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What we just learned from Chris:
Experimental	goal	is	a	measurement	of	muon g-2	to	140	ppb	precision
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One more thing….
• We do not measure one 

muon at a time
– Roughly 10,000 muons

injected into the ring
– They do not all have exactly 

the magic momentum
– They are not all on the 

magic radius
• They pretty much go 

everywhere, we use terms 
like
– The beam breaths
– The beam swims
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Thomas Gadfort g-2 For Beginners - October 31, 2012

Perfect Storage

9

All muons start with magic momentum 
and located at the magic radius. 
(no inflector in this setup)

Plot position 12 times each turn around the ring.
Muons do NOT decay in this study.

• This beam motion couples into both the measurements of the muon and 
proton spin precession frequencies in non-trivial ways.
– We have to have a complete understanding of the beam dynamics in the 

ring to properly extract g-2.

Thomas	Gadfort



Example 1:  Fake wiggles
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Muons on	the	inside	and	outside	for	the	storage	ring	have	slightly	
different	acceptance	in	the	calorimeter

How	big	of	an	effect	is	this?

Calo

Muon Beam



The pileup systematic uncertainty falls into three cate-
gories: efficiency, phase, and unseen pileup. The pileup
efficiency is established by creating a pileup event spec-
trum and adding it to the raw spectrum. A pileup multiplier,
mpu, is used to construct modified electron time distribu-
tions with varying pileup fractions. These spectra are fit to
determine !!a=!mpu. Equality of the electron energy
spectra early (high rate) and late (low rate) in the fill
indicates that pileup is corrected; an uncertainty of 8%
on this correction is assigned. The systematic uncertainty
on !a from pileup subtraction efficiency is 0.036 ppm. The
pileup phase reflects the error due to the uncertainty in the
phase of the constructed pileup spectrum. Simulations
determine the limits of the phase difference, and the am-
plitude of pileup subtraction, combined with the phase
difference, yields an uncertainty in !a of 0.038 ppm.
Finally, a 0.026 ppm uncertainty is assigned to the effect
of those very-low-energy pulses, unnoticed by the pulse-
finding algorithm, which are not included in the con-
structed pileup spectra. The combined pileup uncertainty
on !a is 0.08 ppm, where the efficiency and phase uncer-
tainties are correlated and add linearly and the unseen
pileup uncertainty is combined in quadrature.

4. Elimination of fast rotation

As described in Section III B, muons are injected into
the storage ring in approximately Gaussian bunches with
rms widths of 25 ns. The momentum spread causes de-
bunching with a time constant of approximately 20 "s and
the leading and trailing edges begin to overlap 5 "s after
injection. Approximately 30 "s after injection—a typical
fit start time—the underlying microstructure remains, ap-
pearing as a rapid modulation of the electron decay spec-
trum for a given detector. This fast-rotation signal is
filtered from the decay spectra by adding a random fraction
of the cyclotron period Tc to the reference time T0 that
marks the arrival of the bunch at the entrance to the storage
ring, a procedure that reduces the fast-rotation modulation
by a factor of about 500. Furthermore, if the calorimeter
signals are aligned in time according to their azimuthal
location and their decay spectra are combined, the fast-
rotation structure is reduced by an additional factor of 10.

In addition to the slow modulation caused by the (g! 2)
precession, the actual rate in a detector station varies sig-
nificantly over a cyclotron period, from early times until
the bunch structure has disappeared. The corresponding
modulation of the pileup rate is handled automatically by
the shadow pulse subtraction scheme.

5. Multiparameter fitting

The electron decay spectra prepared as described above,
fit with the naive five-parameter function in Eq. (10),
results in a very poor #2=dof. Fourier analysis of the
residuals reveals identifiable oscillatory features and slow
changes to the overall spectral shape. Figure 34 shows the

Fourier transform of the residuals of such a fit to the R01
data. While the fit removes !a from the residuals, strong
peaks at the horizontal CBO frequency, its first harmonic,
and at the sum and difference between the CBO and !a
frequencies are evident. Additionally, small peaks associ-
ated with the vertical CBO (VO) and the vertical waist
(VW) are seen at higher frequencies. The low-frequency
rise is ascribed to distortions to the exponential envelope
from muon loss and gain changes. These physical terms
motivate development of a multiparameter fitting function.
A general form, which includes all known and relevant
physical perturbations, and assumes an energy threshold
Eth, can be written
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FIG. 34. The Fourier spectrum obtained from residuals from a
fit based on the five-parameter, ideal muon decay and spin
precession expression. The horizontal coherent betatron oscilla-
tion (CBO) frequency at 466 kHz, its first harmonic, and the
difference frequency between CBO and the (g! 2) frequency
are strong peaks. The vertical waist (VW) and CBO vertical
oscillation (VO) produce smaller, but still significant, effects at
high frequencies. The low-frequency rise stems from muon loss
and gain distortions of the underlying decay exponential.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-30

Power	spectrum	of	residuals	
to	a	simple	cos(wt+f)	fit

Can we see this?

This	is	the	wiggle	plot

This	is	what	we	see	
after	subtracting	the	
main	wiggle

This	turns	a	~5	
parameter	fit	into	a	
~25	parameter	fit
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Example II:  Which magnetic field?
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muon beam

How	big	of	an	
effect	is	this?



Can we see this?
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Blue	=	field Red	=	beam

2000	run
2	mm	mismatch

2001	run
fixed

~20	ppb	extra	error	in	2000	from	this	shift	
Remember	70	ppb	is	total	error	budget	of	Fermilab experiment



More complex examples
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! = − !
! !!! − !!

!
! + 1 ! ∙ ! ! + −!! +

1
!! − 1

!×!
! 	

This	is	the	term	we	want These	are	the	terms	we	are	stuck	with

This	is	the	term	is	non	zero	due	to	vertical	momentum	in	the	beam
Vertical	momentum	leads	to	a	vertical	distribution	in	the	beam
Correction	proportional	to	<y2>

This	is	the	term	is	non	zero	due	to	momentum	spread	around	the	magic	momentum
Momentum	spread	leads	to	a	radial	distribution	in	the	beam

Correction	proportional	to	<x2>

Can	we	see	these?
These	corrections	add	up	to	close	to	a	ppm.	Almost	10	times	the	systematic	errors.



Up-down asymmetries
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Special case:  EDM
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Figure 1.4: With zero EDM, the precession vector of the muons is parallel to the
dipole field. With a non-zero EDM the precession vector is tilted inner radially by
the angle δ as given in equation 1.15
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is the electric dipole moment.
With non-zero EDM, ω is tipped in the towards the center of the cyclotron

orbit by the angle
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−1
(

ηβ

2a

) (1.15)

A tilt in the precession plane of the muons is the signal for an EDM. This thesis
describes the use of a set of wire chambers, capable of reconstructing oscillations
in the vertical angle of the positrons at decay, in a search for an EDM of the
positive muon.

1.5 Alternate EDM search methods

A similar method to the one used in CERN III has been performed in the latest
g-2 experiment [37]. The vertical angle of the decay positrons oscillates, causing

9

1.4 Experimental principles

When a muon is placed in an external magnetic field, the field seeks to align the
muons magnetic moment with the direction of the �

B-field. Because the muon has
non-zero angular momentum, the muon does not align with the field, but instead
precesses about the field. The precession rate is given by

�ωS = g

e

�

B

2m

(1.2)

where g is the gyromagnetic ratio of the muon.

Placing a particle with a non-zero electric dipole moment in an external elec-
tric field would produce an exactly analogous effect. The field attempts to align
the moment along �

E, but because of its angular momentum, the particle precesses
about the direction of the field. The precession rate is given by

�ωS = η

e

�

E

2mc

(1.3)

For a muon in flight through electric and magnetic fields, the complete expres-
sion for the precession is
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where a ≡ g−2
2 is the anomalous magnetic moment.

In addition to this, the momentum is precessing (cyclotron motion) according
to

�ωC = − e

mc
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It is convenient to measure the spin precession relative to the cyclotron motion.
The direction of the muon spin relative to its momentum is
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Figure 1.4: With zero EDM, the precession vector of the muons is parallel to the
dipole field. With a non-zero EDM the precession vector is tilted inner radially by
the angle δ as given in equation 1.15
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is the electric dipole moment.
With non-zero EDM, ω is tipped in the towards the center of the cyclotron
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A tilt in the precession plane of the muons is the signal for an EDM. This thesis
describes the use of a set of wire chambers, capable of reconstructing oscillations
in the vertical angle of the positrons at decay, in a search for an EDM of the
positive muon.

1.5 Alternate EDM search methods

A similar method to the one used in CERN III has been performed in the latest
g-2 experiment [37]. The vertical angle of the decay positrons oscillates, causing

9

~mrad in	rest	frame
~µrad in	lab	frame

No	E	field	in	lab	frame	but	muon sees	an	E	field	in	its	rest	frame.
EDM	will	slowly	precess around	this	(will	never	see	this)
But	the	entire	precession	plane	tilts	(can	see	this)

8/2/2016 B. Casey | Tracking for g-211



EDM Signature

When	polarization	
points	into	the	
ring,	positrons	
point	down

When	polarization	
points	out	of	the	
ring,	positrons	

point	up

Effect:
‘North-south’	asymmetry	
in	calorimeter	position

Positive-negative	
asymmetry	in	tracker	angle

Both	asymmetries	are	time	
dependent,	have	same	
period	as	g-2,	and	are	90	
degrees	out	of	phase

(Sossong analysis	note)

This	allows	us	to	make	a	
completely	
independent	physics	
measurement	with	the	
experiment
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And many more…
• Some of the things I didn’t mention

– Verifying calorimeter pileup algorithms
– Verifying calorimeter absolute energy scale early-to-late
– Differential decay systematics
– Closed orbit effects
– ….....

• Many things that were small enough to ignore in the 
Brookhaven experiment are no longer small enough.  Goal is 
to pin these down with tracking.
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Lets design a tracker
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Physics goals

• Measure the beam profile in multiple locations around the ring. 
– Validates our model of beam dynamics needed to

• Understand calorimeter acceptance changes due to beam breathing
• Determine ppm level corrections to wa due momentum spread and betatron

oscillations
• Determine effective magnetic field map seen by the muons
• Limit the size or radial and longitudinal magnetic fields

• Make an independent measurement of positron momentum 
– Can be used to validate calorimeter-only methods of determining 

pileup and gain systematic uncertainties in regions where tracker and 
calorimeter acceptance overlap

15 B. Casey | Tracking for g-2



Design drivers
432 TRACKING DETECTORS
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Figure 20.1: Arc length between the calorimeter and the muon decay point as a function of
positron momentum.

Uncertainty E821 value E989 goal Role of tracking
(ppm) (ppm )

Magnetic field 0.03 0.01 Measure beam profile on a fill by fill basis
seen by muons ensuring proper muon beam alignment
Beam dynamics 0.05 0.03 Measure beam oscillation parameters as a
corrections function of time in the fill
Pileup correction 0.08 0.04 Isolate time windows with more than one

positron hitting the calorimeter to verify
calorimeter based pileup correction

Calorimeter gain 0.12 0.02 Measure positron momentum with better
stability resolution than the calorimeter to verify

calorimeter based gain measurement

Table 20.1: Systematic uncertainty goals for the Muon g-2 experiment. Information from
the tracking detectors will be used to constrain these in several ways as indicated in the
final column. For the first two rows, the tracker plays a primary role. For the last two, the
tracker plays a supporting role.
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as a function of the positron to muon momentum fraction is shown in Figure 6.  The distance from the 
calorimeter face to where the positron enters the scallop region is also shown.  This indicates that the 
optimal coverage region is approximately half a meter in front of the calorimeters.  It also indicates that 
the muon distribution can be mapped approximately 1 meter from the calorimeters removing the long 
lever arm required by the E821 geometry and allowing us to stay clear of upstream collimators. These 
calculations will be updated with simulation by my RA and I, including spreads in the initial muon 
distribution, positrons that hit any region of the calorimeter, and the non-uniform B field. 

 

Figure 6:  Left:  The distance between the calorimeter and the muon decay position for positrons that 
strike the midpoint of the calorimeter face as a function of the positron to muon momentum fraction.  
Right:  The distance between the calorimeter and the location that the positrons enter the scallop region 
of the vacuum chamber also as a function of the positron momentum fraction.  The calculations assume 
circular trajectories. 

It is highly desirable to build the system without modifying the existing vacuum chambers.  Fortunately 
there are two unused vacuum ports in the tracking volume.  One is large with an inner diameter slightly 
larger than 10 cm. This is indicated in Figure 7.  Once our baseline detector concept is chosen, we will 
use Fermilab mechanical engineering resources to design a system that can be installed, serviced, and 
maintained through these ports. 

 

Figure 7:  Top view of 1/12 of the vacuum chamber for the g-2 storage ring. The tracking volume inside 
the vacuum chamber and in front of the calorimeter stations for two tracking stations is indicated.  Also 
shown is the side view of the vacuum chamber showing the two unused vacuum ports that can be used to 
access the tracking volume. 
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Muon orbit 

Positron 
trajectory 

Muons decay	far	
from	the	calos

Positrons	are	in	
the	beam	
envelope	for	a	
long	time

There	are	only	a	
few	places	in	the	
ring	with	a	clear	
line	of	sight	to	the	
beam

Symmetry	of	calorimeters	
very	useful	for	canceling	
and	understanding	
systematics.		
Must	be	invisible	to	the	
calorimeters.

Effects	of	multiple	
scattering	explode	

due	to	long	
extrapolation

high voltage insulator. It was therefore very
important to make those electrodes (Q1 full and
Q1 half) as thin as possible and yet sturdy enough
so that they do not buckle.

4.1.5. Leads
The typical leads arrangement for each set of

four electrodes are shown in Fig. 8. The leads
are 3 mm O.D. aluminum tube with 0:5 mm

Fig. 5. The cross section of the quadrupole plates (‘‘electrodes’’) and NMR trolley rails (‘‘ground electrodes’’). The top-bottom as well
as the left-right high voltage support insulators are also shown.

Fig. 6. A photograph taken from the end of a vacuum chamber housing the quadrupole plates; the ring center is on the left. The
distance between quadrupole plates at equal potential is 10 cm. The bottom left and the top right rails are where the cable NMR trolley
rides when measuring the magnetic field. The other two rails were used to keep the symmetry in the quadrupole region. The ruler units
are in inches.

Y.K. Semertzidis et al. / Nuclear Instruments and Methods in Physics Research A 503 (2003) 458–484 465
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Requirements
• Need to measure beam profile with mm level accuracy

• Large extrapolation back to decay position requires percent level 
uncertainty on curvature and minimal material

• Requires better than 300 micron uncertainty on individual position 
measurements
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Requirements

18

CHAPTER 20 433

20.2 Requirements

Requirements for the tracking detectors have been documented elsewhere [3] and are sum-
marized here. The DC nature of the muon beam requires that the tracker perform well over
a large momentum range and for muon decay positions up to 10 meters in front of the first
tracking plane. The arc length between the calorimeter and the muon decay point as a func-
tion of positron momentum is shown in Fig. 20.1. The tracker must measure the vertical and
radial profile of the muon beam to much better than a centimeter, leading to requirements
of below 100 µm resolution per position measurement. The long extrapolation from the
tracking detector to the muon decay point requires that multiple scattering be minimized
and that the material associated with each tracking plane be below 0.5% radiation length.

The trackers are required to reside in vacuum chambers in a vacuum of approximately
10�6 Torr and have either a vacuum load on the system below 5⇥ 10�5 Torr l/s or include
a local increase in pumping speed near the tracker. The readout electronics must also be
in the vacuum chamber to minimize the need for excessive feedthroughs. The tracker must
be located as close to the stored muon beam as possible without interfering with the NMR
trolley.

Any perturbations to the magnetic field due to material or DC currents must be below
10 ppm at the center of the storage region over an azimuthal extent of greater than 2�.
Any perturbations due to transient currents on time scales below 1 ms must be below 0.01
ppm since these cannot be detected or monitored with NMR [4]. The requirements are
summarized in Table 20.2.

Parameter value comments
Impact parameter resolution ⌧ 1 cm Set by RMS of the beam
Vertical angular resolution ⌧ 10 mrad Set by angular spread in the beam
Momentum resolution ⌧ 3.5% at 1 GeV Set by calorimeter resolution
Vacuum load 5⇥ 10�5 Torr l/s assumes 10�6 Torr vacuum and E821

pumping speed
Instantaneous rate 10 kHz/cm2 Extrapolated from E821
Ideal coverage 16⇥ 20 cm Front face of calorimeter
Number of stations � 2 Required to constrain beam

parameters
Time independent field < 10 ppm Extrapolation from E821
perturbation
Transient (< 1 ms) field < 0.01 ppm Invisible to NMR
perturbation

Table 20.2: Summary of the major requirements and environmental considerations for the
tracking detectors.

B. Casey | Tracking for g-2



Technology choice:  Si versus gas
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Technology Choice 
There are several possibilities for tracking detectors that could possibly meet the required specifications.  
I have developed a detailed detector concept based on straw tubes along with Fermilab Scientists Hogan 
Nguyen and David Christian.  We started with the straws designed for the CKM experiment [14] and have 
evolved, in parallel with the Mu2e collaboration, into a desire for straws similar to the T-Tracker of the 
Mu2e experiment [15].  This would have very low mass, will work well in the vacuum, and meets our rate 
requirements, all discussed below. 

In parallel, I have worked on two silicon options with Fermilab Scientists Ron Lipton, Bill Cooper, and 
David Christian.  We have considered a strip option based on 300 µm thick sensors purchased for the DØ 
Run IIb upgrade before the upgrade was de-scoped [16].  These would be read out with FSSRII chips [17] 
originally designed for BTeV and now being used for instrumentation upgrades for the JLab 12 GeV 
program.  We estimate that the IIb sensors could be thinned to 150 µm and retain sufficient signal to noise 
for our purposes.  We would then build the stations out of two sensors with a small stereo angle between 
sensors.  The total material budget would be close to 0.5% X0 per station. 

In an attempt to reduce the material even further, we have investigated using a 50 µm pixel device, in 
particular, the Mimosa 26 chip [18] that has been developed with ILC R&D funding.  There would be 
about 25% dead space on the chip which would require a doublet structure.  Material is also needed in the 
active region for cooling and for flex cables.  We estimate that 2.5 mm Si foam usually used to mount 
doublet pixel structures would provide adequate cooling in the vacuum but after adding the flex cables, 
the overall material budget is essentially the same as for the thinned IIb sensor option. 

 

Figure 8:  Simulated impact parameter resolution (left) and momentum resolution (right) for a 1.5 GeV 
positron versus the radial spatial resolution on a hit at a given station assuming a 50 cm lever arm in the 
tracking volume and a decay point 50 cm before the first tracking station.  The blue curve is for a 
massless detector. The red curve includes multiple scattering from a detector with 0.05% X0 per station.  
The green curve includes multiple scattering from a detector with 0.5% X0 per station.  

Assuming a 50 cm lever arm for the active detector region, a muon decay point 50 cm in front of the first 
measurement station, a uniform B field and circular orbit, we can use fast simulation to determine the 
impact parameter resolution as a function of the measurement resolution of the tracking device.  To begin 
with I assume three measurement stations and the resolution of interest is the radial or vertical resolution 
for a point provided by that station.  The results to a fit to the simulated data to extract the radial impact 
parameter and momentum for a 1.5 GeV track are shown in Figure 8.  Three curves are shown.  The first 
curve indicates a massless detector.  The second includes multiple scattering through 0.05% X0 radiation 
lengths per station, typical for a straw tracking system.  The third includes multiple scattering through 
0.5% X0, typical of a silicon detector.  From this we see that the silicon options will have a hard time 
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Answer:		both	look	good	for	4	planes



Technology choice:  Si versus gas
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Both	are	OK	for	performance.		Next	question	is	geometry

Collider:

You	know	where	all	the	
particle	come	from	and	you	
know	exactly	where	to	put	the	
detector.		Si	always	wins.

g-2:		A	really	fat	DC	beam.		Positrons	are	everywhere!

Muon beam

You	need	several	planes	and	Si	material	adds	up	very	quickly.		So	for	high	
acceptance	only	choice	is	gas.		In	a	vacuum,	only	choice	is	straws.



Tracker team
• Now we know what to build, first step is to build the team
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Plus	several	years	of	Italian	summer	students



Canvas
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Iterations
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Detector Geometry 
The current design of a detector station is shown in Figure 10. The station has an active area of 
approximately 10 cm x 10 cm.  The 10 cm width is chosen so that the stations fit through the large 
existing port in the vacuum chambers.  Straws are aligned in a closed packed doublet geometry to remove 
the left-right ambiguity inherent in straw systems. There are two sets of doublets, 16 straws wide giving a 
total of 64 straws per station.  The two sets are each mounted 7.5° from vertical forming a UV structure.  
The angle is chosen to maximize resolution for the radial measurement (bending plane) wile retaining 
sufficient resolution in the vertical plane.  The readout electronics including TDCs will be housed inside 
the gas manifold so that the gas can act a coolant.  The readout electronics are discussed below.  The gas 
manifold requires 5 vacuum feedthroughs:  gas in and gas out, low voltage, high voltage, and a serial 
cable carrying the digitized signal information.  The support structure will be low Z, low mass, and non-
magnetic material.  The straws will be supported from above and below and tensioned with 4 low mass 
rods on the corners of the station.  The stations will sit on the bottom of the vacuum chamber.  A low 
mass support structure with radial ribs between the stations will also sit on the bottom of the vacuum 
chamber and will be used to position the stations and hold them in place.  

  
The layout of the stations within the tracking volume is shown in Fig. 11.  The layout is chosen to get 
maximal coverage of the particles hitting the calorimeter given the constraints of the vacuum chamber 
and also to get at least 3 spatial hits in both radial and vertical dimensions for as wide a momentum 
spectrum as possible. We have built a mock up of several stations and the alignment structure using balsa 
and have demonstrated that the system shown in Figures 10 and 11 can be installed into a prototype g-2 
vacuum chamber without much difficulty.   The current design consists of 12 stations, 768 channels, and 
120 vacuum feedthroughs. 

We plan to have a complete tracking system in front of two calorimeters with the placement chosen to 
optimize study of the beam profile.  We are considering the ability to populate as many calorimeters as 
possible as an upgrade.  The calorimeters are mounted on a rail system so that they can easily be moved 
in and out of position for servicing.  The run plan for the new experiment will include data sets with the 
calorimeters at different locations in the ring to study systematics.  We will therefore have sufficient data 
with every calorimeter in front of a tracking station to perform the tracker-calorimeter inter-calibration. 

Readout Electronics 
I am collaborating with Boston University on the readout electronics.  I give an overview of the 
electronics here for completeness but the plan is to have Boston University provide the electronics 
through their NSF funding.  Our current choice for the front-end chip is to use the ASDQ [19] (analog 
shaper and discriminator with charge information) originally designed for the CDF drift chamber.  The 

Figure 10:  Sketch of a 
detector station.    
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chip has very nice gain and speed characteristics and very low power consumption.  Total charge 
information is encoded in the width of the output pulse.  We do not expect to be in a momentum range 
where dE/dx will be useful but the charge information may be useful in identifying overlapping hits.  It 
has now been used in several tracking systems; most recently the SeaQuest wire chamber system now 
running at Fermilab.  Each ASDQ has 8 channels so each station requires 8 chips and the detector 
requires roughly 150 chips including spares.  There are 2000 chips on the CDF drift chamber that will 
start to become available in March 2012 and we have been offered as many as we need.   These are the 
chips from the side of the tracker that is not being used as a display piece.  They are surface mounted so 
there should be no issues with removing the chips from the CDF preamp boards. 

 

 

We plan to have custom TDCs designed in FPGAs right behind the ASDQ chips.  This has the advantage 
that data can be buffered on the chip throughout the fill and the data stream can be formatted and sent 
through a serial cable to the back end farm.  This drastically minimizes the number vacuum feedthroughs.  
The hottest straws are expected to have on average 10 hits per fill.  Assuming we record both leading and 
trailing edges, a buffer size of 32 should be sufficient.  This could be done in the FPGA or in a dedicated 
memory chip.  We estimate that this will not be a challenge given current FPGA technology and can 
easily be controlled with the number of FPGAs per ASDQ chips. 

High Voltage Gating System 
There may be a large hadronic flash at injection that could lead to significant dead time in the detector.   
The level of this flash is unknown at present so it is prudent to design some protection into the system to 
handle this. One possibility is to effectively gate the system off during injection.  This can be done by 
reducing the high voltage by about 100 V (~8-10%), significantly reducing the gain of the straw.  The 
voltage recovery time would need to be on the order of 10 µs and so careful planning of the inductance 
and capacitance of the system will be needed as well as R&D to demonstrate stability of the system.  The 
PI will work on this design with assistance from our collaborators at Boston University. 

Work Plan 

Conceptual and Technical Design of the Tracker 
The initial conceptual design of the tracking system is outlined above.  This will need to be completed in 
the first year of the grant.  The main requirement at this point is a full geant4 based simulation of the 
tracking system.  The full simulation of the ring exists and I have added one tracking plane.  The full 
detector will need to be added so that the total number of stations and station placement can be optimized.  
There also needs to be full simulation studies that indicate the proposed tracking detector will meet the 

Figure 11:  Possible layout of 
stations in the tracking volume 
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Figure 20.3: Placement of the straw tracking stations in the scallop region of the vacuum
chamber. The side line is the a lost muon with momentum sleightly below the beam energy
of 3.1 GeV.

flanges that allow for installation and servicing of the tracking detectors.
Each tracking detector consists of 11 tracking stations as shown in Fig. 20.3. Each

tracking station station has two planes of straws. The planes are in a UV configuration
oriented ±7.5� from the vertical direction. Each plane consists of a close-pack doublet of
straws.

There are two types of stations to account for the decreasing width in the scalloped region

Type Straws Stations Spares Total
Type-24 96 6 2 768
Type-16 64 5 2 448
Total per calorimeter 1216
Total for 2 calorimeters 2432

Table 20.3: Total number of straws in the stacking system. The first two rows are the
numbers per calorimeter station.

578 TRACKING DETECTORS

Figure 19.3: Placement of the straw tracking stations in the scallop region of the vacuum
chamber.

Each tracking station consists of 9 tracker modules as shown in Fig. 19.3. The tracker
modules have four layers of straws arranged as two close-packed doublet planes in a UV
configuration oriented ±7.5� from the vertical direction.

There are three types of modules to account for the decreasing width in the scalloped
region of the vacuum chamber. The modules closest to the calorimeter are 32 straws wide
(i.e. 128 channels each). In addition to these ’type-32’ modules there are ’type-24’ and
’type-16’ modules with 96 and 64 channels respectively. The total channel count including
prototypes and spares is listed in Table 19.3.

A schematic diagram of the largest module is shown in Fig. 19.4. The active height of
each station is 8.3 cm. The straws are mounted between aluminum gas manifolds which also
house the first stage of the readout electronics.

2012

2013

2014

Lots	of	design	studies	
by	Simona Borrelli



Final iteration 2015
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Figure 19.6: Placement of the straw tracking modules in the scallop region of the vacuum
chamber. The top figure shows the tracker placement in the upstream section of one of the
12 vacuum chambers and its location with respect to the two calorimeter stations and sleds
(red) in the same vacuum chamber. The trolly rail system (purple) is displayed inside the
vacuum chamber.

slot into the ’staircase’ walls of the modified vacuum chambers. This design maximises radial
coverage whilst avoiding the need to manufacture modules with several di↵erent lengths. The
tracker modules have four layers of straws arranged as two close-packed doublet planes in a
UV configuration oriented ±7.5� from the vertical direction.

590 TRACKING DETECTORS

Figure 19.7: Schematic diagram of a tracking module together with the readout electronics
attached. The module is 32 straws wide.

Straw material Aluminized Mylar
Straw wall thickness 15 µm
Wire 25 µm gold-plated tungsten
Straw length 10 cm
Stereo angle ± 7.5� from vertical
Gas 50:50 Argon:Ethane
Pressure 1 Atm
Operating voltage 1800 V

Table 19.4: Summary of the properties of the tracking detectors.

Material Thickness radiation Length (cm) X/X0 (%)
Gold 200 Å 0.3 6⇥ 10�4

Aluminum 500+500 Å 8.9 1⇥ 10�4

Adhesive 3 µm 17.6 2⇥ 10�3

Mylar 6 + 6 µm 38.4 3⇥ 10�3

Ar:Ethane 5 cm 1⇥ 105 4⇥ 10�2

Total per straw 0.05
Total per station 0.11
Tungsten 25 µm 0.35 0.7
Total after hitting 1 wire 0.82

Table 19.5: material budget in the active region of a station.

Lots	of	help	on	drafting	from	Dario	
Lusso



Lets start building
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Straw production
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Straws cut to 90.6mm lengths and aluminium ends bonded to straws 
using silver epoxy, every straw resistance tested

Slides	from	Kayleigh Thomson



Stringing
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Module stringing

¾Long readout pins threaded with
25µm wire and crimped on
materials tester

¾Wire threaded through module
straw and short annealed pin on
opposite side

¾Wire pre-tensioned to 30 grams
¾Short pin hand-crimped
¾Module jacked apart by 70µm to
create 50 gram tension in wires

Slides	from	Kayleigh Thomson



Inserting the electronics

8/2/2016 B. Casey | Tracking for g-228

Slides	from	Kayleigh Thomson



Inserting the modules
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Tracker Testing / Plans

Mark Lancaster
UCL

Slide	from	Mark	Lancaster
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Electronics

2 

1   2  …
 8 

Straws 

ASDQ 

Frontend Electronics: Single Layer (64 straws) 

8 ASDQs (in 4 boards): 
•  Shaping/discrimination 
•  Digital output ASDQ 

Slides	from	James	Mott



Electronics
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 8 

Straws 

ASDQ 
Flexi 

Cables 

Frontend Electronics: Single Layer (64 straws) 

4 Flexicables: 
•  Power & signals to/from 

ASDQs 

8 ASDQs (in 4 boards): 
•  Shaping/discrimination 
•  Digital output 

Flexicables 

Slides	from	James	Mott



Electronics
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Frontend Electronics: Single Layer (64 straws) 

4 Flexicables: 
•  Power & signals to/from 

ASDQs 

8 ASDQs (in 4 boards): 
•  Shaping/discrimination 
•  Digital output 

1 Feedthrough board: 
•  Backplane for all boards 
•  Gas seal 

Feedthru 

Slides	from	James	Mott



Electronics
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Frontend Electronics: Single Layer (64 straws) 

4 Flexicables: 
•  Power & signals to/from 

ASDQs 

8 ASDQs (in 4 boards): 
•  Shaping/discrimination 
•  Digital output 

1 Feedthrough board: 
•  Backplane for all boards 
•  Gas seal 

1 HV Board (1 ch. per ASDQ board) 

HV cables 

HV Board 

Slides	from	James	Mott
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Frontend Electronics: Single Layer (64 straws) 

4 Flexicables: 
•  Power & signals to/from 

ASDQs 

8 ASDQs (in 4 boards): 
•  Shaping/discrimination 
•  Digital output 

1 Feedthrough board: 
•  Backplane for all boards 
•  Gas seal 

1 HV Board (1 ch. per ASDQ board) 

2 TDC Boards: 
•  Signals from ASDQs timed 

TDC Board 

Slides	from	James	Mott



Electronics
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Frontend Electronics: Single Layer (64 straws) 
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Clk/Ctrl 
Fan Out 

Volt. Reg. 

FPGA 

Slow Ctrl 

Clk/Ctrl 
& Data 

Slow 
Control 

±5 V 

4 Flexicables: 
•  Power & signals to/from 

ASDQs 

2 TDC Boards: 
•  Signals from ASDQs timed 

1 Feedthrough board: 
•  Backplane for all boards 
•  Gas seal 

1 Logic board: 
•  Interface to outside world 
•  Takes clock, control & 

power 
•  Buffers & sends data from 

TDCs 

1 HV Board (1 ch. per ASDQ board) 
8 ASDQs (in 4 boards): 
•  Shaping/discrimination 
•  Digital output 

Logic Board 
Slides	from	James	Mott



DAQ
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Tracker DAQ 
Hierarchy 

Slides	from	Tom	Stuttard
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FNAL source tests
 Source tests of prototype at Fermilab after testbeam

– Straw operation over large HV range demonstrated

– Performance in vacuum verified

Atmosphere vs vacuum results 

consistent within measurement 

uncertainty 

HV converted to gain for both gases

Good agreement until Ar-CO2 

breakdown

Data	taken	by	Eleonora
Rossi	from	last	years	
summer	student	
program
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Straw drift velocity
 Use silicon track to measure DCA of proton to straw

 Use scintillators for t0 to get straw drift times (as before)

 Plot DCA vs drift time to measure drift velocity

 Compare to GARFIELD simulation

 

1800V Ar-Ethane 50:50 → 1.8E6 gainFit gradient for drift velocity = 48.3 um/ns

GARFIELD simulation (2E6 gain)

 Drift velocity consistent with ~ 50 um/ns from GARFIELD

 Use this drift velocity to convert between drift distance and time
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Straw module resolution
 Single straw DCA resolution results in uncertainty in reconstructing 

beam position in a straw module (using hits in 4 layers)

 Stereo angle (7.5deg) results in different reconstruction resolutions 

in radial and vertical directions 

 Measure by comparing straw reconstructed hit position to silicon 

track (although low statistics) 

 

- DCA resolution = 200 um → radial resolution = 100 um, vertical = 750 um

- Results consistent with this given low statistics

ExpectedRadial Vertical

Fitted

Si	position	versus	
straw	position

Vdrift =	48.3	µm/ns sradial =	100	µm

These	are	based	on	prototypes.		Verifying	the	performance	of	the	
production	modules	this	summer	by	Alessia Renardi and	Marco	Di	Bella



Software
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Tracking Offline Design

7/23/16Presenter | Presentation Title3

Raw/Simulated Data

Digitalization
StrawDigits 

(measured hit time, wireID, 
wire position)

Calibration
StrawDigits

(t0, alignment constants, gas 
response constants, etc)

Hit Pattern Recognition
Time Islands

 Clusters
Seeds

(temporal and spatial 
grouping of digits to give 
the position) 

Track Finding
Track Candidates

 (spatial grouping of seeds to form 
track candidates having an initial 

momentum and helical properties )

Track Fitting
Tracks 

 (tracks having fitted positions, helix and 
momentum characterization at each hit, 

particle type)

Track Extrapolation
Decay Vertices 

 (extrapolation of tracks to the 
decay vertex)

Slides	from	Tammy	Walton



Getting ready for data
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Overview of the Mock Data Challenges Purpose
•  Practice generating large samples of simulated data. 

–  Running jobs 
–  Understand data handle 
–  Develop framework infrastructure and tools 
–  Do detector physics and systematic studies 
 

•  Three phases of the of MDC 

7/25/16Presenter | Presentation Title3

Adam Lyon | Offline for Beginners Workshop

The Mock Data Challenges

5

MDC-0 MDC-1 MDC-2

# muons 100M 100B 100M

Generator GasGun GasGun InflectorGun

Purpose
Testing Geometry, Data 
products, storage size, 

memory, speed

10% dataset; match 
BNL sample size; 

practice

Studies that require full 
orbits (e.g. Lost muons)

Status In progress - finish 
by end of April Start May June?

����
�	� �� �. ����	 

Slides	from	Tammy	Walton

Lots	of	help	setting	up	initial	infrastructure	from	Antonio	Anastasi



Conclusions
• Four fold improvement in determination of muon g-2 requires 

new instrumentation
– Building trackers to provide the necessary info particularly about 

beam dynamics
• System is under construction but still a lot of work to do:

– Construction
– Verify performance
– Installation
– Commissioning
– Software
– Analysis

• Thanks for all the help from the Italian summer students and 
we hope you join g-2 in the future.
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