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𝐸  or 𝐵

Ԧ𝑆

𝜔Stronger the 𝐸 or 𝐵-field, stronger will the spin 

precess.

This could be an ‘electric dipole moment (EDM)’

or ‘magnetic dipole moment (MDM)’.

The dipole moment (in this context) is a measure of how much the spin of a  particle 

would precess in presence of a given electric or magnetic field.

Similarly, higher the value of its intrinsic EDM or 

MDM, faster will be the spin precession!



Motivation for EDM Search

A non-zero EDM implies P and T symmetry violation.

If there exists a permanent EDM, assuming CPT is invariant, then CP must also be violated!

− 𝑑 .  𝐸  =  𝐻𝐸𝐷𝑀

C odd

P even

T odd
C odd

P odd

T even

P odd

T odd

CT odd

CP odd

The CP violation could explain the matter anti-matter 

asymmetry we observe in the Universe.



M oti v ati o n f or m e as uri ng  m u o n’s   E D M

• E D M of a m u o n is h e a vil y s u p pr ess e d i n t h e St a n d ar d M o d el  ( ~ 1 0 -3 8 )
u nli k e i n  B S M m o d els - a n e x c ell e nt pr o b e f or n e w p h ysi cs.

• T h e c urr e nt m u o n E D M li mit of 𝑑 𝜇 < 1 .8 × 1 0 − 1 9 is t h e t h e o nl y E D M of

f u n d a m e nt al p arti cl e pr o b e d dir e ctl y o n a b ar e p arti cl e, t h at t o o d o n e usi n g
t h e s a m e ` g-2 ’ st or a g e ri n g!

• T h e c urr e nt e xisti n g t e nsi o n b et w e e n t h e m u o n ` g -2 ’ m e as ur e m e nt a n d
t h e or y is a g o o d c a us e t o l o o k f or B S M p h ysi cs i n m u o n s pi n pr e c essi o n
e x p eri m e nts.

• W e h a v e t h e c o m bi n e d wis d o m of o p er ati ng t h e ` g -2 ’ st or a g e ri n g f or o v er
t w o d e c a d es.



EM fields for Muon ‘g-2’ Storage Ring

Should the dipole field be magnetic or electric? 

Since we are measuring the MDM of the muon, keeping the dipole field 

magnetic provides a natural solution.

Since we want the particle to experience only ONE value of magnetic 

field, the quadrupoles could simply be made electric. 

The `g-2’ ring has only vertical focusing quadrupoles as the dipole provides for a 

natural first order horizontal focusing. 

Should the quadrupole field be magnetic or electric? 

𝜔𝑎 =
𝑒

𝑚
[𝑎𝜇𝐵]
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Since we are measuring the MDM of the muon, keeping the dipole field 

magnetic provides a natural solution.

Since we want the particle to experience only ONE value of magnetic 

field, the quadrupoles could simply be made electric. 

The `g-2’ ring has only vertical focusing quadrupoles as the dipole provides for a 

natural first order horizontal focusing. 

Should the quadrupole field be magnetic or electric? 
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𝑒

𝑚
[𝑎𝜇𝐵]

BUT… there is a problem!



where 𝛾 is the relativistic Lorentz factor, and 𝜂 is a measure of the EDM of 

the particle.

How to overcome this to measure the MDM of the muon?

𝜔𝑎 =
𝑒

𝑚
𝑎𝜇𝐵  −  𝑎𝜇  −

1

𝛾2 − 1

Ԧ𝛽  ×  𝐸

𝑐
𝜔𝑎 =

𝑒

𝑚
[𝑎𝜇𝐵]

MUON REST FRAME LAB (OUR) FRAME

EM fields for Muon ‘g-2’

The E and B fields in the lab frame would not be the same to the particle in its rest frame 

due to special relativistic effects. 

The Lorentz transformed spin precession rate is given by the Thomas-BMT equation:



Since we already know 𝑎𝜇 to a large accuracy, we can delicately choose the 𝛾 such that the

second term cancels away! This way, the 𝜔𝑎  precession rate depends only on 𝐵 and not on 𝐸.

The muon’s spin precesses IN the plane of the ring at a 

rate that depends purely on the magnetic field 

𝜔𝑎 =
𝑞

𝑚
𝑎𝜇𝐵

The momentum for this particular value of 𝛾 is called the 

‘magic momentum’, it happens to be about p𝜇  ~ 3.094

GeV/c for muons. (Thank Nature for that!)

𝜔𝑎  =
𝑒

𝑚
− [ 𝑎𝜇𝐵 −  𝑎𝜇  −

1

𝛾2 − 1

Ԧ𝛽  × 𝐸

𝑐
 ]

EM fields for Muon ‘g-2’… a little magic!



How to measure the spin precession?



As the spin rotates, it aligns and anti-aligns with the 

momentum vector and thus modulates the momentum 

seen in the lab-frame due to Lorentz boost.

The muons decay to positrons, whose energy is 

modulated exactly by the spin precession frequency. 

How to measure the spin precession?

Thus, simply `counting’ the number of positrons 

above a particular threshold will give us the 

precession frequency!

𝑁 = 𝐴𝑒−
𝑡
𝜏 cos(𝜔𝑡 + 𝜙)

Ԧ𝑝 Ԧ𝑝 Ԧ𝑝

Ԧ𝑆 Ԧ𝑆

Ԧ𝑆
Max lab momentum Min lab momentum



T h e pr es e nt `g -2’ St or a g e Ri n g

• T h e  ri ng h as  a  r a di us of  7 .1 1 2  m et ers  a n d  is f o ur-f ol d
s y m m etri c.

• It h as  hi g hl y  p urifi e d  c o nst a nt  v erti c al  di p ol e  m a g n eti c  fi el d
3 6 0  d e gr e es  ar o u n d  t h e ri ng a n d  f o ur is o m etri c all y pl a c e d
el e ctr ost ati c  q u a dr u p ol es  f or v erti c al  f o c usi n g.

• E a c h  9 0 -d e gr e e  s e cti o n c o nsists  of :

• 5 1  d e gr e es  of  di p ol e 𝑑 -fi el d o nl y  r e gi o n

• 3 9  d e gr e es  of  ( di p ol e 𝜇 + q u a dr u p ol e 𝐸 (r e gi o n

• T h er e  ar e  n o  di p ol e  el e ctri c  fi el ds i n t h e ` g -2 ’ st or a g e ri ng
at  pr es e nt .
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PROPOSED SCHEME – A HYBRID STORAGE RING

Freezing the MDM is advantageous because it 

greatly enhances the EDM signal.

Introducing a dipole electric field makes the 

spin vector precess about the radial direction. 

This makes the spin vector tip out of the plane 

of the ring in the vertical direction.

𝜔𝑛𝑒𝑡 = 𝜔𝑀𝐷𝑀  + 𝜔𝐸𝐷𝑀

1. Freeze the MDM spin precession.

2. Enhance the EDM spin precession.



PROPOSED SCHEME – A HYBRID STORAGE RING

𝐵

𝐵

𝐸

+
51∘

39∘

𝜙𝑀𝐷𝑀

−𝜙𝑀𝐷𝑀

The idea:

1. The 𝜇+ traverses through the 51° B-only section.

2. The MDM component of the spin precession

increases by an amount Φ𝑀𝐷𝑀 due to the B-field.

3. The 𝜇+ then enters the 39° of (E+B) section.

4. The dipole E-field (along with B) is chosen such

that the MDM precesses the spin in the opposite

direction by the same precession angle −Φ𝑀𝐷𝑀.



Freezing the MDM precession



Freezing the MDM precession

𝐵

𝐵

𝐸
+51∘

39∘

𝜙𝑀𝐷𝑀

−𝜙𝑀𝐷𝑀

The amount of spin’s MDM precession in the 51∘ of 𝐵-
only region is given by:

Φ𝑀𝐷𝑀,𝐵 =
𝑞

𝑚
 𝐺𝐵.

51°

90°
.
𝑇𝑟𝑒𝑣

4

The amount of spin’s MDM precession in the 39∘ of 𝐸

+ 𝐵- region is given by:

Φ𝑀𝐷𝑀, 𝐸+𝐵 =
𝑞

𝑚
 [𝐺𝐵. − 𝐺 −

1

𝛾2 − 1

𝛽𝐸

𝑐

39°

90°
.
𝑇𝑟𝑒𝑣

4

Equating the above two equations, we can solve for the 

electric field value needed to cancel the MDM precession 

accumulated in the B-only section.



Freezing the MDM precession

𝐵 - only region

𝐸 + 𝐵
region

𝐵 - only region

Net MDM precession = 0



Finding The Ԧ𝐸 and 𝐵 Field Values

𝐸  − 𝐵.
𝐺𝑐

𝛽

90°

39
𝐺 −

1

𝛾2 − 1

−1

= 0 

Since we look to re-use the `g-2’ storage ring, the radius of the ring imposes a condition 

via the centripetal Lorentz force required to keep the muons on the 7.112 meter orbit:

𝐸 + 𝑣 𝐵 = 𝛾
𝑚𝑣2

𝑞𝑟
 Ƹ𝑟

Since we could use both E and B-fields in the ring, there is no constraint to operate on 

the magic momentum anymore.

CONSTRAINT #1

CONSTRAINT #2

Simplifying the equation for frozen MDM precession, we have a linear 

equation in E and B:



Possible Field Values for Frozen MDM Condition

Momentum 
(MeV/c)

Vertical 
Magnetic 

Field 
(Tesla)

Radial 
Electric 

Field 
(MV/m)

100 0.046 0.048

200 0.092 0.300

300 0.137 0.935

400 0.180 2.113

500 0.220 3.963
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Plate separation vs radial E-field

𝐸𝑟𝑎𝑑𝑖𝑎𝑙 ~ 0.77 
MV/m
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Plate separation vs radial E-field



B ea m Dy n a mics

T h e n e xt q u esti o n: wit h b ot h el e ctri c a n d m ag n eti c di p ol e fi el ds, c a n w e h a v e a 
st a bl e cl os e d or bit i nsi d e t h e ri n g wit h fr o z e n M D M pr e c essi o n c o n diti o ns ?

T h e a ns w er : Y E S ! 

O nl y t h at t h e st a bl e cl os e d or bit will n ot b e a p erf e ct circl e a n y m or e.

L et us ass u m e o ur ‘q u art er 
s e cti o n’ st arts wit h t h e s e c o n d 

h alf of a ‘𝑑 -o nl y ’ s e cti o n.Si n c e t h er e is o nl y 𝜇 -fi el d, t h e p arti cl e will or bit
wit h a r a di us 𝐸 𝐵  , gi v e n b y:

𝜃 = 0 →
5 1 ∘

2𝜃 = 0 ∘

𝜃 = 9 0 ∘

𝑅 𝐵 =
𝛾 𝑚 𝑣 2

𝑞 𝑣 𝐵



As the particle next enters the (𝐸 + 𝐵) region, it is going to orbit in a circle 

again but of a tighter radius 𝑅𝐸 given by,

Because of the tighter radius, the 

particle will ‘curve in’ with respect to 

the  7.112 m orbit and the circle will 

have a different center.

𝑅𝑒 =
𝛾𝑚𝑣2

𝑞𝑣𝐵 + 𝑞𝐸
𝜃 = 0∘

𝜃 = 90∘

Closed Orbit – Geometric Analysis

𝜃 =
51∘

2
→

51∘

2
+ 39∘



Closed Orbit – Geometric Analysis

As the particle exits the (𝐸 + 𝐵) region, it is going to orbit in a circle 

again but of a wider radius 𝑅𝐵 again just as it did in the first 25.5°.

𝜃 = 0∘

If we were to plot the closed orbit with 

respect to the 7.112 m orbit, we would have 

a ‘wiggle’.

But how large are these deviations 
from the 7.112 meter orbit?

𝜃 = 90∘

𝜃 =
51∘

2
+ 39∘ → 90∘



𝑟0 = 𝑅𝑏[1 − cos(𝜃𝑏) + sin(𝜃𝑏)] + 𝑅𝑒[cos(𝜃𝑏) − sin(𝜃𝑏)]

𝑟2 = 2𝑅𝑏sin𝜃𝑏 + 𝑅𝑒(1 − 2sin𝜃𝑏)

With some geometric analysis, we find that,

For example, with the parameters of :

𝑝 = 387 MeV/c

𝐸 = 1.98 MV/m

𝐵 = 0.178 T

The maximum radial orbital deviations 

from the 7.112 meter circular orbit are 

only ±10.9 mm!

Closed Orbit – Geometric AnalysisClosed Orbit – Geometric Analysis



One could verify the previous geometric analysis with actual particle tracking to see if 

we indeed can have a stable closed orbit. 

A particle tracking simulation was thus done by solving the coupled differential 

Lorentz equations in the 𝐵-only region and 𝐸 + 𝐵-region for various momenta 

values at a time step of 1 nanosecond.

𝑑𝑥∘

𝑑𝑡
=  𝑣𝑥∘

𝑑𝑣𝑥∘

𝑑𝑡
=

𝑞

𝑚
𝐸cos𝜃 +

𝑞

𝑚
𝑣𝑦∘

𝐵𝑧

𝑑𝑦∘

𝑑𝑡
=  𝑣𝑦∘

𝑑𝑣𝑦∘

𝑑𝑡
=

𝑞

𝑚
𝐸𝑠𝑖𝑛𝜃 −

𝑞

𝑚
𝑣𝑥∘

𝐵𝑧

where 𝑥∘and 𝑦∘ are the coordinates in the horizontal plane of the

ring with (0,0) being the centre of the ring.

Particle Tracking



RK4 simulation validated our geometric analysis!

4-th order Runge-Kutta simulation

p = 300 MeV/c

𝐵 - only region

𝐸 + 𝐵
region

𝐵 - only region



With a ±45 mm horizontal aperture, the scale of a typical closed orbit would look 

like:

4-th order Runge-Kutta simulation

p = 300 MeV/c



Low momentum muon delivery efforts
Target

Li Lens

Cu Collimator

PMAG

Steven Boi

8 GeV primary proton  

beam is incident on an

Inconel-600 target.

Secondary pions are

produced and focused by a

lithium lens towards a

horizontal bending magnet (PMAG).

A copper collimator sits between

the lens and PMAG.

PMAG provides momentum selection via a

3° horizontal bend into the M2/M3 

transport line.

Low momentum acceptance for 

transport, Δ𝑝/𝑝 ≈ 4%



Low Ԧ𝑝 muon delivery – G4BL Steven Boi

Location

Pe
r P

O
T 

Yi
el

d

𝝅+ 𝟑𝟎𝟎 𝑴𝒆𝑽/𝒄
± 𝟏𝟐 𝑴𝒆𝑽/𝒄

𝝅+ 𝟑. 𝟏 𝑮𝒆𝑽/𝒄
± 𝟏𝟐𝟒 𝑴𝒆𝑽/𝒄

Ratio

Lithium 
Lens

Upstream 1.0×10-3 1.4×10-3 0.74

Downstream 9.7×10-4 9.8×10-4 0.99

Downstream PMAG 4.7×10-6 8.5×10-5 0.05

Upstream CMAG 2.1×10-7 3.8×10-5 0.005



L o w Ԧ𝑑  m u o n d eli v er y –  B e a m St u d y
Ji m M or g a n

• St u di es p erf or m e d i n A pril a n d M a y 2 0 2 3
• S c al e d p o w er s u p pl y c urr e nts d o w n fr o m 3. 1 G e V/ c, us e d f or g -2 o p er ati o n

• N u m er o us p o w er s u p pl y iss u es at t h e l o w er c urr e nts
• D eli v er y Ri n g i nj e cti o n a n d e xtr acti o n ki c k ers u n a bl e t o o p er at e t his l o w
• I nstr u m e nt ati o n i n t h e b e a mli n es h a d diffi c ult y wit h t h e l o w i nt e nsiti es

• P o w er s u p pl y pr o bl e ms all a p p e ar t o b e s ol v a bl e
• W o ul d t a k e e n gi n e eri n g ti m e a n d h ar d w ar e m o difi c ati o ns

• I nstr u m e nt ati o n w or k e d o k a y aft er a dj ust m e nts b ut n e ar l o w er li mit of s e nsiti vit y.
• M a d e i n cr e m e nt al i m pr o v e m e nts wit h t u ni n g, i nt e nsit y still v er y l o w

• Lit hi u m l e ns t u ni n g i m pr o v e m e nts i m pli e d l ar g e a n g ul ar s pr e a d o n m u o ns

• D e m o nstr at e d t h at yi el d r e d u cti o n fr o m s c att eri n g l arg e f or 3 0 0 M e V/ c
• I ns ert e d u pstr e a m I o n C h a m b er I C 8 0 4 a n d o bs er v e d yi el d c h a n g e o n I C 7 4 0
• Yi el d r e d u cti o n 2 % f or 3. 1 G e V/ c, 4 0 % f or 3 0 0 M e V/ c

• B est p erf or m a n c e aft er t u ni n g w as still d o w n a f a ct or of 1 5 0



M u o n E D M i n t h e PI P -II Er a

• Si m ul ati o n r es ults of a pr eli mi n ar y st u d y of
m u o n pr o d u cti o n b y PI P -II pr ot o ns
p erf or m e d b y Di kt ys  Str at kis

• W e s e e t h at t h e p e a k i nt e nsit y of m u o n
distri b uti o n is e x a ctl y ar o u n d t h e 3 0 0 M e V/ c
r a n g e.

• Aft er p erf or mi n g a p ert ur e c uts o n t h es e
pi o ns / m u o ns ( pl ot n ot s h o w n) wit h a
m o m e nt u m wi n d o w of ± 0 .5 % , t h e r es ults ga v e
1 .2  ×  1 0 − 5  pi o ns  p er pr ot o n.



Particle Rates

RMS Current from PIP-II Linac 0.002 A
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Good’ pions/muons off the target

Muon storage duration

Muons stored per year
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Protons per EDM pulse ?
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Assuming PIP-II operates at 162.5 MHz. 

PIP-II bunches = 120 ns × 162.5 MHz  

= 19.5 bunches



Particle Rates

RMS Current from PIP-II Linac 0.002 A

Pulse length for `g-2’ storage ring 120 ns

No. of PIP-II bunches per EDM pulse 19.5

Protons per EDM pulse 1.5 ×  109

Good’ pions/muons off the target ?

Muon storage duration

Muons stored per year

Assuming PIP-II operates at 162.5 MHz. 

PIP-II bunches = 120 ns × 162.5 MHz  

= 19.5 bunches
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PIP-II bunches = 120 ns × 162.5 MHz  

= 19.5 bunches
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off target × LDF = 0.86 ×  107 muons/s.



Particle Rates

RMS Current from PIP-II Linac 0.002 A

Pulse length for `g-2’ storage ring 120 ns

No. of PIP-II bunches per EDM pulse 19.5

Protons per EDM pulse 1.5 ×  109

Good’ pions/muons off the target 18000 per EDM pulse

Muon storage duration 83 𝜇s

Muons stored per year 2.58 × 1012

No. of protons per EDM pulse is simply 

(0.002 Coulombs/s) × 120 ns = 2.4 ×  10−10

Coulombs ≈ 1.5 × 109 protons.
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off target × LDF = 0.86 ×  107 muons/s.
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= 19.5 bunches

Say we get only 1% in reality from above 

guesstimates: 

0.86 ×  105  ×  (3 × 107)
muons/year! 
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EDM Bound Sensitivity

𝜔𝑒 =
2𝑑

ℎ
 Ԧ𝛽𝑐 × 𝐵 + 𝐸

where 𝜔𝑒 is the EDM precession frequency leading to vertical build-up of the polarization:

Π 𝑡 = 𝑃 𝑡 = 𝑃0 sin 𝜔𝑒𝑡

≈ 𝑃0𝜔𝑒𝑡

≈ 2𝑃0

𝑑𝜇𝐸

𝑎ħ𝛾2
𝑡

 Multuplying by the mean analysis power of the final polarization A, and replacing 𝑡 with mean free laboratory

time in the detector 𝛾𝜏𝜇 and scaling 1 / 𝑁 for Poisson statistics, we calculate the EDM sensitivity to be:

𝜎 𝑑𝜇 =
𝑎ħ 𝛾

2𝑃0𝐸 𝑁𝜏𝜇𝐴
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EDM Bound Sensitivity



Where?
OPTION 1 – PRESENT LOCATION

For L ~ 420 meters and p  ~ 300 MeV/c,  and the time of flight is 

approximately 1.48 𝜇s , which is about 22% of a 300 MeV/c muon lifetime.



W h er e ?
O P TI O N 1 –  P R E S E N T L O C A TI O N Ji m M or g a n

• 3 0 0 M e V/ c m u o n yi el d is m u c h l o w er t h a n 3. 1 G e V/ c f or 8 G e V pri m ar y
pr ot o ns

• Wit h pr es e nt T arg et St ati o n, 3 0 0 M e V/ c m u o n yi el d 1 5 0 ti m es l o w er t h a n 3. 1 g e V / c

A n alt er n ati v e T ar g et St ati o n f o c usi ng s c h e m e c o ul d i m pr o v e yi el d
•F o c usi n g h or n m ost attr acti v e, b ut s ol e n oi d is p ossi bilit y t o o

E xisti n g I nfl e ct or i n g -2 Ri n g is n ot c o m p ati bl e d u e t o “ cl os e d” e n ds
•3 0 0 M e V/ c m u o n s c att eri n g w o ul d eff e cti v el y pr e v e nt m u o ns fr o m cir c ul ati n g
•O p e n e n d e d I nfl e ct or w as b uilt pri or t o g -2 O p er ati o n a n d c o ul d b e us e d

N u m er o us a c c el er at or p o w er s u p pli es w o ul d n e e d t o b e m o difi e d
R e g ul ati o n p o or at 3 0 0 M e V/ c, f ar b el o w w h at t h e s u p pli es w er e d esi g n e d f or
I nj e cti o n s e pt u m, i nj e cti o n a n d e xtr a cti o n ki c k ers m ay n e e d h ar d w ar e m o difi c ati o ns
Ki c k ers c o ul d b e r e pl ac e d b y tri m di p ol es f or a d e di c at e d r u n ni n g p eri o d



Where?
OPTION 2 – PRESENT LOCATION

NEW BEAMLINE



Where?
OPTION 2 – PRESENT LOCATION

NEW BEAMLINE

For L ~ 510 meters 

and  MeV/c,  and the time of 

flight is approximately 1.80 𝜇s , 

which is about 27% of a 300 

MeV/c muon lifetime.



Where?
OPTION 3:

RIGHT IN FRONT OF PIP-II



W e c o ul d e n visi o n h a vi ng a n E D M e x p eri m e nt i n t h e ` g -2 st or a g e ri ng b y c o nstr u cti n g a n e w q u a dr u p ol e 
s yst e m t o cr e at e a r a di al el e ctri c di p ol e fi el d p oi nti ng r a di all y i n w ar d.

T h e E a n d B fi el ds c a n b e c ar ef ull y c h os e n t o fr e e z e t h e M D M pr e c essi o n (i n s p a c e) a n d w hil e c o nst a ntl y 
a c c u m ul ati ng t h e E D M si g n al. 

T h e n e w s yst e m w o ul d n ot b e si g nifi c a ntl y diff er e nt fr o m t h e c urr e nt s et -u p, ot h er t h a n
• T h e r a di us of c urv at ur e f or t h e pl at es w o ul d b e diff er e nt,
• T h e i n n er/ o ut er pl at es w o ul d b e at hi g h er p ot e nti als t h a n t h e u p p e r/l o w e r pl at es i n or d er t o

cr e at e t h e el e ctri c di p ol e fi el d

El e ctri c fi el d l e v els of ~ 1 M V/ m ar e n ot i m p ossi bl e t o a c hi e v e diffi c ult wit h p ot e nti als of a b o ut ± 3 2  k V f or 
pl at e s e p ar ati o ns o n t h e s c al e of 3 0 t o 8 0 m m.

Si n c e t h e m u o ns’ c e ntr al m o m e nt u m c o ul d b e ar o u n d 3 0 0 M e V/ c, it m a k es t h e r e q uir e m e nts f or t h e 
e xisti n g m a g n eti c di p ol e fi el d, i nfl e ct or s yst e m, a n d ki c k er s yst e m r e d u c e b y a f a ct or of t e n.

M u o ns’ c e ntr al or bit w o ul d still r e m ai n 7 1 1 2 m m b ut wit h d e vi ati o ns of j ust ± 7  m m.

PI P -II, wit h g o o d f o c usi n g el e m e nt, c o ul d pr o vi d e i nt e ns e 3 0 0 M e V/ c r a n g e m u o ns, f a cilit ati n g hi g h er 
E D M st atisti cs a n d b o u n d b y or d ers of m a g nit u d e.

C o n cl usi o n
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T h e “ S e n siti vit y A n al y s e s of All -El e ctri c St or a g e Ri n g” w or k w a s 
s u p p ort e d b y t h e N ati o n al S ci e n c e F o u n d ati o n Gr a nt 1 6 2 3 6 9 1.
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N e xt st e ps …

• W h at is t h e n at ur al first -or d er f o c usi n g d u e t o s et of c ur v e d ‘ di p ol e’
pl at es ?

• W h at q u a dr u p ol e gr a di e nt w o ul d w e n e e d ? W h at t u n es t o c h o os e
( es p e ci all y v erti c al t u n e) ?

• W h at w o ul d b e t h e e x p a nsi o n c o effi ci e nts of t h e E -fi el d d u e t o pl at e
dist orti o ns a n d mis ali g n m e nts ? W h at ar e its eff e ct o n E D M
m e as ur e m e nt ?

• H o w b a d c a n t h e r a di al a n d a zi m ut h al m ag n eti c fi el d b e ?
B ac kgr o u n d c o ntri b uti o n ?

• T o w h at a c c ur a c y m ust t h e E -fi el d b e m e as ur e d i n t h e ri n g ? A n d h o w
t o d o it ?

• D et e ct or r el at e d syst e m ati cs ( a n d ot h ers).
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BACKUP



Plate re-arrangement



E D M Si g n al 

U nli k e t h e M D M, t h e pr e c essi o n d u e t o E D M at a gi v e n p oi nt i n t h e ri n g is g oi n g t o 
k e e p c o nst a ntl y b uil di n g u p u ntil t h e m u o n d e c ays.

Si n c e w e h av e t w o disti n ct r e gi o ns wit hi n a q u art er s e cti o n, t h e r at e of pr e c essi o n 

will sli g htl y v ar y wit hi n t h e  𝑑 -o nl y s e cti o n a n d t h e ( 𝜇 + 𝐸 ) -s e cti o n.

Δ 𝐵 𝜃 𝜃 𝜃 =
𝑅

𝐵
.𝛾 0 [ℓ 𝑚 + ℓ 𝑣 ( 1 +

𝑞 0

𝑣 0 𝐵 𝑐
) ]

T h e t ot al pr e c essi o n t hr o u g h a h alf -q u a dr a nt will b e:

Pl u g gi n g i n a p pr o pri at e s et of fi el d v al u es f or a m o m e nt u m r a n g e of 3 0 0 M e V/ c a n d t h e p at h 
l e n gt hs, w e s e e t h at t h e E D M pr e c ess es i n t h e or d er of 1 0 mr a d  f or 5 m u o n lif eti m es! 



Low p muon delivery – PWC204 (in the DR US 
of Extraction Lambertson.



A c c el er at or s u m m ar y

• 3 0 0 M e V/ c m u o n yi el d is m u c h l o w er t h a n 3. 1 G e V/ c f or 8 G e V pri m ar y pr ot o n s

• 8 G e V/c pri m ar y b e a m c o m es fr o m t h e R ec ycl er a n d is n ot a dj ust a bl e

• Wit h pr es e nt Tar g et St ati o n, 3 0 0 M e V/c m u o n yi el d 1 5 0 ti m es l o w er t h a n 3. 1 g e V /c

• M e a s ur e m e nts a n d si m ul ati o n s a gr e e d w ell

• Yi el d m e as ur e d x 1 5 0 l o w er i n st u di es, si m ul ati o ns h a d x 1 8 0 l o w er

• A n alt er n ati v e Tar g et St ati o n f o c u si n g s c h e m e c o ul d i m pr o v e yi el d

• F o c usi n g h or n m ost attr a cti v e, b ut s ol e n oi d is p o ssi bilit y t o o

• Alt er n ati v e t ar g et m at eri als s h o ul d b e c o n si d er e d

• L o w Z t ar g et of gr a p hit e or b er ylli u m m a y i m pr o v e l o w a n gl e m u o n yi el d

• E xisti n g I nfl e ct or i n g -2 Ri n g is n ot c o m p ati bl e d u e t o “cl o s e d ” e n d s

• 3 0 0 M e V/ c m u o n s c att eri n g w o ul d eff ecti v el y pr e v e nt m u o ns fr o m circ ul ati n g

• O p e n e n d e d I nfl e ct or w as b uilt pri or t o g -2 O p er ati o n a n d c o ul d b e us e d

• N u m er o u s a c c el er at or p o w er s u p pli es w o ul d n e e d t o b e m o difi e d

• R e g ul ati o n p o or at 3 0 0 M e V/ c, f ar b el o w w h at t h e s u p pli es w er e d esi g n e d f or

• I nj e cti o n s e pt u m, i nj ecti o n a n d e xtr a cti o n ki c k ers m a y n e e d h ar d w ar e m o difi c ati o ns

• Ki c k ers c o ul d b e r e pl a c e d b y tri m di p ol es f or a d e di c at e d r u n ni n g p eri o d

1/ 2 8/ 2 0 2 4Ji m M or g a n | 3 0 0 M e V/ c m u o n st u di e s 7 2



PIP-II Layout



PIP-II  Beam  Potential  for `d-0’ EDM Experiment

300 MeV/c 
muons

800 MeV/c 
protons



Experiment Parameters



N E X T U P …

• W h at is t h e n at ur al first -or d er f o c usi n g d u e t o s et of c ur v e d ‘di p ol e ’ pl at es ?

• W h at q u a dr u p ol e gr a di e nt w o ul d w e n e e d ? W h at t u n es t o c h o os e ( es p e ci all y
v erti c al t u n e) ?

• W h at w o ul d b e t h e e x p a nsi o n c o effi ci e nts of t h e E -fi el d d u e t o pl at e dist orti o ns
a n d mis ali g n m e nts ? W h at ar e its eff e ct o n E D M m e as ur e m e nt ?

• H o w b a d c a n t h e r a di al a n d a zi m ut h al m a g n eti c fi el d b e ?

• T o w h at a c c ur a c y m ust t h e E -fi el d b e m e as ur e d i n t h e ri n g ? A n d h o w t o d o it ?

• D et e ct or r el at e d a n d ot h er s yst e m ati cs.



A C K N O W L E D G E M E N T S

T hi s m a n u s cri pt h a s b e e n a ut h or e d b y F er mi F or w ar d Di s c o v er y Gr o u p, 
L L C u n d er C o ntr a ct N o. 8 9 2 4 3 0 2 4 C S C 0 0 0 0 0 2 wit h t h e U. S. D e p art m e nt of 
E n er g y, Offi c e of S ci e n c e, Offi c e of Hi g h E n er g y P h y si c s.

T h e “ S e n siti vit y A n al y s e s of All -El e ctri c St or a g e Ri n g” w or k w a s 
s u p p ort e d b y t h e N ati o n al S ci e n c e F o u n d ati o n Gr a nt 1 6 2 3 6 9 1.

T h e “ D e di c at e d M u o n E D M E x p eri m e nt at ` g -2’ St or a g e Ri n g” w or k 
w a s i n p art s u p p ort e d b y t h e N ort h er n Illi n oi s C e ntr e f or A c c el er at or 
a n d D et e ct or D e v el o p m e nt ( NI C A D D).
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