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Measuring the muon EDM

Several methods were used to measure the EDM at the g-2 experiment at BNL (E821)

The EDM can be measured
* Indirectly by comparing the measured value of w, to the SM prediction
* Directly by looking for a tilt in the precession plane

For the direct method 3 techniques were used at E821.:

* Vertical position oscillation as a function of time
* Systematics dominated

* Phase as a function of vertical position
* Again systematics dominated
* Provides a useful cross check

* Vertical decay angle oscillation as a function of time
* Statistics dominated
* Easiest improvement at E989

The following slides will discuss each of the methods, their uncertainties and possible

improvements
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Physics motivation

Fundamental particles can also have an EDM 2 _) Qe - - e -
defined by an equation similar to the MDM: - 72mc ’ =g 2me

Defined by the Hamiltonian: H=-wB-d E

Provides an additional
source of CP violation

e u T p n ¥Hg
Ew“"":: _EXp_
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2 F Standard scaling : L L
%10'235 EXP e me
woo = . s
e . de limits imply d, scale of 102> e-=cm
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10 . .
- = But some BSM models predict non-standard scalings
e su (quadratic or even cubic)
= o
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The muon is a unique opportunity to search for an EDM in the 2"? generation



The effect of an EDM

If an EDM is present the spin equation is modified to:

MDM EDM
[ \
— — — e — —
Dan =Wa +Wy =— /))XB
m
Run at the “magic momentum” Dominant term
Ymagic = 29.3, Pmagic = 3.094 GeV
A An EDM tilts the precession plane towards
LY the centre of the ring
B . ——————> Vertical oscillation

(1t/2 out of phase)

[ 2 2 o 77_/5
a)an - a)a+a)n 0 =tan (261)

Z Assuming the motional field dominates
Expect tilt of Ymrad for d, ~10%°

An EDM also increases the precession
frequency 4




Measuring the EDM

The statistical uncertainty is inversely proportional to NA?
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Measuring the EDM - vertical position

Look for an oscillation in the average vertical position out of phase with the number oscillation

Measured using the front
scintillator detectors (FSDs)
and position sensitive
detectors (PSDs)

Energy taken from matching to
calorimeter hits

VERTICAL DISTRIBUTION SEEN BY
POSITION SENSITIVE DETECTORS

In simple terms: 1 i

I,

However there
are other effects
that cause an
oscillation in the

\‘ ]I | / | average vertical

Outward going g;ﬁ%l-—}-‘:jr A Inward going position even
decays (muon v TR AT decays (muon without an EDM...
spin has ’ spin has
upward vertical | downward
component) MEAN VERTICAL POSITION vertical

VERSUS (g-2) PHASE

component)



Vertical Beam Distribution

The vertical distribution of the positrons hitting the calorimeters changes as the muon spin
precesses (without an EDM)

Effects at the g-2 frequency :

Differences in path length:  mu ~ i Positrons emitted outwards travel
TSSO e further to reach the calorimeter
TNy —> Wider beam spread

detector

positron

Differences in average energy: ~ wsee  Higher energy positrons curve less so
detector hit the calorimeter closer to the beam

Lowe;g\ -
———> Smaller path length
—> Narrower beam spread

Effects not at the g-2 frequency :
CBO: &

Positrons released at a larger radius have
a longer path length to the calorimeter
i ee— —> Wider beam spread




Fitting the width

The changes in the width of the distribution can lead to changes in the average vertical

position
Perfectly aligned detector : Misaligned detector :
So first fit the oscillations in
the width to extract the CBO
parameters
mean Mean Mean
(W|de) (na rrOW) E 15 O odt = 1128288 1104
F|Xed from e K Sg2 0,235+ 0.002
w, analysis = .l S%0 ~Joior oo
a 5 T P 2147008+ 0502
g-2 terms, number count = | Loz "= ootbs 002
Ave ra ge . . . . 05— C2g2  =-0.015:0.003
dth oscillation aligned to cosine phase . =000 0.0
Wi -
i
N 7 T \ 3o
f(t)=w + Sea sin(wt) + C,, cos(wt) + Soe2 sin(2wr) + C282(2wt) -
1 ITene . 205
+e" [cho sm(a)CBO(t — 1))+ CI)CBO) +Cppo cos(a)CBO(t — 1))+ (cho)] +Lt =L | | |

| ] 45000 50000 55000 60000 GnSSOOO
l

CBO terms : chosen such that
oscillation is in the sine term

Deadtime (more hits in the centre
tiles are eliminated at early times)



Fitting the Average Vertical Position

Now plot the mean vertical position as a function of time

w
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w
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Use the parameters determined from the fit to
the width in the fit to the average vertical position

Mean Position [mm]
w
w

W
N
=

3'; wi I | | | . l ol | } [ I ’
ol ’ ’ | ’ } | Plotted for each detector separately
2.8_— | [ i II
271 Energy range : 1.4 -3.2 GeV
2.6_— }
25l , ! . | . ! .
45000 50000 55000 60000 65000
ns
Detector EDM
misalignment g-2 terms : w fixed N
A
\ ' - ! CBO terms : Tcgo, Wego, CDCBO fixed from
(1) = K +|S,, sinax)[+ C,, cos(ar) width fit

+e_t/rC30 [SCBO Sil’l(CUCBO (t - to) + (I)CBO) + CCBO COS((UCBO (t - tO) + (DCBO )]

+M —I/TM . .
€ ———> Slow changes in detector response, pileup

The average vertical position is centred on “~3mm (detector misalignment)



Correct for detector misalignment

A misalignment of the detectors with the beam can show up in the EDM amplitude

Seen in the difference in the sine And the correlation between
amplitude between stations the offset and the amplitude
E_F 12/ ndf = 156. E 2 Chi2/ndf= 174/16
s FR o | rorcpt = 254 - 130
E‘ 05— 0 % %
< - C
§-0.02:— .20;
%-0.04;— 40—
S-0.06F —+ ——t sor-
-o.os;— ‘ soF
-o.1;:+_—+—+—_+_
0.42f- —— 1001
014 120
14 — 1|6 — 118 — 210 — 2I2 — 144 140
Station -1

Expected the oscillations at the CBO and g-2 frequencies E “| Chi2/ndf=16.54/16
= 20| Intercept=-1.27 + 5.88 .

both to be due to the width oscillations combined with the ;:,, o Slope = 0.78 + 0.06 _ e
detector misalignment 20f i
Plot the CBO amplitude against the g-2 sine amplitude  of 't
—> |ntercept corresponds to the EDM 00— '
-1205/ —e— :
—_— ng(O) = (-127 s 588) Hm T

Simulation : (8.8 £ 0.5) um per 1012 e cm > d,=(-0.14+0.67) x 10° e cm




Vertical position uncertainties

Statistical error
Horizontal oscillation + tilted detector 5.88 um
-\ = vertical oscillation
Systematics dominated
X - _ . measurement
E Vertical spin
+ longer path length
v for outward positrons
Effect | | _ Error (um) = vertical oscillation
Detector Tilt" 6.1
Vertical Spin 5.1
Quadrupole Tilt 3.9 ;
Timing Offset 327 S Differences between the top and
Energy Calibration 28 1 bottom halves of the calorimeter
Radial Magnetic Field 2.5
Albedo and Doubles ~\ZTU\
Fitting Method 1.0 e — ilt i i
Total Systeratic Would cause a tilt in the precession plane
Statistical 5.9
Total Uncertainty 11.9 TN

™ Back scattering from the calorimeter
E821:S,,=(1.27+11.9) yum —> d;,=(-0.1+1.4) x10® e.cm

> |d,| <2.9x101% e.cm (95% C.L.)
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Measuring the EDM — phase

We expect the fitted phase to change as a function of vertical position even in the absence of
an EDM

g 2
g (| &
Q (19
= Z
Outward decays have a longer path Also the decays that hit the top
length before reaching the calorimeter and bottom have to travel further
—> Tend to hit further away — Slight difference in the
from the centre of the time they were created
detector

= There are more outward
going decays hitting the top
and bottom

There is a different mix of phases at different

parts of the calorimeter
12



Measuring the EDM — phase

We expect the fitted phase to change as a function of vertical position even in the absence of
an EDM

The inward going and outward going positrons are 180 degrees out of phase with each other
——> |n the centre of the calorimeter there are more inward going decays detected

——> This causes a change in the phase measured at the centre

e.g. inward-going positrons

The opposite effect happens at the top and bottom of the calorimeter where there are
more outward going decays detected



Measuring the EDM — phase

¢(y), Fitted Phase vs. Vertical Position

Without an EDM we therefore expect the phaseto 5 2000 GRETrat =7 878
. ; R E 0214 « 0.1216
change symmetrically across the calorimeter face : £ 100|255 “oove
; - |yl =-0.8644 = 0.4431
0_& LU,
o= ~
In the case there is an EDM the precession -100—
planeistilted: B 4 -200
‘ -
L 6 / -300—
::>|3XB “/ I | | | | | | |
-400———— L L
LA 60 -40 20 0 20 40 60
/ B v (mm)
(Pav)z - == |/ ¢(y), Fitted Phase vs. Vertical Position
/ 4 =) 200 TGhiz/ndf=13.91/8
A - 1 . S || BiTe 0z
P ~ S g 100~ Gz;s..oos +02573
~ _ S0 ; ~ Lyj=-0.06236 + 0.9481
B \5 B _(PaV)Z o
A v L
(0 1 ———

This biases the outward going decays to be at the top of **

the calorimeter -300
—> Causes a skew in the distribution o
—> Suppresses the phase difference at the bottom 60 -4 -20 o0 20 40 y(rg?n)




Measuring the EDM — phase

Consider the phase variation as a function of vertical position

This was measured using the PSDs and FSDs

FSD

The energy measurement isn’t reliable at

s 7% (a) .
1 . = the edges of the calorimeter
= ——> Only use 3 central FSDs, 12
5 e e central PSDs
3 s PPE
1
yl

s
o

Calorimeter S

¢(y), Fitted Phase vs. Vertical Position

The distribution is fit to extract the asymmetry : g Ghiz/ = 35173
(2] ™ o == 9 = 0.
: £ 100 ¢ 2 goos - 00073
Arbitrary phase Muon mid plane ; - | y?'=-0.06236 = 0.9481 ﬂ
100 M———
0(y) =9y +EJ—¥8) +1G, (v =3l L«
l Y J 200
Phase changes not -300
Up-down asymmetry related to EDM i
EDM Q400 e ]
60 40 -20 0 20 40 1560

For FSDs, justuse: A¢ = ¢, — ¢,



Measuring the EDM — phase

The results show some variability between stations
FSD results PSD results

¢ vs. y, Station 19 ¢ vs. y, Station 21
i ¢ vs. y, Station 16 e ¢ vs.y, Station 17 g 00 ::hlz::f:: v g so0r :hiZ:::f: i
g m' E m+ = 400r EZ=2.09-3; 0.6968 < 400 E: = 0.7774 = 0.6623
o e 300 V¢ =6.869 = 0.6968 300 Vq) = 6.046 = 0.6624
. . — L vy} = 9.04 = 2.351 | + Vv, =6.819= 2.441
I I 200 + + 200 “‘
T T 100 + ++ 1oo—Jr T +
[ [ . _ T3 ¥
100 100 0 _I_ <’> 0 _|_
' ' » >
o w w0 w ww R IR R TR TR L "°°}
y (mm) y (mm) L
.y S vy Saton 19 - .l e
5 %_|_ g™ y (mm) y (mm)
[ r © L
E w E znoE —
100{ 100
LT ‘: T
— . Can see that the distributions are not exactly
100 -100— .
- [ - symmetric
200 1 1 1 1 1 1 1 200 1 Il 1 1 Il 1 1 . .
® 4 a0 0 a8 ® 4 a0 B LK ——> But we haven’t included systematics
o vs. y, Station 21 ¢ vs. y, Station 22
G 300 6 300
£ £ There is a large variability between stations
© <

FH . FH Bl ——> Indicates its likely to be due to
L L misalignment

100~ 100~

-200 L L L L L -200




Measuring the EDM - phase d

The FSD and PSD results agree when overlaid

¢ vs. y, Station. 19 ¢ vs. y, Station. 21
Esool—
£ |
N’ -A
_e_200
100+ oL
0 A-
-100'1’
-200
lllllllllIllllllllllll]llll llllllll]llllllllllllllllll
-60 -40 -20 0 20 40, 60 60 -40 -20 0 20 40, 60
y (mm) y (mm)
Station yg’ (mm) E 0 (mrad/mm) G¢ (mrad/mm) ¢, (mrad) X42>

19 9.040+2.351 | 2.093+£0.6968 | 6.869+0.6968 | —141.1£17.72 || 1.14
21 6.819+2.441 | 0.7774 £0.6623 | 6.046 £0.6924 | —145.8£14.57 || 1.51

Station 19 would indicate an EDM but station 21 is consistent with O

The two detectors agree — indicates this is most likely an alignment effect



Phase uncertainties

The systematic uncertainities are similar to the vertical position measurement

Detector misalignment is more important
I induces an up down

RN AN ,
7/ ' 7/ . asymmetry Detector Tilt

/ —> fake EDM signal causes asymmetric

vertical loses
Source Sensitivity Result
Detector Tilt 26 prad/mm/mradx 0.75 mrad 20 p rad/mm
Detector Misalignment| 138 yrad/mm/ mm X 0.2 mm 28 p rad/mm
Energy Calibration 43 pyrad/mm/ % x 0.1% 4.3 p rad/mm
Muon Vertical Spin 1.0 prad/mm x 8% 8.0 u rad/mm Higher E Lower E
Radial B field 0.72 prad/mm/ppm x 20.0 ppm 14.4 p rad/mm =
Timing 17.0 prad/mm/ns x 0.2 ns 3.4 p rad/mm
Total systematic 38 prad/mm (0.93 x 107 e-cm )
Total statistical 28 purad/mm (0.73 x 107'° e-cm )
Total 47 prad/mm (1.2 x 107" e-cm )

E821: d, = (-0.48 + 1.3) x 10-1% e-cm

Again systematics dominated, although statistics play a larger role
18



Calorimeter analyses E989

The calorimeter based analyses are mostly systematics dominated

Have a segmented calorimeter (6x9 cells)
—> E821 used scintillator panels on the the
front of about half calorimeters

Planned improvements:

 Calorimeter segmentation —t St
Improves ability to control pileup, beam position, detector t||t

* Laser calibration system and lower energy acceptance
Improves the timing information and energy/gain calibration

* Reduced CBO oscillations

* Introduction of 3 straw tracking stations
Improves the knowledge and monitoring of the beam distribution

* Increased statistics

* BMAD / G4Beamline simulations all the way from the production target

19



Vertical decay angle oscillations

Look for an oscillation in the vertical decay angle of the positrons measured by the tracker

Use the tracker to reconstruct the vertical
angle of the positron at decay
(same in the tracker as at decay in the

absence of a radial magnetic field)

An EDM would produce a vertical
oscillation 90° out of phase from the >
number oscillation

Muon decay point / J‘g

Vacuum TB1 TB2
chamber

window Decay positron
\ trajectory

(:il\()1£;

RMS =10 mrad

The positron decay distribution has a 10 mrad RMS

width around the muon spin direction 40009

30000

Sets the intrinsic resolution to an EDM signal 20000

10000

I L R L L B

-0.08 -0.06 -0.04 -0.02 0 0 02 0.04 0.06 0.08
Vertical decay angle (rad)
20

Much less dependent on detector alignment, statistics dominated measurement



Selection of events

The tracks used in the analysis should not pass through massive objects which could cause
deflections in the track

> Tracks from the red and blue g

regions are removed

~
-
=]

Decay radlus [cm]
~
=

~
-
N

710[-
Cuts are also made to select regions which have the
highest, flattest acceptance (to prevent the need for
corrections):

708}

704 . . . :
1.75 1.8 \ 1.85 1.9 1.95 2 2.05 21 2.15
Decay azimuth [rad]

Parameter Cuts L|ker to hit vaccum
Momentum 1.5 GeV/cto 2.6 GeV/c chamber frame
Azimuth 1.8 rad to 2.2 rad from inﬂecN
Transverse position V2 + 22 < 4.5¢cm (circular aperture) Greater than 2.6 GeV the
Time 130 us to 600 us after 1nject10n |arge radius of curvature
produces large errors the
decay point
Such that they come from the
9cm diameter storage region To cut out high rates at early

. .. . 21
times after injection



Period Binned Analysis

Plotting the data modulo the precession period minimizes period disturbances at other
frequencies and non periodic effects

Period of
The period of the vertical Egrslzdlc :ie?:;eld
oscillations that would indictate #'/% g ©

an EDM are known from the w,
analysis

Signal "interferes"

The resulting plot shows the average of the effect ,
constructively

over the time interval

Noise becomes
constant background

> Only effects that don’t die with
time will show up

> Suitable for looking at the
EDM, not for looking at CBO 22




Fitting the number oscillation

Step 1 : Fit the number oscillation modulo the precession period to extract the phase

‘2 —1 999 Nent = 4849924
H H H = B Chi2 / ndf = 414.6 / 396
The precession period is taken 3 18000~ N L 2360404 4 16.19
- . - Lifetime = 1.135e+05 = 7298
from the g-2 analysis : 21 - Lifetime = 11350
T =—=43654ns 16000 — hig2 = 1.695 + 0.002609
[0)) L
14000:—
s 12000
N(t)=e e(NO + W cos(wt +|P )
10000_
— 1 I 1 l 1 l 1 l 1 I 1 l 1 l 1 l 1
0 500 1000 1500 2000 2500 3000 3500 4000
The || fe tlme Time modulo precession period [ns]
. ﬂ B =
characterises the muon £ oo 2000 o
(&S] - N =1.158e+04 + 14.79
decay and the detECtor 18000_— Lifetime=2.1::2e+06 + 2.501e+06|
rate acceptance _ _ B A = ar2s 1145
Fit to find o, such 16000 _phig2 _=1.918 +0.002114
that the number 14000
oscillation is in s
_ 12000
the cosine term -
10000
8000
| ! | | | ! | ! | ! | ! | 23 |

0 500 1000 1500 2000 2500 3000 3500 4000
Time modulo precession period [ns]



Fitting the vertical angle oscillation

Step 2 : Fit the vertical angle oscillation modulo the precession period

x107

g . _1 999 Chi2 / ndf = 415.1/ 396
7 =2 _ 4365 4 Fixed from s | } A2 = AT0de05s 541006
w number §0.4— phi =1.695+ 0

.I:r.om _2 anal S|S ' ) ) g B ‘ Aedm  =4.416e-06+ 5.537e-0

g y oscillation fit 5 03l ‘ | | { |

% |

/ §°'2 .IJI ‘ I
H(t) =M + AM cos(a)t + (IJ) HALp sin(a)t + CI)) | 1t

.ﬁ"
l
0 ['JI
/ |
EDM oscillation comes in 90° EHERIENY N

0.1 L L
out of phase from the 0 500 1000 4500 2000 R ulo pracession period ns]
number oscillation

E 2 000 Chi2 / ndf = 393.7 / 396
-:- N =—0.0001 701+ 3.969e-06
RMS ~10mrad for each bin, as expected 2040 | } ot g otrete
‘t_\l : Aedm --4549e-06+545 eO
bl il
HIFM || 'W' '[l H' ‘
1999 : 4.4 + 5.5 prad “0.1 i ‘ | ‘ (. bk | ‘ I
2000 : -4.5 + 5.4 prad J'J } } }
0
-0-1 PR 1 O TR I T R S IR N e 1Y, S S

0 500 1000 1500 2000 2500 3000 3500 4000
Time modulo precession period [ns]



Conversion to precession plane tilt

The amplitude of the oscillations in vertical angle are converted into a precession plane tilt

using simulation

The boost to the momentum between the MRF and the lab frame means the measured vertical
angle oscillations don’t directly correspond to the precession plane tilt

Fit to simulated -100mrad EDM signal

edmprof

-2

- x102 1999 g Y Nent = 861471

H Mean = 2160

Y RMS = 1372

2 Chi2 / ndf = 410.7 / 396

H N =1.395e-05+ 1.366e-05
> Ag2  =2.7650-05: 1.929¢-05
g 0.05) ‘ phi =005282=x 0

° edm = -0.0003205 85¢-0
- o W LA 1

m S

£ I

3 ‘ I‘

: 1

& I\ ‘

g 1 ‘ IH ‘ |

g d

<

-0.09

0. 1 ! ‘ 1 ‘ ! 1 ! ]
0 500 1000 1500 2000 2500 3000 3500 4000
Time in precession period (ns)

(a) -100 mrad simulated signal

>

Fit to slmulated -25mrad EDM signal

1999 geometry edmrof

Nent = 861780
Mean = 2155
RMS = 1371

==2.416e-0% 1.362e-05
=2.112e-05% 1.926e-05

0.05 phi =0.05261x 0

0.1 l Chi2 / ndf = 424.7 / 396

ﬂ.‘ i ‘ I ”“w “ ‘}] . t {

I “ e [l | .
1 1 1 1 1 1 1

0 500 1000 1500 2000 2500 3000 3500 4000
Time in precession period (ns)

-0.05

Average vertical decay angle (rad)

=0.1

(c) -25 mrad simulated signal

ATV I

Average vertical decay angle (rad)

Simulate different tilts to work out the corresponding oscillation

Fit to simulated ~-50mrad EDM signal —— . . . . .
o 1999 geometry Nert = o6z7e5 Lab angle oscillation amplitude vs. input EDM tilt
g on Mean = 2159 1999 geometry
; 0.1 Chi2 / ndf = 396 / 396 N
€ 1os N = 2029008136205 03 Chi2 / ndf =1.598 / 6
% 006 on =oostzr 0 “F| p0  =3.185¢-06+ 1.046e-07
3 o0s } dm =-D.0150&.M96-

§ 004F

M 02
g il l L‘ | ! ’ Kity i

§ 1

5 ‘ ‘ ‘ 0.1

0 500 1000 1500 2000 2500 3000 3500 4000
Time in precession period (ns)

Vertical angle oscillation amplitude (rad)

0.1
(b) -50 mrad simulated signal 0.2
. e 0.3
Fit to Orad lane tilt i .
it tomra 1599 geometrpyane tilt :‘;’;"9382227 I | I | I |
Mean = 2163 -100 -50 0 50 100
M Chi2 mdf < 36891396 Input precession plane tilt (mrad)
“ N = 3.612e~-07= 1.364e-05
0.05 ‘ | :'?2 o gsg‘;e-o&; 92e 0
TR LY O A
0 hi. “ A 'f [' ‘ T | “l””l W Ii “
-0.05— ‘ ‘ ‘
WAL { ! 1 mrad precession plane tilt =
1 1 1 1 1 | 1 1

3urad oscillation amplitude
25

0 500 1000 1500 2000 2500 3000 3500 4000
Time in precession period (ns)

(d) 0 mrad simulated signal



Maximising Signal to Noise

As particles with small angles are though to carry little of the signal the significance of the
measurement could be improved by cutting them out

To test this hypothesis use simulation with a tilt angle of 100mrad:
* Plot average vertical decay angle vs time for different cuts on the decay angle
* Calculate the ratio of the signal to the error for each value

Chi2 / ndf = 91.43 /87 Chi2 / ndf = 84.81 /88 102 I Chi2 [ndf = 90.4/88
_ 2 PO =-3.038e-05:1.069e-0§  _p12x10° PO  =-5.453e-05:2.202e08 T .-l o | PO =-0.0001294 +5.145.05
5 0.6 - N 5k _ ©0.25] Simulated 100mrpd CM EDM tijtp1  =0.0009815 =7.13¢-05
2 p1 0.0002669: 1.421e-0 g .F  simulated 100mrad CM EDM tilt?! = 0-0005341: 2.988e-04 E™"L
re Simulated 100mrad CM ffame EDM tilt p2 = 0:£1414 5 %1E T D2 =-0.01318: 0.05829 2 020 Abs(Lab angle) 3~ 15mrad 2 =-0.02497 :0.07424
Y p3 = -0.04575: 0.05655 Toosf- Abs(Labgangle) ¢~ 7mrad g
™ s F <015(—
g §0.06] S r
kil STF £ ..
£ £ F 0.1
202 €0.04 E L
o o - H
g g0.02 é.4).05
o 3 o
g .
20 :° <
-0.02f -0.05[—
-0.04F i
0.2 E 0.1
-0.06f I
E 0.15—
0.4 ‘ J -0.08[ L
T i E 02—, oo ey
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time in precession phase (ns) Time in precession period (ns) 0 500 1000 1500 2000 2Sogimzos\opr:csggsiogoggriof&us)

The amplitude of the signal increases with increasing

Signal to error ratio vs. minimum central angle cut

minimum angle cuts but the errors also increase B 1
E, 12
(2
Placing any cut reduces the signal/noise 101~
The changes at the centre of 8L
> the distribution provide sF
valuable information a
2

0: R . ! . 1 L . | 26, !

0.005 0.01 0.015 0.02 0.025 0.03

Minimum angle magnitude limit (rad)



Maximising Signal to Noise

Consider whether cuts on the momentum can improve the signal to noise

The highest momentum positrons tend to The lowest momentum positrons are less

come when the spin is aligned with the muon aligned with the spin

momentum —>  could dilute the asymmetry
—> where the EDM signal is minimal

Signal over error for various low momentum cuts

Signal over error for various high momentum cuts 25 mrad tilt simulation

5 12~ s L
N T
E B E 12=
5 10 S T
® T ® 10~
8_— L
- o
6_— B
B 6
4_— N
B 4_—
2— B
N 2
0_ -
= oo by by ey by by oy | 0—111111llllllllllllllllllllll11
1.6 1.8 2 22 24 2.6 2.8 3 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Momentum (GeV/c) Lower momentum cut (GeV/c)

In both cases the signal to noise is reduced by applying a cut, valuable information comes from
all particles included 27



Maximising Signal to Noise

Lastly a cut in azimuth was considered to improve the signal to noise

The range of accepted angles varies as a function of azimuth

> There could be a region in azimuth where the signal is reduced
Signal over error for various decay azimuth cuts Signal over error for various low decay azimuth cuts
(25 mrad tilt simulation) (25 mrad tilt simulation)
TR w [
s 3 -
g’ 10— S) 10—
ZE o [
8- 8-
6 6
4 :— 4 L
2 2l
ol P T U R I R S 3 .
18 1.9 2 21 2.2 23 24 25 0 1.8 1.9 2 21 2.2 2.3 24 2.5
Upper azimuth cut (rad from inflector) Lower azimuth cut (rad from inflector)

Again, any cut decreases the signal to noise

Although applying some cuts improves the size of the signal the increase is not statistically
advantageous to the measurement 28



Decay angle uncertainties

Main systematic uncertainties to be considered for this method:
Radial Magnetic field:

. . . — e —
Would cause a tilt in the precession plane Ws = —-———aB
m
Detector acceptance: P
Inward going positrons travel a shorter R

distance than outward going positrons
—» narrower beam spread

Horizontal CBO oscillations

Phase or period errors:
Could mix the number oscillation into the EDM phase

Systematic error |Vertical |Precession|False EDM E821: . ) .
OSCﬂiaﬁ(c)in ?lan:d)tilt goner- Oscillation amplitude : (-0.1 + 4.4) x 107° rad
amplitude | (mr ate 10~
(urad lab) (e- cm) —_— dM =(-0.04 £ 1.6) x 101° e.cm
Radial field 0.13 0.04 0.045
f:j;ﬁf;nce 03 009 . —>  |d,| <3.2x10"° e.cm (95% C.L)
Horizontal CBO 0.3 0.09 0.1
Number oscillation |0.01 0.003 0.0034
phase fit . . .
Precession period |0.01 0.003 0.0034 Dominated by the statistical error 29
Totals 0.44 0.13 0.14




Decay angle E989

The vertical angle measurement was mostly statistics dominated in E821

E989 will be fitted with three straw tracking stations around
the ring
Each station has 8 modules each with 2 layers
of 2 straws tilted at 7.5°

Expect O(1000) times the E821 statistics
(more muons, better acceptance) i '

orders of magnitude by the end

Need to control the systematic errors:
* Amplitude of CBO reduced by factor 4
* Geometrical acceptance increased
* Tracker in vacuum chamber
* Understanding the beam and aligning the detectors well is key
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Conclusions

] . §24o"—
There are several analysis techniques for 2 T
. - 220
measuring an EDM at g-2 ~ F
* Indirectly from the difference of the g-2 §2°°;—/
phase 480}
* Directly by measuring the vertical decay 160
angle or vertical position oscillation 140
* Directly by looking at the phase variati -
as a function of vertical position L
-4 3 2 -1 0 1 2 13 4
d, x10 (e-cm)
03x10_18
_01 I § \
B % 20—
0.2 Tt
: _ T g o—
0.1} T _ ;"1 : ///
: T -20— /
L = / \
Oj :_ : { _ .. \\\‘
i 40— . '
~0.1— -
. 1 -60—
B . - T | | | | | L0
-0.2— -4 3 2 -1 0 1 2 193 4
- dux10 (e-cm)
_0_3: \ \ \

vertical position phase vertical angle overall
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Measuring the EDM - Indirect

Look for an increase in the precession frequency (compared to SM prediction)

High E kinematics
Measure the spin precession via the anti-muon decays: RH
> Positrons are preferenti.ally emitted v, - . "
parallel to the muon spin >
Ve «—— RH
Count the number of positrons with E > 1.2 GeV hitting the LH

NN YAVAYAYAYAYLY,
. . . OGE- v VAAVAVAY ./\‘ ,’\\V:f\ NN N (.
Fit to extract the spin precession: \AA/V\/\N\V,\N Y VVVVVVIN

5 F ~ oA r\/\vﬂ‘f\ VI \N AVAVAY AYaYa
N(t,E,)=N,(E, )e-””[1 + A(E,, )cos(w,t + ¢(E, ))] wEVVVVANANAAAAAAAN

\ VVN\NNN/
A N VV VYV u"\’/\ A
TAVAVAY v'\/\xf\f\/'\u“\/\/“‘v/\/\/\f“- A U

AVYA' N\ A
A A A A VAVAVAVAYaVAY:
NN\ VN )

Agrees with SM : use error to set limit NN A
: - INAANNAANA ’ 'VVVVVV

Larger than SM : use difference to set limit h \Q{j;}w/ ﬂvgf\’;\/\ﬂf\f’\/v"m’\fmN'\f :f
YNV

0 — ZIO — 410 — 610 — 810 — I10

Time (ps) modulo 100 ps

Counts per 150 ns
sb

10°

0

x10"%) - 11659000

-
[+
o

_'LIIIlIIIIIIIIIIIlII\‘;W,;;

(a,

E821:
Aa, (E821 —SM) =(26.1+9.4) x 1010

—>  |d,| <3.1x10"%e.cm (95% C.L.)
33
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Vertical position systematic uncertainties



Systematic Uncertainties

Any source of vertical oscillations at either the g-2 or CBO frequencies in the sine component is
a source of systematic error

The effect and assessment of the various uncertainties Effect Error (um)
will be discussed over the next few slides Detector Tilt 6.1
Vertical Spin 5.1
Quadrupole Tilt 3.9
. . : : Timing Offset 3.2
Many of the systematlcs. require the simulation to assess Energy Calibration 58
the magnitude of the effect Radial Magnetic Field 2.5
Albedo and Doubles 2.0
Fitting Method 1.0
CBO oscillations systematics have reduced effect due to Total Systematic 10.4
| £0.78 Statistical 5.9
slope or U. Total Uncertainty 11.9

The CBO oscillations aren’t well simulated
—> Produce a horizontally offset beam and use this is assess
impact of a beam oscillation

x10° x10°

3000—

6.8mm change in beam position
—> 0.25 mm change in width

6000—

5000 Mean= 3.011 mm 2500/ Mean=-3.857 mm

4000 2000~

3000/— 1500

CBO width oscillations : 0.2 mm
—> 5.4mm change in beam

ope 35
L position

2000

1000—

1000[— 500(—




Detector Tilt

If the detector is tilted oscillations in the average horizontal position of positrons can be
converted into vertical oscillations : —\

The tilt of the detectors was measured with a level to be < 4° X

-1

Horizontal oscillations at the g-2 frequency:

£ 30: Chi2/ ndf = 1481.443 / 1352 \/
26? © “issom Plot the average horizontal position as a function of time (in
o simulation) :
20 33 + 20 um horizontal oscillation in sine term
16 53um horizontal oscillatien—> 0.5um vertical
::5 oscillation
Horizontal oscillations at the CBO frequency: e T Chiz/ndf = 117.122/10
o + p0  =-0.789-0.016
Plot the horizontal shift on the calorimeters due to the wal T
horizontal beam shift : ;
04—
. . . S T +
6.8mm beam shift = 0.79mm horizontal shift oo i it 4 ++
So 5.4mm beam shift ——> 0.6mm horizontal shift 08/ 4 =
1%++ | | +++ ++i»6 |
—> 6.1um systematic error s Y




Quadrupole Tilt

A tilt in the quadrupoles would cause a tilt in the plane of the CBO oscillations, introducing a

vertical component

It can be shown that for a tilt in the quadrupoles, 6 the ratio of the horizontal to vertical

oscillation amplitudes is : A
— =(.386

hor

There are 4 quadrupoles, each consisting of a long piece
(30°) and a short piece (15°), placed to better than 0.5mm
Maximum tilt angle : 3mrad long section
6mrad short section

10cm

-

J Insulator

T = J |
o
NEAN B

(

~———— Side plate

———— Beam Trolley rail

ﬁ

Include additional factors:
* Slope g-2 : CBO amplitudes
* Only using 4 tile mean

Tm

—> 3.9um systematic error
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Muon Vertical Spin

An average vertical muon spin component would result in an average vertical component in
the positron momentum

Average positron vertical momentum
+ longer path length for outward going positrons
= oscillation in average vertical position

&

CBO oscillation : 0.16ns path length oscillation

0.75

2 0.95 f10 Chi2/ ndf =1.71e+03 /1713
: o =7.50e-09 = 6.67e-13
0sf- S Iitmeto -amers
0.852— = = . . ] .
- G-2 oscillation : 0.18 ns path length oscillation
08—

0.7
0.65 C . | . | . ! . Ix10? )_(10 Nent = 1162154
1000 1050 1100 1150 1200 1400 — Mean =6.833e-05
ns L RMS =0.01086
1200:— g:fs/t:;f: 76:1':2?(?321;; + 136.07976
From the tracker : : o, g
. . 1000 — — —
mean positron vertical angle = 0.21 mrad -
. . 800—
—> G-2 oscillation : 11.3pum -
. . 600—
CBO oscillation : 10.1pm -
400—
; : 2001
Consider effect on intercept : - »
. 0 : —
—> 5.1um systematic error 01 Y



Radial Magnetic Field

A radial magnetic field would cause the decay positrons to be deflected vertically

Radial Field Maps

Radial magnetic field
generally < 100 ppm

@~ SEP-86
@ Oct-96

< wt Nov-98
o
- - Dec-96 |

A radial magnetic field deflects the
positrons vertically :
——> Similar effect to the muon
vertical spin
——> Use the path lengths from
before to calculate the effect

_r (ppm)

G-2 oscillation : 100ppm x 0.18ns x c = 5.4 um
CBO oscillation : 100ppm x 0.16ns x ¢ = 4.8 um

Consider the effect on the intercept:

> 1.7 um systematic uncertainty
39




Timing Offsets

The top and bottom halves of the calorimeter are read out by
different PMTs which could have a timing offset

Offset the hits in the top two FSD tiles by 5ns:

Light Guides

i Chi2/ndf = 18.44/ 16

0| Intercept=-33.44 = 5.78
Slope = 077 > 0.00 + CBO oscillation amplitude

-20
} not affected

—tT
g-2 oscillation amplitude
j— shifts by 25 - 30 um
—> Due to the oscillation in number of
hits at the g-2 frequency

Mechanical Fram

tomultiplier Tubes (Calorimeter)

Photomultiplier Tubes (FSD)

M tform

-40

-60

-80

-100

-120

-140

+ . . .
R T S 32 um shift in the intercept

-150 -100 -50 0 50
um

-160

—II|III|III|III|III|IIIIIII|III|

Early data shows peaks every 149ns due to the bunched muon beam
—> Plot the positron time spectrum per FSD tile
—> Compare the time of each peak

0.5 ns timing difference

—> 3.2 um systematic errap,



Energy Calibration

Different PMTs reading out the top and bottom of the calorimeter can also result in a

difference in calibration

E 40| Chi2/ndf=29.54/16
= Intercept = 26.78 + 8.52
20| _Slope = 0.92 + 0.08 +
o— _}_
20— }
-40— } .
-60— +
80—
-100—
-120—
e e by b v by by b gy

A tile-by-tile calibration is applied to account for the differences
in gain for the different tubes but is not perfect
—_—> Apply a 5% calibration offset to the top 2 FSD tiles

5% calibration offset causes a 28um shift in
the intercept

-180 -160 -140 -120 -100 -80 -60 -40 -20

The energy calibration is calculated by fitting the end point of the

pulse area distribution

Change the fit range ——>

0 20

Chi2/ ndf =97.95/65
po =449.34 + 0.27
pi =-115.31 + 0.52

um 18000

............................ 60%

0.2% change

Mean =0.704
RMS =0.380

4

e 20%

_.
(=]
[=]
[=]
o
R R R R R A

asf
A3
25

1.5

=

0.5—

0:.|.|.|.|.|‘ [ B

|

500 600
Pulse Area

Use simulation to calculate change in endpoint due to a 4.5mm
vertical offset in the beam

b 1
0 100

| | | '
200 300 400

0.7% change in end point

-5 -4 -3 -2 -1 0 1 2

Percent

Detectors maximally offset by 3mm

—> 0.5% energy calibration error "
> 2.8 um systematic error




Differences in sensitivities of the FSDs to low energy positrons could cause a systematic error

Double hits in the FSD tiles can be caused by:
* Pre-showering
» Back scattered electrons from the calorimeter (albedo)

Double hits are thrown away unless they are in adjacent tiles in which case one tile is selected
randomly as the hit tile

Consider:
* Accepting no doubles intercept shifts by +2.0 um
* Accepting both hits in a double  ——intercept shifts by -2.0 um
240 Chi2 / ndf = 16.06 / 16 i 40| Chi2/ndf=17.12/16

Intercept = 0.76 + 5.92 Intercept =-3.25 + 5.86
20 Slope = 0.79 = 0.06 + / 20| Slope = 0.78 + 0.06 +

0

.203— I -zof— %

-40- 40—

aof- - g ey

-80;— -803— ! Z[.lm
-100 ;— -100 ; '_é_‘ + Systematic
20 4 No doubles _120% All doubles error
-140=__ | . | . | . | . I L | . l , 1 A ! | 42

-150 -100 -50 0 50 -150 -100 -50 0 50

um um



Tile Inefficiency and Dead Time

Any differences in efficiency or deadtime of the scintillator tiles could produce a systematic
error

Remake the histograms with a 5% tile inefficiency in the top half of the calorimeter
(randomly throw out 5% of the events)

E 40 chi2/ndf=16.78/16

= Intercept = -2.94 = 6.09
20| siope = 0.78 = 0.06 +

oF

1.6 um change in intercept

=20

-40[

Shifts in the CBO and g-2 amplitudes tend to cancel as any
oscillations will be caused by width oscillations

60
80
-100F

-120f

E 5% inefficiency is way too high
B B E— —_—> negligible systematic

um

Remake the histograms with a 50ns dead time in the top half of the calorimeter
(the tiles have a 20ns dead time)

E 40| Chi2/ndf=17.08/16
= Intercept = -1.99 =+ 5.84
Slope = 0.78 = 0.06

20

o) 0.6 um change in intercept

Dead time difference will not be as high as 30ns
—_— negligible systematic
43
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Vertical Position Oscillation Results

The systematic uncertainties dominate the Effect Error (um)
Detector Tilt 6.1
measurement Vertical Spin 5.1
Quadrupole Tilt 3.9
Timing Offset 3.2
: ; Energy Calibration 2.8
There are r.10 obvious correlations .between the Radial Magnetic Field .
uncertainties > add in quadrature Albedo and Doubles 2.0
Fitting Method 1.0
. . . Total Systematic 10.4
Oscillation amplitude = 1.3 + 11.9 pm R 50
Total Uncertainty 11.9

From simulation expect an oscillation of (8.8 £ 0.5) um per 101° e cm
d,=(-0.1+1.4)x10¥%ecm

Assume the probability for an EDM is a gaussian:
* Centre at the measured value
* Width equal to the uncertainty
Integrate outwards from the central value until 95% is included
-29x10%ecm<d;<2.7x 101 e cm (95% CL)

For a limit on the absolute value, integrate outwards from 0 (rather than central value)
|d,| <2.8x10% e cm
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Vertical Decay angle systematics



Radial Magnetic Field

Any radial magnetic field would cause a tilt in the precession plane in the same way that an
EDM does

c_,).u = — aB —> If the magnetic field vector is tilted, so is the precession plane vector

Asses the radial field from the vertical mean of the beam :

2mm vertical offset (1999) —— 40 ppm radial field
0.2 mm vertical offset (2000) —4-gpm radial field

40 ppm corresponds to 0.1 prad vertical angle oscillation

The effect a radial field has on the paths of the positrons can be neglected in this case (unlike
for the vertical position oscillations)

—_— The tracking should track the positrons through the magnetic field

46



Acceptance Coupling

A variation in the acceptance of positrons at the g-2 frequency combined with an off centre
beam distribution can result in a vertical oscillation

. . DECAY ¢y ‘:‘El_f:,

The outward going positrons have a z 2o o
longer path length than the inward § TN ~;I 5

. . i)
going positrons A PRECESSION 2

—————————— PL
N e oovottez
il Ag2 = 0006984 : 0.0001673 ) ) .
Foss/ | R s 00200y < 0.0001648 > To hit the tracker outward going positrons
% I '\I‘I"l‘\w ‘
ol W ‘” | come from further back
Soasl| | ” hJ i ——> oscillation in average azimuth
4 H I
F1.02f- } “ ! Ik “ \’ . . . .
g | | m"'; u\"‘l } The vertical angle acceptance varies with azimuth
3 H Azimuthal oscillation + off centre beam
1.91— L ) . . ) 1 . _ . . .
0_ I 500 10100 15100 20|00 25|00 30J00 3500 40|00 - Vertlcal angle OSCIIIatIOn

Time in precession period (ns)

F p0  =0.06594+ 0.0332
U p1 =0.1884+ 0.01439

Chi2 / ndf = 0.02114 /1 4

Use simulation to calculate the vertical angle oscillations for
different azimuthal oscillations (2mm beam offset) :

0.8—

0.6—

04—

Conservative systematic error 0.3 prad

0.2—

Mean of vertical angle distribution (urad)
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Coherent Betatron Oscillations

Any evidence of the horizontal CBO oscillations in the vertical could cause a fake signal

htemp
Nent = 1302025

e
©

Mean = 1071

RMS = 620.9

Chi2 / ndf =91.05/ 88

N = 6.4e-05+ 7.735e-06
Acos =1.866e-05+ 0.000306¢
phase =0.007031 +204.1
Asin = -1.503e-06 + 0.003809

ot i ,’
- AL A

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Time in CBO oscillation (ns)

|||||||><
-
(=]

w

Plot the vertical angle modulo the CBO period:

o
)
3]

gle (rad)

e
()

The amplitude of vertical angle oscillations
at the CBO frequency is consistent with 0

Vertical an
oS
o

e
-

[

-0.1

_||II||I|||I

Any vertical angle oscillations at the CBO frequency should average to 0 when plotted modulo
the g-2 frequency
Cross check : Insert a vertical angle oscillation at the CBO
frequency 10 times larger than the error in to simulation
_— EDM signal consistent with 0 to within 3urad

Systematic uncertainty of 0.3urad .
4



Vertical Angle Oscillation Results

The results from the fit:

1999:4.4 £ 5.5 prad
2000:-4.5 £ 5.4 prad

The statistical errors are an order of magnitude greater
than the systematic errors

From simulation:
1 mrad precession plane tilt = 3prad oscillation amplitude
1999 : 1.4 + 1.8 mrad tilt

— —

Qe

d=n s
2mc J _atané eh
5=tan_l(n_/3) "B 2me
2a

Take a weighted average of the two : d,

Systematic error |Vertical |Precession|False EDM
oscillation | plane tilt |gener-
amplitude [ (mrad) |ated 107'°
(urad lab) (e- cm)

Radial field 0.13 0.04 0.045

Acceptance 0.3 0.09 0.1

coupling

Horizontal CBO |0.3 0.09 0.1

Number oscillation |0.01 0.003 0.0034

phase fit

Precession period [0.01 0.003 0.0034

Totals 0.44 0.13 0.14

2000 :-1.5 + 1.8 mrad tilt

1999 :(1.5+2.0) x10% e cm
2000:(-1.7£2.0) x 1019 ecm

(-0.03+1.4)x10P ecm

—

|d,| <2.6x101 e cm (95% CL)

49



