 x 10-4 7.58 x 10-4 6.31 x 10-4 8.10 x 10-4 6.37 x 10-4

U0 1.76 2.43 1.76 2.43 1.76 2.43 NeV

Vc 8.4 12.8 8.4 12.8 9.4 15.0 MV

νs -0.0220 -0.0258 -0.0220 -0.0258 -0.0244 -0.0280

νx 44.562 45.542 44.558 45.541 44.53 45.53

νy 46.617 43.609 46.615 43.610 46.57 43.57

σy* (X-ray) 883 652 692 486 48 62 nm

ξy (Σy/√2) 0.030 0.021 0.0277 0.0186 0.088 0.081

L 2.29 x 1033 2.62 x 1033 8 x 1035 cm-2s-1

Preliminarytypical physics run



Verification of Nano-Beam Scheme
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Verification of Nano-Beam Scheme
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βy* > σz

Emittance tuning is improved
by global optics correction.

βy* = σzβy* < σz
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Verification of Nano-Beam Scheme
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Lsp = 4x1031 ! σy* = 300 nm (εy = 30 pm)
↔ εy = 23 pm for single beam in LER

High bunch current

Reference bunch current

The beam-beam parameter is 0.02.

L = 2.29 x 1033

The beam size from Lsp is consistent with that of no beam-beam.

0.081@1.04 mA 0.088@1.44 mA
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Beam-Beam Blowup
Collective effect
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Lsp = 4x1031 ! σy* = 300 nm (εy = 30 pm)
↔ εy = 23 pm for single beam in LER

The beam-beam parameter is saturated at high
bunch current.　☞ issue in Phase 3

High bunch current

Reference bunch current

The beam-beam parameter is 0.02.

L = 2.29 x 1033

The beam size from Lsp is consistent with that of no beam-beam.

Luminosity drop at low current. ☞ issue in Phase 3

Beam-Beam Blowup
Collective effect
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Beam-Beam Parameter
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Beam size at IP estimated from X-Ray MonitorAssumption: �⇤
y� = �⇤

y+
<latexit sha1_base64="jKxP7fYwNcLYuGMTmFU/AbWh/Jw="></latexit><latexit sha1_base64="jKxP7fYwNcLYuGMTmFU/AbWh/Jw="></latexit><latexit sha1_base64="jKxP7fYwNcLYuGMTmFU/AbWh/Jw="></latexit><latexit sha1_base64="jKxP7fYwNcLYuGMTmFU/AbWh/Jw="></latexit><latexit sha1_base64="jKxP7fYwNcLYuGMTmFU/AbWh/Jw="></latexit><latexit sha1_base64="jKxP7fYwNcLYuGMTmFU/AbWh/Jw="></latexit>

Beam size is large at the low bunch current in LER. 
Blowup is also significant at high bunch current.
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LER: HER:

εy = 30 pm

εy = 120 pm

⌃y =
q

�⇤2
y� + �⇤2
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Degradation of Specific Luminosity
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K. OhmiBeam-Beam simulations with machine error (W-S)

QC2RE

QC2RP

Error field:
sextupole 

skew sextupole
in QCS

measured magnetic field
along beam axis 

(N. Ohuchi)

>> meas. >> IP knob scan

Interference of Beam-Beam and lattice nonlinear degrades luminosity. 



Correction of Machine Error
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Rotatable sextupoles in LER

Sextupole corrector coils in QCS

Skew sextupole corrector coils in QCS

Octupole corrector coils in QCS

Skew quadrupole corrector coils in QCS (for each main quads.)

QC2LE
QC1LE

QC2LP QC1LP

QC2RP
QC1RP

QC2REQC1RE
octupole octupole

octupole

sextupole
octupole

octupole

sextupole

skew sextupole skew sextupole

skew sextupolesextupole

IP

skew quad-like coil
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Travel Guide for Luminosity Mountain
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Reference 
bunch current 

(nb=789)

Specific Luminosity is improving day by day.

Luminosity contour



Travel Guide for Luminosity Mountain

�19

Reference 
bunch current 

(nb=789)

High bunch current
 (nb=395)

Lpeak=2.29x1033 x4   L=9x1033@ 1.08 [A]
(nb=1576) ~ 1034

@ 270 mA

Specific Luminosity is improving day by day.

Luminosity contour



Final Focus Superconducting Magnets 
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LERHER

Belle II detector solenoid

QCS-L QCS-R
IP

compensation
solenoidcompensation

solenoid

Superconducting Final Focus Magnets

Large crossing angle 
of 83 mrad

HER
(e-)

LER
(e+)

4 quadrupoles (QC1s, QC2s)
8 dipole corrector coils
4 skew quad. corrector coils
2 octupole coils
2 skew sextupole, etc for each ring.

Quadrupoles and Compensation Solenoids (QCS)

Number of coils is 55 !

No dispersions and XY couplings in the IP 
although there is the solenoid field.

衝突点

Belle II + compensation solenoid



Optics in the IR
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�⇤
x = 200 mm �⇤

y = 3 mm
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y = 3 mm
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LER HER

X-LCC Y-LCC X-LCC Y-LCCX-LCCY-LCC X-LCCY-LCC

IP IP

Local chromaticity correction（X-LCC, Y-LCC)
QC1 - Y-LCC: ΔΨy = π
QC2 - X-LCC: ΔΨx = 2π

Natural Chromaticity  
LER : ξx = -69 / ξy = -146 
HER : ξx = -97 / ξy = -168

QC2:ξx = -8 / QC1:ξy = -67
QC2:ξx = -25 / QC1:ξy = -100

Typical optics in Phase 2 

strong sextupoles



Optics Correction and Collision Tuning 
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Global Optics Correction
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Beta and dispersion: before and afterXY coupling: before and after

H. Sugimoto

Optics correction based on COD

LER HER unit

Δβx/βx 2 3 %

Δβy/βy 4 3 %

Δy/Δx 
XY coup. 0.014 0.008

Δηx 10 9 mm

Δηy 4 3 mm

The value is rms for all BPMs

Measured beam size by X-Ray Monitor

Skew quads ＠sextupole pairs 
H. bump＠sextupole pairs 
Correction of PS for each quad. family

HER : 19 pm (εy/εx = 0.4 %)

LER : 13 pm (εy/εx = 0.8 %)

Global optics correction has worked well.



(LER)

Collision Timing: RF Phase Scan in LER
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xoffset =
�� �0

360
⇥ 0.6 (m)⇥ 0.0415 (rad)
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center of the ring

electron
positron

+z (+𝜙) Beam-Beam interaction
is attractive force.

x

�x = 41.5 mrad
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xoffset = �z ⇥ �x
<latexit sha1_base64="vPkOhNTKlHbfks93RE4X9A8eE6M="></latexit><latexit sha1_base64="vPkOhNTKlHbfks93RE4X9A8eE6M="></latexit><latexit sha1_base64="vPkOhNTKlHbfks93RE4X9A8eE6M="></latexit><latexit sha1_base64="vPkOhNTKlHbfks93RE4X9A8eE6M="></latexit>

�z =
'� '0

360�
⇥

✓
C

h

◆

<latexit sha1_base64="BqMgRnHS8VZmztET/KeiKuQYMJo="></latexit><latexit sha1_base64="BqMgRnHS8VZmztET/KeiKuQYMJo="></latexit><latexit sha1_base64="BqMgRnHS8VZmztET/KeiKuQYMJo="></latexit><latexit sha1_base64="BqMgRnHS8VZmztET/KeiKuQYMJo="></latexit>

Horizontal Scan (utilizes crossing angle)

RF phase in the LER
(positrons)

Top View

C = 3016.3 [m]
h = 5120

BPM

BPM BPM

BPM

1st trial2nd trial 3rd trial

BxB FB OFF BxB FB ON 
unstable region

QCS quench

Try to find appropriate collision timing

Vertical offset

time difference measured by BPM

IP

collision timing → offset due to crossing-angle → beam-beam kick

~2 nsec for 360 deg.



Vertical Beam-Beam Kick measured by Local Bump Orbit
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Vertical beam-beam deflection
Higher bunch currents
LER: ~52mA (200bunches)
HER: ~38mA (200 bunches)

Dy = -35µm offset
with usual steering magnets

sy = 4.2µm

⌃y = 5.1 µm

�⇤
y = 3.6 µm
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⌃y = 5.5 µm
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y = 4 µm
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Double peak due to vertical angle of HER orbit.

LER : ⌫x/⌫y = 44.58/46.61
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HER : ⌫x/⌫y = 45.57/43.61
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Vertical-orbit scan by using HER correctors

Vertical beam size was still very large
due to poor adjustment.

The collision point was moved ~1 cm along the beam axis.

subtract orbit offset

☞ figured out by Belle II vertex data and corrected in the early May
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Adjustment of Vertex Position along z-coordinate

�26

HER 
H. Bump Height 

(µm)

Vertex position 
ΔZ(mm)

RF Phase 
(deg.)

σy* fit 
Σy/√2 
(mm)

Luminosity 
(LumiBelle 2)

0 0 3 2.8 0.12

250 3 5 2.5 0.13

500 6 8 2.2 0.16

750 9 11 1.8 0.20

IP
H. Bump 
Height

← Nikko Oho →

Luminosity is much improved.

Day shift, May 4, 2018

x

z



First Hadronic Event
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Accelerator control room

Belle II control room

©KEK



First Hadronic Event
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Accelerator control room

Belle II control room

©KEK

0:38 April 26, 2018

Hadronic Event



Rotation Error of QCS
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The same amount of rotation does not affect 
arc sections. 

The global correction of XY couplings can not 
correct XY coupling at the IR completely.

IP

QC1L

QC1R
skew quads.

skew quads.

Skew quads in QCS can be used to correct the local XY couplings.

IP

XY couplings

r1

r2

r3

r4

XY coupling at IP remains locally.



Adjustment of XY Coupling with QC1 Skew Quadrupoles
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Extremely low bunch current 
15.8 mA/1576 bunches 

to avoid beam-beam blowup as much as possible 
and to get geometrical luminosity.

Before R2 adjustment
�⇤
x = 200 mm �⇤

y = 4 mm
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0.1 mA/bunch

LumiBelle2 is good performance !
Very large beam size !

⌃y =
q
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Y. Funakoshi



Adjustment of XY Coupling with QC1 Skew Quadrupoles
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Extremely low bunch current 
15.8 mA/1576 bunches 

to avoid beam-beam blowup as much as possible 
and to get geometrical luminosity.

Before R2 adjustment
�⇤
x = 200 mm �⇤

y = 4 mm
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0.1 mA/bunch

Estimation from X-Ray Monitor: 
σy* = 0.4 µm (LER), 0.5 µm (HER) 
No change after adjustment of 

X-Y coupling(R2) at IP

Measurement by beam-beam scan: 
σy* = 1.253 µm → 0.689 µm

Very small !

After R2 adjustment

LumiBelle2 is good performance !
Very large beam size !

⌃y =
q

�⇤2
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y+
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Y. Funakoshi



Smallest Beam Size measured from Beam-Beam Scan
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�⇤
x = 200 mm �⇤

y = 3 mm
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0.1 mA/bunch

Extremely low bunch current 
15.8 mA/1576 bunches 

to avoid beam-beam blowup as much as possible 
and to get geometrical luminosity.

σy* = 0.333 µm

⌃y =
q

�⇤2
y� + �⇤2
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Y. Funakoshi

After R2 adjustment



Waist Scan by using QC1
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LER HERΔs = -1.14 mm Δs = +0.4 mm

Beam size

Luminosity

Beam Size

Luminosity

LER Waist Position HER Waist Position



Collision Tuning with IP Knobs
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IP XY coupling knob and dispersion knob
Skew quadrupole coils at sextupoles are utilized.

A. Morita, Y. Funakoshi 

r1* in HER 

Luminosity

Beam size
(XRM)



Quadrupole Excitation
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Horizontal tune is obtained from TbT data. The beam is shacked by the injection kicker. 

PLL is also available to give oscillations 
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3 samples for
each point

Measured beta is good agreement with the model.



Dithering System 
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dithering coil
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We confirmed that the luminosity peak is consistent with
 the minimum amplitude modulation and flip of phase.

Horizontal offset

Phase
[deg.]
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ZDS1LP
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ZDS3LPZDS4LP

T. Oki et al.
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HER Tune and Detector Background
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HER tune clearly affects the beam background. 

We have to find better a working point  
and necessary to keep tunes. 

Luminosity run, May 29, 2018 H. Nakayama 
slide from Phase 2 summary meeting 

LER Beam Current

HER Beam Current

HER Vertical Tune



Betatron Tune Feedback

�36

We have applied tune feedback system for the last week of Phase 2.
Tune shift due to resistive wall is compensated.
(dependent on the beam current)

optics server optics server

injection injection

matching and send "set magnet" to optics server



Beam Lifetime
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LER current:          320 mA 
Touschek lifetime: 35 min (nb: 789) 
lifetime (others):    80 min

HERLER June 12, 2018

�⇤
x = 200 mm �⇤

y = 3 mm
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HER current:          285 mA 
Touschek lifetime: 86 min (nb: 789) 
lifetime (others):    28 hours

June 12, 2018

Physical aperture limits the beam lifetime.

Movable collimators to reduce background and avoid QCS quench εy is controlled by vertical dispersions. 



Sextupole Tuning and Beam Lifetime
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2

ref.
3

4

1
5

2’ 4’

Beam size smaller →← Beam size larger

ID number specifies a different set of sextupole combination.

Sextupole tuning could not improve the beam lifetime in the LER.
Physical aperture limits the beam lifetime. (Tracking simulation supports this.)

June 27, 2018

2’ : with optics correction
4’ : with optics correction

improve 
beam lifetime

5 sets of sextupole settings

σy measured by XRM



Electron Cloud in LER
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Measurement of Electron Cloud
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Phase 1: June 9, 2016 Phase 2: July 12, 2019

Additional permanent magnets
Threshold is much improved.  
more than twice of 0.2 mA/bunch/RF bucket
Mode of CBI changes and the growth rate is reduced.

no 
blowup

Y. Suetsugu et al.



Horizontal Coherent Beam-Beam Instability
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Horizontal Tune Scan
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synchrotron tune is

Beam Blowup (1)

Vertical beam size

K. Hirosawa, K. Ohmi
Horizontal tune 

dependence

LER H. Tune

HER H. Tune

LER H size

HER H size

⌫x(HER) + 2⌫s(LER) = int.
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⌫x(LER) + 2⌫s(HER) = int.
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We observed beam blowup
due to horizontal beam-
beam instability



Unexpected Events
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QCS Quench Issue

QCS quench 

QCS quench during beam injection 

Beam loss in the vertical direction due to XY coupling before optics 
corrections. QCS is the smallest physical aperture. 

 Movable collimators and Belle II fast diamond abort system could avoid QCS 
quenches. 

QCS quench during beam storage 

Movable collimators can avoid most of QCS quenches. 

There are few unknown events. 

Hit collimator head due to longitudinal instability, dust trapping, … ? 

Large orbit change when the beam is aborted ?
�44



�⇤
y = 3 mm
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Beam Current > 500 mA

QCS Quench 

�45

Number of QCS 
quench per day

HER Injection
HER Storage
LER Injection
LER Storage

Adjustment of the movable collimators

Belle II abort system 
(diamond abort)

Damage of collimator head 
in LER

Damage of collimator head 
in HER

High temperature
due to Hot summer

Collimators are 
almost full open.

Beam operation was
sometimes unstable.



�⇤
y = 3 mm
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Beam Current > 500 mA

QCS Quench 

�45

Number of QCS 
quench per day

HER Injection
HER Storage
LER Injection
LER Storage

Adjustment of the movable collimators

Belle II abort system 
(diamond abort)

Damage of collimator head 
in LER

Damage of collimator head 
in HER

The first trial 
of beta squeezing

The first collision 
tuning

Test of 
waist knob

Injection 
with ECK

injection kicker 
in LER(K2-3)

Collimators not optimized 
well when beta squeezing

RF phase scan 
Unstable region 

for BxB FB？

Synchrotron 
oscillation in LER

High temperature
due to Hot summer

Collimators are 
almost full open.

Beam operation was
sometimes unstable.



Damage of Movable Collimator (Head)
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Bottom Top

electron

outer of the ring

Top head

electron bam

width 12 mm 

Belle II

D06H3

D06H4

D02V1
D02H3D02H4D01H5

D01V1
D01H4

KEKB type

KEKB type

new type

Compromise lifetime, injection,
and detector background. 

Reduce beam background

New collimator (SLAC type)

Y. Suetsugu, T. Ishibashi, S. Terui

LER

HER

Number of movable collimators is small in LER. 
Especially, only one in the vertical.

Vertical Collimator



Collimator Damage
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QCS quench (LER and HER)
LER vertical collimator has damage.
Vacuum pressure rise was observed

in the vicinity of the collimator.

June 25

collision

QCS quench (HER)

HER vertical collimator has damage.
Vacuum pressure rise was observed

in the vicinity of the collimator.
No bunch oscillation with beam loss

non-collision
no injection

July 9



Additional Collimators in Phase 3

�48

LER: D02H1, D02H2, D03H1, D06V2, D06H4→D06H1
HER: D01H3

H. Nakayama 

Beam loss control becomes more flexible.



Injection System
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Linac Injector 
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Flux  
Concentrator

e+
4 nC injection e-

10 nC 
primary e-

Bridge coils

Target

Beam 
hole

Pulsed 
Corrector  
Magnets

DC  
Focusing  
Magnets

Pulsed 
Focusing  
Magnets

Spoiler

Solenoid

LAS Accel.  
structure

positron 
production 
Target

Flux  
ConcentratorBridge 

Coils

primary  
e- beam

 e+ beam

Positron generator

There is a hole where electrons passing through.

Quad
Quad

correctorPulse magnets
(3 - 5 sector)

LER 4 GeV e+
HER 7 GeV e-

PF 2.5 GeV e-
PF-AR 6.5 GeV e-



Positron Damping Ring
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1.1 GeV Damping Ring

Sector-2 Sector-3Sector-1

Positron Target

Linac

Energy 
compression

±5%

±1.5%

20% is cut at tail
Collimators in the arc

(ECS)(BCS)

Bunch 
compression

±2%

±2.7mm

Z (m)

Δ
p/
p 

Δ
p/
p 

　Z (m)　

±17mm

±0.14%

M. Kikuchi et al.

FODO with Reverse-bend
RF Cavity Extraction 

Septum DR RTL Line

ECS

RF cavities

1.1 GeV

The commissioning was started on February 8.

2 pulses and 4 bunches
εx        30 nm
τx/τs  11.5 msec/5.9 msec
σz        6.7 mm

← 1300 nm



First Beam Storage in HER
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RF cavity OFF RF cavity ON TbT BPM near injection point

Only one of six kickers worked in the initial injection tuning in HER. 
Polarities of vertical corrector in QCS were wrong.

orbit
correction

about 20 turns

3/19 23:47 3/21 00:08



First Beam Storage in LER
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RF cavity OFF
3/30 21:26

RF cavity ON
3/30 23:41CT

Wiring between skew quads(QC2RP) and horizontal corrector(QC2LP) in LER was swapped.

orbit
correction



Summary of Phase 2 Commissioning
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Spaghetti Diagram
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Spaghetti Diagram
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Precise control  
of linear optics

Precise correction  
of linear optics

Shorter lifetimeHigher chromaticity

Injector capability 
RF gun 

Flux concentrator

High-power 
RF system

Beam instabilities Electron cloud

Fast ion

Impedance of 
components

Bell II background

Orbit drift

QCS quench

Movable Collimators

Smaller aperture

HOM
Heating 
and  

Damage Luminosity 
degradation

iBump FB 
Dithering

Correction of  
off-momentum optics

Permanent 
magnets

Strong sextupoles

CBI
LFB



Summary

Verification of nano-beam scheme 

luminosity tuning at βy*=3 mm (x10 final value) 

2.26 x 1033 cm-2s-1 at ILER = 270 mA (nb=395) → 1034 cm-2s-1 at ILER = 1080 mA (nb = 1576) 

Beam-beam parameter reaches 0.02. 

Peak luminosity is 5.55 x 1033 cm-2s-1 (LER: 790 mA). 

Max beam current is 860 mA, 800 mA in HER. 

QCS quench issue (unexpected).　Movable collimators can avoid most of quenches. 

We will install additional collimators until Phase 3 operation to control beam loss and/or 
background. 

We will fight interference of beam-beam and lattice nonlinear to improve luminosity performance 
in Phase 3. 
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Beta squeezing

😀

ILER < 1 [A]

🙁

Verification 
of nano-beam

☺

Luminosity performance

🙁



Appendix
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Luminosity performance and βy* squeezing
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Geometrical luminosity is low before beam-beam blowup occurs.

Normal coordinatePhysical Coordinate XY coupling

M4 = RM2⇥2R
�1
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Global optics correction is good and measured vertical beam size is enough small from X-Ray Monitor.

Waist position Δs and vertical dispersion affect vertical beam size at IP.

In case of Δs = 0, r1 and r2, ηy make beam size large.

QCS error is localized. Rotation error
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Luminosity performance and βy* squeezing
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Geometrical luminosity is low before beam-beam blowup occurs.

Normal coordinatePhysical Coordinate XY coupling

M4 = RM2⇥2R
�1
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Global optics correction is good and measured vertical beam size is enough small from X-Ray Monitor.

Waist position Δs and vertical dispersion affect vertical beam size at IP.

In case of Δs = 0, r1 and r2, ηy make beam size large.

QCS error is localized. → r1 and r2 shoudl be zero. QCS can make it.Rotation error

�

���

x
px

y
py

�

��� =

�

���

µ 0 r4 �r2

0 µ �r3 r1

�r1 �r2 µ 0
�r3 �r4 0 µ

�

���

�

���

u
pu

v
pv

�

���

µ2 + (r1r4 � r2r3) = 1

�2
y = µ2"y

✓
�y +

�s2

�y

◆
+

⇢
(r2 + r4�s)2

�x
+ �x(r1 + r3�s)2

�
+ (⌘y��)

2

<latexit sha1_base64="Ure96NZAxo+5qMTbs8QTSMJt7xs="></latexit><latexit sha1_base64="Ure96NZAxo+5qMTbs8QTSMJt7xs="></latexit><latexit sha1_base64="Ure96NZAxo+5qMTbs8QTSMJt7xs="></latexit><latexit sha1_base64="Ure96NZAxo+5qMTbs8QTSMJt7xs="></latexit><latexit sha1_base64="Ure96NZAxo+5qMTbs8QTSMJt7xs="></latexit><latexit sha1_base64="Ure96NZAxo+5qMTbs8QTSMJt7xs="></latexit>



Bunch Current Monitor
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Pilot bunch 
(non-collision)

Tunes are measured by gated tune meter.

Pilot bunch 
(non-collision)


