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We propose to measure the muon anomalous magnetic moment, aM' to 0.14 ppm-a fourfold 

over the 0.54 ppm obtained in the BNL experiment E821. The muon 

n,-""i,,,,, determination will have value. The 

current measurement was statistics that precision can be obtained in a 

We outline a to use the FNAL of 

proton accelerators and bunches of muons, which will be directed 

into the relocated BNL muon goal of our experiment is a on the 

muon a,W..HHCHY of 16 ) whieh will 21 times the statistics of the BNL as 

well a factor of 3 reduction in the overall error. Our goal is well matched to ~UL'~"p,"" 

advances in the worldwide effort to determine the standard model (SM) value of the The 

SM) (295 ± 81) x 10-11 , is already suggestive of new 

contributions to the muon ",~'''UHHH~ that the current theory error of 51 x 10- 11 

We describe in this the FNAL complex provides a uniquely ideal for a 

The is compatible with the fixed-target neutrino 

program; the unused Booster batch cycles and can the desired 

statistics in less than two years of The beam preparations are with 

the new Mu2e itself is based on the solid 

foundation of E821 at with modest related to systematic error controL \Ve 

outline the and details of the and timeline 

in this nr/yr"...,,,,, 
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I. EXECUTIVE SUMMARY 

The muon anomalous magnetic moment all is a low-energy observable , which can be both 

measured and computed to high precision. The comparison between experiment and the 

standard model (SM) is a sensitive test of new physics. At present , both measurement and 

theory cite similar sub-ppm uncertainties, and the "( g - 2) test" is being used to constrain 

standard model extensions . Indeed, the difference, t.all (Expt - SM) = (295 ± 81 ) x 10- 11
, 

is a highly cited result, and a possible harbinger of new TeV-scale physics. The present 

proposal is to reduce the experimental uncertainty to create a more precise (g - 2) test 

that will sharply discriminate among models. A significant effort is ongoing worldwide to 

reduce the uncertainty on the SM contributions. During the time required to mount , run 

and analyze the New (g - 2) Experiment , we expect that the theory uncertainty ·will have 

improved considerably. 

The experimental determination of the muon anomalous magnetic moment all has an 

uncertainty of 0.54 ppm, which is dominated by the statistical error of 0.46 ppm. This 

suggests that a further increase in precision is possible if a higher integrated number of 

stored muons can be obtained. vVe propose to measure all at FNAL to an uncertainty of 

0.14 ppm, derived from a 0.10 ppm statistical sample and roughly equal 0.07 ppm systematic 

uncertainty contributions from measurement of the magnetic field and from measurement 

of the precession frequency. Twenty-one times more events are required compared to the 

E821 experiment, which completed its data taking in 2001. Our proposal efficiently uses the 

FNAL beam complex- in para.sitic mode to the high-energy neutrino program--to produce 

the necessary flux of muons, which will be injected and stored in the relocated muon storage 

ring. In less than two years of running, the statistical goal can be achieved for positive 

muons. A follow-up run using negative muons is possible , depending on future scientific 

motivation. Two additional physics results will be obtained from the same data: a new 

limit on the muon 's electric dipole moment; and , a more stringent limit on possible CPT or 

Lorentz violation in muon spin precession . 

The beam concept at FNAL can deliver the required flux at a higher injection frequency 

compared to BNL. With the long FNAL decay channel , the stored muon rate per proton 

rises considerably, while largely eliminating the troubling hadronic-induced beam-injection 

background that plagued the BNL measurement. The new experiment will require upgrades 

7 




and components the a new suite 

system will be and store it so that the 

traditional event mode a new integrating mode used in 

are also will follow 

even further a 

program of R&D 

A the new re

assembly B~L storage (See the 

with the and cost 

ring will be in a new and relatively building at 

at (near the APO blockhouse). The critical to 

data taking is by the and to re-

shim it to very 

DAQ $20 

Collaboration is built a core of participants, many new 

groups. 

a development period following ,o,-".,-·u,,,", approXl

1 year, during which we a cost document. 

time to move the storage 

beam optics, the building, 

and tasks mainly 

costs. \Ve note that many of beam are also forU""JUVu. 

the '-""Y·"uc'" Mu2e 
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FIG. 1: The existing muon storage ring that will be relocated to FNAL for the New (g - 2) 

Experiment. 

II. INTRODUCTION 

The muon magnetic moment is related to its intrinsic spin by the gyromagnetic ratio 9/1-: 

(1) 

where 9/1- = 2 is expected for a structureless , spin-~ particle of mass m and charge q = ±\e\, 
with radiative corrections (RC), which couple the muon spin to virtual fields, introduce an 

anomalous magnetic moment defined by 

(2) 

The leading RC is the lowest-order (LO) quantum electrodynamic process involving the 

exchange of a virtual photon, the "Schwinger term," [1] giving 0,/1 (QED; LO) = o:/27r ~ 

1.16 X 10-3. The complete standard model value of a/1' currently evaluated to a precision of 

approximately 0.5 ppm (parts per million) , includes this first-order term along with higher

order QED processes , electroweak loops, hadronic vacuum polarization, and other higher

order hadronic loops. The measurement of a/1 in Brookhaven E821 was carried out to a 

similar precision [2]. The difference between experimental and theoretical values for a/1 is a 
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valuable test of the completeness of the standard model. At sub-ppm precision , such a test 

explores TeV-scale physics. The present difference between experiment and theory is 

LJ.a.,(Expt - SM) = (295 ± 81)) x lO-ll , (3.60-), (3) 

which is based on the 2008 summary of the standard model (SlvI) by de Rafael [3]. A 

contribution to the muon anomaly of this magnitude is expected in many popular standard 

model extensions, while other models predict smaller or negligible effects. In the LHC 

era, accurate and precise low-energy observables, such as a." will help distinguish between 

candidate theories in defining a new standard model. The motivation for a new, more precise 

(.9 - 2) experiment, is to contribute significantly to the determination of the expected new 

physics at the electroweak scale. We devote a chapter of this proposal to the present and 

expected future status of the standard model evaluation and to the physics probed by an 

improved measurement. 

Precision measurements of a., have a rich history dating nearly 50 years. In Table I we give 

a brief summary. With improved experimental methods , the precision on the measurement 

of a., has increased considerably. Advances in theoretical techniques- often driven by the 

promise of a new more precise measurement have largely stayed at pace and we expect 

that the approval of a new FNAL based experiment will continue to drive improvements in 

the determination of the SM value in the future. 

We propose to measure the muon (.9 - 2) to the limit of the present experimental 

technique, which will require more than 20 times the current event statistics. \,yhile we 

will largely follow the proven method pioneered at CERN and significantly improved at 

Brookhaven , the new experiment requires the unique high-intensity proton accelerator com

plex at Fermilab to obtain a 21-times larger statistical sample. Upgrades in detectors, 

electronics, and field-measuring equipment will be required as part of a comprehensive plan 

to reduce systematic errors. These tasks are relatively well known to us as the collaboration 

is quite experienced in the proposed measurement . Subsequent chapters will outline the 

main issues and the beam use plan that is aimed to complete the experiment in less than 2 

years of running. 

10 




TABLE I: Summary of al-' results from CERN and BNL, showing the evolution of experimental 

precision over time. The average is obtained from the BNL 1999 , 2000 and 2001 data sets only. 

Experiment Years Polarity a x 1010 Precision [ppm] Referen ce I-' 

CERN I 1961 J.l+ 11620000(50000) 4300 [4] 

CERN II 1962-1968 J.l+ 11661600(3100) 270 [5] 

CERN III 1974-1976 J.l+ 11659100(110) 10 [7] 

CERN III 1975-1976 J.l 11659 360( 120) 10 [7] 

BNL 1997 J.l+ 11659251(150) 13 [8] 

BNL 1998 J.l+ 11659191(59) 5 [9] 

BNL 1999 J.l+ 11 659 202( 15) 1.3 [10] 

BNL 2000 J.l 11659204(9) 0.73 [11] 

BNL 2001 J.l 11659214(9) 0.72 [12] 

Average 11659208.0(6.3) 0.54 [2] 

A. Principle of the Experiment 

The cyclotron We and spin precession Ws frequencies for a muon moving in the horizontal 

plane of a magnetic storage ring are given by: 

_ gqB qB 
Ws = -- - (1-,)-. (4)

2m ,m 

The anomalous precession frequency Wa is determined from the difference 

W = w _ W = _ (9 - 2) qB = -a qB. (5)
a s e 2 m I-'m 

Because electric quadrupoles are used to provide vertical focusing in the storage ring, their 

electric field is seen in the muon rest frame as a motional magnetic field that can affect the 

spin precession frequency. In the presence of both E and B fields, and in the case that iJ 
is perpendicular to both E and B, the expression for the anomalous precession frequency 

becomes 

Wa = _!L [a B _ (a __ 1 ) iJ x El. (6)
m I-' I-' c,2 - 1 J 
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The coefficient of the iJ x if term vanishes at the "magic" momentum of 3.094 Ge V / c, 

where 11 = 29.3. Thus aJ.L can be determined by a precision measurement of Wa and B. At 

this magic momentum, the electric field is used only for muon storage and the magnetic 

field alone determines the precession frequency. The finite spread in beam momentum 

and vertical betatron oscillations introduce small (sub ppm) corrections to the precession 

frequency. These are the only corrections made to the meas urement. 

The longitudinally polarized muons , which are injected into the storage ring at the magic 

momentum, have a time-dilated muon lifetime of 64.4 f.lS. A measurement period of typically 

700 f.lS follows each injection or "fill." The net spin precession depends on the integrated 

field seen by a muon along its trajectory. The magnetic field used in Eq. 6 refers to an 

average over muon trajectories during the course of the experiment. The trajectories of the 

muons must be weighted with the magnetic field distribution. To minimize the precision 

with which the average particle trajectories must be known , the field should be made as 

uniform as possible. 

Because of parity violation in the weak decay of the muon, a correlation exists between 

the muon spin and decay electron direction. This correlation allows the spin direction to 

be measured as a function of time. In the rest frame of the muon- indicated by starred 

quantities the differential probability for the electron to emerge with a normalized energy 

y = E* / Emax (Emax = 52.8 MeV) at an angle B* with respect to the muon spin is 

dP(y. B*)
dy dn = (l/27f)n*(y)[1 - a*(y) cos e*] with (7) 

n*(y) = y2(3 - 2y) and (8) 

a* (y) = 9.. 2y - 1 . (9) 
e 3 - 2y 

Figure 230 shows the quantities n*(y ) and a*(y). Electrons with y < 0.5 are emitted preferen

tially along t he (negative) muon spin direction and those with y > 0.5 are more likely emitted 

opposite to the spin. Because both n* and a* are larger for y > 0.5 , decay electrons tend to 

emerge in the direction opposite to the muon spin. Like the muon spin, the angular distribu

tion of the electrons in the muon rest frame rotates at the angular frequency Wa . Figure 2b 

shows the same differential quantities in the boosted laboratory frame (n* ---t N, a * ---t A). 

Here , Emax 3.1 GeV and A is the laboratory asymmetry. The statistical uncertainty on;:::j 

the measurement of W(l is inversely proportional to the ensemble-averaged figure-of-merit 

(FOM) N A2 . The differential quantity N A 2 , shown in the Fig. 2b, illustrates the relative 
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FIG. 2: Relative number and asymmetry distributions versus electron fractional energy y in the 

muon rest frame (left panel) and in the laboratory frame (right panel) . The differential figure-of

merit product N A2 in the laboratory frame illustrates the importance of the higher-energy electrons 

in reducing the measurement statistical uncertainty. 

weight by electron energy to the ensemble average FOM. 

Because the stored muons are highly relativistic, the decay angles observed in the labora

tory frame are greatly compressed into the direction of the muon momenta. The lab energy 

of the relativistic electrons is given by 

Elab = "'((E* + pp*ccose*):::::; "'(E*(1 + cose*). (10) 

Because the laboratory energy depends strongly on the decay angle e*, setting a laboratory 

threshold Eth selects a range of angles in the muon rest frame. Consequently, the integrated 

number of electrons above E th is modulated at frequency Wa with a threshold-dependent 

asymmetry. The integrated decay electron distribution in the lab frame has the form 

...... . 

(11) 

where No, A and ¢ a.re all implicitly dependent on Eth . For a threshold energy of 1.8 GeV 

(y :::::; 0.58 in Fig. 2b) , the asymmetry is :::::; 0.4 and the average FOM is maximized. A 

representative electron decay time histogram is shown in Fig. 3. 

To determine aJL , we divide Wa by wp, where wp is the measure of the average magnetic 

field seen by the muons . The magnetic field , measured using NMR, is proportiona.l to the 

free proton precession frequency, Wp' 
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FIG. 3: Distribution of electron counts versus t ime for the 3.6 billion muon decays. The data is 

wrapped around modulo 100 /-Ls. 

The muon anomaly is given by: 

aIJ = 
Wa 

---
WL ~ Wa 

R 
A-R' 

( 12) 

where WL is the Larmor precession frequency of the muon. The ratio R = wa/wp is measured 

in our experiment and the muon-tQ-proton magnetic moment ratio 

A = W L /Wp = 3.18334539(10) 	 (13) 

is determined from muonium hyperfine level structure measurements [13 , 14]. 

B. Experimental Specifics 

Equation 12 demonstrates that both Wa and wp must be known to high precision to 

determine aIJ- from the experiment. The magnetic fi eld is measured using NMR techniques. 

In E821, it was shimmed to an azimuthally averaged uniformity of better than ±1 ppm. 
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Improvements will be made in the re-shimming process with the aim of an even more uniform 

field. To monitor the magnetic field during data collection, 366 fixed NMR probes are placed 

around the ring to track the field in time. A trolley with 17 NMR probes will map the field 

in the storage ring, in vacuum, several times per week. The trolley probes will be calibrated 

with a special spherical water probe, which provides a calibration to the free proton spin 

precession frequency wp. The details are described later. 

The experiment is run using positive muons owing to the higher cross section for 7f+ 

production from 8-GeV protons. In the ring, the decay positrons are detected in new, 

segmented tungsten-scintillating-fiber calorimeters [15] where their energy and arrival time 

are measured. The number of high-energy positrons above an energy threshold Et.h as a 

function of time is given by 

(14) 

The uncertainty on Wa is given by 

(15) 

where the energy threshold Eth is chosen to optimize the quantity NA2. 

The key to any precision measurement is the systematic errors. A summary of the 

realized systematic errors from BNL E821 is given in Table II. Our goal is to improve the 

net systematic error on both categories-wa and Wp . to ~ 0.07 ppm, each. The design of 

the new experiment is based on a full consideration of items in this table, which will be 

discussed in detail in the proposal. In some cases, R&D work will be required to develop 

instrumentation to achieve the stated systematic goals. 
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100Syst wp 1999 2000 2001 O"syst Wa 1999 2000 2001 

Inflector fringe field 

of 0,20 0.15 0,09 AGS 0.10 0.01 

B with time 0.15 0.10 0.07 Lost muons 0.10 0,10 0.09 

0.10 0.10 0,05 0.10 0,02 t 

0.12 0.03 0.03 0,08 0,03 t 

Absolute calibration 0.05 0,05 0.05 0,07 0.06 t 

0.15 0,10 0.07 CBO 0,05 0,21 0,07, 

•Beam debunching I 0,04 0,04 i 

Gain 0.02 0,13 0.12 

Total for wp 0.4 0,24 0,17 Total for Wa 0.3 0.21 

•(ppm) 

0,080.13 0.13 

TABLE II: Errors from the E821 periods in 1999, 2000 and 2001 CBO 

stands for coherent betatron oscillations. The pitch correction comes from the vertical betatron 

since . ii # 0. The E-field correction is for the radial electric field seen muons 

multipoles, the and response, eddy currents from 

the and 	 fields 

tIn 	2001 AGS E field and vertical beam debunch

UHlllllll". and procedure 	 0.11 ppm 

III. 	 THE PHYSICS CASE FOR A NEW (g EXPERIMENT 

In part section we of the muon anomamodel 

moment (anomaly). beyond model that 

could contribute to the U,WJAHLH,) conclusion is that muon 

that be 

at the then muon (9 - becomes even 

more since it would remaining ways to for new 

scale. 

, which is with its spin, is The UHN""'v~'v moment of muon 
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by 
- q ~ f.t = g--5, 1+ 

2m",e 
Dirac 

the quantity 9 is 2 in the q = ±e with e a positive HU''''''-,",' 

contributiona, quantum fluctuations, 

This was 

by Schwinger[l], who calculations 

sixth-order(ex / 7r) 3 

and the 

fl.11 fl. 

fl.~ 
(a) (e) 

FIG. 4: The Feynman graphs for: The lowest-order (Schwinger) contribution to the lepton 

; (b) The vacuum A~U'">"'H contribution, which is one of five 

terms; (c) The schematic contribution of new X and Y that couple to the muon. 

electron anomaly is insensitive to heavier physics, so in principle 

0.03 ppb measurement of the electron anomaly[18] should provide a test the 

the measurements ex 

anomaly to rlD'-ar,en 

measurement ex) to 

The muon anomaly is an contri bution to muon 

of heavier goes as 000, so with 

when compared with the the muon anomaly is 111 

contribution and 

z 
contribution 

is implications 

model are discussed. 



The model of all- contributions from processes: QED 

containing and photons; loops containing hadrons in vacuum 

tion paIr In 

gauge 00:30rlS W, in = Wand 

Y v, or X = {l y= 

+ (17) 

of IS 

A. The Standard-Iv1odel Value of all 

1. and Weak 

to are well \Ne 

reviews by de 

through loops, with leading loop 17]. 

value is 

a;ED = 1 ,584 718.09 (0.02)(0.14)(0.04) x 11 (18) 

uncertainties are 4- 5-100p of 0: 

electron value[3] . 

The (shown in is now calculated through two loops. The 

single loop 

(] 

= (19) 

was calculated shortly after 

was to With limit on boson 

rnass) Z contribute at a 



(a) (b) (c) (d) (e) 

5: 'Weak contributions to the muon anomalous IH<"'I",'.''C moment. contributions 

from (a) virtual Hl and (b) virtual Z gauge bosons. These two contributions enter with opposite 

and there is a cancellation. The two-loop contributions fall into three ,-u,"'J"-'..H 

fermionic \vhich involve the of the gauge bosons to (d) bosonic which 

appear as corrections to the one-loop and a. new cla.ss of the 

where G is the of the gauge bosons. See Ref. for details. The 

x indicates the virtual photon from the field. 

two-loop for and the total 

is 

x 

error comes hadronic eneCl;S In 

19]. 

The leading term have been shown to 

is so on aJ.L ppm now 

standard model. 

2. The Hadroni,c Contribution 

The to aJ.L is about 60 ppm of the total value. The lowest-order 

diagram dominates this contribution and its error, but the hadronic 

contribution 6(e) is 

energy the virtual below 

of QeD. it must be dispersion relation in 
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AA y ~ AA
11 !1, Il !1, 

e 
H ~ 

!l 
(a) (b) (c) (d) (e) 

FIG. 6: The hadronic contribution to the muon anom aly, where the dominant contribution comes 

from the lowest-order diagram (a). The hadronic light-by-light contribution is shown in (e). 

Fig. 7, 

R = utot(e+e ----; hadrons)aha.d;LO = ( 
exmJ.<)2 ( Xl ds K(s )R(s), where (21)

J.< 37r 14m; S2 - u( +e- ----; J.-t+ J.r) , 

using the measured cross sections for e+e- ----; hadrons as input, where K(s) is a kinematic 

factor ranging from -0.63 at 5 = 4m; to 1 at 5 = 00 . This dispersion relation relates the 

bare cross section for e+ e- annihilation into hadrons to the hadronic vacuum polarization 

2contribution to aJ.<' Because the integrand contains a factor of 5- , the values of R( s) 

at low energies (the p resonance) dominate the determination of a~ad;LO. This is shown 

in Fig. 8, where the left-hand chart gives the relative contribution to the integral for the 

different energy regions, and the right-hand gives the contribution to the error squared on 

the integral. The contribution is dominated by the two-pion final state, but other low-energy 

multi-hadron cross sections are also important. 

(a) (b) (e) 

FIG. 7: (a) The "cut" had ronic vacuum polarization diagram; (b) The e+e- annihilation into 

hadrons; (c) Initial state radiation accompanied by the production of hadrons. 

These data for e+ e- annihilation to hadrons are also important as input into the deter

mination of exs(Mz) and other electroweak precision measurements , including the limit on 
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FIG. 8: Contributions to the dispersion integral , and to the error on the dispersion integral. Taken 

from F. Jegerlehner [20]. 

the Higgs mass[21] . After the discussion of the determination of the hadronic contribution, 

we will return to the implications on M H . 

In the 1980s when E821 was being proposed at Brookhaven, the hadronic contribution 

was know to about 10 ppm. It now is known to about 0.4 ppm. This improvement has come 

from the hard work of many experimental and theoretical physicists. The low energy e+e

data of the 80s has been replaced by very precise data from the CMD2 and SND detectors 

in Novosibirsk , the KLOE collaboration at Frascati , and the BaBar collaboration at SLAG 

Additional data are expected from the Belle detector at KEK In addition to the collider 

experiments, significant theoretical work has been carried out in generating the radiator 

functions used in the initial-state radiation (ISR) experiments at Frascati and BaBar[22], 

as well as on the hadronic light-by-light contribution shown in Fig. 6(e). This work was 

carried out because E821 was being performed , and has continued well after E821 reported 

its final result . We emphasize that while this is a difficult subject , progress continues to be 

made, motivated by the present E821 result and by the possibility that a new experiment 

with even greater precision could be carried out at Fermilab . 

3. The Lowest-order Hadronic Contribution 

Because the cross sections at low energies dominate the dispersion relation , it is the low

energy electron-positron storage rings in Novosibirsk , and Frascati that mostly contributed 

to the new measurements . At Novosibirsk , there are two experiments, the cryogenic magnetic 
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detector (CMD2), and the spherical neutral detector (SND) which has no magnetic field. 

Both of these experiments have measured the hadronic cross section in a traditional energy 

scan. At Frascati, ISR (often called "radiative return" ) has been used, where the accelerator 

is operated at around 1 GeV (mostly on the ¢ resonance), using hadronic events accompanied 

by an initial-state (ISR) photon (see Fig. 7(c)) to measure the hadronic cross-section. More 

recently the BaBar experiment has used ISR to measure the hadronic cross sections , and 

their data on multi-hadron final states have been published. The BaBar data, taken at 

the PEP2 collider, differ from the lower-energy experiments at KLOE, since the initial-state 

photon is quite energetic and easily detected. The Belle experiment at KEK is also beginning 

to look at ISR data, and we assume that they too will join this effort. 

50 . 
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FIG. 9: The pion form factor IF71"12 from KLOE, SND and CMD2. The upper right-hand side shows 

a comparison of the shape of the pion form factor from CMD2 and SND compared to that from 

KLOE. The bottom right shows the comparison of the (weighted) contribution to the dispersion 

integraL The largest differences correspond to about 1 x 10-11 in the value of the dispersion 

integraL 

As mentioned above, the two-pion final state is the most important contributor to the 

dispersion integraL Published results from the KLOE, CMD2 and SND experiments are 
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shown in Fig. 9. It is traditional to report the pion form factor F1C) defined by 

(22) 

which is shown below for KLOE, CMD2 and SND. 

A recent analysis [27] gives: 

a~VP = (6 908 ± 3gexp ± 19rad ± 7QeD) x 10-11 
. (23) 

which represents the effort of many experimental groups. Important earlier global analyses 

include those of HMNT [23]) Davier [24], Jegerlehner[25] and Hocker and Marciano[26]. 

Following de Rafael, we use the recent analysis of Zhang [27], which however does not 

include the new results from the KLOE experiment [28] which were published after Zhang's 

review. The next-order hadronic contribution shown in Fig. 6(b-d) can also be determined 

from a dispersion relation, and the result is 

a~vp(nlO) = (-97.9 ± 0.gexp ± 0.3rad ) x 10-11 . (24) 

In September 2008, preliminary results from the 7r7r final state using the radiative return 

method were reported by the BaBar collaboration [29]. At the time of this proposal, they 

remain preliminary and cannot yet be included in the dispersion relation. Davier, in his 30 

January, 2009 seminar at Fermilab, announced that a systematic problem was discovered 

in the threshold region, which affects the previously announced cross section measurements 

in the higher-mass region. The BaBar Collaboration is completing their work now and will 

make final results available in the next few months. Davier pointed out that the uncertainty 

on the lowest-order hadronic contribution from "existing e+e- data (all experiments) can 

reach a precision (yap = 25 X 10-11 " and he expressed optimism that "remaining discrepancies 

will be brought close to quoted systematic uncertainties." 

5. ahad;LO from Hadronic T deCO/II 
~ ~ 

The value of a~ad;LO from threshold up to m T could in principle be obtained from hadronic 

T- decays (See Fig. 6) provided that the necessary isospin corrections are known. This 
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was first demonstrated by Almany, Davier and Hocker [30]. Hadronic T decays to an even 

number of pions such as T- --t 7r-7r°VT) which in the absence of second-class currents goes 

through the vector part of the weak current, can be related to e+c annihilation into 7r+7r

through the CVC hypothesis and isospin conservation (see Fig. 10) [30-32]. The T-data 

only contain an isovector piece, and the isoscalar piece present in e' l e- annihilation has to 

be put in "by hand" to evaluate azad:LO. At present , most authors [3, 20, 23] conclude that 

there are unresolved issues such as the isospin breaking corrections , which make it difficult 

to use the T data on an equal footing with the e+e- data . 

h 
w-

h 
(a) (b) 

FIG . 10: e+e- annihilation into hadrons (a), and hadronic T decay (b). 

6. The HadTOnic Light-by-Light Contribution 

The hadronic light-by-light contribution, (Fig. 6(e)) cannot at present be determined 

from data, but rather must be calculated using hadronic models that correctly reproduce 

the properties of QCD. A number of authors have calculated portions of this contribution, 

and recently a compilation of all contributions has become available from Prades, de Rafael 

and Vainshtein [33], which has been agreed to by authors from each of the leading groups 

working in this field. They obtain 

a~LbL = (105 ± 26) x 10-11 . (25) 

Additional work on this contribution is underway at Minnesota [34] . 

B. Summary of the Standard Model Value and Comparison with Experiment 

Following de Rafael [3], the standard-model value obtained from the published e+e- data 

from KLOE, CMD2 and SND, and published data from BaBar for the multi-pion final states 

is used to determine a~vp and a~vp(nlu). A summary of these values is given in Table III. 
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TABLE III: Standard model contributions to the muon anomaly. Taken from de Rafael[3]. 

CONTRIBUTION RESULT IN 10-11 UNITS 

QED (leptons) 11 6584 718.09 ± 0.14 ± 0.040

HVP (lo) 6 908 ± 3gex p ± 19rad ± 7pQCD 

HVP(ho) -97.9 ± 0.gex p ± 0.3 rad 

HLxL 105 ± 26 

EW 152 ± 2 ± 1 

Total SM 116 591 785 ± 51 

This standard-model value is to be compared with the combined a: and a;; values from 

E821 [2]: 

a E821 
J.L (116592080 ± 63) x 10-11 (0.54 ppm), (26) 

(116591 785 ± 51) x 10-11 (0.44 ppm) (27) 

which give a difference of 

6.af.L(E821 - SM) = (295 ± 81) x 10-11 
. (28) 

This comparison is shown graphically in Fig. 11. 
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FIG. 11: Measurements of af.L along with the standard-model value given above . 
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C. Expected Improvements in the Standard Model Value 

Much experimental and theoretical work is going on worldwide to refine the hadronic con

tribution. One reflection of this effort is the workshop held in Glasgow[35], which brought 

together 27 participants who are actively working on parts of this problem, including the be

yond the standard model implications of aJ.L' These participants represented many additional 

collaborators. 

In the near term there will be two additional results from KLOE, in addition to the final 

BaBar result. An upgrade at Novosibirsk is now underway. 

• 	 Novosibirsk: The CMD2 collaboration has upgraded their detector to C"t'I1D3, and 

the VEPP2M machine has been upgraded to VEPP-2000. The maximum energy has 

been increased from yS = 1.4 GeV to 2.0 GeV. These upgrades will permit the cross 

section to be measured from threshold to 2.0 GeV using an energy scan, filling in 

the energy region between 1.4 GeV, where the CMD2 scan ended, up to 2.0 GeV, 

the lowest energy point reached by the BES collaboration in their measurements. See 

Fig. 8 for the present contribution to the overall error from this region. The SND 

detector has also been upgraded. Engineering runs will take place in 2009, with data 

collection beginning in late 2009 or 2010. They will also take data at 2 GeV, using 

ISR, which will provide data between the PEP2 energy at the T (48) and the 1 GeV ¢ 

energy at the DA¢NE facility in Frascati. 

• 	 KLOE: The KLOE collaboration has measured the hadronic cross section usmg 

initial-state radiation (ISR) to lower the CM energy from the ¢ where DA¢NE op

erates. Significant data have now been published. Several additional analyses are in 

progress: a measurement of the pion form factor from the bin by bin ratio of 7f+7f-~f 

to JJ+ JJ-l' spectrum, (as is being done with the BaBar analysis) large-angle lSR data; 

and ISR data taken off of the ¢ resonance, with a different data set, analysis selection, 

and background conditions. 

• 	 BaBar: As discussed above, the BaBar collaboration is several months from reporting 

the final analysis of their 7f+7f- ISR data. They have significantly more data, but at 

present, no member of the collaboration has taken on the leadership of that analysis 

effort. 
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• 	 Belle: Some work on ISR measurements of R(s) is going on but at present they are 

not nearly as far along as BaBar. 

• 	 Calculations on the Lattice - Lowest-Order: With the increased computer power 

available for lattice calculations, it may be possible for lattice calculations to contribute 

to our knowledge of the lowest order hadronic contribution. Blum has performed a 

proof-of-principle quenched calculation on the lattice. [36 , 37] Several groups, UKQCD 

(Edinburg), DESY-Zeuthen (Renner and Jansen) , and the LSD (lattice strong dynam

ics) group in the US are all working on the lowest-order contribution . 

• 	 Calculations on the Lattice - Hadronic light-by-light: The hadronic light

by-light contribution has a magnitude of (105 ± 26) x 10-11 , rv 1 ppm of aJ.L" A 

modest calculation on the lattice would have a large impact. There are two separate 

efforts to formulate the hadronic light-by-light calculation on the lattice. Blum and his 

collaborators at BNL and RIKEN (RBC collaboration) are working on the theoretical 

framework for a lattice calculation of this contribution, and are calculating the QED 

light-by-light contribution as a test of the program.[38] 

D. Physics Beyond the Standard Model 

For many years, the muon anomaly has played an important role in constraining physics 

beyond the standard model [39 ·42]. The 1260 citations to the major E821 papers [2, 10- 12], 

with 164 in 2008, demonstrates that this role continues. 

In this section, we discuss how the muon anomaly provides a unique window to search 

for physics beyond the standard model. If new physics is discovered at the LHC, then afl 

will play an important role in sorting out the interpretation of those discoveries. In the 

sections below, examples of constraints placed on various models that have been proposed 

as extensions of the standard model are discussed. However, perhaps the ultimate value of 

an improved limit on aJ.L' will come from its ability to constrain the models that we have yet 

invented. 

If the LHC produces the standard model Higgs and nothing else, then the only tools 

available to probe the high-energy frontier will be precision measurements of aJ.L or other 

weak processes , together with searches for charged lepton flavor violation, electric dipole 
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moments, and rare decays . 

The role of (9 - 2) as a discriminator between very different standard model extensions 

is well illustrated by a relation discussed by Czarnecki and Marciano [40] that holds in a 

wide range of models: If a new physics model with a mass scale A contributes to the muon 

mass omJ.L(N.P.), it also contributes to aJ.L' and the two contributions are related as 

aJ.L(N.P.) = 0(1) x (~) 2 X (omJ.L~.p.)) . (30) 

The ratio C(N.P.) == omJ.L(N.P.)/mJ.L is typically between 0(a/41f) (for perturbative con

tributions to the muon mass) and 0(1) (if the muon mass is essentially due to radiative 

corrections). Hence the contributions to aJ.L are highly model dependent. 

A variety of models with radiative muon mass generation at some scale A have been 

discussed in [40], including extended technicolor or generic models with naturally vanishing 

bare muon mass. In these models the ratio C(N.P.) ~ 1 and the new physics contribution 

to aJ.L can be very large, 

(31) 


and the difference Eq. 3 can be used to pla.ce a lower limit on the new physics mass scale, 

which is in the few TeV range [43]. In models with extra weakly interacting gauge bosons 

Z', W', e.g. certain models with extra dimensions, C(N.P.) = 0(a/41f) , and a difference 

as large as Eq. 3 is very hard to accommodate unless the mass scale is very small, of the 

order of M z . In a model with <5 = 1 (or 2) universal extra dimensions, other measurements 

already imply a lower bound of 300 (or 500) GeV on the masses of the extra states, and the 

one-loop contributions to aJ.L are correspondingly small, 

(32) 


with ISKKI :':: l [44]. Many other models with extra weakly interacting particles give similar 

results [45]. If any of these are realized in Nature, the new measurement of aJ.L would be 

expected to agree with the standa.rd model value within approximately ±34 x 10- 11 
, the 

projected sensitivity of the combined standard model plus experiment sensitivity. 

Supersymmetric models lie in between these two extremes. Were they to exist, muon 

(9 - 2) would have substantial sensitivity to the supersymmetric particles. Compared 

to generic perturbative models, supersymmetry provides an enhancement to C(SUSY) 
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O( tan ,60:/47T) and to aJ..< (SUSY) by a factor tan,6 (the ratio of the vacuum expectation 

values of the two Higgs fields). The SUSY diagrams for the magnetic dipole moment , the 

electric dipole moment, and the lepton-number violating conversion process J1. ~ e in the 

field of a nucleus are shown pictorially in Fig. 12. In a model with SUSY masses equal to A 

the supersymmetric contribution to aJ..< is given by [40] 

aJ..«SUSY) :::: sgn (J1.) 130 x 10-11 tan ,f3 100AGeV) 2 (33)( 

which indicates the dependence on tan,6, and the SUSY mass scale, as well as the sign of 

the SUSY J1.-parameter. Thus muon (g - 2) is sensitive to any SUSY model with large 

tan,6. Conversely, SUSY models with A in the few hundred GeV range could provide an 

explanation of the deviation in Eq. 3. 

MDM 
!l- e 

- EDM u . e 

).l ___..:__ e 
~ ~ 

B B 

FIG. 12: The supersymmetric contributions to the anomaly, and to J.t -> e conversion, showing the 

relevant slepton mixing matrix elements. The MDM and EDM give the real and imaginary parts 

of the matrix element, respectively. The x indicates a chirality flip. 

I 
In the next decade, LHC experiments will for the first time directly probe physics at the 

Te V scale. This scale appears to be a crucial scale in particle physics. It is linked to elec

troweak symmetry breaking, and many arguments indicate that radically new concepts such 

as supersymmetry, extra dimensions, technicolor, or other new interactions, could be real

ized at this scale. Furthermore, cold dark matter particles could have weak-scale/ TeV-scale 

masses , and if it exists , models of Grand Unification prefer the existence of supersymmetry 

at the TeV scale. TeV-scale physics could be very rich, and the LHC is designed to discover 

physics beyond the standard model. This will make the precision experiments sllch as mllon 

(g - 2) and searches for charged lepton flavor violation complementary partners 

In the quest to identify the nature of TeV-scale physics and to answer questions related to 

e.g. electroweak symmetry breaking and Grand Unification, we need to combine and cross

check information from the LHC with information from as many complementary experiments 
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FIG. 13: The Snowmass Points and Slopes predictions for a",,(SUSY) (in units of 10-11 ) for various 

scenarios [48], and the UED prediction for one extra dimension [44]. (The horizontal axis has no 

meaning except to make all points visible.) The wide blue band is the present la difference between 

experiment and theory. The narrow yellow band represents the proposed improved precision , given 

the same central value. 

free parameters by one. A large number of recent analyses have made use of this feature, see 

e.g. Refs . [49]. In fact, the CMSSM is very sensitive not only to the a"" but also to the dark 

matter (which in this model is assumed to consist of neutralinos) relic density. As shown in 

Fig. 14, both observables lead to orthogonal constraints in CMSSM parameter space, and 

therefore imposing both constraints leaves only two free parameters and thus allows for very 

stringent tests of the CMSSM at the LHC. From Fig. 14(a) we see that in this model , there 

is little room left for tan,6 = 10. 
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FIG. 14: The mo(scalar mass)-mlj2(gaugino mass) plane of the CMSSM parameter space for 

tanj3 = (10; 40), Ao = 0, sgn(/J) = + : 
(a;d) The lla~today) = 295(81) x 10-11 between experiment and standard-model theory is from 

Ref. [3]. The brown wedge on the lower right is excluded by the requirement the dark matter be 

neutral. Direct limits on the Higgs and chargino x± masses are indicated by vertical lines, with the 

region to the left excluded. Restrictions from the WMAP satellite data are shown as a light-blue 

line. The (g - 2) 1 and 2-standard deviation boundaries are shown in purple. The green region is 

excluded by b ---7 s,. (b;e) The plot with llaJ.L = 295(39) x 10-11 . (c;f) The same errors as (b), but 

llaJ.L = O. (Figures courtesy of K. Olive, following Ref. [50]) 

2. aJ.L is sensiti'ue to quantities that are difficult to measure at the LHC 

As a hadron collider, the LHC is particularly sensitive to colored particles. In contrast, 

aJ.L is particularly sensitive to weakly interacting particles that couple to the muon and to 
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new physics effects on the muon mass, see Eq. 30. 

For unraveling the mysteries of TeV-scale physics it is not sufficient to determine which 

type of new physics is realized, but it is necessary to determine model parameters as pre

cisely as possible. Here the complementarity between the LHC and precision experiments 

such as aJ1. becomes particularly important . A difficulty at the LHC is the very indirect 

relation between LHC observables (cross sections, mass spectra, edges, etc) and model 

parameters such as masses and couplings , let alone more underlying parameters such as 

supersymmetry-breaking parameters or the ,u-parameter in the MSSM. Generally, the LHC 

Inverse problem [51] states that several different points in the supersymmetry parameter 

space can give rise to indistinguishable LHC signatures. It has been shown that a promising 

strategy is to determine the model parameters by performing a global fit of a model such 

as the MSSM to all available LHC data. However , recent investigations have revealed that 

in this way typically a multitude of almost degenerate local minima of X2 as a function of 

the model parameters results [52]. Independent observables such as the ones available at 

the proposed International Linear Collider [53] or aJ1. will be highly valuable to break such 

degeneracies , and in this way to unambiguously determine the model parameters. 

In the following we provide further examples for the complementarity of LHC and aJ1. 

for the well-studied case of the MSSM . The LHC has only a weak sensitivity to two centra.! 

parameters: the sign of the ,u-parameter and tan,8 , the ratio of the two Higgs vacuum 

expectation values. According to Eq. 33 the MSSM contributions to a,.t are highly sensitive 

to both of these parameters. Therefore , a future improved aJ1. measurement has the potential 

to establish a definite positive or negative sign of the ,u-parameter in the MSSM, which would 

be a crucial piece of information. 

In the event that SUSY is discovered, we give an illustration of a tan,8 measurement 

and reconsider the case discussed in Ref. [52] , assuming that the MSSM reference point 

SPSla [48] is realized at LHC. Using the comprehensive LHC-analysis of [52], tan,8 can 

be determined only rather poorly to tan ,8LHC fit = 10.0 ± 4.5. In such a situation one can 

study the rvISSM prediction for aJ1. as a function of tan,8 (all other parameters are known 

from the global fit to LHC data) and compare it to the measured value, in particular after 

an improved measurement. As can be seen from Fig. 15, using today's value for aJ1. would 

improve the determination of tan,8, but the improvement will be even more impressive after 

a future more precise aJ1. measurement. The limits on tan,8 are: E821 tan ,6 = 9.8:!:~t FNAL 
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tan ,6 = 9.8~~:6. Should such a scenario unfold, as the SUSY masses become better measured, 

the measure of tan ,6 from aJ.L would improve further. A similar but more comprehensive 

study in [54], where aJ.L has been incorporated into the global fit, confirms this role of aJ.L as 

an excellent observable to measure tan ,6. 
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FIG. 15: Possible future tan j3 determination from the measurement of aJ.L' assuming that the MSSM 

reference point SPS1a is realized. The yellow band is from LHC alone which gives tanj3LHC fit = 

10.0 ± 4.5 [52, 54]. The darker blue band labelled E821 assumes 6.a,.l = (295 ± 81) x 10-11 , 

which comes from the present values for aJ.L and the Standard-Model contribution, the lighter blue 

band labelled FNAL corresponds to 6.a~uturc = 295(34) x 10-11 . The blue bands show 6.X2 = 
aMSSM (tanf3)-aexp 

) 2 

( 
1" {81;34}XIO Ill' as a function of tanj3, where in a~SSM(tanj3) all parameters except tanj3 

have been set to the values determined at the LHC. The width of the blue curves results from 

the expected LHC-uncertainty of the parameters (mainly smuon masses and Nh, M) [54]. The plot 

shows that the precision for tan j3 that can be obtained using aJ.L is limited by the precision of the 

other input parameters but is still much better than the determination using LHC data alone. 

One should note that even if better ways to determine tan ,6 at the LBC alone might 

be found, an independent determination using aJ.L will still be highly valuable, as tan!3 is 

one of the central MSSM parameters; it appears in all sectors and in almost all observables. 

Therefore, measuring tan!3 in two different ways, e.g. using certain Biggs- or b-decays at the 

LBC and using aJ.L) would constitute a non-trivial and indispensable test of the universality 
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their a very conservative 50' band around 

the observed 

it could 

space are excluded and nothing 

information to collider, dark (g 2) 

measurement will 

a similar 

without prejudice." a ) in a 

19-dimensional space was which was in with many important 

theoretical 

although 

context was 100... 300) x was 

populated by a of a precise measurement of - 2) 

AHU'U"lOto ± x 1 will be a way to rule out a and thus 

The CUHJAUa"V BU"",","""'" moment of to a wide 

range model. It continue to 

on models, both to written that we will so 

era, aIL will 

tool to very of new 

to measure at 

then it "'AY',..ncv"~" few ways to probe beyond case, 

it will In to 

the standard model at the scale. This is 'what motivates our collaboration to 

push forward a new measurement. 



IV. A NEW (g - 2) 

A. Scientific Goal 

The were on three '" UHUHJl/'S periods in 2000, and 

2001. A total x events were included in 

to a relative were, in 

a combined averages for field 

measurement in quadra

ture the of 0.54 ppm. In 

units, the on aJ.1 is x 10-11 
. 

the New (g Experiment is a precision a factor 

of 4 to 5aJ.I is an arrived at equal 

and uncertainty 

well the error for consultation 

8M contributions, we estimate data sets 

uncertainty 51 to 30 in units. Our will 

below theory, 

8YI test will a powerful discriminator new physics I1IU'UCI'., 

technically 

each frequency at 

BNL). use a long kinematics an open 

efficiency per proton a of 

more reduction in from beamline. 

design experiment error reduction by an overall of 3."",,,lia,v!\" 

described will 

B. Elements to a New 

The Experiment on the to 



L muon flux per incident proton, 

2. instantaneous 

3. 

4. Improving the with a into with 

a U""'.HtJUA", u',A.',-,HA'-' to betatron 

5. storage field uniformity and the measurement and calibration sys

6. to instantaneous rate. 

complex. A 

LJ~IV':>H:;< batch will injected into the Recycler, it will be subdivided 

into 4 6 the cycle provide 24 individual bunches of ).J\J'VClVvL 

1012 Each bunch is directed to to 3.1 GeV Ie 
which will by the a new pulsed 

dipole into The quadrupole in the 270-m 

will beta function and ,",v'cw".\..! transport a 

fraction of muon beam will go around Debuncher 

for nearly one full turn, then into the back toward 

APO building. Anew) through 

a new ODen-erlQE~a 

near APO where power services are lve we 

4 will of the 

muon betatron oscillations. We this 

Item 5 field. the ring is for of 

effort to shim the field to a higher uniformity. meet stringent 

some 

as section. Additionally, an improved positron 

of detectors will be required to folding with field 

maps to obtain the 
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item 6, we a plan to <JV/',,""vHW the positron detector to 

,a new and will of events 

lower 

C. The Expected Flash at FNAL 

At one key limitation to crE:asmg the rate was that 

was induced by pions crashed into the 

and the UH"6"''''' with a time constant to 

the gamma rays led to a 

slowly in the light to 

a arr,eCI,ea a number 

errors, which we to be largely GtU'''tll~ in the new prompt 

burst of direct at injection us to 

back on some 5 - 15 J1B The 

slow neutron 10's 

estimate hnl'U1l3pn BNL and 

FNAL. 

1012 
rvfill was 4 X At it will• 

be 1 x 1012 

BNL, the energy was 24 GeV; at FNAL it is 8 pion pro• 
duction is ap'prC)Xllma,tet 2.5 times at 

will 800 m to BNL. With arv• 
for 3.1 GeVIe of m, the a 

pions at FNAL to at BNL = 100). 

• To improve the muons to 

momentum to 

pion 4). For FNAL the ratio 

1.005 will be setting reduced 

pions to equivalent 


0.02). 
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The is based on the pion per ring fill on the 

muon The yield, 4 x 

= 20. the flash will be 20 at in the 

new compared to 

D. Event Rate and POT Request Calculation 

A preliminary estimate of event rate therefore proton-on- target re

quest for the1.8xl events is outlined in IV. l:"p to we 

for as m A 

MARS was to estimate the pions into 

the acc;ep1cea space of line. this point, a approach was to 

compare known luU.l1uulVH at FNAL to same 

factors at factors are relatively rely on 

our for 

process of calculation of beamline, 

work will additional time. In important 

muons per incident of at 

6 can than 2 years. Vve use 6 in our 

beam introducing a 

the E821 that 4 6 weeks beam will 

are assume that taking 

normal downtime. origin of 

factor in IV, is in a series of notes following thehlla,HlC;U 



TABLE IV: Event rate calculation known factors and a to the realized stored 

muon fraction at BNL. 

,Item 

Booster 

Batches to 

Protons on 

15 Hz 

Bunches (each bunch 

BNL stored muons per 

1 fill of the 

Minimum stored improvement FNAL VS. BNL 

Positrons with t 30 p,s and E > 1.8 GeV 

DAQ / production and 

Time to collect 1.8 X 1011 events x 107sfy) 

4/batch 

1 x 10-9 p,/p 

6.0 

10 % 

66 % 

Net Note 

0,75 Hz 1 

4,51 Hz 2 

Notes COAII.HGI,U 

IS1. 15 

2. program uses 12 out of 8 out 20 are in 

for use the muon program. are into the 

per batch. 

each batch into 4 with roughly intensity. 

with "-' 12 ms and each a ring 

muon fraction per proton on at per p (Tp). 

up including the 

6, The is done comparing to the situation at arrive at the 

factors: xOA the reduced pion xL8 line with 
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beta function' x2 the longer decay ; x3 the 

muon tune; xl opening up the pion momentum acceptance; x 2 open 

inflector and 

details in 

7. 	 Product 

energy 

expected fit start 

8. 	 Expected global 

systematic error 

9. 

10. 	 Estimate of 

II. 	Total running. 

12. 	 Request POT 

design. 

kicker = 11.5. use a 

VE. 

from 


and muon 


at t = 30 fiB. 


fraction, which 


calibration runs, 


2x s 

with beam on. 

conditions. 

of 6 	to be very 

for 

reduction from 

time for 

per 

will depend on 

to 

mapping, 

beam 



V. BEAM PREPARATION 


Proton and NOvA Project at will Main to run 

with a 1 s time for its program (N uJ'vlI), batches of beam 

at the of 

MI could in 

an 8 Ge V (kinetic 

repetition rate has 

roughly NuMI program, a to 

Kt>,";Cr,Dr to run at 

Hz. This is for programs complementary to 

program and subsequent we will assume this been "''::>'>'TAryn 

Additionally per cycle but for purposes 

of we will use a typical 4 x DOl:)ol;.:;r batch. 

is to from the 

into the At 

are However, also 

requires so it be for our 

at of 

from with costs to the 

The Accumulator, and equipment to per

be 

any 8 GeV 

experimental program. 

losses in the are currently over a 100 s runnmg average as hcCrHt.:,ri 

beam by 


to 1.6 x 1017 protons/hour. would 


produce per hour. I t is t.:>vnt.:>,'r corrector 


installation completed in 2009 under 

V the scope of of 



Experiment at 

TABLE V: of HR"H.U,-""OHJlliO) required of accelerator 

inj line Ifrom MI-8 to RR 

A. Meeting the "'.~ .... £>·... i Requirements 

rmg 

3.09 muons into an(9

would relocated from Brookhaven National Laboratory to 

IS 7.1 m m radius, ns. 

muon storage 

The muon 

To account fora 

injection pulses about 50 ns or 

on the about 10 ms muons to decay in ring 

and as pure a muon asto the next 

possible would like a channel 

to 173 m. 

muon the the 

Recycler 

APO 

Expt Hall 

Hall 

transf. lines 

ext line 

cooling 

ext line 

RF 

station 

cryo 

to 15 Hz 

from RR to P-l line 

remove systems 

extraction kicker 

new 

new construction 

tie in with 	Tevatron 

near new building 

21 x more can be in then 2 years of 
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To meet the above requirements it is envisioned that six Booster batches every MI cycle 

can be sent to the experiment for an average rate of 6/ 20 x 4 Tp x 15/s = 18 Tp/s. 

This yields the required total protons on target . Each batch of 53 Mhz bunches from the 

Booster would be sent to the Recycler and formed into four bunches for delivery to the 

experiment. Using existing RF systems, possibly supplemented with like-kind components, 

the four bunches can be formed to meet the demands of the (g - 2) ring. The re-bunching 

process takes approximately 30 ms , and the four bunches would then be delivered to the 

experiment one at a time spaced by 12 ms.. Thus , the last bunch is ext racted just within 

the 66.7 ms Booster cycle. The remaining two Booster cycles, before and after this process, 

allow for pre-pulsing of fas t devices prior to the change between NuMI and "muon" cycles. 

(If this is deemed unnecessary, then eight rather than six Booster cycles could feed the 

experiment during each MI cycle.) Figure 16 shows the proposed time line of events during 

MI operation. 

I 266ns I 

rarget 

FIG. 16: Timing diagram for the proposed g-2 operation. 

Once extracted from the Recycler a bunch is sent toward the existing, though possibly 

modified , antiproton target station for ",3.11 GeV /c pion production. A "boomerang" 

approach utilizing the Debuncher and Accumulator rings can be used as a delay line allowing 

for pion to muon decay, assuming a final location of the g-2 ring in the vicinity of the 
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production target. A schematic of the beam line system is presented in Figure 17. The total 

Accelerator Overview 


FIG. 17: Beam transport scheme for g-2 operation. Beam is prepared in the Recycler , exits via 

the PI line, passes through the Tevatron tunnel into the API beam line, and to the APO target 

area. (Blue curve.) Pions , decaying to muons , are transported from the target through the AP2 

line, once around the "pbar" rings (Debuncher / Accumulator) and back toward the experimental 

hall near APO via the AP3 beam line. (Thick red curve.) 

length of the decay line would be ",900 m. To obtain even further purity of the muon beam, 

multiple revolutions in the Debuncher or Accumulator rings could be considered, perhaps as 

an upgrade to the program. This upgrade would require t he development of an appropriate 

kicker syst em and is not included in this first design iteration. The 900 m decay length, 

however, is a lready a large improvement over the original layout at BNL. 

B. Bunch Formation 

The major proton beam preparation will be performed in the Recycler ring. A broadband 

RF system like that already installed in the Recycler would be used , except twice the voltage 

may be required. The 2.5 MHz (max. VrJ = 60 kV) and 5 MHz (max. VrJ = 15 kV) RF 

46 




systems that presently reside in the MI would be relocated to the Recycler. Upgrades to 

increase their maximum voltages by roughly 10-30% may be required. All of these upgrades 

are assumed for the cost estimate. 

As described in [59], the bunching scheme is to use a four period sawtooth wave form 

across the Booster batch produced by the broadband RF system to break the batch into 

four segments and rotate them in phase space sufficiently that they can be captured cleanly 

in a linearized bucket provided by the resonant RF. Each of the four resulting bunches has 

an RMS length of ",50 ns. The first bunch is extracted immediately and the latter three 

are extracted sequentially at half periods of the synchrotron oscillation. The beam loading 

of the resonant cavities will be considerable , and further details need to be considered. It 

is plausible to expect that a feedforward system can be developed without serious difficulty. 

A combination of feedback with feed forward is potentially better yet, but feedforward will 

be required with or without feedback. Figure 18 shows the resulting beam structure in the 

r 

FIG. 18: Resulting relative momentum spread (6.p/p) 'Us. time in seconds following injection into 

the Recycler. After an initial phase using the broadband RF system, beam is captured into four 

buckes. The beam rotates within the four buckets with period 12 ms and is extracted one-by-one 

as the momentum spread reaches its peak (pulse length is at its shortest). 
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if 

every 12 ms, 

The four 

shown, the 

MHz). A 

C. Beam 

Following 

proton beam 

of 

as described 

PI beam 

Injector ties into 

8 GeV 

in the reverse 

same way as 

An 

one the four 

were not 

the bunches are at 

require 

and 

trajectory 

to be injected 

Injector tunnel. 

same 

beam will 

extraction 

same beam 


the 


During 


and so 

to transport 

kicker system will 

plan would to extract one 

narrowest extent 

roughly 400 ns center-to-center. 

4 kV (broadband), 

-s per 53 

extraction 

Recycler from 

maneuver 

procedure. 

to be extracted 

is at the MI-52 

Figure 

into the Main 

operation, however, 

to 

into the 

be required for 

kV (2.5 MHz), 

J.J\~'U;:)uC;L bunch was 

the Booster, we see 

MI-8 beam line at 

through 

line is 

(and on into 

Main Injector 

III 

the 

region to extract 

bunches from the Recycler. The four bunches will be 

sequence 

into 

lVIain 

by 

approximately 200 ns, so the kicker must rise in rv 180 ns a flat top of-v50 ns. The 

Recycler seven 

be Thus, 

11,8 or more. 

and must 4 times 

repeated 6 every 1.33 s 1V11 

From entrance of the PI 

the 

system is run at 8 

transport in 

for antiproton 

After 

of the one batch 

can then 

10 ms within a 

5 J-ls, 

IS 

the Tevatron Lambertson is 

toward 

~VL~Hu. no 

which is 

hall. 

are required 

in the next 
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3.1 GeV /c pions are collected into the AP2 line which is "retuned" to operate at 3.1 GeV / c 

rather than today 's 8.89 GeV /c antiproton operation. 

To obtain a long decay channel for the pions off the target, the beam is transported 

through the AP2 line, into the Debuncher ring, and, through a new short transfer line, 

into the AP3 line, and directed back toward APO. (See Figure 17 again.) An alternative 

option being considered is to transfer the beam from the Debuncher into the Accumulator 

using existing lines; however, the present aperture restrictions in this simpler mode require 

further study. As this will be the only use of these rings, kicker magnets will not be required 

in this configuration, and the rings will be "partially powered" using only those magnet 

strings required to perform the "boomerang." Either corrector magnets or DC powered 

trim magnets will be used in place of kickers to perform the injection/ extraction between 

the partially powered rings and associated beam lines. It is currently envisioned that the g- 2 

ring will be located on the surface near the APO service building as indicated in Figure 19. 

The AP3 beam line will be modified to "punch through" the ceiling of the tunnel enclosure 

FIG. 19: Proposed location of the new (g - 2) experimental hall (yellow). 

and up into the g-2 ring. 

As can be seen, little modifications are required of existing beam lines to perform the beam 

transport all the way from the Booster to the g-2 ring. The end of the line and connection 
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to 


(and, in 


aperture restrictions. 


D. Station, Pion Capture and 

Various are being 	'"""'-'-'"V,'v,"" at this time the requirements 

headway is more-

for 	 one 

3.1 GeV Ic pions 	 beam 

is the use existing 

the use of 

are pulsed once every 2.2 s 

and supplies into a useful mode, such as to pulse 

every 12 ms or to generate a a top of about 40 ms, with 

reduced Use of the Lithium 

if necessary, such as a triplet 

It is likely, dipole toIJLU0vU 

upgraded to rrp:::''''<>n repetition rate. The APO 

modular thus various options can should 

systems renovation. 

E. Toward a Beam Rate "-'''''''''-''eAH:< 

experiment at requires at a 6 fold increase of the of stored 

muons per 8 to by E821 GeV nrn'tr.n VI 

summarizes 

in Appendix 

are and R&D detailed end-to-end as well 
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as tests to to a 

are 

BNL 


~ 2.7E-5 


88 m 


3.8 ± 0.5 mr 


6.2 m 

closed end 

into channel 

L 

pion momentum band 

FODO lattice 

inflector 

we conservatively assume this 

FNAL 

~ 1.1E-5 0.4 

900 m 2 

forward 3 

1.33 

3.25 m 1.8 

open end 2 

total 11.5 

TABLE VI: Parameters for E821 and the New 2) bea.mline and their relative 

effect on the stored muons per proton fraction. Pion Y IT given for momentum bin P1T= 

3.11 ± 

F. Experimental 

at [60] buildingA pass was 

would 

'-''-''Cu.,,,,, of the cost exercise may be found in 

a fuB-span crane. 

\."<',J.U',F, is to the 

and counting room. A "''-''''dBa,,,' the building 

location in Figure 20. 

can be met 

is 

and is expected be in SooK 

Additionally, it is Tevatron 

warmed up to room '''''''''1..''.0. 

for A cost requiredup the 

[61] 
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New G-2 
Experimental Hall New Asphalt 
80' x 80' x 25' High Parking Area 

leVal ron Beam/ ' me 

APO Target Bldg. 

FIG. 20: Location plan of the new g-2 experimental hall. 

The exact location of the building south of APO will be determined by the final design of 

its connection with the beam transport line. The beam line will need to emerge vertically 

from the tunnel containing the AP3 line and make a roughly 900 horizontal bend into the 

experiment building. 

G. Environmental Assessment 

As noted previously, the average particle delivery rate to the g-2 target would be 

18 Tp/sec. At 8 GeV kinetic energy per proton, this translates to approximately 27 kW 

beam power onto the target station. Present day antiproton production operation utilizes 

two Booster batches of 4 Tp every 2.2 sec at a particle energy of 120 GeV, which corre

sponds to approximately 67 kW beam power onto target. Thus, the activation of the target 

hall and beam lines leading up to it is expected to be well below present day levels . This 

should also be expected of the beam delivery from the target into and out of the rings and 

back to the APO region through the existing beam lines since this will be performed as a 

single-pass beam transport using DC magnetic elements. Once designed, the final layout of 

the connecting region between the AP3 beam line and a new g-2 experimental hall will need 
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to appropriate W"",l"'H.,LUJl'" While further work will needed to validate the 

environmental impact as well as the 

is seen as 

H. Opening the Inftector Ends 

original superconducting BNL included two for 

open or see 21 Both in 0.5 m 

inflector was 

was thought to be more 

shielded from seen 

muons. On 

energy in the end muons that store in a 

of 2. 

The stability of the open-ended configuration was at full current in a 

L5T on our measurements [63], J"'o,~l',v field from 

region 

A of 2 increase in muon the Much of 

investment in for custom tooling necessary 

to 	construct The IS in detail in an appendix, 

I. Accelerator R&D 


As this the include: 


• 	 Targeting and Pion Flu:r:: to verified and/or if 

necessary, including possible use of the lithium final 

\"'HIJ"'CH or use pulsed dipole 

hall as well and not meet 

CQ,11UlllF; the pVr;P("j

from 8 production 



(a)Open End 	 (b) Closed End 

FIG. 21: Photos of the open- and closed-end infiector prototype. 

into the transport line is being carefully examined, modeled, and documented. This 

effort will continue with high priority. 

• 	 Intensity Limitations: Studies should be performed on the intensity limitations of the 

Recycler , for example the impedances expected to be present during g-2 operation. 

While many of today's electron and stochastic beam cooling components can be re

moved, t he addition of new RF systems will create new sources of impedance that 

need to be examined. The NOvA program, for instance, is expecting a low impedance 

system to meet its intensity requirements, and any modifications must be consistent 

with this expectation. 

• 	 Radiation Safety: Assessment needs to begin soon on the required improvements to 

radiation shielding or other mitigation for the increased particle flux through the 

antiproton source beam lines and synchrotron tunnels. 

• 	 Bunch Formation: Optimization of the bunch formation in the Recycler and final 

definition and specification of the RF requirements need to be completed. 

• 	 Final Transport: The final stage of beam transport from the AP3 beam line up and 

into the g-2 ring in the experimental hall needs to be designed and properly costed. 
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J. Muon ,..n.r~'IJP 

muon 7.112 m in central orbit 

and open on the to electrons to to the detectors 

power supply A current. in 

to from the NMR measurements 

to at a value 

of 1 13 having a maximum carbon, is used in 

yoke. Low-carbon fabrication process of 

impurities of or 

extraneous An air gap hA1-uTl>Qn 

pole the 

are placed in the 

pole 

pole mm A vertical cross of 

23. 

Attaining adjustments,.:>U.LAHUUHIS 

far twelve upper- lower

are shimmed yoke 

air gap. Next are 

With a wedge angle 1 mm 

changes 

angle is set to 

and 

mner 

are run azimuthally 360 

They are controlled through 

current elements. \i\Tith 

of':.::: 1 ppm runs. 

variation in the is with radial 
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Value 

between. 

TABLE VII: Selected muon "rnr"c'p. 

Parameter 

Nominal field 1.4513 T 

Nominal current 5200 A 

orbit radius 7.112 m 

Muon diameter 90 mm 

Magnet gap 180 mm 

Stored energy 6 MJ 

from and diurnal drift in the temperature.aC;CLVV,UC"l of 

(or the outside 

faces was to 

the variation 

K. the to FNAL 

and of the 

along with of its various subsystems can be 

conventionally, 

shimming 

that form see 

Fig. are in 12 sectors in azimuth. The can 

unbolted and transported a of 680 metric tons. 

main complication in moving the 

in cn)SS,-SE?CLthe 

are outer 

24 turns to allow muons to enter through space 

llC;'~~C;U in series to the outer with 

the current shipping is not 

the Brookhaven to a off 
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FIG. 22: A 3D engineering rendition of the E821 muon storage ring. Muons enter the back of 

the storage ring through a field-free channel at approximately 10 o'clock in the figure. The three 

kicker modulators at approximately 2 o'clock provide the short current pulse, which gives the 

muon bunch a transverse 10 mrad kick. The regularly spaced boxes on rails represent the electron 

detector systems. 

Island Sound, shipping them through the St. Lawrence Seaway, and into the Great Lakes. 

From Lake Michigan, the barge can travel via the Calumet SAG channel to a point near 

Lemont, IL that minimizes the distance to Fermilab. From there, the coils can be airlifted a 

second time to the laboratory. The total shipping cost for the water transport is estimated 

at $700K. 

One advantage of the proposed route, is the proximity of major expressways between the 

barge and the laboratories. On Long Island, the Vhlliam Floyd Parkway, and in Illinois, 

I-355 to I-88, provide flight paths that avoid air space over residential or commercial areas. 

Erickson Air-Crane has been contacted for an initial cost estimate and consultation on 

feasibility. The company is an international specialist in heavy-lift applications , and their 

S-64 aircrane has a 25,000 Ib load capacity, which is enough to t.ransfer the heaviest of the 
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FIG. 23: Cross sectional view of the "C" magnet. 

coils along with its lifting rig. The cost for the entire air crane operation at both ends of 

the barge voyage was quoted at $380K. 

For the purpose of this proposal, it is assumed that the coils will be transferred from BNL 

to FNAL. While this provides an upper limit to the overall cost estimate of approximately 

$l.lM (without contingency) to transfer the coils , the price to re-fabricate the coils and 

cryostats at Fermilab needs to be explored. Given that the price to construct the cryostats 

and wind the coils originally totaled $2.3M in 1990 dollars, it is unlikely to be advantageous 

to consider rebuilding them. There is also a secondary advantage in utilizing a barge in that 

the steel from the magnet yoke can be delivered to and from the same barge for a Significant 

savings compared to shipping overland . 

58 




VI. THE PRECISION MAGNETIC FIELD 

We propose to measure the in the nrC""')l,T o',"nor1 to a 

O.07ppm 

and refined over a 

of 0.17 ppm had been was 

VIII). 

A brief of the measurement is m VIA. 

the were m course E821 which in 

in the field measurement by a factor of section VI C 

we necessary to regain homogeneity 

VID we our measurement 

years without operation, and we trWAQ{:;'p a m 

to the 0.07 ppm. 

A. Methods and 

The measurement of the HH;LiS"Jl", m 1 is on proton NMR in 

water. A field with 17 NMR per 

out entire muon the field in 17 x 6· the 

measurements taken 

calibration the 

field 110lTIOi:;enel 

field was then NMR probes mounted in trolley shell, as well as with 

a plunged into the vacuum values 

in 

Drifts measurements were by 

the measurements with the .... ":.,AHb probe were 

by interpolation of the outer top 

the vacuum and 

readings an inter-calibration trolley probes with to 

and to other. 



The plunging probe, as well as a subset of were with respect 

to a standard probe [74] with a 1 cm sequence of 

measurements in the storage region, which was to 

probe is the same as the one used in muonium measurements the ratio 

A of muon to proton magnetic moments [13J. 

The NMR clock and the clock muon 

locked to the same LORAN-C response 

and were extensively studied. 

from the residual inhomogeneity 

uncertainties in the active 

The ring magnet design 

to the overall uniformity of the 

magnetic field measurements 

collection period in 

region was achieved for range, in 

in the 

25 shows a average of the 

field in the muon storage region a measurement in aver

age field is uniform to within 1.·5 ppm over 

by the (analyzed) muons is rather insensitive to the 

beam, which was determined to within a 

The measurements with the field trolley were about 150 

(out of 370) NMR fixed probes in the outer top vacuum 

chamber to the field values in the beam out 

continually. Their readings were used to 

when the field trolley was parked in a garage garage is 

located just outside the beam 

from redundant measurements 

The field change induced eddy currents 

a prototype chamber with an optical u,,~r:':::'''.2'-''n' 

the accelerator were measured 'in to con

tribute negligible uncertainty. comes 
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FIG. 24: The NMR frequency measured with the center trolley probe relative to a 61.74MHz 

reference versus the azimuthal position in the storage ring. These data come from one of the 

22 measurements taken with the field trolley during the 2001 data collection period. The solid 

vertical lines mark the boundaries of the 12 yoke pieces of the storage ring. The dashed vertical 

lines indicate the boundaries of the pole pieces. 

components [77]. 

The total field uncertainty is predominantly systematic, with the largest contribution 

coming from the calibration. For all data collection periods , the results and uncertainties 

were based on two largely independent analyses. 

B. Past improvements 

The uncertainty in the field measurement was improved by a factor of three in the course 

of experiment E821 and reached a final value of 0.17 ppm for the year 2001 (d. Table VIII). 

The superconducting infiector magnet [72] was replaced between the data collection pe

riods in 1999 and 2000 because of a damaged superconducting shield which permitted stray 

magnetic fiux to leak into the storage region. This replacement minimized the infiector fringe 

field in the storage region in subsequent data collection periods and eliminated the need to 

measure the magnetic field with separate trolley settings in the infiector region. Together 
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TABLE YIn: uncertainties in the measurement of the magnetic field for experiment 

E821 ( for a future effort based on known and existing 

equipment. The uncertainty" groups uncertainties caused by higher the trolley 

frequency, and response, eddy currents from the and 

fields. 

of errors [ppm] 


1998 1999 2000 2001 future 


calibration of standard probe 0.05 0.05 0.05 0.05 0.05 

Ca.libration of trolley 0.3 0.20 0.15 0.09 0.06 

measurements of 0.1 0.10 0.10 0.05 0.02 

with fixed 0,3 0,15 0,10 0.07 0.06 

Inflector fringe field 0.2 0.20 

from muon distribution 0.1 0.12 0.03 0.03 0.02 

Others 0.15 0.10 0.10 0.05 

Total 0.5 0.4 0.24 0.17 0,11 
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a thousand ppm, It is therefore unavoidable tha t reassembling the storage ring at Fermilab 

will lead to the loss of field homogeneity realized at Brookhaven. 

Reattaining high field uniformity requires a series of shimming steps, well established by 

E821 , from coarse to fine adjustments, and from mechanical to electrical techniques, 

First the 12 upper and lower-yoke adjustment plates are shimmed by placing precision 

spacers between them and the yoke steel , modifying the air gap. The precision pole pieces 

are adjusted so that the surfaces of adjacent pole pieces are matched to ± 10 flm. The · 

angles of the poles are measured to ± 50j.lfad, and adjusted so the pole faces are horizontal 

when the magnet is powered. 

Next , the precision pole pieces are attached to each yoke sector , separated by a 1 cm 

air gap. In the air gap are inserted a total of 864 adjustable iron wedges. The wedges 

were machined with an angle of 50 mrad to compensate for the normal quadrupole moment 

expected from the C-magnet design. Moving a single wedge radially by ±3 mm changes 

the air gap by ±150 flm, changing the dipole field locally by ±300 ppm (with higher order 

moments essentially unchanged). Finer movements allow correspondingly finer adjustments 

of the dipole field. 

The air gap also contains dipole corrections coils (DCCs) which allows the dipole field 

over a pole to be adjusted by ± 200 ppm. The currents in these 72 DCCs were static in 

E821, but active feedback is possible . 

With these tools, the variation of the dipole field around the ring can be reduced to 

acceptable levels. 

Higher order moments of the field are reduced by shimming elements placed between 

the pole faces and the storage vohlme. These include 5 cm wide iron shims placed on the 

inner and outer radius of each pole, The edge shim thicknesses are adjusted to minimize 

the normal sextupole , and skew quadrupole and sextupole. It would be prudent to produce 

new edge shims, though it is possible none would be required. 

Another tool for reducing higher order moments are the surface correction coils (SCCs) . 

These are a set of 2 x 120 coils, 3600 in azimuth on PCBs, 2.5 mm apart , carrying ± 1A. 

The currents through the coils are set individually to reduce the average of the normal 

quadrupole and other moments over the ring. \.\lith these tools, a uniformity of ::::::1 ppm 

should be achievable . 

It is important to mention that maintaining this homogeneity requires that the magnet 
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FIG. 26: Schematic view of the magnet pole region, showing the location of the various shims. 

be insulated from changes in the environment. Temperature changes affect the yoke spacing, 

and temperature gradients in the yoke can produce quadrupole moments in the field. Insu

lating the magnet from temperature changes and gradients is an important part of preparing 

the field for the experiment. 

A special shimming trolley with NMR probes will be used during the shimming process. 

During initial shimming the vacuum chambers will be absent. Field mapping at about 105 

points (approximately 2 cm apart) will be done to obtain a complete map with the trolley 

in a period of 4 to 8 hours. A measured set of field points can always be represented 

for a 2-dimensional case and the harmonic description is useful for shimming and also for 

analysis of errors due to field inhomogeneities. Three dimensional problems will be dealt 

with empirically. A computer program will provide rapid off-line analysis to represent the 

field in its harmonic components and with this information a decision can be made about 

what changes to make in the shimming configuration. In general it will be necessary to turn 

the storage ring magnetic field off to make changes in the iron shims. 

The shimming techniques will all be done with an iterative approach involving field 

measurement, calculation, shimming and remeasurement . The calculation to predict the 
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shimming required to improve the field will depend on the particular shimming technique 

being employed and on the character of the inhomogeneity. 

We can anticipate at least 6 months or more will be required (once the magnet has been 

reassembled and powered) to shim the magnet without the vacuum chambers in place. This 

time would be used to adjust the pole face positions and tilts, to adjust the wedges and 

DCCs, make fine adjustments with the thin iron shims , and to make any changes to the 

edge shims. Note that some sort of mechanism for moving the shimming trolley around the 

ring will be necessary, as well as a means of determining its azimuthal position. 

D. Further Improvements 

The methods and techniques used in E821 are not fully exhausted; to reach a precision 

of 0.11 ppm, as detailed in Table VIII, only modest refinements are necessary. To reach the 

projected 0.07 ppm, no single approach suffices, and several systematic error sources need 

to be addressed simultaneously. 

Our efforts to improve the existing apparatus and techniques would be focussed on the 

. following items. 

• 	 in situ measurement of the field change from kicker eddy currents [73]. 

• 	 Extensive measurements with the magnetic field trolley, aiming in particular to better 

resolve the position of the active NMR volumes inside the trolley shell and to map 

out the response functions to the level where corrections can be applied, rather than 

limits be set. 

• 	 More frequent measurements of the magnetic field in the storage ring during beam 

periods (following mechanical maintenance on the trolley drive and garage). 

• 	 Repair and retuning of a number of the fixed NMR probes to improve the sampling 

of the storage ring. 

• 	 Replacement of the power supplies for the surface correction coils to eliminate the 

occasional data loss caused by oscillating outputs. 

• 	 Refinement of the analysis techniques to reduce trolley position uncertainties in the 

storage ring. 
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• 	 Temperature control of the environment of the storage ring magnet. 

• 	 Additional shimming of the storage ring once the homogeneity of the E821 field has 

been reestablished at FNAL. 

• 	 Use thin (25-100I-im) iron shims on the pole faces to further reduce azimuthal variations 

in the dipole field, which primarily couples to uncertainty in trolley position. 

• 	 Replacement of outdated computing and readout infrastructure. 

• 	 Replacement of the LORAN-C time reference by GPS-based system, if necessary. 

Better knowledge of the muon beam distribution, required by the anomalous precession 

measurement, would also benefit the measurement of the average magnetic field. 

Further improvements down to the final goal of 0.07 ppm require significant R&D. Several 

aspects of the measurement need to be addressed simultaneously, as no single improvement 

suffices to reach this level of precision. Development of ne\v experimental techniques and 

equipment include 

• 	 Replacement of the water-based absolute calibration probe by a 3 He based system; 

• 	 Re-positioning of the fixed probes; 

• 	 Upgrade of the NMR trolley drive system; 

• 	 Upgrade of the plunging probe drive; and 

• 	 Re-machining of the precision poles. 

Continued development of an independent helium-3 based standard probe [78], would benefit 

the field measurement, however, the projected uncertainty of 0.07ppm does not rely on it. 

About half of the fixed probes could not be used effectively, due to their proximity to the 

joints in the precision pole pieces and yoke and the resulting field inhomogeneity. For those 

used, an empirical importance (weight factor) was assigned, depending on its location. By 

increasing the usable number and effectiveness of the fixed probes, the field tracking uncer

tainty in-between trolley runs can be further improved. An extensive simulation program, 

including a detailed field description that includes the effect of the magnet imperfections 
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and the specifics of the fixed probes, will be needed to find optimal positions. Modification 

of the vacuum chambers will have to be taken into account. 

Tracking of higher multipoles, and thus the interpolation uncertainty, would greatly ben

efit from the placement of probes in the midplane of the storage volume, rather than just 

above and below it. Because of the geometry of the vacuum chambers this would imply 

placement in vacuo and as close as possible to the horizontal quadrupole plates. At the 

inner radius of the ring, these probes could interfere with the placement of the calorimeters 

and other equipment. A probe that can operate in this environment , including a mounting 

and cabling scheme, has to be developed and the vacuum chambers will have to be adapted. 

An increase of the speed with which the trolley moves though the ring would allow 

for more (frequent) measurements in the storage volume. It would simultaneously address 

the reduction of several sources of uncertainty, such as the trolley temperature and field 

interpolation. It requires the redesign of the trolley drive, together with an improvement in 

the alignment of the trolley rails. Besides to an increase in trolley speed, the latter will also 

lead to a reduction of the trolley position uncertainty, which coupled to the azimuthal field 

inhomogeneity affects the uncertainty in the averaged field Bo· 

The relative calibration of the trolley probes can be improved by operating the plunging 

probe more frequently, perhaps even during each trolley run. This would require the de

velopment of a faster, more powerful plunging probe drive, which has to operate close the 

precision field , without affecting it at a significant level. 

Finally, with the advent of more powerful magnet design tools and computer-aided ma

chining tools , it should be investigated whether the precision poles should be re-shaped to 

eliminate the need and limitations of the edge shims. 

The successful completion of these improvements are expected to suffice to reach the 

projected goal 0.07 ppm, together with the refinements mentioned before. Vve do note, 

however , that the improvement relies significantly on measurement of the field change from 

kicker eddy currents and the absence of field perturbations caused by the redesigned (open) 

infiector magnet. Neither of these have been demonstrated to a sufficient level at this time. 

We are confident that a field knowledge to a precision of 0.11 ppm can be reached using the 

existing experience in the field group. The present hardware has the potential to reach that 

level with the moderate aforementioned repairs and upgrades. A further reduction down to 

0.07 ppm appears reachable with the successful completion of a multi-facetted R&D program 
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FIG. 27: GEANT simulation of events. Upper panel: Data analyzed using the tradition T method 

with E1.h = 1.8 GeV. Lower panel: Data prepared using Q method , representing energy vs. time. 

Note the poor X2 / dof for each plot is because the fits were performed using a simple 5-parameter 

function , which ignores the coherent betatron oscillations present in the simulation. 

tically weaker than the T method by about 9 percent, implying an 18 percent longer run 

is necessary to obtain the same precision. However, the Q method has an interesting ad

vantage. There is no pileup correction to be made so the increased rate will not complicate 

the analysis algorithm. While the Q method had been recognized as viable during the E821 

effort , it was impossible to implement with the existing WFD hardware and unattractive 

to use because of the significant hadronic Hash , which added a large and slowly decaying 

baseline for many of the detectors in the first half of the ring. Our new digitizers will be 

capable of storing all the samples from a complete fill so Q-method running can be enabled 

as a parallel data stream; the anticipated smaller hadronic flash should keep the pedestal 

baseline relatively flat. 
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FIG. 28: Plan view of new calorimeters and existing scalloped vacuum chamber region. 

design , the \1\1/SciFi is a single monolithic array, which can be readout on the downstream 

side by any segmentation of optical couplers. The choice of 20 or 35 readouts (4 x 5 array 

or 5 x 7 array) is an optimization to be determined based on the final readout solution. We 

are exploring silicon photomultiplier (SiPM) arrays and will perform tests in the coming 

year. At the time of this proposal, several large SiPIVI arrays are being produced, which 

would nicely match the 35-segmented model mentioned above . However , a conservative 

solution will be to use PMTs located outside of the field region. It is a solution that we have 

considerable experience in implementing based on E821. 

Appendix C includes a more detailed description of a tungsten / scintillating fiber (W

SciFi) sampling calorimeter that meets these demands. In anticipation of this proposal, 

we built a 4 x 6 cm2 prototype module made of O.S-mm pitch layers of fiber ribbons and 

pure tungsten plates. Measurements were made at PSI and at FNAL and results have been 

reported [15J. 

C. Position-Sensitive Detectors 

In E821, five-fold, vertically segmented scintillator hodoscopes were mounted on the up

stream side of each calorimeter. To provide impact position information for shower recon

struction and to obtain a better horizontal and vertical profile, we propose to use a system 

of straw detectors in front of each station. These can be relatively simple detector systems 

with standard multi-hit TDC digitized readout. The time-start for the straws will be derived 

from a summed signal from the calorimeters. The straw system in front of each calorimeter 

will provide information for shower impact , pileup identification, and muon loss monitor

ing. For some stations, a complement of in-vacuum straws will serve as positron traceback 
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FIG . 29: A block diagram of the hybrid waveform digitization system. 

with an 8 bit flash digitizer. We will continuously digitize these signals, recording 600 f..LS of 

data per calorimeter segment per fill. Having every sample of each fill permits simultaneous 

extraction of T-method , Q-method , and other derived data streams from one digitization 

record. Ideally, we would simply send all of this raw data to persistent storage. With 24 

calorimeters , however , the total raw data rate is 3-5 GB/ s (depending on segmentation), 

significantly too great a rate to store completely. The DAQ system needs to reduce this, to 

of order 50-100 MB/s; the final value will of course depend on details of the DAQ system 

and the available FNAL network infrastructure and data storage resources at the time the 

experiment is run . To meet this challenge, the hybrid digitization system will operate in 

two stages: a simple hardware digitizer to record the data, and "pre-frontend" computers to 

perform all triggering, data selection, and packaging tasks. The hybrid system will present 

a configurable set of packaged data streams (e.g. T / Q-method datastreams) to the DAQ 

system for collation and storage. 

Each WFD hardware channel will consist of analog and clock input stages, a 500 MHz 

flash digitizer , buffer memories, the communication interface, and various support modules 

(firmware PROMS , programming and test ports, LED feedback , synchronization hardware, 

etc.). These will be tied together with one or more FPGAs to move the data at high 
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FIG. 30: Schematic layout of the anticipated DAQ system. 

backend (BE) layer will be responsible for both the assembly of data fragments into complete 

events and the permanent storage of the complete events. A slow control layer will be 

responsible for the control and monitoring of diagnostic instrumentation associated with the 

ring, detectors and other sub-systems. Finally, an online analysis layer will be responsible for 

the integrity-checking and basic histogramming that ensures the overall quality of recorded 

data. 

The primary source of high-rate data is the twenty-four calorimeters. As described earlier , 

each calorimeter segment is instrumented with one waveform digitizer channel that transmits 

packets of 500 MHz, 8-bit, continuous digitization (CD) data to so-called pre-FE processors. 

These pre-FE processors derive the Q/T-method data-streams and transmit the resulting 

derived databanks over the FE network to the FE layer of the data acquisition. We expect 

a total rate of calorimeter Q/ T-method data of roughly 80 MB/sec. 
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final E821 uncertainties and projections for improvements in the New (,9 - 2) Experiment. 

The traditional T method analysis is assumed because uncertainties can be reliably projected 

based on our considerable experience in these analysis efforts. Since the Q method is new, 

we have not included its positive and partially independent impact on the final statistical 

result, nor are we able to fully project associated systematics. One key attractive feature 

of the Q method is pileup immunity; there is no correction necessary so that systematic 

uncertainty is absent. Comparing the analysis results using both T and Q methods will 

provide a valuable confirmation that systematic errors are understood. 

A. Gain Changes and Energy-Scale Stability 

The hardware gains of the detectors were determined to be stable to ~0.15% from early 

to late times within a storage ring fill. This limit was established by plotting the average 

energy for each (,9 - 2) period versus time after the PMTs were switched on. The gating 

circuitry in the base that allowed the PMTs to be turned off to avoid the initial burst of 

pions entering the ring, aJso resulted in a variation in the gain. For gain variations like this 

one, where the time constant is long compared to the (g - 2) oscillation period, the coupling 

to the Wa frequency is small and after correction the residual systematic error is less than 

0.02 ppm. 

If the gain oscillates at a frequency W a , with an amplitude that varies in time, and with a 

phase that differs from that of the Wa oscillation of the positron sample, then a direct error 

on the measured value of Wa is produced. The average rate at which energy is deposited 

into the calorimeters oscillates with frequency W a , and therefore any rate dependence in 

the gain of the detectors produces gain oscillations. vVe were able to demonstrate that 

the gain dependence on rate was small enough that its effect on Wa. was typically less than 

0.03 ppm. In the new experiment, the slightly increased beam rates will be offset by increased 

detector segmentation. In E821, a UV-Iaser system was used to periodically pulse the 

scintillator in the detectors and thus monitor the complete gain and reconstruction chain 

during data collection against an out-of-beam reference counter. Unfortunately, the light 

distribution system included too many branches and only one upstream reference detector. 

Small fluctuations cascaded so that gain stability could be monitored to no better than a 

few tenths of a percent. At PSI, we have recently built and used a simplified version of 
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B. Lost Muons 
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upgraded experiment , all 24 calorimeters will incorporate muon sensitive detectors , straws 

or scintillator, allowing muon losses to be monitored around the entire ring. Furthermore, an 

open-ended inflector will reducing scattering as the muons enter the storage ring, resulting 

in smaller losses. Finally, muon losses can be greatly reduced when an effective "scraping" 

strategy is employed. During scraping, the stored muon orbit is shifted so that outliers in 

the phase space are lost on collimators during the first 20 p,s after injection. In the 2nd 

half of the final E821 run, this technique resulted in an order of magnitude reduction in the 

losses during the Wa fitting period. 

The muon losses entry in Table IX arises mainly from the uncertainty in the possible 

difference between the average phases for stored and lost muons. For example, one source 

of muons, carrying a different phase and potentially lost at a higher rate, are those created 

after the momentum-selecting slit just upstream of the inflector. These muons, born from 

pion decay in that short region , have a different phase compared to those captured in the 

decay channel (the later muons did not go through the final dipole bend, which precesses 

the muon spin). In a gOO-m long decay channel as we assume at FNAL, the population of 

muons born in the last turn into the storage ring will be essentially negligible and will be 

dwarfed fractionally by those born in the long AP2 decay channel. ·While this uncertainty 

can almost be eliminated, we include a small estimate here of 0.02 ppm for smaller possible 

contributions to the fitting. 

C. Pileup 

The error due to pileup scales linearly with rate in each segment of the detectors. The 

effective size of the segment depends on the geometric extent of the shower. A simulation 

was used to demonstrate that the new W /SciFi calorimeters, having 20 or 35 independent 

segments, and a smaller Moliere radius, will provide an effective five-fold reduction in the 

intrinsic pileup. With no further improvements, and the proposed factor of up to 3 increase 

in data rate , the pileup error would be reduced by at least 3/5 to 0.048 ppm. While we 

could a.ccept this level of error, some improvement is desira.ble and achievable. 

In the past , an artificial pileup spectrum was constructed from individual pulses in the 

data, then subtracted from the raw spectrum. In the pileup construction , it is necessary to 

use pulses with pulse heights below as well as above the hardware threshold. Because of 
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TABLE IX: The systematic uncertainties for the final E821 Wa and DriDD'DS€~a 

nO'rl>rl" actions and projected future uncertainties for data analyzed using the T method. 

E821 Error Size Plan for the l\'ew Goal 

[ppm] 

0.02 

Lost muons 0.09 

0.12 Better laser calibration and threshold 

Long beamline eliminates non-standard muons 0.02 
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0.03 

UncertaintyF. W a 

of data taking and hard ware 
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the largest o,," ... ""~ 
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the "known" systematic can be addressed in 
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we the availability more to such mysteries 


summarizes this section. 


IX. PARASITIC MEASUREMENT OF THE MUON ELECTRIC DIPOLE MO

MENT 
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FIG. 31: Data recorded by the E821 traceback system. The left distribution is the number of 

tracks versus time modulo the precession frequency. The right distribution is the average vertical 

angle of the tracks versus time also modulo the precession frequency. 

A. E821 Traceback System 

A replication of the E821 traceback system is required for the proposed g-2 measure

ment. The available statistics for a muon EDM measurement could be greatly increased 

by instrumenting several more calorimeter stations with tracking capability. This can be 

accomplished by placing the straw tracking chambers inside the vacuum chambers in the 

scallop region in front of the calorimeters. 

A similar number of channels to the E821 traceback system can be mounted on extra 

vacuum ports that exist and are not instrumented in most scallop regions as indicated in 

Fig. 33. A final layer can be placed outside the vacuum, directly in front of the calorimeters. 

While 23 additional calorimeter stations exist , several of them do not have a clear line 

of sight to the muon beam due to quadrapole magnets or other instrumentation so that 

instrumenting all stations with tracking capabilities may not be feasible. 

Besides increasing the statistics for an EDM measurement , increased tracking instrumen

tation will allow the beam profile to be measured at several locations around the ring. This 

will be very useful input to beam simulation and it is expected to lead to a reduction in the 

errors associated with the electric field pitch corrections from 0.05 ppm to 0.03 ppm. 
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FIG. 32: Top view of the E821 traceback straw tracking system. 

B. Improved 'Traceback System 

A replication of the E821 traceback system is required for the proposed (g - 2) measure

ment. The available statistics for a muon EDM measurement could be greatly increased by 

instrumenting more calorimeter stations with tracking capability. This can be accomplished 

by placing the straw tracking chambers inside the vacuum chambers in the scallop region 

in front of the calorimeters. In this position, the acceptance of the chambers is greatly 

increased compared to that of E821 . 

A similar number of channels to the E821 traceback system can be mounted on extra 

vacuum ports that exist and are not instrumented in most scallop regions as indicated in 

Fig. 33. A final layer can be placed outside the vacuum, directly in front of the calorimeters. 

While 23 additional calorimeter stations exist ; several of them do not have a clear line 

of sight to the muon beam due to quadrupole magnets or other instrumentation so that 

instrumenting all stations with tracking capabilities may not be feasible. 

An R&D program is underway at Fermilab to demonstrate the feasibility of such a track

ing system. This program builds largely on experience gained from the CKIvI R&D program 

to develop straws in vacuum [90] and current efforts to develop straws for improved instru

mentation of the meson test beam area (MTest). Fermilab is also developing a Geant4 based 

simulation to determine the overall requirements of the system such as the allowed material 

budget, the effects of pileup and other beam backgrounds, and the effects of material; such 

as the quadrupoles, that exist between the muon beam and the location of the tracking 

stations. 
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FIG. 33: Top: Beam Pipe schematic indicating available vacuum ports where straw tracking 

chambers can be placed . Bottom: picture of available ports. 
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X. 	 MANPOWER, COST ESTIMATE AND SCHEDULE 

A. 	 Manpower 

We have formed a new collaboration to carry out this measurement, which represents a 

healthy ratio of former E821 collaborators along with strong new institutions. Fortunately, 

much of the expertise built up in E821 is represented and still available to us. We still 

have senior experts in the collaboration who cover all of the different technical areas. New 

institutions bring creative input and additional technical capabilities. These groups include 

the host laboratory-· Fermilab-···-and new university groups at James Madison, Kentucky, 

Massachusetts, Michigan, Regis, and Virginia. New international groups include KEK and 

Osaka from Japan, KVI-Groningen from The Netherlands , Frascati from Italy, and PNPI 

from Russia. The Muons Inc. team has also joined the effort . In some cases , experienced 

younger E821 collaborators are associated with their new institutions. The names listed 

on the proposal masthead are mainly senior physicists. As the experiment develops , we 

expect postdocs and students to sign on; indeed, with approval , we will immediately begin 

a vigorous campaign to enlist the talents of young people. We are proud that E821 offered a 

rewarding experience for dozens of postdocs and graduate students and we intend to welcome 

young physicists in the new effort . 

B. 	 Cost Estimate 

The New (9 - 2) Experiment is based on the well understood efforts associated with the 

BNL E821 experiment. We intend to utilize a large fraction of available custom instrumen

tation from that effort, principally the storage ring magnet and its internal and supportive 

subsystems. New to the FNAL experiment will be the beam delivery scheme and improve

ments in the precession and field measurement instrumentation that will permit reduction 

of systematic errors. 

The tasks and costs fall into three main areas. 

1. 	Beamline 

The transformation of the existing FNAL rings and accelerator complex toward hosting 

experiments at the intensity frontier involves upgrades to the Booster, transfer lines 
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• 	 Beamline test program. FNAL offers the attractive option that key factors con

tributing to the anticipated stored muon rate can be verified in beam tests in the near 

future. While the final experiment needs the dedicated pulse structure, the foreseen 

intensity tests can be performed with booster batches brought on target through the 

current main injector beamlines. A test program including required instrumentation 

will be designed. 

• 	 Half-Length Kicker Plate Test. A prototype kicker plate system exists in a straight 

vacuum chamber at BNL. To reduce the inductance of the kicker LCR pulse-forming 

network, we can build a half-length kicker system and test it with existing equipment . 

The outcome could provide a relatively straight-forward method of improving the 

fast muon kicker waveform, and thereby increasing the muon storage efficiency. This 

modification would require the construction of three additional kicker modulators to 

drive the shorter kicker sections, and a re-working of the modulator housings. 

• 	 Tracking of the Magnetic Field. The measurement of the average magnetic field 

in experiment E821 relied on continual measurements with fixed probes above and 

below the muon storage region. These probes measured the field with respect to mea

surements with the field trolley, which was calibrated with a plunging probe and an 

absolute field probe. In E821 about half of the fixed probes could not be used effec

tively, due to their proximity to the joints in the precision pole pieces and yoke and the 

resulting field inhomogeneity. A detailed R&D effort to re-optimize the fixed probe 

configuration around the storage ring would increase the number and effectiveness of 

the fixed probes, and should thereby be expected to improve the tracking uncertainty 

in the dipole field between field measurements with the trolley. The tracking of higher 

multi poles should benefit greatly from the placement of probes besides the muon stor

age region. These probes would need to be placed in vacuum near the horizontal 

quadrupole plates, and a system that can operate in this environment would need to 

be developed . 

• 	 Large-Scale W /SciFi Prototype and SiPM Readout. We intend to build a near 

full-scale calorimeter prototype, which can be readout by both conventional PMTs and 

new SiPM arrays. The comparison for pileup, gain stability, easy of assembly, and the 
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FIG. 35: Beam envelopes and dispersion for E821 and FNAL AP2 beamline from TRANS

PORT [93J. (top: y-plane, bottom: x-plane) and OptiiVI [94J calculations, respectively. The 

total length of the beamlines are 120 m and 290 m, respectively. 
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somewhat larger than estimated from naive beam energy scaling. 
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FIG. 36: MARS15 calculations of transverse pion phase space at the exit of the bending magnet 

PMAG at the antiproton target station. 

3. Transport in AP2 

The FODO lattice of AP2 is designed to transport the whole initial emittance collected 

by the Li lens. Thus increasing the lattice density of the FODO does not improve its 

acceptance for the primary pion beam. For the secondary beam of decay muons, however, 

the collection efficiency can be increased by reducing the size of the pion source, which leads 

to the acceptance of correspondingly larger decay angles. For a FODO lattice the maximum 

beta function (3max is proportional to the length £ of the FODO cell if the ratio of focal length 

f to cell length £ is fixed. Thus if the length of the cell were reduced by a factor of 2, (3max 

is reduced by a factor of 2, and the beam size by a factor V2. Since this reduction occurs in 

both transverse planes, the increase in transmitted muon flux can be as large as a factor of 

2. This scaling law was extensively studied in TURTLE simulations towards an improved 

E82l beamline and found to be roughly correct. The exact gain depends on the full figure

of-merit and has to be calculated case by case. At present, we consider quadrupling the 
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lattice density of the present AP2 beamline with cost effective permanent quadrupoles and 

elements of the existing E821 beamline. Pending further optimization studies, a reduction 

of the magnet spacing from presently 13 m to 3.25 m in the first part of the AP2 could 

increase the stored muon fraction by a factor of 1.8 compared to E821. 

4. Performance Estimate 

Fig. 37 sketches the basic figure of merit of the anticipated beamlines for the new FNAL 

versus the previous BNL experiment. Particle numbers per 1012 protons (Tp) are presented 

as a function of the assumed beamline length. The pion curve indicates t he number of pions 

entering the (g - 2) ring and generating the hadronic background flash. The muon curves 

denote the number of stored muons . The advantage of the FNAL set-up is evident . The 

significantly longer decay channel together with other beam transport improvements allows 

the collection of 6 times more muons at the experimental location . The number of pions 

per Tp is also reduced. The quantity relevant for the flash related background problem is 

the number of pions per fill, which is smaller by another factor of four due to the higher fill 

repetition rates at FNAL. 
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FIG. 37: Pions entering and mUOns stored in the (g - 2) ring for 1012 protons on target for the 

conditions of the previous BNL experiment and the proposed FNAL experiment. The horizontal 

axis shows the distance to the pion production target and the arrow indicate the locations of 

the experiments. In the New (g -- 2) Experiment the dangerous pion background is significantly 

suppressed and the muon collection efficiency enhanced. 
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APPENDIX B: BEAM DYNAMICS AND SCRAPING 

1. The Kicker and Quadrupoles 

The incoming bunched beam from the AGS is kicked on orbit by a fast muon kicker 

consisting of three identical pulse-forming networks and kicker magnets. [73] The fast muon 

kicker worked adequately during the running period of E821, but there are several mainte

nance items which must be attended to. The first kicker unit must be repaired to replace a 

cracked ceramic insulator, which prevented it from holding full voltage. \,ye are also study

ing the absolute injection efficiency to see if an additional kicker module might improve the 

reliability and efficiency of injection. The rate calculations in this proposal do not assume 

any additional factor from the kicker. 

The electrostatic quadrupoles, which provide the (weak) vertical focusing in the storage 

ring, worked well in E82l. We do need to improve the lead geometry inside of the vacuum 

chamber to further reduce trapped electrons, as well as improve the lead configuration 

outside of the vacuum chamber where the high voltage feed-throughs are located to make 

them more reliable. These changes represent modest improvements and will not be discussed 

further in this proposal. 

2. Beam Dynamics in the Ring 

The storage ring is a weak focusing ring, with the field index n < l.0 determined by the 

strength of the electrostatic quadrupole field. In the limit of a continuous quadrupole field, 

the stored muons execute simple harmonic motion radially (x) and vertically (y) with the 

frequencies given by 

fy = fevln ~ 0.37 fe; fx = fe~ ~ 0.929fe , (B 1) 

where fe is the cyclotron frequency, and the field index n is given by 

r;,Ro 
(B2)n = (J Bo . 

The numerical values are for n = 0.137. The frequencies in the ring are given in Table X. 

One of the systematic errors which must be improved in the new experiment comes 

from muon losses out of the storage ring which result from processes other than muon 
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Quantity 

Ia 

Ie 

Ix 

fy 

feBo 

fvw 

Expression 

_e_ a B 
27rmc ,.,. 

v 
27rRo 

~Ie 

vnfe 

fe - fx 

fe - 2fy 

Frequency 

0.23 MHz 

6.7 MHz 

6.23 MHz 

2.48 MHz 

0.477 MHz 

1.74 MHz 

Period 

4.37 p,s 

149 ns 

160 ns 

402 ns 

2.10 p,s 

0.574 p,s 

TABLE X: Frequencies in the (g - 2) ring. CBO = coherent betatron oscillation; VW =vertical 

waist; a, c refer to spin precession Wa and cyclotron frequencies respectively. 

decay. In E821 we reduced these losses by scraping off particles on the edge of the storage 

volume. Scraping is defined as the creation of a gap of several mm between the beam 

and the collimators that will either eliminate altogether or drastically reduce particle losses 

during data collection time. This was achieved by asymmetrically powering the electrostatic 

quadrupoles during and after injection for 10-15 J..lS and scraping the beam on collimators 

placed around the ring. This asymmetry caused the beam to be lifted and moved sideways 

during this scraping time. At the end of the scraping period, the beam was returned to the 

equilibrium orbit with a 5 J..lS time constant. While losses were reduced from 0.6% per muon 

lifetime in the ring with no scraping to 0.2% with scraping, we will need to do better in the 

new experiment. 

Because of the small inflector size relative to the storage volume, shown in Fig. 38, the 

phase space in the ring is not uniformly filled. This causes the bunched beam to oscillate 

coherently both vertically and horizontally in the storage ring. For a detector at a fixed point 

in azimuth, the apparent radial motion of the beam is the difference frequency between the 

cyclotron frequency and the horizontal betatron frequency given in Eq. B1. The inflector 

image is re-formed every betatron wavelength, so that this "waist" in the beam also moves 

around the ring with the difference frequency between the the cyclotron frequency and 

twice the radial (vertical) betatron frequency. Since the detector acceptance depends on the 

radial position of the muon when it decays, the coherent radial betatron oscillations (CBO) 

amplitude-modulate the time spectrum. The modulation effect decreases in the time due to 
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FIG. 38: (a) The geometry of the inflector exit and the muon storage volume. (b) The cross section 

of the inflector. 

the "natural" chromaticity of the betatron oscillations, which slightly mix up phases of the 

particle oscillations. In E821 we measured a decoherence time of about 100 J.LS for the CBO, 

and the muon lifetime was 64.4 J.LS . 

In the new experiment we wish to reduce the CBO effects, and to improve the scraping 

of the beam. Two approaches to reduce the coherent betatron motion and scrape the beam 

have been proposed: 

1. 	 Using a RF dipole field during the time immediately after injection to first drive the 

coherent betatron oscillations to scrape the beam, and then to reverse the phase to 

damp the CBO. This technique would get rid of the main CBO but not the "waist" 

motion in the beam. 

2. 	 A scheme which causes a fast phase mixing in the betatron tune through the intro

duction into the machine lattice of a nonlinear focusing element such as an octupole. 

Preliminary studies indicate that the CBO modulation can be minimized by applying 

this field during less than a hundred turns after injection. This will also serve the 

purpose of scraping the beam simultaneously with the CBO decoherence . 
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FIG. 40: The phototube output from a single x and y fiber. The CBO frequency (horizontal) and 

VW frequency (vertical) are clearly seen (see Table X). 

horizontal dipole electric field, Ex(t), is 

Ex(t) = Exo f(8) cos (WCBot + eo), 	 (B3) 

where f( 5) = 1 for the space between the plates and 0 outside them. We take as t = 0 

the time the muon beams enter the electric plates for the first time. Then the equation of 

motion can be written as 

.. ( ) 2 	 ( eEJ.10 ) ( (B4)x +wc 1- n x = wcR (3B f(t) cos wc(l

where (3 == vic and 

I Tq < t < (Tq + i) q = O,l,···N
f(t) = ' 	 v ' 

{ 0, otherwise 	 . 
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Where T ':::::' 149 ns, the cyclotron period of the ring. The exact solution of equation 3 

with f(t) given by Eq. B5 is 

(B6)x 

ei2fio [1 _ e - i2WC (1-v'1-nT(N+l))]] 
a 1+ vr=n . (B7) 

[ N + 1[1 - e-i2wc(1- 1.- n)T] 

where ao = (xmax/2)e'iCl: corresponds to t = 0 and defines the electric field phase Bo. After 

N + 1 turns we get Eq. B7 which for large N > 10 simplifies to 

_ _. ifio N + 1 (E.xo l ) (B8)a - ao 1,e ~ (JB ' 4v1 - n 

where B is the storage ring dipole magnetic field. For Xmax = 0.7 mm, N = 60 (i.e. about 

10p,s) , n = 0,142, and B = 1.45 T we need E xo ':::::' 0.9 kV /cm at the CBO frequency of 

':::::' 470 KHz. For a plate separation of 10 cm it means a voltage amplitude of ':::::' 9 KV across 

the opposite plates horizontally driven at 470KHz, which is quite reasonable. 

The expected beam losses after scraping the beam are going to be dominated by the 

vertical scraping since it is expected that horizontally we wouldn't need to scrape more than 

':::::' 7 mm oscillation of the beam at injection. Horizontally we would therefore just wait of 

the order of 5p,s for the beam to scrape off the collimators after which we would apply the 

voltage estimated above to eliminate it. Vertically we would need to apply a voltage for 

about 5 p,s after injection in phase with the natural one so that we induce an overall vertical 

oscillation of the order of 5 mm after which we will flip the sign of the phase to eliminate it. 

The total beam losses induced by this method of scraping for a beam gap of 5 mm vertically 

and 7 mm horizontally are estimated to be less than 20%. 

4. Pulsed Octupole Method to Remove the CBO 

This method effects a fast phase mixing by an introduction of a nonlinear focusing element 

in the machine lattice[97] . The nonlinearity induces a dependence of betatron tunes on 

amplitudes of transverse oscillations U,S), [98] The CBO modulation could be minimized 

during a few tens of turns in the storage ring. Using a time (up to 100 turns) to apply a 
pulsed closed orbit distortion can make the CBO vanish while simultaneously scraping the 

beam. 
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The rectangular symmetry of the vacuum chamber permits one to install an octupole coil 

inside the vacuum chamber. The coil can be wound around an area of 6 cm radius as shown 

in Fig. 41 , while the beam has r = 4.5 cm. In a preliminary design , a coil length of 2 m was 

chosen , located in a section free from electrostatic focusing and kickers. The field lines have 

been calculated by the computer code IVIERMAID. [99] 

FIG. 41: Octupole coil in va.cuum chamber and magnetic field lines 

Particle tracking was done with electrostatic focusing of the (9 - 2) ring for different 

octupole field strengths, and for several residual horizontal angles after the kicker. The 

RING code was used for the tracking,[100] for 10000 particles . The initial phase-space 

distributions were assumed to be uniform in both the vertical and radial directions. The 

muons were tracked for 100 turns. The initial and stored phase space distributions are shown 

in Figs. 42. 

During tracking, the amplitude of the CBO was evaluated after each turn by the expres

sion: 

(1 + a~)(x)2 + 2ax/3x(x) (.r/) + /3; (XI)2 + (1 + a~)(y)2 + 2ay/3y(Y) (y/) + /3~(y/)2
A= 

~ ~' 
(B9) 

2 2where (X)(XI), (x) ,(X)(XI), (x) are average over the ensemble coordinates and angles and 

their squared values. a and /3 - are corresponding Twiss parameters. 

Fig. 43 shows the CBO amplitude versus turn number N, for different octupole strengths. 
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One can see an octupole gradient of 0.8 G/ cm2 greatly reduces CBO amplitude by the 30-th 

turn . The tracking shows that neither this reduction factor , nor the amplitude beating after 

the octupole is removed, depend on the residual angle. About 50% of the beam is lost using 

this method. 

Calculations show that to provide the optimal octupole gradient of 0.8 G/ cm2 , a pulse 

current of 2.5 kA is needed. This will need to be a pulsed octupole, since the octupole 

field , as well as any magnetic fields induced by eddy currents in the vacuum chamber or 

other conductors nearby, must be negligible before data collection can begin. Simulations 

used both a square (ideal) current pulse and a sinusoidal one, and little difference was found 

compared to the rectangular one. The parameters of an LCR pulse generator are, Voltage 

V=1.3 kV, Capacitance C~ 11-tF , Period T~ 10 J-tsec. The octupole coil can be made from 

water-cooled copper pipe of 1 em in diameter. The energy dissipated in such a coil per pulse 

is about 1 J. 

An alternative electrostatic octupole is able to do the same, but its realization looks from 

practical point of view much more difficult , because of the symmetry imposed by the trolley 
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FIG. 43: Behavior of the CBO amplitude as a function of turn number and octupole strength. 

rails which go all the way around inside the vacuum chamber with four-fold symmetry. 
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APPENDIX C: NEW CALORIMETERS 

The basic material design requirements for a new calorimeter are largely unchanged; it 

must be dense and fast. Additionally, the new calorimeter must be segmented transversely 

with respect to the incoming positron, so that simultaneous events can be distinguished 4 

out of 5 times. Building new PbjSciFi calorimeters with fibers running longitudinally (i.e ., 

rotated by 90 degrees) is one possible solution. The downstream face of the detector would 

be a fiber j lead grid that could be readout in small and independent segments . Members of 

our Collaboration have built detectors of this type in the past , with incoming photons nearly 

co-linear with the fiber direction. This re-oriented Pb j SciFi option is attractive in principle, 

but there are two drawbacks . First , the downstream space is limited by the existing vacuum 

chamber structures. A denser detector is desired to open up additional space for the readout 

system. Second, simple simulations using PM = 2.5 cm and the requirement that showers 

be separated by at least 2PM, indicate a pileup separation factor of no better than 3 (the 

simulation uses the actual distribution of positrons on the calorimeter face , see Fig. 44). 

The goal of the new detectors is to separate simultaneous showers by a factor of about 5. 

To do so requires the detector to have a smaller Moliere radius. 

We have designed and built a simple detector made of alternating layers of 0.5-mm thick 

tungsten (W) plate and 0.5-mm-diameter plastic scintillator fiber ribbons. A NIM paper 

is in press at the time of this writing [15]. We briefly summarize some of the interesting 

findings from our studies. 

The prototype module is 4 x 6 x 17 cm3 . The calculated radiation length is 0.69 cm and 

the Moliere radius is 1.7 cm. Both are much smaller t han the PbjSciFi design used in E821. 

The fiber ribbons are oriented vertically so that the positrons , which are curling inward, must 

cross W layers and initiate showers. The full sized detector will be made as one monolithic 

structure with dimension 15 cm high by 21-cm radiaL The l1-cm depth represents more than 

15 Xo. Fibers will be either gathered into small bundles on the downstream side forming 

individual "segments" or a direct array of lightguide couplers will be attached to provide 

the segmentation. At the present time, we are exploring either a 5 x 7 array of 3 x 3 cm2 

segments or, with slight overall dimension changes to the SciFi block, a coarser array of 

4 x 5 segments with front faces of 4 x 4 cm2
. Either segmentation will easily meet our design 

specifications related to pileup reduction. 
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FIG. 44: Right panel: Hit position of positrons on calorimeter front face from from GEANT sim

ulation . Top left panel: radial distribution; storage ring edge is at large x values. Bottom left: 

vertical distribution . 

The prototype is shown in Fig. 4Sa. The full conceptual design array of 4 x 4 x 11 cm3 

modules is shown in Fig. 45b; 24 such arrays are required for the proposed muon (9 - 2) 

experiment. 

We have developed a simple and effective assembly procedure for these modules that 

will assure consistent uniformity of the completed modules. Quotes [101 , 102J have been 

obtained for the fiber ribbons and fiat tungsten plates, required for the full production of 

24 calorimeter modules. The total cost of the calorimeter modules just under $O.SM, with 

construction by the technicians at Illinois. 

The prototype used O.S-mm diameter BCF-20, "green-emitting" scintillating fibers ob

tained from Saint-Gobain Crystals [101J. These fibers were conveniently available owing to 

a large production for an independent project. They arrived as 12-cm wide by 17.S-cm long 

"ribbons." Each ribbon came as a self-contained structure with the individual O.S-mm fibers 

held adjacent by a coating of a polyurethane-acrylic blend cement. We split each ribbon 

into two 6-cm wide strips to match the tungsten plate widths. The fibers are coated with 

a 10 - IS /-tm thick white extra mural absorber for better light transmission. For the final 
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(a)Prototype module and guide (b) Proposed array of 20 modules 

3 3FIG. 45: a) Prototype 4 x 6 x 17 cm module and b) proposed array of twenty 4 x 4 x 11 cm

modules. The lightguides must curl toward the (g - 2) storage ring center and connect to PMTs 

outside of the storage ring magnetic field. 

production modules, BCF-10 (or equivalent) "blue" fibers will be used to better match the 

quantum efficiency of the readout device and for faster time response. 

The W /SciFi detector was first tested at the Paul Scherrer Institut (PSI) and at the 

Meson Test Beam at Fermilab. The focus of the test beam measurements was on calorime

ter linearity and energy resolution. While neither beamline was optimized to provide a 

small momentum resolution or spot size, sufficient performance information was obtained to 

compare measurement to GEANT-4 based Monte Carlo simulations. 

The typical (g - 2) energy threshold for including events is 1.8 - 2 GeV; positrons are 

only accepted above this threshold . A resolution of 10% (defined as (J / E for a simpler-..J 

Gaussian fit) would give an acceptable performance for this threshold in a future (g - 2) 

experiment. The response of the prototype tungsten detector is shown in Fig. 46 for 2 GeV 

electrons impacting at 5 degrees with respect to the fiber axis. An entrance cut is made 

using beamline wire chamber information to select the central 15 mm by 30 mm (width by 

height) of the 40- by 60-mm detector face. Even with nO corrections for leakage into side 

detectors, or adjustments for SUb-optimal light collection, or beam momentum uncertainty, 

the resolution at 10.1 ± 0.3% meets the experimental goal. 

Our goal is to understand the intrinsic sampling resolution of this detector and compare it 

to simulation. While the stochastic term is mainly determined by the sampling fluctuations 
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intrinsic to the active-to-absorber material ratio and the effective layer thickness , additional 

contributions enter from photo-statistics. A 5% contribution exists from photo-statistics , 

because the measured photoelectron (pe) yield is 400 pe/ GeV. This is a smaller light yield 

than we would expect had the light guide been better matched in area to the photomultiplier 

tube and if blue fibers were used instead of green (higher quantum efficiency). Two factors 

that scale \-vith energy contribute to energy degradation - the transverse leakage, and the 

momentum uncertainty of the test beam. The leakage can be explored with data cuts and 

simulation; the 6.PI P is unknown but estimated to be a few percent. In Fig. 47, we plot 

the FNAL data fit to 

(C1) 


Here AI VB represents the intrinsic sampling term, 6. pel VB is the photo-statistics uncer

tainty, and B is a linear term. The term 6.pe is fixed at 5% and E is given in GeV. The 

upper curve is a fit based on data where a. 25 mm "wide cut" in the entrance width of the 

beam was used , while the lower curve is a fit based on a 5 mm "narrow cut ." The change 

affects both the sampling and the constant term as they are not easily separable, given the 

statistics. The narrow cut result minimizes, but does not eliminate, the leakage, resulting 

in Ameas = 11.8 ± 1.1% and Bmens = 3.7 ± 1.3% for the stochastic and constant terms , 

respectively. 

The sampling fluctuation component can be predicted using a complete GEANT-4 model. 

A plot of this resolution versus energy for simulated electrons impacting on the module 

center at a 5-degree angle is shown in Fig. 48. Three curves are presented representing a 

high-statistics "pencil beam" with a 1 mm spot size in both dimensions, as well a separate 

simulation with data-like cuts of 5- and 25-mm entrance widths, which match the narrow 

and wide definitions for the data. The most appropriate comparison to data is the narrow 

cut , which yields Asim = 10.6 ± 0.8% and B sim = 2.9 ± 1.1 % for the stochastic and constant 

terms, respectively. The B term is representative of the leakage , since no 6.PIP uncertainty 

contributes for Monte Carlo. If we deconvolute the leakage contribution from the B term in 

the data, a 6.PIP of ;;:::; 2.3% is implied , which is not unreasonable. 

The simulation is , not surprisingly, somewhat better than the actual prototype-- Asim = 

10.6 ± 0.8% vs. Ameas = 11.8 ± 1.1%. Detector construction imperfections can contribute, as 

would non-uniform light collection in the guide. However, to explore this comparison more 
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FIG. 46: Example raw W /SciFi detector ADC data for a 2 GeV electron beam impacting at a 5 

degree incidence. A modest containment cut of 15 mm width is made. 

completely will require a larger test module with improved readout and a better controlled 

test beam environment. Note, that we carefully checked the GEANT-4 cut parameters, but 

found no dependence on them that altered our results. 

Based on these studies, we intend to build a larger prototype that allows for full shower 

containment and readout by multiple optical devices . Vve are considering two options. The 

conservative plan is to use 29-l11m (1-1 / 8 in) PMTs whose basic characteristics are under

stood and standard. We are using an array of 340 Photonis XP-2982 , ll-stage PMTs for the 

muon lifetime experiment MuLan at PSI. The similar lO-stage XP-2972 is more appropriate 

for the New (9-2) Experiment because of the high light yield from the calorimeter modules. 

Both tubes were carefully evaluated by us and feature similar important characteristics: low 

noise, high gain, no detectable after-pulses. VIle will have to design a robust, rate-dependent 

base as the initial rate of up to a few MHz is higher than what can be comfortably handled 

by the stock resistor divider network in the simplest Photonis bases. For E821 , we developed 

a gated base that allowed the PNIT to be "turned off" during injection and turned back 

on within 1 f-LS after injection. Depending on the level of hadronic flash, we may need to 

incorporate this gating feature-- therefore, we will plan to do so in our design. 

The rapid development of silicon photomultiplier tubes (SiPMs) and their packaging 
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FIG. 47: Measured resolution at 5-degree impact angle versus energy. The upper curve (dotted ) is 

a fit to data obtained requiring a 25-mm-wide entrance cut. The lower curve (solid ) is a fit to data 

obtained using a 5-mm-wide entrance cut. The "Percent" term represents the intrinsic sampling 

term (A in the text) ; a 5% photo-statistics stochastic term has been removed in the fit function . 

into relatively large arrays is very attractive. These SiPMs are very fast and they can be 

mounted onboard , in the magnetic field, thus avoiding the costly and clumsy development 

of lightguides and external housing. We are adopting this as our baseline , given the time 

we have to develop this technique together with several of our new collaborators who have 

expertise in this field. 
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FIG. 48: Fits to resolution versus energy in the central module of an array of W /SciFi modules . 

Three entrance width cuts are imposed: 25 mm (dotted), 5 mm (dashed), and 1 mm "pencil" 

(solid) . 
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FIG. 49 : Pla n view of new calorimeter in the region of the bellows between vacuum chambers 

where the available space for lightguides is quite restricted. 

128 





