
Efield	and	Pitch	Corrections	
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Electric	field		
Some equations
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Only Er gives first-order contribution to the precession along the vertical direction:
2 2

2 2

0
0 0

0 0 0

1
1 1

( ) ( ) ,  where ,  (1 ) = . 
(1 )

Then the relative contribution of the E-field to  is

1
1

r r
a

e
r avg e

a

qa BE Eq m ma B a
m p c m a p cB

r x pE r r x f p p f p f n
p n r p

a

P
P P

P

P

E EZ

N N N N

Z

ª º§ ·ª º§ ·
 � � �  � � �« »¨ ¸« »¨ ¸ ¨ ¸© ¹ « »¬ ¼ © ¹¬ ¼

'
 �   �  '  �

�

�
2 2 2

0
2 2 2

0 0 0

22 2
20

2 2
0 0 0 0

2
2

2
0

1 (1 2 ) . If  and using ,

2 2 2 2 (1 )
(1 )

2 (1 ) always reduces 

r

e

e
E a

rEm m p f p m a n
p cB a p p cB p vB

r xp f p f p p n n
p cB cp B n cB p r

x
C n n

r

P
P

NE E N

E NE N E N E

E Z

§ · § ·' '
| � �   ¨ ¸ ¨ ¸¨ ¸ ¨ ¸

© ¹ © ¹
' ' ' '

    �
�

 � � o

Ce ⇠ �2
�p

p
h
~� ⇥ ~E

Bc
i

<latexit sha1_base64="Zhkm7+hwXqD0pQZbAHFOHsDPFA0="></latexit>

•  Measure	Δp/p		and	E-field	
•  As	long	as	the	quadrupole	field	is	linear	in	displacement	

hEri = n
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<latexit sha1_base64="cvIZgM3P6bEvagw1xVH5DKLXfwk="></latexit>

Measurement	of	radial	closed	orbit,												=>	E-field	correction	xe
<latexit sha1_base64="u0Faot6CTjKMxb+1Y8XLwXu4G0o=">AAAB6nicbVA9SwNBEJ2LXzF+RVPaLAbBQsKdFloGbCwjmg9IQtjbzCVL9vaO3T0xHGnsbSwUsfUXWQj+A3+DlZuPQhMfDDzem2Fmnh8Lro3rfjqZpeWV1bXsem5jc2t7J7+7V9NRohhWWSQi1fCpRsElVg03AhuxQhr6Auv+4GLs129RaR7JGzOMsR3SnuQBZ9RY6fqug5180S25E5BF4s1IsVz4+L7/Gh1XOvn3VjdiSYjSMEG1bnpubNopVYYzgaNcK9EYUzagPWxaKmmIup1OTh2RQ6t0SRApW9KQifp7IqWh1sPQt50hNX09743F/7xmYoLzdsplnBiUbLooSAQxERn/TbpcITNiaAllittbCetTRZmx6eRsCN78y4ukdlLyTkvulU2jDFNkYR8O4Ag8OIMyXEIFqsCgBw/wBM+OcB6dF+d12ppxZjMF+APn7QcDs5IG</latexit>

D. Rubin              	



•  Muons	are	going	up-and-down	in	the	ring	(focused	by	quads):	

Why	do	we	need	a	pitch	correction?	
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Stolen	from	James	Mott	

Precession	in	a	single	revolution	is	independent	of	vertical	oscillation	
	
But	the	revolution	period	is	not.	
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Pitch	and	ωa	

By	

y0	

We	measure	precession	about	the	axis	perpendicular	to	the	direction	of	motion.		
•  The	component	of	the	magnetic	field	along	that	perpendicular	axis	is			B	cos	ψ.		

•  The	spin	tune		

•  Path	length	
•  																																																	=>	spin	tune									is	independent	of	pitch	

•  But		

 0
<latexit sha1_base64="ZFLXwlzAxXOMSdQhMNJpfg83g/g=">AAAB7XicbVA9SwNBEJ2LXzF+Ra3EwsUgWIU7LbQM2FhGMB+QHMfeZi9Zs7d77O4J4Uhta2OhiK3/J52/wz/g5pJCEx8MPN6bYWZemHCmjet+OYWV1bX1jeJmaWt7Z3evvH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gqHN1O/9UiVZlLcm1FC/Rj3BYsYwcZKzW6iWeAG5YpbdXOgZeLNSaV29BTIycl3PShPuj1J0pgKQzjWuuO5ifEzrAwjnI5L3VTTBJMh7tOOpQLHVPtZfu0YnVmlhyKpbAmDcvX3RIZjrUdxaDtjbAZ60ZuK/3md1ETXfsZEkhoqyGxRlHJkJJq+jnpMUWL4yBJMFLO3IjLAChNjAyrZELzFl5dJ86LqXVbdO5tGDWYowjGcwjl4cAU1uIU6NIDAAzzDK7w50nlx3p2PWWvBmc8cwh84nz8UqZJ7</latexit>
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<latexit sha1_base64="/pc+UQBgpinzU81+EWMRsxPA+78=">AAACBnicbVDLSsNAFJ3UV62vqEsfDBahIpSkirosdOPCRQX7gCbWyXTSDp1MwsxEKCErN/6KGxeKuPUb3PkB/ofTx0JbD1w4nHMv997jRYxKZVlfRmZufmFxKbucW1ldW98wN7fqMowFJjUcslA0PSQJo5zUFFWMNCNBUOAx0vD6laHfuCdC0pDfqEFE3AB1OfUpRkpLbXPPkTSAVwX72PEFwomdJqepE0natm5LR20zbxWtEeAssSckXz7brXyX9u+qbfPT6YQ4DghXmCEpW7YVKTdBQlHMSJpzYkkihPuoS1qachQQ6SajN1J4qJUO9EOhiys4Un9PJCiQchB4ujNAqienvaH4n9eKlX/hJpRHsSIcjxf5MYMqhMNMYIcKghUbaIKwoPpWiHtIx6F0cjkdgj398iypl4r2SdG61mmUwRhZsAMOQAHY4ByUwSWoghrA4AE8gRfwajwaz8ab8T5uzRiTmW3wB8bHD2EamgU=</latexit>
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<latexit sha1_base64="+Mbf7qzWJQ8yrymWpwdWf1Gm83Y="></latexit>
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B?dl =

I
B cos dl

<latexit sha1_base64="1F0ZKim4mcidJ3XRrvQtZqnKk7A=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZXSiIUBTEZQV7gaYMmTRtQzNJSDJKKX0M3fgYLty4EVTEpa58G9PLQqs/BH6+cw45548VZ8YGwZeXmZmdm1/ILuaWlldW1/z1jYqRqSa0TCSXuhZjQzkTtGyZ5bSmNMVJzGk17p4O69Urqg2T4tL2FG0kuC1YixFsHYr8AIkUIqWlshIiyYSFJxFSVCvY5PB4QhCRBinDHIv8fFAIRoJ/TTgx+eLRw9n1/c1zKfI/UFOSNKHCEo6NqYeBso0+1pYRTgc5lBqqMOniNq07K3BCTaM/umwAdxxpwpbU7rlFRvTnRB8nxvSS2HUm2HbMdG0I/6vVU9s6bPSZUKmlgow/aqUcuhSGMcEm05RY3nMGE83crpB0sMbEujBzLoRw+uS/prJXCPcLwYVLowjGyoItsA12QQgOQBGcgxIoAwJuwSN4Aa/enffkvXnv49aMN5nZBL/kfX4D0EWj6Q==</latexit>

!a = ⌫!c
<latexit sha1_base64="/ZfShVl9fRHRNd4Vy8vse0Zs5SA=">AAAB/nicbVC7SgNBFJ31GeNrNVjZDAbBQsKuFtoIARvLCOYB2WWZncwmQ+axzMwKYQmIf2JjoYit32Eh+Ad+g5WTR6GJBy6cOede5t4Tp4xq43mfzsLi0vLKamGtuL6xubXt7uw2tMwUJnUsmVStGGnCqCB1Qw0jrVQRxGNGmnH/cuQ3b4nSVIobM0hJyFFX0IRiZKwUuXuB5KSLIgQvApFNHzhyy17FGwPOE39KytXSx/f91/C4FrnvQUfijBNhMENat30vNWGOlKGYkWExyDRJEe6jLmlbKhAnOszH6w/hoVU6MJHKljBwrP6eyBHXesBj28mR6elZbyT+57Uzk5yHORVpZojAk4+SjEEj4SgL2KGKYMMGliCsqN0V4h5SCBubWNGG4M+ePE8aJxX/tOJd2zSqYIIC2AcH4Aj44AxUwRWogTrAIAcP4Ak8O3fOo/PivE5aF5zpTAn8gfP2A4A4mZc=</latexit>

(⌫)
<latexit sha1_base64="ENARI3HXyllsp8pIIV3f6lKQyhM=">AAAB7HicbVDLSgNBEOz1lRhfUY9eBoMQL2FXET0GvHhMwE0CyRJmJ5NkyOzsMtMrhCXf4MWDIl79IG/+gPgZTh4HTSxoKKq66e4KEykMuu6ns7a+sbmVy28Xdnb39g+Kh0cNE6eacZ/FMtatkBouheI+CpS8lWhOo1DyZji6nfrNB66NiNU9jhMeRHSgRF8wilbyyx2VnneLJbfizkBWibcgpSqpf3/lc1e1bvGj04tZGnGFTFJj2p6bYJBRjYJJPil0UsMTykZ0wNuWKhpxE2SzYyfkzCo90o+1LYVkpv6eyGhkzDgKbWdEcWiWvan4n9dOsX8TZEIlKXLF5ov6qSQYk+nnpCc0ZyjHllCmhb2VsCHVlKHNp2BD8JZfXiWNi4p3WXHrNo0qzJGHEziFMnhwDVW4gxr4wEDAIzzDi6OcJ+fVeZu3rjmLmWP4A+f9B9yhkPs=</latexit>
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<latexit sha1_base64="slph5V8hoQorB+5vJ9lzunqCGZ0="></latexit>
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<latexit sha1_base64="RgNDvzebwEbOF8pnFKCE+f/+2mA=">AAAB/nicbVDLSgMxFM3UV62vUXEhLgwWwVWZ0YVuhIIblxXsAzplyKSZNjSThCQjlKHgzu9w40IRt35Hd36HP2Cm7UJbD9zL4Zx7yc2JJKPaeN6XU1haXlldK66XNja3tnfc3b2GFqnCpI4FE6oVIU0Y5aRuqGGkJRVBScRIMxrc5H7zgShNBb83Q0k6CepxGlOMjJVC9yCQmsLrvIdeoCmHgezT0C17FW8CuEj8GSlXD59CMT7+roXuOOgKnCaEG8yQ1m3fk6aTIWUoZmRUClJNJMID1CNtSzlKiO5kk/NH8NQqXRgLZYsbOFF/b2Qo0XqYRHYyQaav571c/M9rpya+6mSUy9QQjqcPxSmDRsA8C9ilimDDhpYgrKi9FeI+Uggbm1jJhuDPf3mRNM4r/kXFu7NpVMEURXAETsAZ8MElqIJbUAN1gEEGnsEreHMenRfn3fmYjhac2c4++APn8wcvr5iq</latexit>

D. Rubin              	
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In	the	limit	of	continuous	and	perfectly	aligned	quads,	with	linear	dependence	of	E-field	
on	displacement,		the	contribution	to	ωa	from		
	
			Electric	field		
	
	
	
	
	
																	
	
			Pitching	angle		

hEri = n
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<latexit sha1_base64="cvIZgM3P6bEvagw1xVH5DKLXfwk="></latexit>
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<latexit sha1_base64="b1fB8uudHU1mg+E6l94YzajAtZ0=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJa0Y1Q6MZlBfuApobJdNIOnUyGmYlQQhZu/BU3LhRx60e482+ctllo64ELh3Pu5d57AsGo0o7zba2srq1vbBa2its7u3v79sFhW8WJxKSFYxbLboAUYZSTlqaaka6QBEUBI51g3Jj6nQciFY35nZ4I0o/QkNOQYqSN5Nulhi/gNTyDXigRTt0srWWeUNR37qu+XXYqzgxwmbg5KYMcTd/+8gYxTiLCNWZIqZ7rCN1PkdQUM5IVvUQRgfAYDUnPUI4iovrp7IkMnhhlAMNYmuIaztTfEymKlJpEgemMkB6pRW8q/uf1Eh1e9VPKRaIJx/NFYcKgjuE0ETigkmDNJoYgLKm5FeIRMmlok1vRhOAuvrxM2tWKe165uK2V6/U8jgIogWNwClxwCergBjRBC2DwCJ7BK3iznqwX6936mLeuWPnMEfgD6/MHZ7CWrg==</latexit>

hCpi = �nhy2i
2R2

0
<latexit sha1_base64="2wAGDXzn9J7ujYBJ64uZ7ct6H/o=">AAACIHicbZBNS8MwGMdTX+d8q3r0EhyCF0dblXkRBrt4nOJeYN1KmqVbWJqWJBVK2Ufx4lfx4kERvemnMdsq6OYDgR////Mkef5+zKhUlvVpLC2vrK6tFzaKm1vbO7vm3n5TRonApIEjFom2jyRhlJOGooqRdiwICn1GWv6oNvFb90RIGvE7lcakG6IBpwHFSGnJMysuQ3zACKx5sStmeHXqBgLhjP94ac/JvXHm3HpWzxl7ZskqW9OCi2DnUAJ51T3zw+1HOAkJV5ghKTu2FatuhoSiWN9bdBNJYoRHaEA6GjkKiexm0wXH8FgrfRhEQh+u4FT9PZGhUMo09HVniNRQznsT8T+vk6jgsptRHieKcDx7KEgYVBGcpAX7VBCsWKoBYUH1XyEeIh2O0pkWdQj2/MqL0HTK9ln54ua8VK3mcRTAITgCJ8AGFVAF16AOGgCDB/AEXsCr8Wg8G2/G+6x1ychnDsCfMr6+ATCDovw=</latexit>

For	the	distribution	

Single	muon	

Single	muon	

For	the	distribution	hCei = �2�2n(1� n)
nhx2
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0
<latexit sha1_base64="mX595odke7sAZBNvgb+y/YJSw5g="></latexit>
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In	the	limit	of	continuous	and	perfectly	aligned	quads,	with	linear	dependence	of	E-field	
on	displacement,		the	contribution	to	ωa	from		
	
			Electric	field		
	
	
	
	
	
																	
	
			Pitching	angle		
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<latexit sha1_base64="cvIZgM3P6bEvagw1xVH5DKLXfwk="></latexit>
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<latexit sha1_base64="b1fB8uudHU1mg+E6l94YzajAtZ0=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJa0Y1Q6MZlBfuApobJdNIOnUyGmYlQQhZu/BU3LhRx60e482+ctllo64ELh3Pu5d57AsGo0o7zba2srq1vbBa2its7u3v79sFhW8WJxKSFYxbLboAUYZSTlqaaka6QBEUBI51g3Jj6nQciFY35nZ4I0o/QkNOQYqSN5Nulhi/gNTyDXigRTt0srWWeUNR37qu+XXYqzgxwmbg5KYMcTd/+8gYxTiLCNWZIqZ7rCN1PkdQUM5IVvUQRgfAYDUnPUI4iovrp7IkMnhhlAMNYmuIaztTfEymKlJpEgemMkB6pRW8q/uf1Eh1e9VPKRaIJx/NFYcKgjuE0ETigkmDNJoYgLKm5FeIRMmlok1vRhOAuvrxM2tWKe165uK2V6/U8jgIogWNwClxwCergBjRBC2DwCJ7BK3iznqwX6936mLeuWPnMEfgD6/MHZ7CWrg==</latexit>
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0
<latexit sha1_base64="2wAGDXzn9J7ujYBJ64uZ7ct6H/o=">AAACIHicbZBNS8MwGMdTX+d8q3r0EhyCF0dblXkRBrt4nOJeYN1KmqVbWJqWJBVK2Ufx4lfx4kERvemnMdsq6OYDgR////Mkef5+zKhUlvVpLC2vrK6tFzaKm1vbO7vm3n5TRonApIEjFom2jyRhlJOGooqRdiwICn1GWv6oNvFb90RIGvE7lcakG6IBpwHFSGnJMysuQ3zACKx5sStmeHXqBgLhjP94ac/JvXHm3HpWzxl7ZskqW9OCi2DnUAJ51T3zw+1HOAkJV5ghKTu2FatuhoSiWN9bdBNJYoRHaEA6GjkKiexm0wXH8FgrfRhEQh+u4FT9PZGhUMo09HVniNRQznsT8T+vk6jgsptRHieKcDx7KEgYVBGcpAX7VBCsWKoBYUH1XyEeIh2O0pkWdQj2/MqL0HTK9ln54ua8VK3mcRTAITgCJ8AGFVAF16AOGgCDB/AEXsCr8Wg8G2/G+6x1ychnDsCfMr6+ATCDovw=</latexit>

For	the	distribution	

Single	muon	

Single	muon	

For	the	distribution	hCei = �2�2n(1� n)
nhx2

ei
R2

0
<latexit sha1_base64="mX595odke7sAZBNvgb+y/YJSw5g="></latexit>

1.  How	well	can	we	measure											,													,	and						?	
2.  What	is	the	effect	of	nonlinearity,	voltage	errors	and	misalignment?	

hx2
ei

<latexit sha1_base64="pO0zpkTy+762RUWBOmu5LErgo7c=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JURZcFNy4r2Ac0MUymN+3QySTMTMQair/ixoUibv0Pd/6N08dCWw9cOHPOvcy9J0w5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVWSSQoNmvBEtkOigDMBDc00h3YqgcQhh1Y4uBr7rXuQiiXiVg9T8GPSEyxilGgjBfaBx4noccAPAdxVPTl5BHbZqTgT4EXizkgZzVAP7C+vm9AsBqEpJ0p1XCfVfk6kZpTDqORlClJCB6QHHUMFiUH5+WT7ET42ShdHiTQlNJ6ovydyEis1jEPTGRPdV/PeWPzP62Q6uvRzJtJMg6DTj6KMY53gcRS4yyRQzYeGECqZ2RXTPpGEahNYyYTgzp+8SJrVintaOb85K9dqsziK6BAdoRPkogtUQ9eojhqIokf0jF7Rm/VkvVjv1se0tWDNZvbRH1ifPycolQg=</latexit>

hy2i
<latexit sha1_base64="CGIEpfprgz8IJijEEv0k7A3kmBc=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSquiy4MZlBXuBNpbJdNIOnUzCzEQMoa/ixoUibn0Rd76N0zQLbf1h4OM/53DO/H7MmdKO822V1tY3NrfK25Wd3b39A/uw2lFRIgltk4hHsudjRTkTtK2Z5rQXS4pDn9OuP72Z17uPVCoWiXudxtQL8ViwgBGsjTW0qwOOxZhTlD40BjLHoV1z6k4utApuATUo1BraX4NRRJKQCk04VqrvOrH2Miw1I5zOKoNE0RiTKR7TvkGBQ6q8LL99hk6NM0JBJM0TGuXu74kMh0qloW86Q6wnark2N/+r9RMdXHsZE3GiqSCLRUHCkY7QPAg0YpISzVMDmEhmbkVkgiUm2sRVMSG4y19ehU6j7p7XL+8uas1mEUcZjuEEzsCFK2jCLbSgDQSe4Ble4c2aWS/Wu/WxaC1ZxcwR/JH1+QOnKpQx</latexit>

n
<latexit sha1_base64="VwLmBDpwatg5v1j+JcCJbiWFE6I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI8BLx4TMA9IljA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFSQ/bLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGtn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y+p146pSq+VxFOEETuEcPLiBGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2LuM9w==</latexit>

Bottom	line	
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Ey	=	0	

dEx

dx
= 0

<latexit sha1_base64="uvyl7/DliKgBFxg2k+pw2HFMOhg=">AAAB/XicbVDLSsNAFJ3UV62v+NgpMlgEVyWpoG6EQhFcVrAPaEOcTCbt0MkkzEykNQR/xY0LRdz6H+78AP/D6WOhrQcuHM65l3vv8WJGpbKsLyO3sLi0vJJfLaytb2xumds7DRklApM6jlgkWh6ShFFO6ooqRlqxICj0GGl6/erIb94TIWnEb9UwJk6IupwGFCOlJdfc6wQC4dSHV+4gS/1BBi+h5ZpFq2SNAeeJPSXFytlB9bt8eFdzzc+OH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx1fn8FjrfgwiIQuruBY/T2RolDKYejpzhCpnpz1RuJ/XjtRwYWTUh4ninA8WRQkDKoIjqKAPhUEKzbUBGFB9a0Q95COQ+nACjoEe/bledIol+zTknWj06iACfJgHxyBE2CDc1AB16AG6gCDB/AEXsCr8Wg8G2/G+6Q1Z0xndsEfGB8/pAKW6g==</latexit>

x	

Ex	
Quad	plate	

Quad	index	n	is	proportional	to	

Quad	Nonlinearity	
•  Er	is	not	simply	linear	in	x	
•  Index	n	and	dispersion	η	depend	on	x	
•  Quad	curvature	=>	quadratic	dependence	(sextupole-like)	
•  Sextupole	component	=>	amplitude	dependent	shift	of	the	closed	orbit	

dEx

dx
= 0

<latexit sha1_base64="uvyl7/DliKgBFxg2k+pw2HFMOhg=">AAAB/XicbVDLSsNAFJ3UV62v+NgpMlgEVyWpoG6EQhFcVrAPaEOcTCbt0MkkzEykNQR/xY0LRdz6H+78AP/D6WOhrQcuHM65l3vv8WJGpbKsLyO3sLi0vJJfLaytb2xumds7DRklApM6jlgkWh6ShFFO6ooqRlqxICj0GGl6/erIb94TIWnEb9UwJk6IupwGFCOlJdfc6wQC4dSHV+4gS/1BBi+h5ZpFq2SNAeeJPSXFytlB9bt8eFdzzc+OH+EkJFxhhqRs21asnBQJRTEjWaGTSBIj3Edd0taUo5BIJx1fn8FjrfgwiIQuruBY/T2RolDKYejpzhCpnpz1RuJ/XjtRwYWTUh4ninA8WRQkDKoIjqKAPhUEKzbUBGFB9a0Q95COQ+nACjoEe/bledIol+zTknWj06iACfJgHxyBE2CDc1AB16AG6gCDB/AEXsCr8Wg8G2/G+6Q1Z0xndsEfGB8/pAKW6g==</latexit>
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Quad	plates	

±1mm	

ΔVp	=	±	5%	V0	

Systematically	explore	dependence	of	E-field	and	Pitch	correction	on		
							field	and	alignment	errors	and	nonlinearity	with	simulation	
	

Q1	S	 Q1	L	 Q2	S	 Q3	S	 Q4	S	Q2	L	 Q3	L	 Q4	L	

22	November	2019	

There	are	24	combinations	of	displacement	errors.	Two	for	each	plate	and	4	plates	
There	are	24	combinations	of	voltage	errors.	Two	for	each	plate	and	4	plates	
		=>	256	combinations	of	displacement	and	voltage	errors		
	
For	each	quad	

D. Rubin              	 8	



Q1	S	 Q1	L	 Q2	S	 Q3	S	 Q4	S	Q2	L	 Q3	L	 Q4	L	

22	November	2019	

#1				d1s2s3s4V1s2s3s4	-		displacement	and	voltage	errors	for	all	inner/bottom/top/bottom	plates	the	same	

#2		d1s2a3a4V1s2a3a4	-		displacement	and	voltage	errors	on	Q2	all	equal	to	Q1,	on	Q3	and	Q4	opposite	to	Q1	

Q1	S	 Q1	L	 Q2	S	 Q3	S	 Q4	S	Q2	L	 Q3	L	 Q4	L	

#3	d1a2s3a4V1a2s3a4	-		displacement	and	voltage	errors	on	Q3	all	equal	to	Q1,	on	Q2	and	Q4	opposite	to	Q1	

Q1	S	 Q1	L	 Q2	S	 Q3	S	 Q4	S	Q2	L	 Q3	L	 Q4	L	

#4	d1a2s3a4V1s2a3a4	v-		disp	errors	Q3	=	Q1,	Q2	&	Q4	opposite	Q1.	volt	errors	Q2=Q1,	Q3	&	Q4	opposite	Q1	

Q1	S	 Q1	L	 Q2	S	 Q3	S	 Q4	S	Q2	L	 Q3	L	 Q4	L	

Q1	S	 Q1	L	 Q2	S	 Q3	S	 Q4	S	Q2	L	 Q3	L	 Q4	L	

#5	d1a2a3a4V1a2a3a4	-		displacement	and	voltage	errors	on	Q2,	Q3	and	Q4	opposite	Q1	

D. Rubin              	 9	
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Pitch	correction	–measured-truth	

#1	 #2	 #3	

#4	 #5	

Cp(meas) = �nyhy2i
2R2

0
<latexit sha1_base64="tPsUdQiMDSp7Aehd08RODuKlSSs="></latexit>

|Cp(meas)� Cp(truth)| < 10 ppb
<latexit sha1_base64="sUV/vqFuovDzFqmXYv/Mv0ZoKRw="></latexit>

(1280	configurations)	
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��  1.3 ppb
<latexit sha1_base64="zETezdjMpQ5020Lx3cJHE082yCc=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0isoseCHjxWsB/QhLDZTtulu0nY3Qgl9OrFv+LFgyJe/Qfe/Ddu2xy09cHA470ZZuZFKWdKu+63VVpZXVvfKG9WtrZ3dvfs/YOWSjJJoUkTnshORBRwFkNTM82hk0ogIuLQjkbXU7/9AFKxJL7X4xQCQQYx6zNKtJFCG/uKDQQJ/RvgmmCfA/acmo9zXwqcptEktKuu486Al4lXkCoq0AjtL7+X0ExArCknSnU9N9VBTqRmlMOk4mcKUkJHZABdQ2MiQAX57JMJPjFKD/cTaSrWeKb+nsiJUGosItMpiB6qRW8q/ud1M92/CnIWp5mGmM4X9TOOdYKnseAek0A1HxtCqGTmVkyHRBKqTXgVE4K3+PIyaZ05Xs25uDuv1utFHGV0hI7RKfLQJaqjW9RATUTRI3pGr+jNerJerHfrY95asoqZQ/QH1ucPt1eZEg==</latexit>
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22	November	2019	
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hx2

ei
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0
<latexit sha1_base64="exDaEd5mS/LzaoM+aBh5br5T5ps="></latexit>

|Ce(meas)� Ce(truth)| < 35 ppb
<latexit sha1_base64="Wva6S8piT3J4tjmEBRKx3O+EGVY="></latexit>
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<latexit sha1_base64="yCnrSoJdUkJgE9EKIMMVuO11Re4=">AAACCnicbVC7SgNBFJ31GeMramkzGgSrZddn7AJaWEYwD8iGMDu5mwyZmV1mZoWwpLbxV2wsFLH1C+z8GyePQhMPXDiccy/33hMmnGnjed/OwuLS8spqbi2/vrG5tV3Y2a3pOFUUqjTmsWqERANnEqqGGQ6NRAERIYd62L8e+fUHUJrF8t4MEmgJ0pUsYpQYK7ULB4FmXUHawQ1wQ3DAAZfci6sAZ4ESOEnCYbtQ9FxvDDxP/Ckpoikq7cJX0IlpKkAayonWTd9LTCsjyjDKYZgPUg0JoX3ShaalkgjQrWz8yhAfWaWDo1jZkgaP1d8TGRFaD0RoOwUxPT3rjcT/vGZqolIrYzJJDUg6WRSlHJsYj3LBHaaAGj6whFDF7K2Y9ogi1Nj08jYEf/bleVI7cf1T9/zurFguT+PIoX10iI6Rjy5RGd2iCqoiih7RM3pFb86T8+K8Ox+T1gVnOrOH/sD5/AFMPZlf</latexit>
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The	betatron	frequencies	of	the	
horizontal	and	vertical	motion	of	the	
centroids	=>	Qx,	Qy	

ny = Q2
y

nx = 1�Q2
x

<latexit sha1_base64="9OvGClNDI4xPPKh3RhkWlchOs9k="></latexit>
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Where																																										and			nx = 1�Q2
x

<latexit sha1_base64="unRb2AEqZBs96TQ12o1w6P9emvM=">AAAB9HicbVDLSsNAFL3xWeur6tLNYBHcWJJafCyEghuXLdgHtDFMppN26GQSZyalJfQ73LhQxK0f486/MU2DqPXAhcM593LvPW7ImdKm+WksLa+srq3nNvKbW9s7u4W9/aYKIklogwQ8kG0XK8qZoA3NNKftUFLsu5y23OHNzG+NqFQsEHd6ElLbx33BPEawTiRbOGN0jazTujO+LzuFolkyU6BFYmWkCBlqTuGj2wtI5FOhCcdKdSwz1HaMpWaE02m+GykaYjLEfdpJqMA+VXacHj1Fx4nSQ14gkxIaperPiRj7Sk18N+n0sR6ov95M/M/rRNq7tGMmwkhTQeaLvIgjHaBZAqjHJCWaTxKCiWTJrYgMsMREJznl0xCuZjj/fnmRNMsl66xUqVeK1WoWRw4O4QhOwIILqMIt1KABBB7gEZ7hxRgZT8ar8TZvXTKymQP4BeP9C+9hkQo=</latexit>

Systematic	uncertainty	due	to	quad	misalignment/voltage	errors	for	1280	configurations	

Efield	

Pitch	
Cp(meas) = �nyhy2i

2R2
0

<latexit sha1_base64="tPsUdQiMDSp7Aehd08RODuKlSSs="></latexit>

|Cp(meas)� Cp(truth)| < 10 ppb
<latexit sha1_base64="sUV/vqFuovDzFqmXYv/Mv0ZoKRw="></latexit>

Ce(meas) = �2�2nx(1� nx)
hx2

ei
R2

0
<latexit sha1_base64="exDaEd5mS/LzaoM+aBh5br5T5ps="></latexit>

|Ce(meas)� Ce(truth)| < 35 ppb
<latexit sha1_base64="Wva6S8piT3J4tjmEBRKx3O+EGVY="></latexit>

Where		 ny = Q2
y

<latexit sha1_base64="rO3CTBDlJJSPSDFJgUsn+BZtODY=">AAAB8HicbVDLSsNAFJ3UV42vVpdugkXoqiRVfCyEghuXLZhaaWOYTCft0JlJmJkIIfQr3LhQxK2f406/xklaRK0HLhzOuZd77wliSqSy7Q+jtLS8srpWXjc3Nre2dyrV3a6MEoGwiyIaiV4AJaaEY1cRRXEvFhiygOKbYHKZ+zf3WEgS8WuVxthjcMRJSBBUWrrlfnrR8dO7pl+p2Q27gLVInDmpteqfbjmumm2/8j4YRihhmCtEoZR9x46Vl0GhCKJ4ag4SiWOIJnCE+5pyyLD0suLgqXWolaEVRkIXV1ah/pzIIJMyZYHuZFCN5V8vF//z+okKz7yM8DhRmKPZojChloqs/HtrSARGiqaaQCSIvtVCYyggUjojswjhPMfJ98uLpNtsOEeN445OowVmKIN9cADqwAGnoAWuQBu4AAEGHsATeDaE8Wi8GK+z1pIxn9kDv2C8fQFPapJs</latexit>

xe =
�c

2⇡fcyc
�R0

<latexit sha1_base64="8w1JnWQW2BwMvv7SzYV7eIwmGkc="></latexit>

��  8.69 ppb
<latexit sha1_base64="yCnrSoJdUkJgE9EKIMMVuO11Re4=">AAACCnicbVC7SgNBFJ31GeMramkzGgSrZddn7AJaWEYwD8iGMDu5mwyZmV1mZoWwpLbxV2wsFLH1C+z8GyePQhMPXDiccy/33hMmnGnjed/OwuLS8spqbi2/vrG5tV3Y2a3pOFUUqjTmsWqERANnEqqGGQ6NRAERIYd62L8e+fUHUJrF8t4MEmgJ0pUsYpQYK7ULB4FmXUHawQ1wQ3DAAZfci6sAZ4ESOEnCYbtQ9FxvDDxP/Ckpoikq7cJX0IlpKkAayonWTd9LTCsjyjDKYZgPUg0JoX3ShaalkgjQrWz8yhAfWaWDo1jZkgaP1d8TGRFaD0RoOwUxPT3rjcT/vGZqolIrYzJJDUg6WRSlHJsYj3LBHaaAGj6whFDF7K2Y9ogi1Nj08jYEf/bleVI7cf1T9/zurFguT+PIoX10iI6Rjy5RGd2iCqoiih7RM3pFb86T8+K8Ox+T1gVnOrOH/sD5/AFMPZlf</latexit>

��  1.3 ppb
<latexit sha1_base64="zETezdjMpQ5020Lx3cJHE082yCc=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0isoseCHjxWsB/QhLDZTtulu0nY3Qgl9OrFv+LFgyJe/Qfe/Ddu2xy09cHA470ZZuZFKWdKu+63VVpZXVvfKG9WtrZ3dvfs/YOWSjJJoUkTnshORBRwFkNTM82hk0ogIuLQjkbXU7/9AFKxJL7X4xQCQQYx6zNKtJFCG/uKDQQJ/RvgmmCfA/acmo9zXwqcptEktKuu486Al4lXkCoq0AjtL7+X0ExArCknSnU9N9VBTqRmlMOk4mcKUkJHZABdQ2MiQAX57JMJPjFKD/cTaSrWeKb+nsiJUGosItMpiB6qRW8q/ud1M92/CnIWp5mGmM4X9TOOdYKnseAek0A1HxtCqGTmVkyHRBKqTXgVE4K3+PIyaZ05Xs25uDuv1utFHGV0hI7RKfLQJaqjW9RATUTRI3pGr+jNerJerHfrY95asoqZQ/QH1ucPt1eZEg==</latexit>

D. Rubin              	 16	
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Pitch	Measurement	

•  Measure	vertical	position	of	decay	muon	by	reconstructing	trajectory	of	
positron	in	straw	tracker	

•  All	muons	=>	<y2>		
•  <y(t)>			=>	vertical	tune	and			

	

n = Q2
y

<latexit sha1_base64="Oh1Z9IGlUHAxzR6hgqyqKWGxkgI=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0YtQ8OKxBfsB7VqyabYNzSZrkhWWpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dldW19Y7OwVdze2d3bLx0ctrRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8e3Ubz9RpZkU9yaNqR/hoWAhI9hYqSNuUKOfPlT7pbJbcWdAy8TLSRly1Pulr95AkiSiwhCOte56bmz8DCvDCKeTYi/RNMZkjIe0a6nAEdV+Nrt3gk6tMkChVLaEQTP190SGI63TKLCdETYjvehNxf+8bmLCaz9jIk4MFWS+KEw4MhJNn0cDpigxPLUEE8XsrYiMsMLE2IiKNgRv8eVl0qpWvPPKZeOiXKvlcRTgGE7gDDy4ghrcQR2aQIDDM7zCm/PovDjvzse8dcXJZ47gD5zPHw2Fj1M=</latexit>

For us (60h): 
σy ∼ 12.5 mm, y2 ~ 150 mm2

Cp ∼ 160 ppb 

hCpi = �nhy2i
2R2

0
<latexit sha1_base64="2wAGDXzn9J7ujYBJ64uZ7ct6H/o=">AAACIHicbZBNS8MwGMdTX+d8q3r0EhyCF0dblXkRBrt4nOJeYN1KmqVbWJqWJBVK2Ufx4lfx4kERvemnMdsq6OYDgR////Mkef5+zKhUlvVpLC2vrK6tFzaKm1vbO7vm3n5TRonApIEjFom2jyRhlJOGooqRdiwICn1GWv6oNvFb90RIGvE7lcakG6IBpwHFSGnJMysuQ3zACKx5sStmeHXqBgLhjP94ac/JvXHm3HpWzxl7ZskqW9OCi2DnUAJ51T3zw+1HOAkJV5ghKTu2FatuhoSiWN9bdBNJYoRHaEA6GjkKiexm0wXH8FgrfRhEQh+u4FT9PZGhUMo09HVniNRQznsT8T+vk6jgsptRHieKcDx7KEgYVBGcpAX7VBCsWKoBYUH1XyEeIh2O0pkWdQj2/MqL0HTK9ln54ua8VK3mcRTAITgCJ8AGFVAF16AOGgCDB/AEXsCr8Wg8G2/G+6x1ychnDsCfMr6+ATCDovw=</latexit>

σy = 12.8 mm

60h
(Uncorrected)

J.	Mott	
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Tracker	systematics	
•  Alignment	

o  External	Alignment	
o  Internal	Alignment	
o  Detector	curvature	
o  Straw	angle	alignment	

•  Tracking	algorithm	
o  Time	to	distance	
o  t0	offset	
o  Material	Density	
o  Track	finding	
o  Measurement	resolution	

•  Cross-talk	
•  Lost	muons	

•  Tracking	resolution	
•  Beam	spot	resolution	
•  Tracker	Acceptance	
•  Calo	acceptance	
	

A	small	fraction	of	the	muons	that	contribute	to	
measurement	of	ωa	generate	tracker	hits	

J.	Mott	



•  Uncertainty	excluding	acceptance	is	~10	ppb	

•  Acceptance	correction	itself	will	be	less	than	20	ppb	with	small	error	

•  Simulation/Model	uncertainty	is	also	10	ppb	

•  Total	correction	expected	to	be	~160	±	15	ppb.	

•  Misalignment/voltage	error	~	2	ppb	

Uncertainties	Summary:	

22	November	2019	 D. Rubin              	 19	

Systematic Cp systematic [ppb]
Tracking 8.6
Vertex Resolution 3

Total 9.1

J.	Mott	
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22	November	2019	 D. Rubin              	 21	

Efield	correction	measurement	

Extract	momentum	distribution	(or	equivalently	equilibrium	radial	
distribution)	from	fast	rotation	signal	

hCei = �2�2n(1� n)
nhx2

ei
R2

0
<latexit sha1_base64="mX595odke7sAZBNvgb+y/YJSw5g="></latexit>

•  Fourier	method		
•  CERN	III	(χ2)	method	

The	fast	rotation	signal	is	comprised	of	all	
calo	hits	above	threshold	
						No	acceptance	correction	required		
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Figure 3: Fast rotation signal as a function of time as seen by all the calorimeters combined

for the Run–1 60–hour data set for the time ranges: (a) 4-5, (b) 4-14, (d) 4-54, (e) 4-104,

(f) 4-204 and (g) 4-504 µs with respect to the beam injection. The time interval is 1 ns. The

modulation with a 35 µs period corresponds to the beam partially and slowly re-bunching

due to its asymmetric momentum distribution. This could potentially also be a sign of

time-momentum correlation in the incoming beam profile.
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Figure 3: Fast rotation signal as a function of time as seen by all the calorimeters combined

for the Run–1 60–hour data set for the time ranges: (a) 4-5, (b) 4-14, (d) 4-54, (e) 4-104,

(f) 4-204 and (g) 4-504 µs with respect to the beam injection. The time interval is 1 ns. The

modulation with a 35 µs period corresponds to the beam partially and slowly re-bunching

due to its asymmetric momentum distribution. This could potentially also be a sign of

time-momentum correlation in the incoming beam profile.

7

Two	methods	
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Monte Carlo

• Monte Carlo simulation for a Gaussian frequency distribution and longitudinal 
beam profile.

�3

Ŝ(!) =

Z tm

ts

S(t) cos[!(t� t0)]dt
<latexit sha1_base64="FXundBjeTDZOoFYtqxo6fdf5pgI=">AAACInicbVDLSgMxFM34tr6qLt0Ei9AuLDM+UBdCwY1LRatCZxwyadqG5jEkd4Qy9Fvc+CtuXCjqSvBjTB8LXwcSDuecS3JPkgpuwfc/vInJqemZ2bn5wsLi0vJKcXXtyurMUFanWmhzkxDLBFesDhwEu0kNIzIR7Drpngz86ztmLNfqEnopiyRpK97ilICT4uJR2CGAL8qhlqxNKschVxDnENv+rbtl31lQCam2jVGiDNsQ+5WoCXGx5Ff9IfBfEoxJCY1xFhffwqammWQKqCDWNgI/hSgnBjgVrF8IM8tSQrukzRqOKiKZjfLhin285ZQmbmnjjgI8VL9P5ERa25OJS0oCHfvbG4j/eY0MWodRzlWaAVN09FArExg0HvSFm9wwCqLnCKGGu79i2iGGUHCtFlwJwe+V/5KrnWqwW90/3yvVauM65tAG2kRlFKADVEOn6AzVEUX36BE9oxfvwXvyXr33UXTCG8+sox/wPr8AUN+jhg==</latexit>

At										,	beam	is	maximally	bunched.		As															,	muons	distributed	uniformly	around	ring				t = 0
<latexit sha1_base64="QCqTC9TybdEkcHLtYzPJBmhWkuE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QC9CwIvHiOYByRJmJ7PJkNnZZaZXCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9up33ri2ohYPeI44X5EB0qEglG00gPeuL1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOqdVy/vLyq1Wh5HEY7gGE7BgyuowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A0gWNfg==</latexit>

t ! 1
<latexit sha1_base64="qwxFY3VmSeJLS1iyHlaRgHU982A=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclcQHuiy4cVnBPqAJZTKdtEMnM2HmRi2hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPlApuwPO+nZXVtfWNzdJWeXtnd2/fPai0jMo0ZU2qhNKdiBgmuGRN4CBYJ9WMJJFg7Wh0M/XbD0wbruQ9jFMWJmQgecwpASv13AoEmg+GQLRWjwGXMYx7btWreTPgZeIXpIoKNHruV9BXNEuYBCqIMV3fSyHMiQZOBZuUg8ywlNARGbCupZIkzIT57PYJPrFKH8dK25KAZ+rviZwkxoyTyHYmBIZm0ZuK/3ndDOLrMOcyzYBJOl8UZwKDwtMgcJ9rRkGMLSFUc3srpkOiCQUbV9mG4C++vExaZzX/vHZ5d1Gt14s4SugIHaNT5KMrVEe3qIGaiKIn9Ixe0ZszcV6cd+dj3rriFDOH6A+czx/sN5UD</latexit>

S(t)	is	symmetric	about		t = 0
<latexit sha1_base64="QCqTC9TybdEkcHLtYzPJBmhWkuE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QC9CwIvHiOYByRJmJ7PJkNnZZaZXCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9up33ri2ohYPeI44X5EB0qEglG00gPeuL1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOqdVy/vLyq1Wh5HEY7gGE7BgyuowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A0gWNfg==</latexit>

J.	Fagin	

Fourier	method	
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Figure 3: Fast rotation signal as a function of time as seen by all the calorimeters combined

for the Run–1 60–hour data set for the time ranges: (a) 4-5, (b) 4-14, (d) 4-54, (e) 4-104,

(f) 4-204 and (g) 4-504 µs with respect to the beam injection. The time interval is 1 ns. The

modulation with a 35 µs period corresponds to the beam partially and slowly re-bunching

due to its asymmetric momentum distribution. This could potentially also be a sign of

time-momentum correlation in the incoming beam profile.
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Figure 3: Fast rotation signal as a function of time as seen by all the calorimeters combined

for the Run–1 60–hour data set for the time ranges: (a) 4-5, (b) 4-14, (d) 4-54, (e) 4-104,

(f) 4-204 and (g) 4-504 µs with respect to the beam injection. The time interval is 1 ns. The

modulation with a 35 µs period corresponds to the beam partially and slowly re-bunching

due to its asymmetric momentum distribution. This could potentially also be a sign of

time-momentum correlation in the incoming beam profile.
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Figure 3: Fast rotation signal as a function of time as seen by all the calorimeters combined

for the Run–1 60–hour data set for the time ranges: (a) 4-5, (b) 4-14, (d) 4-54, (e) 4-104,

(f) 4-204 and (g) 4-504 µs with respect to the beam injection. The time interval is 1 ns. The

modulation with a 35 µs period corresponds to the beam partially and slowly re-bunching

due to its asymmetric momentum distribution. This could potentially also be a sign of

time-momentum correlation in the incoming beam profile.
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Figure 4: Fast rotation signal as a function of time as seen by all the calorimeters combined

for the Run–1 60–hour data set for the time ranges 0-10 µs with respect to the beam injection.

The time interval is 1 ns.

4 Nominal analysis

This section will detail the nominal analysis of the Run–1 60–hour data set. Section 6 and 7

will present respectively the statistical and systematic uncertainties estimation. The details

of the analysis can be found in [1].

4.1 Choice of the ts parameter

The ts parameter is the start time of the analysis. The ideal case would be ts = t0 where t0

corresponds to the time when the centroid of the longitudinal profile of the beam is detected

by calorimeter #1 right after injection (first turn of the beam into the ring). This ideal

scenario is unfortunately not possible for two reasons. The first is the saturation of the

calorimeter electronics during the first µs of the fill due to the high intensity of the incoming

beam. The second is the contamination by beam-line positrons of the incoming muon beam.

The positrons are lost due to synchrotron radiation after about 3-4 µs. Figure 4 shows the

fast rotation signal for the first 10 µs. The first µs is not available due to the saturation,

and the signal stabilizes at 3-4 µs after the positrons are lost. The ts value, because of the

reasons explained above, is set to ts = 4 µs. This value is slightly optimized such as the

optimized ts value corresponds to the fast rotation signal intensity of 1. This is done in order

to minimize the e↵ect from spectral leakage (see [1] Sec. 7.1 and 7.2). The optimized value

is ts = 3.9725 µs.

8

First	4	µs	contaminated	by	positrons	-			 ts > 4µs
<latexit sha1_base64="tHJK7db6IaoPdr6aQShyGuWdP6Y=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqexqRU9S8OKxgv2A7lKyabYNTbJLMhFK6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPz4kxwA77/7RXW1jc2t4rbpZ3dvf2D8uFRy6RWU9akqUh1JyaGCa5YEzgI1sk0IzIWrB2P7mZ++4lpw1P1COOMRZIMFE84JeCkEHoG3+JaKC02vXLFr/pz4FUS5KSCcjR65a+wn1IrmQIqiDHdwM8gmhANnAo2LYXWsIzQERmwrqOKSGaiyfzmKT5zSh8nqXalAM/V3xMTIo0Zy9h1SgJDs+zNxP+8roXkJppwlVlgii4WJVZgSPEsANznmlEQY0cI1dzdiumQaELBxVRyIQTLL6+S1kU1uKxePdQq9XoeRxGdoFN0jgJ0jeroHjVQE1GUoWf0it486714797HorXg5TPH6A+8zx+aPpDA</latexit>

A.	Chapelain	
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Antoine Chapelain 20 juin 2014               10Antoine Chapelain May 30, 2019               10Fast rotation status

Cornell Fourier: example with toy MC

Cornell Fourier implementation: 
correct for the so-called “background” 
(caused by missing early time) via a 
direct background $t.

“background” = size bands region 
outside of the main peak

A.	Chapelain	
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The	Cornell	Fast	Rotation	Fourier	analysis	has	been	done	on	3	data	set:	
	
60-hour				link	to	the	analysis	note:	
https://gm2-docdb.fnal.gov/cgi-bin/private/ShowDocument?docid=19150	
	
9-day								link	to	the	analysis	note:	
https://gm2-docdb.fnal.gov/cgi-bin/private/ShowDocument?docid=19252	
	
End-game				link	to	the	analysis	note:	
https://gm2-docdb.fnal.gov/cgi-bin/private/ShowDocument?docid=19258	
	

Analysis	of	High	Kick	in	progress	
	

The	above	will	be	amended	with	analysis	by	run	number		
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How	do	we	convince	ourselves	that	the	Fourier	method	is	giving	
us	the	right	answer?	
	
So	far	we	only	know	that	it	works	for	Toy	MC	data	
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Simulation	with	gm2ringsim	

•  109	muons	thrown	at	ring	
•  Equilibrium	radius	(truth)	measured	at	tracking	planes	
•  Fast	rotation	signal	is	calo	hits	



Mean			
5.00+/-0.00498	
5.03+/-0.00591		
5.06+/-0.00752	
	
Width			
8.28+/-0.00352		
8.28+/-0.00418		
8.28+/-0.00532	
	
	

Means	are	different	5.060	➝	4.35.		
but	shape	comparison	looks		good.		

e+	>	1.5	
GeV	

Cornell	FR	reconstruction	
from	decay	positrons	in	
calorimeters	(	4<	t	<	150	𝝻s	)	

From	tracking	planes	at	t>30	µs	
	
	xe = Rmagic

�p

pmagic(1� n)
<latexit sha1_base64="gB1lSbx7bd0NzUkiR6j7BfrQz7g=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiDEg2HGBb0IAT14jGIWSMLQ06lJmvT0DN09YhjmL7z4K148KOJVb/6NnUXQxAcFj/eqqKrnRZwpbdtfVmZufmFxKbucW1ldW9/Ib27VVBhLClUa8lA2PKKAMwFVzTSHRiSBBB6Hute/GPr1O5CKheJWDyJoB6QrmM8o0UZy86V7F/A5vnETYzCatnxJaNK6BK4JjtIk+jGKzoHYT918wS7ZI+BZ4kxIAU1QcfOfrU5I4wCEppwo1XTsSLcTIjWjHNJcK1YQEdonXWgaKkgAqp2M/krxnlE62A+lKaHxSP09kZBAqUHgmc6A6J6a9obif14z1v5ZO2EiijUIOl7kxxzrEA9Dwh0mgWo+MIRQycytmPaISUabKHMmBGf65VlSOyw5R6WT6+NCuTyJI4t20C4qIgedojK6QhVURRQ9oCf0gl6tR+vZerPex60ZazKzjf7A+vgGf6Gfgg==</latexit>
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Average	Radius	<R>		from	Tracking	planes	for	t	>	30	𝝻s.	
		

Averaged	over	all	planes	<R>	~	5.6	mm	
	

	Plane	0	Mean	
	5.73	+/-	0.0057	
	5.76	+/-	0.0068		
	5.80	+/-	0.0086	

	Plane	2	Mean	
	5.57	+/-	0.0058		
	5.59	+/-	0.0069		
	5.62	+/-	0.0088	

	Plane	1	Mean	
	5.25+/-0.0059		
	5.29+/-0.0070		
	5.34+/-0.0089	
		

	Plane	3	Mean	
	6.039	+/-	0.0057		
	6.049	+/-	0.0067		
	6.071	+/-	0.0085	
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Compare	Frequency	Spectrum		

Tracking	
Plane	0	
(all	look	
the	same)		
	
	
	
	
	
Fast	
Rotation	
Extraction	

e+	>	1.5	GeV	 e+	>	1.0	GeV	 e+	>	0.5	GeV	

6699.66+/-0.0063	6699.62+/-0.0080	 6699.68+/-0.0053	

6700.94+/-0.80	
	

6700.99+/-0.80	 6700.91+/-0.80	
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``Statistical	Error”	on	FR	extraction	

73	random	variations	over	same	
input	data	
	
Average	Mean	=	4.35	+/-	0.021	
Width	of	Mean	=	0.17	+/-	0.019	
	
Average	Width	=	8.84	+/-	0.030	
Width	of	Width	=	0.22	+/-	0.023	
	
Difference	between	truth	and	FR		
reconstruction	is	significant.	
	
	
	

h
Entries  73
Mean    4.341
RMS     0.163

 / ndf 2χ  3.724 / 6
Prob   0.714
Constant  2.63± 16.41 
Mean      0.021± 4.349 
Sigma     0.019± 0.167 

Eq. Radius (mm)
4 4.2 4.4 4.6 4.8 50
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h
Entries  73
Mean    4.341
RMS     0.163

 / ndf 2χ  3.724 / 6
Prob   0.714
Constant  2.63± 16.41 
Mean      0.021± 4.349 
Sigma     0.019± 0.167 

Equilibrium Radius
hw

Entries  73
Mean    8.849
RMS    0.2142

 / ndf 2χ  6.027 / 7
Prob   0.5366
Constant  1.91± 12.36 
Mean      0.030± 8.839 
Sigma     0.0232± 0.2178 

Eq. Width (mm)
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RMS    0.2142

 / ndf 2χ  6.027 / 7
Prob   0.5366
Constant  1.91± 12.36 
Mean      0.030± 8.839 
Sigma     0.0232± 0.2178 

Equilibrium Width
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Maximal	Error?			
How	does	the	deviation	between	the	fast	rotation	analysis	and	the	“truth”	
from	the	tracking	planes	bias	the	E-field	correction?		(n	=	0.108)	

		FR	➔	365	ppb	
- Mean	4.35		
- Width	8.78	

		

	TRUTH	➔	358	ppb			
- Mean	5.06		
- Width	8.28	

	

Deviation	is	7	ppb	

CE = �2n(n� 1)�2

R2
magic

hx2
ei

<latexit sha1_base64="zx76dMeCrxqd8Q711gJHsCYJqx4="></latexit>

hx2
ei = hxei2 + �2

e
<latexit sha1_base64="cQlRw5lsiSgiuPDYsLDxyhsMdPo=">AAACH3icbVDLSgMxFM3UV62vqks3wSIIQpmpz41QcOOygn1AZzpk0ts2NJMZkoxYSv/Ejb/ixoUi4q5/Y9rOorYeCJyccy7JPUHMmdK2PbYyK6tr6xvZzdzW9s7uXn7/oKaiRFKo0ohHshEQBZwJqGqmOTRiCSQMONSD/t3Erz+BVCwSj3oQgxeSrmAdRok2kp+/cjkRXQ742YdWyZWzyy2ek1OxVTpzFeuGZBL08wW7aE+Bl4mTkgJKUfHzP247okkIQlNOlGo6dqy9IZGaUQ6jnJsoiAntky40DRUkBOUNp/uN8IlR2rgTSXOExlN1fmJIQqUGYWCSIdE9tehNxP+8ZqI7N96QiTjRIOjsoU7CsY7wpCzcZhKo5gNDCJXM/BXTHpGEalNpzpTgLK68TGqlonNevHy4KJTLaR1ZdISO0Sly0DUqo3tUQVVE0Qt6Qx/o03q13q0v63sWzVjpzCH6A2v8CwKoolU=</latexit>
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R.	Fatemi	

Fortuitous?	
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Monte Carlo

• Monte Carlo simulation for a Gaussian frequency distribution and longitudinal 
beam profile.

�3

Ŝ(!) =

Z tm

ts

S(t) cos[!(t� t0)]dt
<latexit sha1_base64="FXundBjeTDZOoFYtqxo6fdf5pgI=">AAACInicbVDLSgMxFM34tr6qLt0Ei9AuLDM+UBdCwY1LRatCZxwyadqG5jEkd4Qy9Fvc+CtuXCjqSvBjTB8LXwcSDuecS3JPkgpuwfc/vInJqemZ2bn5wsLi0vJKcXXtyurMUFanWmhzkxDLBFesDhwEu0kNIzIR7Drpngz86ztmLNfqEnopiyRpK97ilICT4uJR2CGAL8qhlqxNKschVxDnENv+rbtl31lQCam2jVGiDNsQ+5WoCXGx5Ff9IfBfEoxJCY1xFhffwqammWQKqCDWNgI/hSgnBjgVrF8IM8tSQrukzRqOKiKZjfLhin285ZQmbmnjjgI8VL9P5ERa25OJS0oCHfvbG4j/eY0MWodRzlWaAVN09FArExg0HvSFm9wwCqLnCKGGu79i2iGGUHCtFlwJwe+V/5KrnWqwW90/3yvVauM65tAG2kRlFKADVEOn6AzVEUX36BE9oxfvwXvyXr33UXTCG8+sox/wPr8AUN+jhg==</latexit>

At										,	beam	is	maximally	bunched.		As															,	muons	distributed	uniformly	around	ring				t = 0
<latexit sha1_base64="QCqTC9TybdEkcHLtYzPJBmhWkuE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QC9CwIvHiOYByRJmJ7PJkNnZZaZXCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9up33ri2ohYPeI44X5EB0qEglG00gPeuL1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOqdVy/vLyq1Wh5HEY7gGE7BgyuowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A0gWNfg==</latexit>

t ! 1
<latexit sha1_base64="qwxFY3VmSeJLS1iyHlaRgHU982A=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclcQHuiy4cVnBPqAJZTKdtEMnM2HmRi2hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPlApuwPO+nZXVtfWNzdJWeXtnd2/fPai0jMo0ZU2qhNKdiBgmuGRN4CBYJ9WMJJFg7Wh0M/XbD0wbruQ9jFMWJmQgecwpASv13AoEmg+GQLRWjwGXMYx7btWreTPgZeIXpIoKNHruV9BXNEuYBCqIMV3fSyHMiQZOBZuUg8ywlNARGbCupZIkzIT57PYJPrFKH8dK25KAZ+rviZwkxoyTyHYmBIZm0ZuK/3ndDOLrMOcyzYBJOl8UZwKDwtMgcJ9rRkGMLSFUc3srpkOiCQUbV9mG4C++vExaZzX/vHZ5d1Gt14s4SugIHaNT5KMrVEe3qIGaiKIn9Ixe0ZszcV6cd+dj3rriFDOH6A+czx/sN5UD</latexit>

S(t)	is	symmetric	about		t = 0
<latexit sha1_base64="QCqTC9TybdEkcHLtYzPJBmhWkuE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QC9CwIvHiOYByRJmJ7PJkNnZZaZXCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9up33ri2ohYPeI44X5EB0qEglG00gPeuL1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOqdVy/vLyq1Wh5HEY7gGE7BgyuowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A0gWNfg==</latexit>

Fourier	method	assumes	symmetry	about	t0	
	
Time-momentum	correlation	in	injected	distribution	breaks	symmetry	
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r = 0.5%

• We now add a linear correlation which we call r between the beam profile and the 
frequency distribution. 


• For a 0.5% correlation, notice that the FRS goes up first as the tail of the beam 
catches up with the head of the beam because it is going faster around the ring

�4

Suppose	for	example,	that	the	average	momentum	at	the	head	of	the	bunch	is	high	
–	and	the	average	momentum	at	the	tail	is	low.	
	
Then	as	the	tail	catches	up	with	the	head	the	distribution	becomes	more	bunches	
Extension	to	negative	times	will	not	be	symmetric	about	0	

J.Fagin	

Maximal	bunching	
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* = +y.yyyyy
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T.	Barrett	
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* = −y.yyR8y
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T.	Barrett	
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Evidently	the	Fourier	method	is	not	robust	to	time-momentum	correlation		
in	the	distribution	
	
Correlation	is	introduced	by	the	kicker	
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- From COSY-based storage ring simulations, recreate momentum-time beam 
structure at injection of muons that survive at t~30 microsec

- From t=0 to t~30 microsec, muons receive kick at kicker stations and undergo 
scraping (2 collimators inserted at C08/C09 and C10/C11, EQS mis-powering…) 

- Simulation starts at t=0 with D. Rubin’s post-inflector beam distribution (GM2-doc-
11703)

- t-distribution based on H. Binney’s g2doc-11208

- Kickers max strength at ~75% of ideal, pulse based on C. Stoughton’s g2doc11571. In 
simulations, beam’s longitudinal center is matched with max. kicker signal strength 
at K2 (i.e. no “beam-kicker” time offset)

2

v2 results

Initial time structure from average of 8 bunches

9

v2 results

Correlation factor = !"#/%&'%&(= 0.125418 8

dp
/p

0

D.	Tarazona	

Kicker	pulse	

Temporal	distribution	of	injected	pulse	

Average	Δp/p	
vs	time	



22	November	2019	 D. Rubin              	 40	

40− 30− 20− 10− 0 10 20 30 40

Radius [mm]

0

0.2

0.4

0.6

0.8

1

Ar
bi

tra
ry

 u
ni

ts

 = 5.20 mmex

 = 10.84 mmσ

 = -550 ppb  E  C

Truth level

 = 5.79 mmex

 = 10.71 mm σ 
 = -564 ppb     E      C

0

1000

2000

3000

4000

5000

6000

Frequency-Beam Correlation

60− 40− 20− 0 20 40 60
Time Offset (ns)

6640

6660

6680

6700

6720

6740

6760

6780

Fr
eq

ue
nc

y 
(k

Hz
) corr_pfx

Entries  9973658

Mean  0.0004246− 

Mean y    6700

Std Dev     24.67

Std Dev y   10.09

 / ndf 2χ  148.1 / 146
p0        0.0±  6700 
p1        0.000220± 0.001846 
p2        0.0000039±0.0007312 − 
p3       07− 1.037e±05 −1.129e− 

Frequency-Beam Correlation
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D.	Tarazona	
T.	Barrett	
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T.	Barrett	
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f(t) = p0 + p1t+ p2t
2 + p3t

3

*Q2{+B2Mi *Pau "J�. ;Kk`BM;bBK
p3 (F>x/Mb3) �5.6(9)⇥ 10�6 �1.9(1)⇥ 10�5 �1.13(6)⇥ 10�5

p2 (F>x/Mb2) �1.26(3)⇥ 10�3 �8.8(4)⇥ 10�4 �7.3(2)⇥ 10�4

p1 (F>x/Mb) �3.2(3)⇥ 10�2 +4.7(3)⇥ 10�2 +1.8(1)⇥ 10�3

p0 (F>x) +6703.33(5) +6700.76(6) +6699.97(3)

•  Time-momentum	correlation	introduces	systematic	error	in	Fourier	method	
•  The	correlation	will	depend	on	kicker	parameters	
•  Modeling	the	correlation	may	be	problematic	
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60-hour		summary	

xe = 6.11± 0.01(stat)± 0.36(syst) mm

� = 9.21± 0.01(stat)± 0.33(syst) mm

CE = �463± 1(stat)± 27(syst) ppb
<latexit sha1_base64="6BiqTabmJjMKIoO9EJKHDn3V2Gg="></latexit>

Fourier	Fast	rotation	analysis		

Alignment/voltage		systematic				
																								

±8.7 (misalignment syst) ppb
<latexit sha1_base64="gzIiTQB8z/iHdK1d2N+y4RrVTvY=">AAACF3icbVDLSgMxFM34rPVVdamLYBHqZphRpF24KLhxWcE+oFNKJk3b0CQTkoxQhn5DN278FTeCirjVnR/i3nTahbYeuHA4597k3hNKRrXxvC9naXlldW09s5Hd3Nre2c3t7dd0FCtMqjhikWqESBNGBakaahhpSEUQDxmph4OriV+/I0rTSNyaoSQtjnqCdilGxkrtnBtIDktuMYCFJFAccqoRoz3BiTAB1ENtRqcBTC0pw1E7l/dcLwVcJP6M5MtH46Dw/TyutHOfQSfC8eQ5zJDWTd+TppUgZShmZJQNYk0kwgPUI01LBeJEt5L0rhE8sUoHdiNlSxiYqr8nEsS1HvLQdnJk+nrem4j/ec3YdEuthAoZGyLw9KNuzKCJ4CQk2KGKYMOGliCsqN0V4j5SCBsbZdaG4M+fvEhqZ65/7l7c2DQuwRQZcAiOQQH4oAjK4BpUQBVgcA8ewQt4dR6cJ+fNeZ+2LjmzmQPwB87HD4tFoqc=</latexit>

Correlation		

±80 (correlation syst) ppb
<latexit sha1_base64="MVq5VgXTJlDueHiGfsWHljrG6jE=">AAACFXicbVC7SgNBFJ2Nrxhfq5ZaDAYhgoRdRUxhEbCxjGAekA1hdjJJhszsDjOzwrLsNwRs/BUbC4PYCnZ+iL2TTQqNHrhwOOde7r3HF4wq7TifVm5peWV1Lb9e2Njc2t6xd/caKowkJnUcslC2fKQIowGpa6oZaQlJEPcZafqj66nfvCdS0TC407EgHY4GAe1TjLSRuvapJzisOB4sJZ7kEIdSEpZ5HlSx0umJBzNHCD/t2kWn7GSAf4k7J8Xq4dgrfU3Gta794fVCHHESaMyQUm3XEbqTIKkpZiQteJEiAuERGpC2oQHiRHWS7KsUHhulB/uhNBVomKk/JxLElYq5bzo50kO16E3F/7x2pPuVTkIDEWkS4NmifsSgDuE0ItijkmDNYkMQltTcCvEQSYS1CbJgQnAXX/5LGmdl97x8cWvSuAIz5MEBOAIl4IJLUAU3oAbqAIMH8ARewMR6tJ6tV+tt1pqz5jP74Bes9287haH4</latexit>
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Summary	
	
E-field	
	
•  Correlation	systematic	dominates	uncertainty	of	E-field	contribution	
•  We	are	exploring	refinements	to	Fourier	method	to	mitigate	effects	of	correlation	
•  Redefine	t0	to	peak	of	fast	rotation	signal	(maximal	bunching	point)	?	

•  χ2			method?	Parameterize	initial	distribution	and	fit	to	S(t).		
							Correlation	can	be	included	in	that	parameterization	

Or	perhaps	a	hybrid	of	Fourier	and	χ2			method?		

Pitch	
•  Effects	of	misalignments	are	small	
•  Remaining	uncertainty	dominated	by	relative	acceptance	
												In	progress	



Average	over	all	φ for	a	
given	amplitude	a		

22	November	2019	 46	

y =
p

a� cos�

 =  0 sin� =

r
a

�
sin�

h 2(a)i� =
1

2
 2
0(a) =

hy2(a)i�
�2

<latexit sha1_base64="YZ9Pdl7YJ95N9lSUe2L7wnt4CFg="></latexit>

Assumes	linearity	

�(y) =
R0p
n(y)

<latexit sha1_base64="7TmSW60wcMqJERNIYkBYgx6MvuA=">AAACCnicbVC7SgNBFJ31GeMramkzGoTYhF0ttBGCNpZRzAOyIcxOZpMhs7PrzF0hLFvb5CP8ARsLRWz9Ajs/w8bayaPQxAMXDufcy733eJHgGmz705qbX1hcWs6sZFfX1jc2c1vbVR3GirIKDUWo6h7RTHDJKsBBsHqkGAk8wWpe72Lo1+6Y0jyUN9CPWDMgHcl9TgkYqZXbcz0GpNA/xGeurwhNrlt2mrj6VkEijZymrVzeLtoj4FniTEi+dF74Jl+Dh3Ir9+G2QxoHTAIVROuGY0fQTIgCTgVLs26sWURoj3RYw1BJAqabyeiVFB8YpY39UJmSgEfq74mEBFr3A890BgS6etobiv95jRj802bCZRQDk3S8yI8FhhAPc8FtrhgF0TeEUMXNrZh2iUkETHpZE4Iz/fIsqR4VneOifWXSKKExMmgX7aMCctAJKqFLVEYVRNE9ekTP6MUaWE/Wq/U2bp2zJjM76A+s9x8chJ5N</latexit>

|Cp| <
nhy2i
2R2

0
<latexit sha1_base64="JFo62nVbkjJvpyOj4RGo6Ge4/Mo="></latexit>

We	know	that	the	effective	quad	index	decreases	with	amplitude	y	

D. Rubin              	
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