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Executive Summary

Rare decays of the neutral and long lived η meson provide a unique, flavor-conserving laboratory

to search for new sources of C, P, or CP violation while testing predictions of chiral perturbation

theory at high order. Because G parity conservation prevents the η from rapidly decaying to pions

by the isospin-conserving strong interaction, the branching ratios for various rare and forbidden η

decays are potentially 5 orders of magnitude more sensitive to new interactions than the decays

for comparable hadrons. Our three priority physics channels are: η → 2π0 which is effectively

forbidden by P and CP invariance, η → 3γ which is effectively forbidden by charge conjugation

invariance C, and the rare decay η → π02γ where large contributions begin only at O(p6) in chiral

perturbation theory. Our measurements in the Standard Model forbidden channels will reduce the

branching ratio upper limits by 1-1.5 orders of magnitude, improving constraints on anomalous

interactions at the amplitude level by factors of 3-6. For the allowed channel η → π02γ, the decay

width will be determined to better than 5%, several times below the uncertainties of published

data. The differential decay width dΓ/dM2γ will be determined with errors averaging 9% for each

of 7 bins, providing dynamical information which cannot be extracted from the simple decay width.

No new inventions are required but the technology will be state-of-the-art. Hall D’s high energy,

tagged photon facility with its planned 30 cm LH2 target will yield a competitive rate of exclusively

produced η’s from forward γ + p → η + p with good acceptance. However, background reduction

compared to older experiments is an important reason the proposed experiment will yield 1-1.5

orders of magnitude improvement in rare η decays to all-neutral final states. This will be achieved

by significantly boosting the η’s and measuring the decay photons in a high-granularity, high-

resolution lead tungstate calorimeter with flash ADC readout on every crystal. The new calorimeter,

FCAL-II, will be a larger version of the lead tungstate core of the successful PrimEx HyCal which

operated in a similar geometry in Hall B at a similar luminosity (with less sophistocated readout)

yet encountered only 0.5% pile-up.

Boosted η’s not only provide freedom from low detector thresholds and low energy backgrounds,

but cause η → 3π0 decays with lost photons to fall out of the η → 4γ signal window. The invariant
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mass resolution with lead tungstate is over a factor of 2 better than lead glass. The small crystal

size and 6m target-to-calorimeter distance greatly reduce a potentially important background from

η → 3π0 with shower merging. Good resolution plus measurement of the recoil proton for larger η

angles will control the background from continuum γ + p→ 2π0 + p.
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I. PHYSICS MOTIVATION AND OVERVIEW

The goal of our proposal is to make revolutionary improvements in η rare decay measurements to

all-neutral final states to improve our knowledge of QCD and tighten the presently modest model-

independent constraints on new sources of C, P, and CP violation in hadron decays. Specifically,

we will measure the allowed η → π0γγ decay width and its differential decay width dΓ/dM2γ with

sufficient precision to constrain chiral perturbation theory calculations of this highly suppressed

process. In doing so, we will improve the upper limits on the Standard Model (SM) forbidden

channels η → π0π0, η → π0γ and η → 3γ by 1-1.5 orders of magnitude. These seemingly disparate

physics goals are quite complementary: the background studies overlap, a sensitive measurement

in one channel implies high sensitivity in the others, and the allowed η → π0γγ decay allows us to

not only monitor data quality on a daily basis but to reduce uncertainties in the SM backgrounds

for potential C violation searches in η → π0l+l−. Although rare decays of the η are an active field

of research at other laboratories, the sensitivity of the all-neutral program outlined here cannot

be matched without Hall D’s high energy, high intensity, tagged photon beam combined with the

proposed high-resolution, high-granularity calorimeter with flash ADC readout on every crystal.

A. The η meson and Standard Model Tests

While the SM has been successful in explaining many phenomena to high accuracy, it offers no

insight into experimental facts such as the dominance of matter over anti-matter, the nature of

dark matter needed to explain the rotation curves of the galaxies, nor dark energy which causes the

accelerated expansion of the universe. Searching for physics beyond the SM is thus a well-motivated

and important task for physicists. A sensitive means of searching for new physics is through tests of

fundamental symmetries such as chiral symmetry, charge conjugation C, parity P, and time reversal

T, as well as CP and CPT. Enormous investments have been made in flavor-changing decays in

K and B mesons, as well as weak decays of the pion and muon, with no uncontroversial evidence

found for new physics. Those programs are well-motivated and must continue since sufficiently
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precise and/or sensitive measurements at the weak scale (∼100 GeV) constrain the possibility of

new semi-leptonic and leptonic interactions at the TeV-scale. (Indeed, measurements of helicity

suppressed rare decays can constrain new interactions at the 10-100 TeV scale.) However, the

sector of flavor-conserving, non-weak decays has not been as thoroughly exploited. This presents

an opportunity for JLab’s Hall D.

Mode Branching Ratio Symmetry Highlight Role in Proposal

π02γ (2.7 ± 0.5) × 10−4 χPTh, O(p6) priority

π0π0 < 3.5 × 10−4 CP, P priority

4π0 < 6.9 × 10−7 CP, P ancillary

π+π− < 1.3 × 10−5 CP, P —

(lowest upper limit for ππ)

4γ < 2.8 × 10−4 suppressed (< 10−11) ancillary

π0γ < 9 × 10−5 C, L priority (control)

3γ < 1.6 × 10−5 C priority

2π0γ < 5 × 10−4 C ancillary

3π0γ < 6 × 10−5 C ancillary

π0e+e− < 4 × 10−5 C —

e+e− < 2.7 × 10−5 helicity suppressed —

TABLE I: Some η rare decays to all-neutral final states, their role in this proposal, plus a few closely related

channels [8]. The PDG branching ratio for π02γ is the average of several widely inconsistent measurements

as suggested below in Figure 2. The theoretical upper limit for the η → 4γ decay is estimated from a

π0 calculation[24]. Final states with e+e− pairs have closely related physics goals but require background

simulations which are beyond the scope of this proposal.

One distinguishing feature of the η meson which makes it a unique probe for new physics is directly

related to its birth. In the chiral limit, the condensation of quark-antiquark pairs in the QCD

vacuum spontaneously breaks SUL(3) × SUR(3) symmetry down to the flavor SU(3) symmetry.

As a result, there are eight massless Goldstone Bosons corresponding to the eight spontaneously

broken symmetry generators. These Goldstone Bosons are identified with the octet of pseudoscalar

mesons (π0, π±, K±, K0, K̄0, and η). In reality, the quark masses are non-zero (albeit small),
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thus breaking the chiral symmetry explicitly and giving rise to masses for the Goldstone Bosons

following the mechanism discovered by Gell-Mann, Oakes and Renner [1]. As the most massive

member in the octet pseudoscalar meson family, the η is more sensitive to QCD symmetry breaking.

Another distinguishing feature of the η is that all its strong and electromagnetic decays are forbidden

in lowest order due to P, C, CP, G-parity and angular momentum conservation [2]. This obviously

enhances the relative importance of higher order processes. The width of the η (Γη = 1.3 KeV)

is about five orders of magnitude smaller than the ρ meson (Γρ = 149 MeV), for example. All

other things being equal, this makes measurements of branching ratios or upper limits of various

rare and forbidden η decays about 5 orders of magnitude more sensitive to new interactions. The

potential of a broad program of η rare decay studies has been discussed by Kullander et al.[3] and

Nefkens and Price[2]. The status has evolved since those articles were written due to results from

KLOE and BES plus newer initatives in Europe such as the Crystal Ball at MAMI[4] and WASA

at COSY[5].

Table I shows various η rare decays of relevance to this proposal. Our flagship channels will be the

all-neutral final states (with 3 or 4 γ’s) η → π0γγ, π0π0, and 3γ to investigate chiral symmetry

breaking, P and CP, and C violation respectively. We anticipate that significant improvements

in several ancillary channels will result as well, particularly those which had large backgrounds

in previous experiments such as η → 4γ and η → 2π0γ. Each will require its own careful yet

complementary analysis of backgrounds. This program will provide a great opportunity to better

understand the symmetry structure of QCD while expanding the search for new physics in flavor-

conserving, non-weak decays.

Based on the C and P conservation selection rules given in Appendix A, all neutral final states

with up to 4 π0’s and/or up to 4 γ’s are listed in Table VIII. All branching ratio upper limits in

this proposal are quoted at 90% confidence level.
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B. The rare decay η → π0γγ

The decay η → π0γγ is sufficiently suppressed that, while it has been relatively straightforward to

observe a non-zero signal, measurements accurate enough to challenge chiral perturbation theory

have proven elusive. In addition to its own significant scientific merit, this channel serves as a

stepping stone to optimize the experimental design for other decay channels effectively forbidden

in the SM with a similar number of final state γ’s.

This “doubly radiative” η decay has a dramatic history spanning more than four decades [9] and

has attracted much attention from both theorists and experimentalists. In chiral perturbation

theory (ChPT), the tree level amplitudes vanish at both O(p2) and O(p4), and the first non-

vanishing contribution comes from O(p4) loop terms [10]. However, loops involving kaons are

largely suppressed due to the large kaon mass, while the pion loops are suppressed due to G parity.

The first sizable contribution comes at O(p6), hence this channel provides a unique probe for higher

order corrections in ChPT. Because O(p6) coefficients are not all known, these effects cannot be

calculated in a model independent way. A recent article by Oset et al. demonstrates how the shape

of the two-photon invariant mass spectrum, dΓ/dM2γ , probes the underlying dynamics [11]. See

Fig 1. Because this spectrum provides much more information than the simple branching ratio,

precise measurements would be very desirable.

1. status of η → π0γγ measurements

About two dozen experiments have been performed to measure this decay width since 1966. After

considerable effort, the first significantly sensitive result was published by the GAMS-2000 col-

laboration [13] in 1984 yielding Γ(η → π0γγ) = 0.84 ± 0.18 eV, about two times larger than the

average of the ChPT predictions as shown in Figure 2. By contrast, the average of more recent

results from the Crystal Ball and KLOE collaborations is about half the theoretical prediction.

Even these more recent results are inconsistent between the Crystal Ball and KLOE collaborations,

with central values differing by a factor of 3 at high confidence.
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FIG. 1: Predicted two-photon invariant mass distri-

bution from η → π02γ [11]. From bottom to top: the

short-dashed line is for chiral loops, the long-dashed

line is tree-level VMD, the dashed-dotted line is the

coherent sum of the previous two, the double dashed-

dotted line is the same but with VMD loops added,

the solid line is the same but with the anomalous

terms added. The dotted line is the same as the

solid line but substituting the K+K− → ηπ0 ampli-

tude by its lowest order.
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FIG. 2: Experimental results on the decay width of

η → π0γγ. From left to right, the points are from

GAMS-2000 [13], the Crystal Ball collaboration at

the AGS [14][15], the Crystal Ball collaboration at

MAMI [16], and KLOE [17]. The red solid line is the

average result of ChPT predictions.[11][12]

The discrepancies are almost certainly due to large backgrounds in the older experiments, including

a class of backgrounds which can peak beneath the signal. A new experiment with a revolutionary

reduction in backgrounds would provide greatly reduced statistical and systematic errors leading to

a definitive result for the π02γ decay width. At the same time, this improved capability is expected

to allow us to reduce the upper limits for several all-neutral CP and C forbidden decays by up to

1.5 orders of magnitude in our reference design.
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C. Anomalous Decays η → 2π0, 3γ, etc.

1. The Figure of Merit for η Rare Decay Experiments

In a search for an anomalous rare η decay, there may be no signal but there will almost certainly

be background. A tentative signal would appear as an excess at the η mass which is statistically

unlikely (10% probability or lower). To a useful approximation, the branching ratio (BR) upper

limits in published work can be estimated by

BR < 2

√

Nbkg

Nη ×Acceptance
(1)

whereNbkg is the number of background events in the signal window, and the factor of 2 corresponds

to roughly 90% CL.1 However, the above equation gives a misleading impression of the figure of

merit since the number of background and signal events are linearly proportional if pile-up does not

dominate. If we define the background fraction fbkg ≡ Nbkg/(Nη ×Acceptance), then the estimated

BR upper limit expression becomes

BR < 2

√

fbkg ×Nη ×Acceptance

Nη ×Acceptance
= 2

√

fbkg

Nη ×Acceptance
(2)

from which it is clearer that the figure of merit the experimenter needs to maximize is Nη ×

Acceptance/fbkg.

Equation 2 highlights the level of experimental effort needed to reduce the BR upper limits by

1 order of magnitude in any rare decay experiment with non-negligible background: one has to

increase Nη ×Acceptance by 2 orders of magnitude, or decrease fbkg by 2 orders of magnitude, or

some combination of both. This means that a single order of magnitude reduction in the BR upper

limit for a rare η decay channel would normally only be expected once per generation. Yet for the

anomalous channels described in the following sections, we expect to improve the upper limits by

1-1.5 orders of magnitude. That corresponds to a factor of 3 to 6 improvement at the amplitude

level as we show in the next paragraph.

1 Strictly speaking, 95% CL. We use this equation only to estimate the sensitivity of this proposal. For published
experiments, only the published BR’s are quoted or plotted.
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Assume that an anomalous decay yield arises from a contact interaction proportional to (g/Λ)2

with coupling constant g and mass scale Λ. Relative to the highly suppressed, isospin violating

strong interaction amplitude, the BR upper limit constrains
∣

∣

g
Λ

∣

∣ to be

∣

∣

∣

g

Λ
/AIV strong

∣

∣

∣
<

√
2 ×BR (3)

where the factor of 2 comes from changing the BR normalization from the total decay width to

the decay width of all η → 3π channels, and process-dependent phase space factors have been

neglected. Using the above equation and the BR sensitivity estimates from Section VIIB, our

measurements will constrain the amplitude for a new CP violating interaction to less than 0.4% of

the highly suppressed, isospin violating strong interaction. The corresponding constraint on a new

C violating amplitude will be less than 0.2%.2

2. The CP violating decay η → π0π0

Another interesting four-photon final state reaction is η → π0π0 which would violate P while

conserving C and thus violate CP. (See Appendix A.1 for discussion of selection rules in η → Nπ0.)

The discovery of a 0.2% CP violation in 1964 came as a great surprise, and the origin remains

one of the most mysterious phenomena in elementary particle physics. In the Standard Model,

CP symmetry is broken by a single complex phase in the Yukawa couplings. In the basis of mass

eigenstates, this single phase appears in the Cabibbo-Kobayashi-Maskawa quark matrix (CKM)

that gives the W-boson couplings to an up-type antiquark and a down-type quark, known as the

Kobayashi-Maskawa (KM) mechanism. This violation shows up in flavor-changing interactions. For

flavor-conserving processes, CP violation is minute because it requires a two-step change of flavor –

a first step to an intermediate flavor state and a second to return to the initial flavor state [19]. As

a result, SM sources for a CP violating decay like η → π0π0 are expected to lead to an unobservably

small branching ratio, at the level of 2 × 10−27 [19].

2 Examples of more rigorous normalization schemes to express constraints on new amplitudes are given in reference
[2] for the CP violating channel η → 4π0 and the C violating channel η → 2π0γ.
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CP violation was originally observed in neutral K decays, and more recently in B decays. These

results provide a model-independent proof that the KM mechanism is the dominant source of CP

violation in flavor changing decays. Despite the phenomenological success of the KM mechanism,

however, it fails by several orders of magnitude to explain the matter-antimatter asymmetry of

the Universe. Most extensions of the Standard Model imply additional sources of CP violation.

The search for new sources has motivated intensive investigations in the flavor-changing sector,

such as K, B, and D meson decays, and no new source of CP violation has yet been discovered.

Since the KM source of CP violation dominates in flavor-changing processes, state-of-the-art rare

kaon decay measurements are made in the context of a potentially large SM “background” which

must be calculable for the results to be interpretable. In the virtual decay K0
L → π02γ the 2γ can

rescatter to l+l− but not νν̄ since the SM neutrino has no charge or magnetic moment. Such so-

called long distance effects in reactions with clear experimental signatures like K0
L → π0l+l− have

shifted priority to the more interpretable but more difficult to measure K0
L → π0νν̄. Nevertheless,

the K0
L → π0l+l− channels provide sensitivity to different short distance operators so they provide

complementary information to K0
L → π0νν̄ [6],[7]. Although K0

L → π02γ and η → π02γ (the

latter a priority of this proposal) are fundamentally different reactions, there are enough intriguing

similarities from the point of view of Chiral Perturbation Theory that one suspects progress in one

will support progress in the other.

The decay of η → 2π0 is among the few possible flavor-conserving tests listed in the Review

of Particle Physics to search for non-conventional CP violation [21]. The long lifetime of the η

makes it the must-do candidate. Another source of CP violation beyond the KM mechansim is

the θQCD term.3 A SM extension including spontaneous CP violation in the Higgs sector and a

θQCD term [20][22] predicts BR(η → π0π0) ∼ 10−15, about 1012 times larger than the KM alone

yet still far below the sensitivity of any conceivable η → 2π0 search. This is because η → 2π0 is

proportional to the square of θQCD, and this parameter is tightly constrained by neutron Electric

Dipole Moment (EDM) experiments.

3 θQCD is a parameter of the strong interactions accounting for the breaking of time reversal and P. The fact that it
is highly suppressed rather then ∼1 is another hint of physics beyond the SM.
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Our motivation for searching for CP violation in η → 2π0 is model independent. There are other

potential non-standard sources of CP violation besides θQCD [23], and the dominant effect in

baryogensis may not be visible in upcoming neutron EDM experiments. Since Baryogenesis requires

a new source of CP violation, we must fully exploit the few tests of CP which nature has allowed

us, both flavor violating and flavor conserving.

Status of η → 2π0 tests of CP violation and their figures of merit -

The current experimental limit on η → 2π0 of 3.5×10−4 was set by the GAMS-4π collaboration

in 2007 using π− + p → η + n with pion momenta of 32.5 GeV/c. [28] With an efficiency of 23%,

the effective number of η’s was 8.5×105. Backgrounds were unusually high, fB = 0.026, which was

attributed to copious continuum 2π0 production. Despite a significant increase in the number of

η’s compared to older experiments, the GAMS-4π result was only slightly better than what was

achieved two decades earlier by the φ factory-based CMD-2 collaboration of 3.2×10−4 [27]. A more

recent 2011 result from the BESIII J/ψ factory was actually less sensitive at 6.9×10−4.[52]

The limit on the charged channel η → π+π− from KLOE, 1.3×10−5 [29], is currently the best result

for any ππ decay branch but is somewhat higher than our projection for π0π0. Charged decays of

the η are beyond the scope of the proposal but will certainly be investigated by the collaboration.

Figure 3 shows the BR upper limits for several experiments along with the effective number of η’s

in their experiments as well as their background fractions. These measurements have been limited

both by backgrounds and the number of effective η decays. As we’ll show in Section VIIB, this

proposal presents an opportunity to reduce the η → 2π0 BR by 1.5 orders of magnitude.

3. The C non-invariant decays η → π0γ and η → 3γ

The charge conjugation operation, C, effectively replaces all particles by their antiparticles in the

same state. Relatively few systems are suitable for tests of the non-invariance of C because one

requires a particle of good C (or self-conjugate composite system) whose decay into a state of well-

defined but opposite C is blocked only by C invariance.[26] Experimental precision is limited by
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FIG. 3: The branching ratio upper limits and figures of merit for η → 2π0 measurements by GAMS[28],

CMD-2[27], and BES-III[52] plus a projection for the JLab Eta Factory.

the need to first produce these unusual systems then search for the relevant decay branches with

high efficiency while keeping backgrounds low. A classic example of a purely leptonic self-conjugate

system is e+e−(ortho) → 2γ. Comparisons of Hydrogen and anti-Hydrogen properties have more

recently allowed tests of C in atomic systems. The present proposal intends to improve limits for

non-weak decays of hadrons using η → 3γ.

Within the SM, C conjugation is maximally violated in the weak interaction (usually accompanied

by P violation so that CP is conserved). Both C and P are generally assumed to be exact symmetries

in the strong and electromagnetic interactions despite the fact that the experimental bounds have

not reached the level of 0.1% by amplitude. In addition to η → 3γ, we will search for another 3

photon final state forbidden by charge-conjugation invariance, η → π0γ. (See Appendix A.2,.3 for

discussion of selection rules in η → 3γ and η → π0γ.) However, since the latter is also forbidden

by the conservation of angular momentum and gauge invariance (respected by most but not all SM

extensions), we assume it will serve as an experimental control.



16

Before one can search for new sources of C violation, one must have an estimate for the SM

background. The only known source of C violation is the weak interaction. Dicus [30] estimated

the ratio Γ(π0 → 3γ)/Γ(π0 → 2γ) = 10−31 by applying dimensional arguments to the SM parity

violating interaction including Bose symmetry. A similar estimate can be done for the η → 3γ

process by substituting the η mass for the π0 mass yielding Γ(η → 3γ)/Γ(η → 2γ) = 10−24 .

Despite the enormous enhancement in this branching ratio for the η, and considerable uncertainty

in the original estimate4, the SM background for η → 3γ is effectively zero. Thus any non-zero

result for η → 3γ would require a new source of C violation.

Previous hadronic tests of C non-invariance and their figures of merit -

The lowest upper limit in any pseudo-scalar meson decay, 3.1×10−8, was obtained over two

decades ago in π0 → 3γ using the Crystal Box at LAMPF[31]. Neutral pions were produced by the

reaction π−stopped + p → π0 + n. Accounting for the fact that the acceptance due to geometry plus

cuts was only 0.01, there were effectively 1.2×108 π0’s produced. The background was extremely

low with only 4 counts in the signal window. This was in part due to the limited number of

open channels for π0 decay, but also due to good design and stringent cuts. The photon detector

consisted of NaI(Tl) with one TDC and two ADCs per channel; the comparison of an on-time

gate with a delayed gate helped flag pile-up. The 250 MHz Flash ADCs we will use in Hall D

on every crystal will provide comparable energy and timing information but with much greater

discrimination against pile-up.

Due to the larger number of open channels in η decay, it would be a great challenge to match the

precision of the π0 → 3γ experiment in η → 3γ. Without a specific mechanism for a new source

of C violation however, the η → 3γ reaction may be able to evade constraints from the superb

LAMPF π0 → 3γ measurement. Some evasion could be simply be kinematic: we saw from the

earlier SM estimate for the BR(π0 → 3γ) by Dicus how a rare process could contain many powers

of the meson mass giving radically different branching ratios for the π0 and η. Evading constraints

4 The uncertainty was ±6 orders of magnitude due in part to the somewhat arbitrary choice of effective quark mass
in the loop
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could also take dynamical form if for example the greater ss̄ content of the η turned out to be a

new C violation source.

In the η → 3γ regime, the most precise upper limit of 1.6×10−5 was set by the KLOE detector

at the Frascati φ-factory DAΦNE[32]. That experiment produced 1.8×107 η’s in 2001-2 by the

e++e− → φ→ γ+η process (BR 1.3%). Photons were detected in a lead/scintillating fiber sampling

calorimeter. With an estimated acceptance of 20% for η → 3γ, there were effectively 3.6×106 η’s

produced, similar to the effective η production from half a year of JLab Eta Factory (JEF) operation.

The unique KLOE background in the 3γ final state was dominated by e++e− → ωγ → π0γ+γ → 4γ

where one of the γ’s tagged an η that did not exist. The signal window contained no significant

excess above a background of 1513 counts (0.042% of the accepted η’s).

The Crystal Ball experiment at BNL AGS set a somewhat weaker upper limit on the existence of

the η → 3γ process of 4×10−5[33]. However, it is important to discuss it because the backgrounds

they encountered are more relevant to JEF than those from a φ factory. Photons were detected in

an array of NaI(Tl) crystals. There was an ADC for each crystal, but only one TDC per group of

9 crystals. That experiment produced 2.8×107 η’s via the π− + p → η + n reaction at threshold.

With an estimated acceptance of 10% for η → 3γ, there were effectively 2.9×106 η’s produced

(similar to KLOE). The dominant background was from π− + p→ 2π0 + n continuum production,

followed by the merging or loss of a low energy photon. Other, much smaller, backgrounds in the

Crystal Ball experiment arose from the merging of showers from the large branch η → 3π0 → 6γ

or splitting of a photon from the large branch η → 2γ. A unique background in this experiment

was π− + p → π0 + n → 2γ + n where the n was detected in coincidence with the photons, but it

was easily suppressed to a negligible level by cuts. There were about 875 background events in the

signal box giving a background fraction of 2.2 × 10−4.

The backgrounds of relevance to JEF will be qualitatively similar to the non-unique backgrounds

at the Crystal Ball. The dominant background was from the 2π0 continuum production. These

backgrounds should be greatly reduced at JLab due to our high-granularity calorimeter which

reduces photon merging, our “boosted η” kinematics which immensely reduces the phase space for

a photon to fall out of the acceptance and remain within our missing energy or invariant mass cuts.
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FIG. 4: The branching ratio upper limits and figures of merit for η → 3γ measurements by KLOE[32] and

the Crystal Ball at BNL[33] plus a projection for the JLab Eta Factory.

We will also detect the recoil proton to ensure it is consistent with the 2-body reaction γ+p→ η+p

rather than 3-body γ + p → 2π0 + p. Having a flash ADC per channel will also allow us to flag

pile-up in the offline analysis.

Figure 4 shows the BR upper limits for several experiments along with the effective number of η’s

in their experiments as well as their background fractions. These measurements have been limited

mostly by background rather than by the number of effective η decays. We expect to do about 1

order of magnitude better at JEF.

D. Rare η Decay Competition Around the World

Given the promise offered by a rare η decay program to our understanding of the SM and beyond,

several groups at other facilities have done recent work on this subject.

An example of a recently completed program is the KLOE-I collaboration at the Frascati φ factory.

They accumulated large η datasets using φ production in e+e− collision at the center of mass
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energy of 1.02 GeV. By detecting a mono-energetic photon from the decay of the φ, they tagged

η production with backgrounds at the part per thousand level. The KLOE-I program was very

competitive for final states involving charged particles such as η → π+π− or η → π+π−e+e−. We

have not studied the backgrounds for these charged particle reactions in JEF, but improvements

by an order of magnitude over KLOE-I would be difficult. After luminosity and detector upgrades.

the program is now continuing in the form of KLOE-II.[35] Even if KLOE-II succeeds in increasing

production to 1×108 η’s, their lack of significantly boosted η’s and lack of high quality calorimetry

means they cannot reach the sensitivity of JEF for high background, all neutral final states like

η → π02γ, 2π0, and 3γ. While they are the most likely source of significantly improved π02γ data

before JEF results become available, the projected KLOE-2 error bars being circulated appear to

ignore the effect of the large background.

After completing a rich experimental program on the η physics at Brookhaven National Laboratory

where they enjoyed extremely high η production rates from π− + p→ η + n (as well as high back-

grounds), the Crystal Ball collaboration moved their photon spectrometer to the Mainz Microtron

facility in 2002. Using a bremsstrahlung photon beam from a 1.5 GeV electron beam, they are

continuing a rare η decay program using the same reaction as us, γp → ηp. Their η production

rates are reportedly over an order of magnitude higher than that expected in JEF, but the back-

grounds in the π02γ channel are only moderatly better than what was obtained with the CB at the

AGS. (See Figure 6 for the AGS version.) With respect to η decays, they appear to be focusing

on precise measurements of relatively large branching ratio channels.[36] They have made superb

measurements of the η mass as well as a Dalitz decay parameter in η → 3π0 (BR = 33%).

Another large acceptance photon detector which has gained a new life by emigration is the Wide

Angle Shower Apparatus (WASA). Originally located at Uppsala, Sweden, it is now at the COoler

SYnchrotron (COSY) facility in Germany [34]. A 1.0 GeV proton produces η’s via the p + d →3

He + η reaction. The clear niche of WASA whether at CELSIUS or at COSY has been η decays

to final states with e+e− pairs. This is because it has an extremely clever cryogenic pellet target

which avoids the problem of η → 2γ followed by pair production in a thick target.

The BES-III collaboration [52] at the Beijing Electron Positron Collider got into the η rare decay
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business using J/ψ → γη. Possibly because of the large J/ψ mass and the small branching ratio

to γη, they did not obtain a competitive result for the difficult but important η → 2π0 channel,

although they dramatically lowered the BR upper limits for η′, ηC → π+π− decays.

What all these groups have in common is that η’s are produced nearly at rest in the laboratory

and then detected in a nominally 4π detector. As discussed above, this leads to fierce backgrounds

in rare decays to 4γ final states due to η → 3π0 with missing or merged photons. Using the high

energy η production and high-resolution, high-granularity PbWO4 γ detector in this proposal, we

will be able to reduce the background by orders of magnitude compared to our competitors, while

maintaining a healthy η production rate. Our niche is η rare decays to all-neutral final states,

particularly channels with 3 or 4 photons in the final state.

II. CONTROLLING BACKGROUNDS: THE π02γ CASE

As in any rare decay experiment, the major challenge is to suppress backgrounds while maintaining

high efficiency for the reaction of interest. All our priority η decay channels require photon detec-

tion. In the following sections, we employ the allowed channel η → π0γγ to highlight the unique

experimental challenges of such experiments and explain how our proposal addresses them.

A. Focus on the η → 3π0 Background

Previous η → π0γγ experiments [13][15][17] found the largest background to be from η → 3π0

which has a branching ratio about three orders of magnitude larger than the desired η → π0γγ

decay. Obviously, for a 6γ decay to be a background to a 4γ process, two photons must effectively

go uncounted while (somewhat paradoxically) the reconstructed invariant mass remains close to

the η mass. There are three contributing cases [13]: (1) a soft photon falls out of the geometrical

acceptance or below threshold of the detector (twice), or (2) two photons merge into what appears

to be a single shower (twice), or (3) each of the above photon “loss” mechanisms happens once.

The first mechanism (the loss of photons) is a major problem in experiments that produce the

η’s with small or modest boost (which describes the majority of published work). In that case,
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FIG. 5: Invariant mass spectrum for the π0γγ reac-

tion measured by the GAMS collaboration [13] using

high energy η production via π− + p→ η + n.
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FIG. 6: Invariant mass spectrum for the π0γγ system

measured by the Crystal Ball collaboration at the

BNL AGS [15] with η’s produced near threshold via

π− + p→ η + n.

decays frequently produce low energy γ’s whose omission allows the the η → 3π0 background to

pass missing energy or η invariant mass cuts. The second mechanism, the merging of photons, is

a problem when individual crystals subtend too large a solid angle, a feature of the legacy Crystal

Ball calorimeter which was not optimized for η decay experiments. Both mechanisms can be greatly

suppressed by increasing the energy of the η mesons while maintaining sufficient granularity in the

calorimeter.

The advantage of using highly boosted η’s can be seen by comparing the results from two older

experiments shown in Figure 5 and Figure 6. The figure from GAMS (on the left) shows a narrow

peak from η → π0γγ which is 7x larger than a smoothly falling background. [13] In that experiment,

the η’s were produced by a high energy π− beam (30 GeV/c) in the charge exchange reaction

π−p→ ηn. The decay photons from η decays were detected in the forward direction by a calorimeter

consisting of a 48 module x 32 module matrix of lead glass. Because of the boost, when a photon

is lost the effect on the η mass reconstruction is relatively large thus the background from missing

photons in η → 3π0 events is shifted well below the η mass signal window.
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In the Crystal Ball [15] and KLOE[17] experiments at the AGS and DAΦNE, respectively, the η’s

were produced with very little boost so the energy of the decay γ’s was ∼50–500 MeV. Under these

circumstances, the background from η → 3π0 is broadly peaked near the η mass peak as can be

seen in Figure 6.5 The background is not only relatively large; our simulations show that when

photons merge there is a peaking component which is indistinguishable from the signal. In that

case, sideband subtractions alone are unreliable and one must rely on simulations of shower merging

probability. Under such background conditions it is already difficult to accurately determine the

simple branching ratio. The measurement of an accurate dΓ/dMγγ spectrum to probe the dynamics

of the decay is even more difficult.

As described above, the second important mechanism for η → 3π0 to mimic the η → π0γγ decay

is through overlapping photon clusters in the γ detector. The most practical size for a calorimeter

element is set by the Moliere radius which, loosely speaking, describes the radial extent of the

shower core.6 PbWO4 crystals have Moliere radii (∼ 2 cm) about two times smaller than the typical

material (such as lead glass) used in an older generation calorimeters. This benefit is partially offset

by kinematic focusing from our highly boosted η’s. However, we win because we have moved the

calorimeter far downstream from the target center (6m), hence the decay products are distributed

over 3445 crystals, each with transverse dimensions of roughly a Moliere radius. By contrast,

the Crystal Ball detector with acceptance of 93% of 4π has only 672 NaI(Tl) crystals. Another

advantage we have is algorithms developed by PrimEx to use measured radial energy profiles to

identify pairs of showers separated by only a few cm. To conclude, the JEF configuration tightly

manages the potentially serious problem of photon merging in rare η decays. This leaves a small

peaking background in the invariant mass spectrum which we will be able to accurately simulate

and subtract.

Before presenting our Monte Carlo simulations, we need to introduce the elasticity parameter which

is the basis for an important cut. In our forward, high energy kinematics, the η carries almost the

5 See also Figure 10 (a) in reference [14].
6 Larger elements lose position information, while smaller elements increase readout costs with little gain in position

information.
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full beam energy. This means that the elasticity, defined as

Elasticity ≡ ΣEγ

Etaggedγ
(4)

is approximately 1 for fully contained η decays produced by the exclusive γ+ p→ η+ p production

channel. Elasticity provides complementary information to the reconstructed invariant mass. While

an elasticity cut does not suppress the η → 3π0 background with photon merging if the η’s were

produced by the exclusive channel, it is the key to removing higher order backgrounds of the “energy

imbalance”-type. Examples of events which could pass an invariant mass cut but fail the elasticity

cut include 1) pile-up, 2) η production by an untagged off-energy photon coincident with the tagged

(but sterile) photon, 3) continuum 3π0 production at invariant mass > mη which migrates down

into the η mass window when two photons are lost, or 4) η production by a non-exclusive channel

such as γ + p → η + π0 + p. The elasticity cut greatly restricts nature’s ability to mimic a signal

from a clean η decay.

Simulations were made to compare the expected performance of a PbWO4 (lead tungstate)

calorimeter in the JEF configuration at 6m and the standard lead glass FCAL pushed back to

9m to improve its angle resolution and reducing photon merging. The PbWO4 transverse dimen-

sions were 2.05cmx2.05cm while the lead glass blocks were 4.0cmx4.0cm.7 The photon beam energy

is 9-11.7 GeV. The PbWO4 calorimeter has a size of 118 × 118 cm2 (FCAL-II) and the lead glass

calorimeter is the current Hall D Forward calorimeter (FCAL) with a round front face 240 cm in

diameter.

Figures 7 and 8 are plots of elasticity versus invariant mass for the two calorimeters, qualitatively

demonstrating the improvement in signal/background expected with PbWO4. Moving the (larger)

lead glass version downstream improves its angle resolution but the energy resolution remains a

factor of 2 worse. To be more quantitative, projections were made onto the invariant mass axis in

Figures 9 and 10 with no cut on the elasticity variable. Comparison of these figures shows that

7 The background simulation generated η → π02γ or 3π0, each according to phase space, using PDG relative
branching ratios. For events with 4 detected photons, the invariant mass M4γ was calculated with no attempt to
build π0’s at this time. The γp → ηp events are generated along the length of a 30 cm LH2 target according to the
cross section from reference [51].
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the η → 3π0 background can be suppressed about 1.5 orders of magnitude by using lead tungstate.

Because backgrounds magnify the statistical errors for a fixed number of rare decay events, the

experiment with the lead tungstate calorimeter would be about 3 times more sensitive. Clearly,

a high-resolution PbWO4 crystal calorimeter is essential. (A comparison of lead tungstate and

lead glass both at 6m distance can be found in Appendix B where the lead glass performance is

substantially worse than shown here.)

Upgrading the current FCAL with PbWO4 crystals would also benefit the GlueX spectroscopy

program by providing high radiation resistant material near the beamline needed for high beam

intensity running (108 γ/s) as well as improving the energy and position resolutions for forward

neutral particle reconstruction. The total uncertainty on the η radiative decay width, Γ(η → 2γ),

which will be measured in the approved η Primakoff experiment E-10-011 in Hall D is also expected

to decrease from 3% to 2%.

B. Focus on the γ + p → 2π0 + p (Continuum) Background

The remaining historically dominant background has been non-resonant multiple pion production

whose reconstructed invariant mass can fall within the η mass window. This is a smooth background

so side-band subtractions can be used, but the more we suppress this background, the more sensitive

our measurements will be. A Monte Carlo simulation was performed on the γp → π0π0p reaction

using PYTHIA. The η → 3π0 background and η → π0γγ signal previously presented were added.

Figure 11 shows the uncut normalized 4γ invariant mass distributions for the η → π0γγ signal

reaction and the two backgrounds. The signal to background ratio is approximately 3:1 which is

quite frankly phenomenal. Compare to the invariant mass reconstruction from the Crystal Ball

experiment in Figure 6 with cuts to suppress continuum 2π0 backgrounds. When that same cut is

applied in our π02γ analysis, the dominant background will be a small peaking background due to

photon merging (not visible in Figure 9).

Obviously, the η → 2π0 search for CP violation cannot exclude events with two pairs of photons

each reconstructing to the π0 mass, so the 2π0 continuum background is the major limitation to

our sensitivity in that analysis. We will later use this background to estimate our sensitivity to
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FIG. 7: Monte Carlo simulation assuming the

PbWO4 calorimeter in our reference design (FCAL-

II). The vertical axis is the measured elasticity (a

missing energy-like variable) while the horizontal

axis is the reconstructed invariant mass, M4γ . Sig-

nal events η → π0γγ appear as red dots while back-

ground η → 3π0 events are black.

FIG. 8: Similar to the previous figure except with

the current Hall D forward lead glass calorimeter

(FCAL) pushed as far downstream as possible (9m)

to improve its signal to background ratio.

η → 2π0. However, cuts on the recoil proton will help suppress the continuum background.

The elasticity cut will help suppress 2π0 production with little impact on our clean η production

rate. In forward, high energy η photoproduction by exclusive γp→ ηp, the proton recoil momentum

is relatively low because the cross section is dominated by t-channel exchange of a relatively soft

virtual photon or light meson. The 3-body background channel γp → π0π0p on the other hand

typically has a larger proton recoil momentum when it involves an s-channel process such as γ+p→

π0 + ∆+ → 2π0 + p. The elasticity cut will remove events with more missing energy than can be

explained by the t-channel γ+p→ η+p production. It will also remove continuum 3π0 production

with invariant mass greater than mη which feeds downward into the η mass window after losing 2

photons.

Other aspects of our experiment help suppress backgrounds. Compared to high energy π− + p →
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FIG. 9: Monte Carlo simulation of M4γ recon-

structed in the proposed PbWO4 crystal calorime-

ter. The only background considered here is from

η → 3π0. The red curve is the signal from η → π0γγ.

Black points are the signal plus background. The sig-

nal to background ratio for ±3σ around the η mass

peak is 10:1.

FIG. 10: Monte Carlo simulation of reconstructed

M4γ assuming the FCAL Pb-glass calorimeter at 9m.

The black curve is the background, while the red

curve is the signal plus background. The signal to

background ratio for ±3σ around the η mass peak is

roughly 0.5.

η + n used by GAMS, our production mechanism does not create an in-time, high energy neutron

which could be confused with a gamma ray in the calorimeter. By detecting the recoil proton,

we will be able to verify that the event demonstrates the coplanarity expected for the two-body

production channel. Finally, the scintillation in PbWO4 has a shorter decay time (∼ 20 ns) by
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FIG. 11: Invariant mass of the 4γ distribution including the signal channel η → π0γγ (solid red) and

both major background channels: η → 3π0 with missing photons and merging (blue line), plus continuum

γp → π0π0p (pink line). All processes are normalized using estimated cross sections to 1 beam day. Signal

to background for the η → 2π0 analysis is about 3:1, but would improve to at least 8:1 if the 2π0 continuum

were removed by rejecting events where both pairs of photons reconstruct to Mπ0 (leaving only a small

peaking background due to photon merging).

about one order of magnitude than NaI(Tl) which helps control pile-up.

Based on the discussion above, we plan to apply several key techniques in the proposed experiment:

(1) the 12 GeV high intensity tagged photon beam in Hall D to produce η mesons on a liquid

hydrogen target through the γp → ηp reaction, (2) a forward high-resolution, high-granularity

PbWO4 calorimeter to detect multiple photons from η decays to reduce the η → 3π0 background,
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(3) flash ADCs on every crystal for nsec-scale coincidence timing of showers and pile-up rejection,

and (4) measuring the recoil p when feasible with the GlueX detector to suppress non-resonant

background from γp→ 2π0p or accidentals.

C. Miscellaneous Backgrounds

In addition to the two historically dominant backgrounds discussed in the previous sections, there

are many other potential sources. In this section, we consider the following backgrounds and

discuss how they will affect the measurement of η → π0γγ: (1) electromagnetic background; and

(2) additional hadronic backgrounds.

1. Electromagnetic Background

Monte Carlo simulations were done using the standard GlueX sim-recon package to estimate the

trigger and accidentals rates coming purely from electromagnetic background. The simulation

used the standard GlueX geometry which included the FCAL lead-glass calorimeter at its nominal

position and the Forward Drift Chambers (FDC) installed, also in the nominal position. The

simulation consisted of searching for photons in FCAL arising from the full beam photon spectrum

at a rate consistent with 4 × 107 tagged γ/s running. A 100ns time window was used. The results

shown here therefore consist of events where a single beam photon contributed to the detector

response as well as events where multiple beam photons contributed. Note that in the offline

analysis, showers will only be accepted if they are coincident within a single 2 nsec RF beam

bucket, so the offline event rate from electromagnetic background will be far smaller than the

trigger rate from same.

Used in the study were two candidates for the GlueX level-1 trigger. These are defined as:

L1a : (EBCAL + 4 ∗EFCAL) > 2GeV &(EBCAL > 200MeV )&(EFCAL > 30MeV )

and

L1b : (EBCAL + 4 ∗ EFCAL) > 2GeV&(EBCAL > 30MeV )&(EFCAL > 30MeV )&(NSC > 0)
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where SC indicates the Start Counter, and BCAL is for Barrel Calorimeter. The reconstruction

software requires FCAL cluster energies to be greater than 0.5 GeV. No other cuts are applied.

Neither of these potential GlueX triggers is a close match to the JEF trigger which would require

the total energy in FCAL to exceed 8 GeV. But this existing simulation tool provides insight into

how the electromagnetic background decreases rapidly with increasing energy.
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FIG. 12: Number of reconstructed photons in GlueX

FCAL for events triggered by electromagnetic beam

background.
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FIG. 13: Energy sum of all reconstructed photons in

GlueX FCAL for events triggered by electromagnetic

beam background.

Figure 12 shows the number reconstructed photons per event in the FCAL for events passing the

level-1 triggers described above. Since both level-1 triggers require energy in the FCAL, the bin at

Nphotons = 0 is empty. Figure 13 shows the total reconstructed energy in FCAL for 5 seconds of

real time. Under the level-1 trigger condition, the trigger rate due to electromagnetic background

would be approximately 4.2kHz, but with an 8 GeV threshold it will be less than 1 Hz hence

negligible.

Figure 14 shows the invariant mass of all reconstructed FCAL photons for events with at least 4

reconstructed photons. The histogram has been scaled by the 5 seconds of beam time simulated

to make the y-axis in units of trigger rate per 2MeV of invariant mass. Extrapolating Figure 14

to the η mass, the rate is about 6.7 × 10−6 Hz, roughly two orders of magnitude smaller than the

expected η → π0γγ signal rate (2× 10−4 Hz). Taking into account that the offline coincident time

window of 2 ns is much smaller than the 100 ns sampling window considered here, we conclude that
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beam related electromagnetic background plays no significant role in either the JEF online trigger

rate or in the offline 4-photon accidentals background.
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FIG. 14: Invariant mass of all reconstructed photons in GlueX FCAL for events triggered by electromagnetic

beam background that have at least 4 reconstructed photons.

2. Other Hadronic Background

Essentially all remaining hadronic background contributions to the η → π0γγ signal channel were

studied using a Pythia event generator adapted to GlueX energies. This study is critical because,

after suppressing the historically largest backgrounds, it is only natural that we find the next layer

of the onion. The background was simulated in the photon beam energy range between 9 GeV and

12 GeV. The total photoproduction cross section for this energy range is about 120 µb, compared

to the total γp→ ηp production cross section of 70 nb.
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Signal and backgrounds are discriminated using the following four kinematical variables: M(4γ),

the elasticity, the closely related missing energy ∆E, and the co-planarity ∆φ. The missing energy

here is defined as the energy balance ∆E = E(η)+E(p)−E(beam)−M(p) and contains the recoil

proton energy; the ∆φ is an azimuthal angle difference between the proton and the reconstructed

η momenta, ∆φ = φ(η)− φ(p). The event selection windows for these variables correspond to ±3σ

of the corresponding resolutions and are listed in Table II. In the future, instead of using the ∆φ

and ∆E cuts, we will perform a kinematical fitting for the reconstructed particles in discussion.
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FIG. 15: 4γ invariant mass distribution for hadronic background events reconstructed with the FCAL.

M(4γ) (GeV) Elasticity ∆E (GeV) ∆φ (deg)

FCAL [0.500, 0.595] ≥ 0.92 [-0.8 ,0.8] [-5, 5]

PWO calorimeter [0.526, 0.569] ≥ 0.95 [-0.36,0.36] [-5, 5]a

aA smaller range could have been used due to the better PWO resolution.

TABLE II: Event selection ranges used in the analysis.

The analysis was carried out in two steps:
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First, we identified all possible decay channels that can contribute as a background to the 4 clus-

ter final state using a data sample of 25 million Pythia events. Generated events were passed

through the detailed GlueX Geant simulation and were reconstructed using official FCAL and

PWO calorimeter cluster reconstruction programs. Since the backgrounds from γp → π0π0p and

γp → pη (followed by η → 3π0 decays) have been discussed in Sections II.A and B, we excluded

them from the data sample. We observed that the dominant background originates from channels

with multi-photon in the final states, such as p 4π0, p3π0γ, p 2π0 γ, p 2π0 γ γ, p 2π0 KL, and

p π0 γ. Similar to the case of the pη(η → 3π0) background described in Section II.A, these channels

can lose photons outside the FCAL acceptance or produce overlapping clusters in the calorimeter,

leading to the reconstruction of a four cluster final state. These multiple photon states are coming

from ω → π0γ, ω → ηγ, ρ→ π0γ, η → γγ, η → 3π0, and ∆+ → pπ0 decays.

Subsequently, we generated a MC sample with five times larger statistics for these selected channels.

The 4γ invariant mass distribution for events reconstructed with the current FCAL is presented in

Fig. 15 where the signal to background ratio after cuts is found to be about 1/5. The invariant

mass distribution for events reconstructed with the PWO calorimeter (FCAL-II) is presented in

Fig. 16 where the effect of the cuts is explored in detail. The majority of the background events

are suppressed by the elasticity/missing energy cut(s). These events must have started at higher

invariant mass and migrated into the η invariant mass window by losing a photon out of the FCAL

acceptance. Also extremely encouraging is the fact that the co-planarity cut is able to suppress the

remaining background by an order of magnitude.

Based on current limited statistics of the simulation, the signal to background ratio for the PWO

calorimeter (FCAL-II) is 5 ± 5. We will improve the statistical uncertainty by generating a larger

Monte Carlo data sample. Further signal to background improvement is expected from using a

kinematical fit of the fully reconstructed events. Other possible background discriminating variables

will be also investigated.
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FIG. 16: 4γ invariant mass distribution for hadronic background events reconstructed with the PWO (118×

118 cm2) calorimeter. (Top - linear scale; Bottom - log scale) Different curves correspond to various cuts

applied during the reconstruction: no cuts (black); elasticity cut (red); elasticity and ∆E cuts (blue);

elasticity, ∆E, and ∆φ cuts (purple).

3. η → 4γ

One background we probably don’t have to worry about is η → 4γ. Although there are no selection

rules which forbid it, it is highly suppressed in the SM and has never been seen (BR < 2.8×10−4).

No calculation has been published, but the closely related π0 → 4γ process has been thoroughly

investigated and found to be highly suppressed (BR < 10−11)[24].
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III. HALL D BASE EQUIPMENT

We propose to use a 9.0–11.7 GeV incoherent tagged photon beam in Hall D to efficiently produce

η mesons through the small angle γ+ p→ η+ p reaction. Multiple decay photons from the η’s will

be detected in a new high-resolution and high-granularity PbWO4 calorimeter (FCAL-II) located

∼ 6 m downstream of the target. For not-too-small η angles, the low energy recoil protons will

be detected by the start counter and central drift chamber of the GlueX solenoid detector to help

suppress backgrounds. As shown in Figure 17, the experimental apparatus includes: (1) a high

energy photon tagger; (2) a pair spectrometer for photon flux monitoring; (3) a 30 cm length

liquid hydrogen target; (4) the GlueX solenoid detector; (5) an upgraded forward multichannel

electromagnetic calorimeter. The reference design of the experiment is summarized in Table III.

Details of each instrument are discussed below.

A. High Energy Photon Tagger

Hall D is developing and constructing a 12 GeV tagged photon beam line. While details of the

design can be found in reference [37], the main features are:

1. Photon energy detection from 70% to 75% of the primary electron beam energy with energy

resolution of about 0.5% (r.m.s.) of the primary beam energy. A counting rate of at least

5 × 106 electrons per second per 0.1% energy bin over this range of photon energies.

2. Additional capability for photon energy detection from 25% to 97% of the primary electron

beam energy. Capable of pre-collimated intensities up to 150MHz/GeV for high intensity

running, with 50% sampling of 60 MeV energy bins below 9 GeV and full coverage in 30

MeV wide energy bins above 9 GeV photon energy.
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TABLE III: Reference design of the JEF experiment.

Parameter Value

Solenoidal Field 2.2 T

Photon Beam Energy Range 9 - 11.7 GeV

Beam Current 400 nA

Radiator Thickness (Au) 2 x 10−4 X0

5mm Collimator Transmission 30%

Tagged Photon Rate on Target (9-11.7 GeV) ∼4 x 107 Hz

LH2 Target Length 30 cm (3.46 % R.L.)

LH2 Target Thickness 1.28 x 1024 protons/cm2

Cross Section for Forward γp→ ηp ∼70 nb

Scintillator in FCAL-II PbWO4

Outer Active Dimensions of FCAL-II 118cm x 118cm

Beam Hole Dimensions in FCAL-II 12cm x 12cm

Crystal Dimensions 2.05cm x 2.05cm x 18cm

Number of Optically Isolated Crystals 3445

Acceptance of 118 cm x 118 cm FCAL-II ∼20% (4γ), ∼30% (3γ)

Distance Target Center to FCAL-II Front ∼6 m

Exclusive η Production Rate 3.6 Hz (or 3.1 x 105 /day)

LH2 Production Request 100 days

Total η’s Produced in 100 Days 3.1 x 107

Effective η’s in 100 Days (Includes Acceptance) 6.2 x 106(4γ), 9.3 x 106(3γ)

Total Beam Request 136 days

The tagging spectrometer is an Elbek-type spectrometer. The 12 GeV electrons pass through the

radiator target where a small fraction undergo bremsstrahlung. The electrons then pass through

a focusing quadrupole and are bent by the 6 meter long tagger magnet. The majority of the

electrons do not significantly radiate and are bent 13.4◦ to the electron beam dump. A large



36
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LH2 Target 

PS spectrometer 

FIG. 17: Top view of the experimental setup for η rare decays measurements. This includes: (1) a high

energy photon tagger; (2) a pair spectrometer; (3) a solenoid detector with a physics target; (4) a forward

PbWO4 crystal calorimeter.

vacuum vessel is integrated into the magnet and extends to the spectrometer focal plane so the

only multiple scattering occurs in the radiator and in the exit window, preserving the resolution.

The spectrometer detectors are positioned immediately outside the focal plane to determine the

momentum of electrons that produce bremsstrahlung photons in the radiator. The photon energy,

Eγ , is determined by the difference between the initial electron beam energy and the energy of the
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post-bremsstrahlung electron deflected towards the focal plane.

The detector package is divided into two parts: (1) a set of 190 fixed scintillation counters spanning

the photon energy range from 3.0 to 11.7 GeV, and (2), a movable “microscope” of 500 scintillating

fibers optimized for coherent photon beam operation spanning the energy range from 8.3 to 9.1

GeV. The fixed array provides access to the full tagged photon spectrum, albeit at a modest energy

resolution of ∼ 0.1% and reduced rate capability. These detectors are well suited for running with

a broadband incoherent bremsstrahlung source. The microscope provides energy resolution better

than 0.07% in order to run in coherent mode at the highest polarization and intensities. Using the

microscope, the source is capable of producing collimated photon spectral intensities in excess of

2 × 108 photons/GeV, although accidental tagging rates will limit normal operation to somewhat

less than this.

For the proposed η rare decays measurement, we will use an incoherent bremstrahlung photon

beam in an energy range from 9.0 GeV to 11.7 GeV. The current design of the fixed scintillation

counters in this energy range with 30 MeV wide energy bins is sufficient.

B. Beam Collimation

A 12 GeV electron beam interacting with a thin radiator produces the photon beam. The

characteristic opening angle for bremsstrahlung photons is me/E = 42 µrad. After 76 meters of

drift in vacuum, the photon beam enters the collimator cave from the left through a thin 250 µm

Kapton window 8′′ (203mm) in diameter and immediately interacts with the primary collimator.

The layout of the collimator cave is shown in Figure 18. The primary collimator consists of two

main components: an active collimator which measures the centroid of the photon beam and a

hybrid tungsten-lead passive collimator. The size of the passive collimator has a couple of options

from 3.4 mm to 5.0 mm in diameter. The active collimator is electrically isolated, has an inner

aperture of 5 mm, and is precisely mounted in front of the primary collimator. The purpose of the

active collimator is to measure the position of the centroid of the photon beam with an accuracy
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FIG. 18: The layout of the collimator cave.

of 200 µm. The tungsten passive collimator is surrounded by 8′′ of lead for additional shielding.

A large flux of background particles are generated in the passive collimator and some lie along the

photon beam. A sequence of sweeping magnets after the collimator removes the unwanted charged

particles from the photon beam.

A second collimator is located following the lead shielding wall of the first collimator. This collima-

tor is made of stainless steel and is 20′′ long and 8′′ in diameter. A 1 cm hole is bored along the axis

of the collimator and is designed so that the effective aperture can be adjusted to 6, 8, or 10 mm

by inserting stainless steel tubes. The purpose of this collimator is to scrape off photons which

were produced by small angle scattering on the bore of the primary collimator. A second sweeping

magnet is mounted directly after the second collimator. The specification of the tolerance on this

alignment during beam operation is a circle of radius 200 microns. The size of the beam spot on

target is defined by the primary collimator. We plan to use a 5 mm diameter primary collimator

in the proposed experiment.
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C. Pair Spectrometer and Total Absorption Counter

The most important diagnostics for the photon beam flux are the count rates in the tag-

ger’s fixed hodoscope array and the microscope. By detecting the electrons which undergo

bremsstrahlung, one determines precisely the energy spectrum of the photon beam in front of

the collimators. The photon flux on the target however is only a fraction of the tagged photons

because of collimation. The absolute photon flux on the target will depend strongly on the exact

details of the collimation. For example, a 5 mm diameter primary collimator will pass about 30%

of the photons. It is proposed to use pair production, a well understood QED process, as the basis

for the relative photon flux determination. An additional calibration measurement is needed to

determine the pair spectrometer’s absolute efficiency. This is done with dedicated calibration runs

at low beam intensity with a total absorption counter (lead glass detector) inserted in the beam

after the spectrometer.

The pair spectrometer consists of a thin foil converter (1×10−3 radiation length thick) placed in the

photon beam following the last collimator (at 0.5 m distance upstream of the front end of the pair

spectrometer magnet) to generate electron/positron pairs through pair production. The electrons

and positrons produced in the converter are swept away from the photon beam in a strong magnetic

field (1.64 T) and are subsequently detected by identical left and right arm detector packages located

symmetrically on either side of beam line. The photon energy is then simply the sum of the electron

and positron energies. Each detector package covers the electron or position energy from 3 GeV to

6.25 GeV. It consists of a front detector array for fine position resolution and a back scintillating

hodoscope array for fast timing. The back detector array includes 8 scintillator counters mounted

up and down alternately, with 2 mm overlap on each edge. Each counter is made from plastic

scintillator with dimension of 4.4 cm wide, 2.0 cm thick, and 6.0 cm long. It is glued to a 16 cm

long fish-tail light guide from one end then coupled to a 1′′ PMT. The back detector is designed to

provide 200 ps time resolution to form the pair production trigger.

The proposed experiment will use the incoherent photon beam at the highest possible energy

(Eγ=9–11.7 GeV). We will measure the branching of various rare decays by normalizing to the
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η → γγ channel. The design specification for the pair spectrometer is to monitor the beam flux at

∼ 1% level, which exceeds the requirements for the proposed experiment.

D. Target

We propose to use the standard Hall D liquid hydrogen target with 30 cm length, corresponding

to approximately 3.46% radiation lengths. Hall D is planning to use a cryogenic target system

similar to what has been developed for Hall B [38]. While some details of the Hall D target system

are still undefined, the main element of the cryogenic target is a heat exchanger in contact with

the target that is refrigerated down to 2.5 K by pumping liquid helium through a Joule-Thompson

valve. Experience in Hall B has shown that after a 15-liter buffer cryostat has been filled from the

torus, oscillations in the target temperature are smaller than ±0.02 K [39]. The Hall B g10a target

cell, with design similar to that proposed for use in Hall D, is 24 cm in length. The upstream end

of the target has an inner diameter of 5.51 cm, tapering down to 4.0 cm inner diameter on the

downstream end of the target. The reason for the taper is to eliminate dead zones in the target,

where cooling is limited. The radius on the endcaps is 4 cm. The target cell is constructed from

5 mil kapton.

During the proposed experiment, target temperatures and pressures will be written into the data

stream. Since significant target heating does not occur for a real photon beam, the target density

can be deduced from the equation of state and the target pressure-temperature data. However,

as we are measuring a branching ratio rather than an absolute cross section, we are insensitive to

changes in target density.

E. The Gluex solenoidal detector

The photon beam used in this experiment will be produced in the tagger hall and travel 76 m, after

which the beam will pass through a collimator. The photons then interact in a liquid-hydrogen
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FIG. 19: The cross-sectional view of the complete original GlueX detector. The apparatus is described in

detail in Section III E.

target. Outside the target, there is a scintillator-based start counter, the central drift chamber

(CDC), and the lead scintillating fiber barrel calorimeter (BCAL) all inside a 2.2 T solenoid [42].

Most particles exiting the solenoid in the forward direction will strike a time of flight (TOF) wall.

The complete GlueX apparatus is depicted in Figure 19.

1. Solenoid

The solenoid magnet creates a 2.2 T magnetic field at the center of the magnet oriented parallel

to the beamline [43]. The magnet is 4.65 m long, has an inner diameter of 1.85 m, and an outer

diameter of 3.76 m. The self inductance of the coil is 26.2 H hence at the nominal current of 1500

A the stored energy is 29.5 MJ. The solenoid consists of 4 separate superconducting toroidal coils

and cryostats and was recycled from previous experiments.
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2. Central Drift Chamber (CDC)

The Central Drift Chamber (CDC) consists of 3500 1.5 m long straw tubes [45]. The straws are

oriented in two directions: axial (12) and stereo (16), in order to provide better spatial resolution

in the z or longitudinal coordinate. The CDC is a large cylinder surrounding the target and

start counter with an inner radius of 20 cm and an outer radius of 120 cm. The expected position

resolution of the CDC is 150 µm. For the nominal position for the LH2 target, the angular coverage

of the CDC is 6◦ to 165◦.

The CDC allows us to detect recoil protons.

3. Start Counter

The start counter is a barrel hodoscope consisting of 30 scintillators surrounding the target that

will be used in conjunction with the tagger to measure the beam bucket of the associated event

[44]. The detector is a 50 cm long cylinder with a 10 cm cone that tapers toward the beamline on

the downstream end of the target. The start counter accepts charged particles at angles between 3◦

and 134◦ over the full length of the target. The start counter is self-supporting as to not introduce

additional material in the path of the particles.

The start counter will be useful in flagging the presence of extra charged particles, and will provide

large pulses with good timing resolution for recoil protons.

4. Barrel Calorimeter (BCAL)

The barrel calorimeter (BCAL) is a lead-scintillating fiber sampling calorimeter that lines the inside

of the solenoid. Each individual module consists of layers of corrugated lead sheets, interleaved

with planes of 1 mm, round, Kuraray SCSF-78MJ scintillating fibres, bonded to the lead grooves
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using optical epoxy [46]. The complete detector will consist of 48 identical wedge-shaped modules

with each module occupying 7.5◦ of azimuthal angle. Each module is 3.9 m long and 22.46 cm

thick, and once assembled into the final ring shape, the BCAL will have an inner radius of 65 cm

and an outer radius of 90 cm. The entire BCAL resides within the 2.2T magnetic field and will be

read out by about 4,000 field-insensitive, large-area (1.44 cm2 each) silicon photomultiplier arrays.

5. Time of Flight (TOF)

The time of flight (TOF) detector wall is an array of 2.54 cm thick and 6 cm wide scintillator paddles

[47]. The paddles are read out on each end by PMTs, except in the middle where the beamline only

allows single ended readout. There will be a horizontally oriented wall and a vertically oriented wall

to provide additional location information for a total of 84 paddles. The TOF detector will cover

angles of 1◦ to 11◦, providing an overlap with the start counter of angles 3◦ to 11◦. The primary

purposes of the TOF detector are to determine charged track multiplicity and provide excellent

TOF information with respect to the accelerator RF beam bucket.

IV. FCAL-II SETUP AND LOW-LEVEL RECONSTRUCTION

The η signal is primarily identified by reconstruction of the invariant mass,

M2
inv ≡ p2 = (ΣEγ ,Σ

−→
P γ)2 (5)

from the summed 4-momenta of the decay photons detected in the forward multi-channel calorime-

ter. The relative error in invariant mass reconstruction is approximately given by the quadrature

sum of the relative errors in energy and angle as can be surmised from the formula for reconstruction

with two photons

Minv = 2
√

Eγ1Eγ2 × sinα/2 (6)

where α is the opening angle between the photons. We require percent-level resolution in shower

energy reconstruction and, given a typical shower separation of 10’s of cm, mm-scale resolution in
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calorimeter hit position to determine the angle of the photon. Based on PrimEx experience, the

calorimeter energy resolution will dominate the invariant mass resolution. The contribution from

the target length is quite modest even if the vertex is unknown, but we will detect the recoil proton.

To minimize shower merging and pile-up in the calorimeter, high-granularity and fast decay time are

also critical. The scintillator PbWO4 has highly desirable properties for use in an electromagnetic

calorimeter, including a small Molière radius (2.1 cm), short radiation length (7.4 g/cm2), and fast

decay time (20 ns). It is also highly radiation resistant and available in large quantities. Based on

these features, and the extensive experience of some of us with a smaller lead tungstate calorimeter

employed in the PrimEx experiment, we propose to use PbWO4 crystals in an upgraded Hall D

Forward Electromagnetic Calorimeter (FCAL-II).

Finalizing the ultimate size of the calorimeter will involve a trade-off between acceptance and cost.

For a tagged photon beam of 9.0–11.7 GeV, the average acceptance for 4 photons in the 118× 118

cm2 calorimeter is ∼20% while that of the 150 × 150 cm2 version is ∼40%. (See Figure 31 for the

3 photon acceptance and Figure 32 for the 4 photon acceptance.) In keeping with our philosophy

of bridled enthusiasm, all projections in this proposal are based on the smaller, lower acceptance

(and lower cost) calorimeter. However, it’s worth noting that for less than 60% additional cost,

the larger version of the calorimeter would increase the 3-4γ acceptance an average of 80% while

simultaneously reducing the fraction of η → 3π0 events with lost photons.

Our design is basically a larger version of the lead tungstate core of the PrimEx HyCal calorimeter,

a 59 element x 59 element matrix of optically-isolated crystals each of size 2.05 × 2.05 × 18 cm3.

The crystal transverse dimensions of 2.05 × 2.05 cm2 are comparable to the Molière radius of lead

tungstate so that shower energy sharing between adjacent crystals can be used to determine the

position of the shower with mm-scale accuracy at the energies of interest. The 18 cm thickness

(20 radiation lengths) has been shown by PrimEx to be sufficient to achieve the required energy

resolution. A central ∼ 12 × 12 cm2 hole will be left open to enable the photon beam and small

angle electromagnetic background to pass downstream.

Scintillation light from the electromagnetic shower will be detected with Hamamatsu R4125HA
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photomultiplier tubes coupled to the back of the crystals with optical grease. A fiber optic cable

will be glued to the front face of each module for the gain monitoring system. If instrumented as

in the PrimEx HyCal, there will be a HV and two signal cables for each base (one for the anode

and another for the dynode). The anode signals will each go to a flash ADC as discussed below.

The dynode signals will be summed first in groups, and then groups will be summed to form a

total calorimeter energy signal for use in the trigger and to provide a hardware timing reference.

Alternatively, the trigger can be built from the Flash ADC data pipeline.

An exciting development in JLab’s 12 GeV era is the standardization of most new detector readout

systems to flash ADCs. By keeping the cost per channel to less than $300 (and the loaded cost per

channel including VME crate, CPU, etc. to less than $400), a single channel of 12 bit, 250 MHz flash

ADC (plus fairly cheap memory and processing power) can substitute for an older non-flash ADC,

a TDC, and two delay lines. This saves money, space, procurement time, and labor. Sampling is

continuous and deadtimeless. When a shower occurs, the 4 nsec samples will be recorded so that

the pedestal (zero offset), the energy, and the time can be determined offline. Tests indicate the

time resolution is significantly better than 1 nsec[48]. This will allow us to constrain all photons

in the event to the same beam burst and so minimize accidental coincidences. Flash ADCs are not

merely cost-effective substitutes for older technology, they have been used in rare decay experiments

for decades because they allow one to sensitively flag pile-up and even scrutinize interesting events

individually when desired. The combination of PbWO4 crystals and a flash ADC on each channel

will make FCAL-II truly a cutting edge calorimeter for the 21st century.

Several institutions on this proposal are also major players in the PrimEx collaboration and were

heavily involved in the design and construction of the state-of-the-art, high-resolution, PbWO4

crystal and Pb glass Hybrid Calorimeter (HyCal). That detector was used in both the PrimEx-I

and PrimEx-II runs. Their experience will be very important for successfully realizing FCAL-II

in Hall D. In the next section, we will discuss the performance of the PbWO4 calorimeter in the

PrimEx-I and PrimEx-II experiments.
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FIG. 20: Measured result for the PbWO4 calorime-

ter energy resolution versus initial incident photon

energy. (PrimEx-I calibration) Extrapolated to 10

GeV, the energy resolution will be 1.3% or 130 MeV.
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FIG. 21: Measured result for the PbWO4 calorime-

ter position resolution versus initial incident photon

energy. (PrimEx-I calibration) Extrapolated to 10

GeV, the position resolution will be 0.9mm.

A. Energy and Position Resolutions in the PrimEx PbWO4

During the PrimEx-I experiment in 2004, calibration of HyCal was performed using a low intensity

tagged photon beam with energies of Eγ = 0.5− 5.5 GeV. After the center of each detector module

was irradiated, the calorimeter was moved to scan the photon beam continuously across the entire

front face of the calorimeter, row by row. The measured energy and position resolutions versus

initial incident photon energy are shown in Figure 20 and Figure 21 respectively. Excellent energy

and position resolutions were achieved which was crucial to achieving the good resolution in Mγγ

needed to isolate good π0 events from background and to accurately determine the π0 production

angle used to identify the Primakoff peak. A 2.8% total uncertainty on the π0 lifetime [49] was

obtained in PrimEx-I, a factor of two and half more precise than the Particle Data Group average

of several old experiments [50].

The PrimEx program proved the PbWO4 material was highly radiation resistant. In terms of angle,

the central beam hole in HyCal was more than 3x smaller than we plan for FCAL-II in Hall D

(4.1 × 4.1 cm2 at 7 m for Hycal versus 12x12 cm2 at 6m for FCAL-II). HyCal was in the beam for
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more than three months at 7× 107 γ’s/sec on a 5% radiation length (R.L.) target during PrimEx-I

and a 10% R.L. target in PrimEx-II. When calibration data were compared from the beginning

and end of the program, the gain changes for ∼ 1200 channels were less than a few percent.

B. Pile-Up in the PrimEx PbWO4

Another important issue in calorimetry is pile-up, the probability that any given event will

appear in combination with clusters from a separate scattering event.

In our rare-decay experiment, pile-up could cause η → 2γ events to look like η → 3γ events, or it

could push η → 3π0 events with lost photons back into the elasticity cut. During both PrimEx-I

and PrimEx-II, clock trigger events were used to open a 100 nsec wide ADC gate with minimal

bias. Figure 22 and Figure 23 show the energy-dependent occupancy seen by PrimEx-II which ran

at twice the planned JEF luminosity. The probability of a 100 MeV background event occuring

during a high energy shower of interest was reduced an additional factor of 50 through the use of

TDCs. Although the analysis of the PrimEx-II dataset is still ongoing, the effect on the detection

efficiency due to piled-up events was less than 0.5% in the published PrimEx-I result.

C. Photon Merging in a Cluster Reconstruction Algorithm

Recently, collaborator I. Larin developed a so called “Island Algorithm” for cluster reconstruc-

tion in the calorimeter to improve the efficiency of shower reconstruction and minimize overlapping

showers. We discuss it here because it is relevant to the background in the 4γ channel due to

photon merging from the large branch η → 3π0.

The algorithm follows three steps: (1) identifying a crystal cell with the maximum energy deposi-

tion; (2) declaring all surrounding connected cells as an initial “raw” cluster; (3) splitting the “raw”

cluster into many hits based on the transverse shower profile function. The transverse shower profile

function for the PbWO4 crystal was measured with a 6× 6 matrix PbWO4 prototype detector in a

secondary electron beam. The x and y coordinate of incident beam were determined by a scintil-
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on the HYCAL measured in PrimEx-II.

lating fiber detector located in front of the prototype calorimeter. The scintillating fiber detector

consisted of two scintillating fiber arrays with a 0.6 mm resolution. Figure 24 shows the experi-

mental result for a 2-dimensional shower profile, and Figure 25 shows the shower profile function

extracted from the experimental data in Figure 24.

This newly developed cluster reconstruction algorithm was tested by mixing two hits from the

PrimEx-II “snake scan” data. A 5 GeV hit was selected from the data as the stationary shower,

while a second hit with energy of 1–5 GeV approached the stationary one. The “Island Algorithm”
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FIG. 24: The PbWO4 calorimeter transverse shower

profile measured from the PrimEx beam test.
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FIG. 25: The PbWO4 calorimeter transverse shower

profile distribution function extracted from the

PrimEx beam test result shown in Figure 24.

was applied to reconstruct the clusters. Any cases where the two hits were reconstructed as a single

cluster were counted as inefficient.

Figure 26 and Figure 27 are the resulting two-cluster reconstruction efficiency versus the separation

distance between two hits for the 2.05x2.05x18cm3 PbWO4 and 4x4x45cm3 Pb glass, respectively.

There is no merging of clusters in the PbWO4 calorimeter when the showers are separated by at least

2.5cm, and the majority of close showers are identifiable as such even when their axes are as close

as 1.25cm. In lead glass, showers begin to merge even when hits are separated by 6cm, although

the majority of close showers can still be flagged as two hits when they are as close as 4.25cm.

Using the separation at which 50% of two-cluster hits are reconstructed as a single hit, the use of

lead tungstate can be expected to reduce merging probability by roughly (4.25cm/1.25cm)2 ∼12.



50

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5 4
d (cm)

w

FIG. 26: The PbWO4 calorimeter two-cluster recon-

struction efficiency versus the separation distance be-

tween two showers.
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FIG. 27: The Pb glass calorimeter two-cluster re-

construction efficiency versus the separation distance

between two showers.

D. Trigger and Data Acquisition

We will use the standard Hall D trigger and data acquisition system. The trigger will be based

on a measurement of the total energy deposition in the FCAL-II calorimeter; events with the total

energy less than a threshold value will be rejected.

The trigger rate as a function of the total energy threshold was studied using a Geant detector

simulation. Two types of processes were considered: hadronic interactions plus the background

originating from the pileup of electromagnetic interactions in the same 100 ns window. The expected

trigger rates from hadronic and electromagnetic interactions for a conservative energy threshold of

5 GeV are estimated to be about 1 kHz and 2.5 kHz, respectively. This energy threshold provides

100% trigger efficiency for the signal decays under study produced at beam energies of at least

8 GeV .

The GlueX trigger and DAQ architecture is shown in Fig. 28. The trigger logic is imple-
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FIG. 28: Schematic of the integrated triggering and DAQ system. Fiber optics continuously stream digitized

energy sum information from the CTP (crate trigger processor) module in the front-end crate to the SSP

(subsystem processor module) in the Global trigger crate. Trigger decisions can then be made based on total

energy sums in FCAL-II.

mented on special purpose programmable electronics boards developed at Jefferson Lab with Field-

Programmable Gate Array (FPGA) chips. The electronics is based on pipelined FADC-250 boards

running at a 250 MHz clock. The data from the front end calorimeter electronics is digitized and

stored in the FADC-250 pipeline waiting for the readout. At the same time, energies from the 16

FADC-250 channels will be summed and forwarded to the Crate Trigger Processors (CTP) board

positioned in the switch slot of the VXS crate. The CTP sums energies from all FADCs in the

crate and sends the information via optical links to the Sub-System Processors (SSP). The SSP

subsequently sums energies from all crates. The trigger decision based on the total energy will be

taken at Global Trigger Processors (GTP). When the trigger is issued, the notification will be send

to the Trigger Interface board of each crate to initiate the event readout.

The algorithm running on the FADC-250 FPGA allows one to determine the time of a hit in the
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calorimeter with an accuracy of better than 1 ns by ’fitting’ the leading edge of the electronics

pulse. The readout information of each hit is coded in two 4 byte words representing the time

and the energy integral (usually hit headers are not included into the event size calculations). For

the expected hit multiplicity, the event size is about 0.2 kByte and the data rate is about 800

kByte/sec. As the trigger rate is relatively small, the possibility exists to read out the FADC in the

so-called Pulse Integral mode, i.e., read out digitized amplitudes for several FADC 4 ns time stamps

around the signal pulse threshold crossing. The mode can allow one to analyze pulses offline. As

an example, reading out FADC pulse amplitudes in a 80 ns time window will require 40 bytes of

data resulting in a 2 kByte calorimeter event size and a total data rate of 8 MByte/sec. The trigger

and the data rates can be handled by the electronics and the DAQ system. Data readout will be

performed using the JLab CODA system.

V. FCAL-II ACCEPTANCE AND HIGH-LEVEL RECONSTRUCTION

η rare decay events will be reconstructed from FCAL-II information, normalizing to η → γγ

decays measured simultaneously. Since our goal is to measure the branching ratios, knowledge of

the absolute luminosity and detection efficiency are important but not as critical as in the PrimEx

program where absolute decay widths are determined. Our priorities are isolation of the signal

with high efficiency while minimizing the background, specifically, optimizing the figure of merit

Nη × Acceptance/
√

Nbkg. To achieve this goal, one needs (1) the geometrical acceptance for each

η decay channel under study, (2) effective cut parameters and their resolutions.8

A. Calorimeter Geometrical Acceptance

Geometrical acceptance for a given η decay largely depends on the usual suspects in any solid

angle: the distance between the target and FCAL-II, and the effective frontal area of FCAL-II.

8 For this discussion, we will assume the signal is extracted from a series of cuts rather than a single cut on a
likelihood parameter.
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But it also decreases with increasing number of photons in the final state since there are more

opportunities to lose a photon down the beam hole or (more importantly) around the outer edges

of the calorimeter.

Two flagship channels for our experiment are the 4γ final states, η → π0γγ and η → π0π0. One of

the hard to suppress backgrounds for rare η decays leading to 4γ’s comes from the apparent merging

of photons in the calorimeter from η → 3π0. For fixed calorimeter size, as the distance between

the target and calorimeter is varied, there is a trade-off between signal and the photon merging

background. To optimize this distance, we employ the figure-of-merit (FOM) FOM ≡ S/
√
B

where S is the number of η → π0γγ events detected, and B is the number of background events

from η → 3π0 within a ±3σ window around the η invariant mass. Figure 29 shows this FOM as a

function of distance.

Unless otherwise specified, all acceptances are reported for the reference design of 118 × 118 cm2

at the “4γ” plateau near 6 m, and for the beam energy range of 9-11.7 GeV. For η decays into

2γ, 3γ, and 4γ final states, the geometrical acceptances are given by Figures 30, 31, and 32,

respectively. The average acceptance is ∼ 45% for 2γ, ∼ 30% for 3γ, and ∼ 20% for 4γ final states.

For the larger, 150×150 cm2 calorimeter, the acceptance in each case increases by 0.2 which would

approximately double the 4γ acceptance.

B. Calorimeter Resolutions in Elasticity and Invariant Mass

There are two major kinematical variables for the selection of η decay events. The first is

the elasticity—the ratio of total energy deposited in FCAL-II to the tagged photon beam energy.

Resolution in elasticity depends on the calorimeter energy resolution and, to a lesser extent, the

tagger energy resolution. The second variable is the particle’s invariant mass reconstructed from

the decay of 2 or more photons. In both cases, energy resolution is important, but for the invariant

mass the angle resolution is also critical. Since no tracking is possible with photons, the photon

angle is determined by the hit position on the calorimeter and the target position. The beam is
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FIG. 29: The figure-of-merit S/
√
B versus the

distance between target and FCAL-II, where S

is the accepted π02γ signal and B is the back-

ground from photon merging in η → 3π0 decays

which have a branching ratio 3 orders of magni-

tude larger. The reference design of 118×118 cm2

is plateaued near 6m.

FIG. 30: The geometrical acceptance for η → γγ

versus the beam energy. This is our normalization

channel.

transported almost entirely in vacuum so the vast majority of high energy calorimeter triggers arise

from the target.

Simulations were performed assuming the proposed PbWO4 crystal calorimeter and generating

γ + p → η + p events along the length of a 30 cm LH2 target. Figure 33 shows the resolution in

the elasticity variable for fully contained η → π02γ decays. Resolutions for 2γ and 3γ final states

are similar. The average peak position is slightly less than 1 due to the missing energy carried

away by the proton recoil. Assuming a typical photon energy of 10 GeV, the elasticity resolution

of 0.012 corresponds to a missing energy sensitivity of 120 MeV. This cut virtually ensures the

forward neutral meson production (be it a π0, η, η’, φ, etc.) was exclusive even without recoil

proton detection. It is barely possible for a very soft additional π0 to slip past this cut, but the
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FIG. 31: The geometrical acceptance for the 3γ

states (η → 3γ or η → π0γ) versus the beam

energy. These are the channels used to search for

new sources of C violation.

FIG. 32: The geometrical acceptance for the 4γ

states (η → π0γγ or η → π0π0) versus the beam

energy. This is the channel used to search for new

sources of P and CP violation.

resulting extra photons would have little or no acceptance in FCAL-II while having good acceptance

in BCAL, and would be below the energy threshold for shower reconstruction in FCAL-II in any

case.

The resolution in invariant mass arises from several factors: (1) the photon beam spot size on the

target, (2) the uncertainty of the reaction vertex along the target length if the recoil proton is not

detected (as in the simulations presented here), (3) the energy and position resolutions of FCAL-II,

and (4) the energy of the photons detected by the calorimeter. The size of the beam spot is directly

correlated with the size of the primary collimator in the beam line. For illustration, Figure 34 shows

the beam spot x (transverse) projection on the target for a 5 mm diameter primary collimator. In

order to simulate the invariant mass resolutions, we have taken into account the beam spot size

with a 5 mm diameter primary collimator, a 30 cm thick LH2 target, 6 m distance between the

FCAL-II and the target, and a photon beam in the energy range of 9-11.7 GeV. Because the recoil

proton was not required in this early simulation, reconstruction assumed all events arose from the
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FIG. 33: Elasticity for η → π0γγ. The resolutions

for η → 2γ and η → 3γ are similar, 1.3% and 1.2%,

respectively.

FIG. 34: The x (transverse) distribution of the inter-

action vertices in the target for a 5 mm diameter pri-

mary collimator. The rms width of less than 0.2cm

makes a much smaller contribution to the invariant

mass resolution than does the calorimeter energy res-

olution.

target center.

The reconstructed η invariant mass resolution for the η → π0γγ reactions is shown in Figure 35.

Resolutions for 2γ and 3γ final states are similar. Despite the high photon energy, the average rms

resolution of 11 MeV in is only 2% of the η mass. This is our most important cut to select η decay

signals while suppressing continuum backgrounds. It will also be used to identify π0’s, φ’s, etc., for

calibration as well as physics initiatives beyond the scope of this proposal.

Figure 36 shows that the invariant mass resolution of the π0 from the η → π0γγ reaction is 3.8

MeV. The importance of the π0 resolution will be discussed in the next section on event selection.

The resolution can be improved an additional 35% using kinematical fits [53][54].



57

FIG. 35: Reconstructed invariant mass M4γ from

the η → π0γγ reaction. The resolution for 2γ and

3γ final states is similar, 12 MeV and 11 MeV, re-

spectively.

FIG. 36: Reconstructed invariant mass M2γ of the

π0 from the η → π0γγ reaction.

C. Basic Event Selection

Event selection begins at the trigger level. For 9-11.7 GeV photon beam proposed in this

proposal, Figure 37 shows the distribution of the energy deposited in FCAL-II from the exclusive

reaction γp → ηp, followed by η → π0γγ. Plots for η → 2γ and η → 3γ (not shown) look very

similar. Figure 38 shows the total energy spectrum in FCAL-II for one of the major inelastic

reactions, γp → ηπ0p. As one can see, for the beam energy in 9–11.7 GeV range, an FCAL-

II threshold of about 8 GeV would safely select all signal events while suppressing triggers from

inclusive production or accidental beam related background. The elasticity cut mentioned below

effectively performs a more detailed comparison of tagged photon energy and total calorimeter

energy.

In the offline analysis, we will apply the following basic event selection criteria for tagged photon
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FIG. 37: Reconstructed total energy deposited in

FCAL-II by η → π0γγ. Nearly all events of interest

deposit more than 8.5 GeV in the calorimeter (mod-

ulo the energy resolution, this is simply explained by

the minimum photon beam energy of 9 GeV less the

sum of the η mass and proton recoil energy).
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FIG. 38: Total energy deposited in FCAL-II by in-

elastic η production through the γp→ ηπ0p reaction.

energies of 9-11.7 GeV: (0) single hit in the tagger for 9-11.7 GeV; (1) fiducial volume of FCAL-II

for full shower containment (i.e., excluding the inner and outermost layers of crystals); (2) every

shower in a candidate neutral meson must have good coincidence time with the tagger paddle which

was hit (out of time showers must be dropped and the total energy recalculated); (3) no significant

missing energy based on the photon energy for this tagger paddle (the elasticity cut); (4) the

invariant mass reconstructed from the decay photons in the principle shower must be consistent

with the η.

In this proposal, we only utilize exclusively produced η’s via the two-body γp→ ηp reaction. Once

an η has passed our elasticity cut, the detection of the recoil proton is in principle redundant.

However, simulations have shown it will increase our sensitivity to be able to over-determine the

kinematics. While a small amount of continuum γp → 2π0p will obviously pass the basic cuts, so
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could an accidental coincidence between a tagged η → 2γ decay and π0 production by an untagged

low energy photon. Either of these backgrounds would be suppressed by additional cuts using

proton information: (5) there must be a single recoil proton, and (6) the recoil proton and η must

be co-planar.

We are extremely fortunate to have the option of measuring recoil protons with the GlueX detector.

This may be especially useful in the η → 2π0 analysis where our preliminary studies show a

coplanarity cut on the proton and η will be helpful in suppressing the continuum 2π0 background.

Since our emphasis in this proposal has been on the calorimetry, such recoil proton tracking studies

are in their infancy.

As one can see from the top two panels of Figure 39, the recoil protons of interest have polar angles

of 55-80 degrees and momenta of 0.2-1.4 GeV/c. Tracking is not possible for recoil protons from

the smallest angle η’s because those protons either range out before reaching the CDC or don’t

produce enough hits in the CDC for reconstruction. From Figure 40, one sees the tracking efficiency

is about 70% for recoil proton momenta above 0.325 GeV/c (55 MeV). These recoil protons account

for over 80% of η’s reconstructed by FCAL-II for 3γ and 4γ final states. At lower proton momenta,

reconstruction efficiency has dropped by half by 0.275 GeV/c (39 MeV) which is reasonably well

understood in terms of the thickness of target and detector materials. (The range of a 39 MeV

proton is about 1.3 g/cm2 of CH2-equivalent.)

Because recoil protons are ejected at similar, large angles for all neutral meson masses, there

is a tremendous amount of error magnification in reconstructing the missing mass from proton

information. Nevertheless, we tried this and were pleasantly surprised to get the result in Figure 41

with missing mass resolution of roughly 100 MeV which is sufficient to usually distinguish between

π0 and η production. This would already be of some benefit to a likelihood distribution, but a

more powerful proton cut variable appears to be the coplananarity cut (i.e., the difference of the

azimuthal angles of the η and the proton).

Once an η decay has been identified, they will be sorted into categories: η → 2γ (normalization),

η → “3γ′′, or η → “4γ′′. Although our η → “4γ′′ dataset will be dominated by π02γ plus a
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FIG. 39: Monte Carlo simulation for track reconstruction of recoil protons by GlueX detector. Top-left:

polar angle vs proton momentum for the thrown distribution; The majority of recoil protons are ejected

near 75 degrees, passing through several cm of LH2 and the target walls, the start counter, and into the

CDC. Top-right: momentum distribution of recoil protons; Middle-left: reconstructed polar angle vs proton

momentum; Middle-right: Chi-squared per number of degrees of freedom (NDF) distribution; Bottom-left:

NDF distribution; Bottom-right: NDF vs proton momentum.

modest background, our physics goals require that we search for 3 signals: π02γ, 2π0, and 4γ (only
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one π0, two π0’s, and no π0’s). Since all 6 combinations of 2 photons must be tried, there are 6

opportunities for uncorrelated photons to mimic a π0, thus the excellent resolution in π0 invariant

mass demonstrated in the previous section is important for high sensitivity.
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FIG. 40: The reconstruction efficiency for recoil pro-

tons. Above 0.325 GeV/c, the inefficiency is due to

the reconstruction finding more than one track. Such

events may be recoverable.
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FIG. 41: Reconstructed missing mass using the recoil

proton from the γp→ ηp reaction.

VI. NEW EQUIPMENT AND INFRASTRUCTURE REQUIREMENTS

Besides the Hall D base equipment, this proposal requires a major upgrade of the current FCAL

to include high-resolution, high-granularity PbWO4 crystals. An option which would preserve

the large acceptance needed for the GlueX spectroscopy program, allow it to benefit from the

better properties of lead tungstate, and minimize overhead in configuration changes, is to insert

the 118 × 118 cm2 PbWO4 crystals into the present Pb glass FCAL, a hybrid configuration which

would be a larger version of the state-of-art, high-resolution PrimEx calorimeter (HyCal) in Hall B.

Several institutions on this proposal were major players in the design and construction of HyCal and

would play a leading role in developing the future FCAL-II. Previously, we successfully obtained

the resources necessary to develop and construct HyCal from the National Science Foundation

Major Research Instrumentation program (MRI) while establishing collaborations with Chinese

institutions. The same strategy will be applied to the FCAL-II development.
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To characterize the calorimeter, we will need a stand with vertical and horizontal motion capability

so that any point on the front face can be moved into the photon beam. Since the new calorimeter

may be incorporated into Hall D base equipment at the disgression of Hall D management, we

would like the power supplies, cabling, Flash ADCs, and other readout support to come from JLab.

It is likely we will need design and engineering support for additional small detectors (e.g., cosmic

tag, beam hole tag, etc.), as well as support from the Physics Division electronics group in designing

low power PMT bases.

VII. η PRODUCTION RATE, SENSITIVITY, AND BEAM REQUEST

The sensitivity of the experiment depends on the number of η’s which are exclusively produced

(and hence which will survive the elasticity cut), the fraction of decays which are accepted by the

calorimeter, and the efficiency including the live time and losses due to cuts. We will address each

of these issues in turn in the following subsections.

A. η Production Rate by Forward γ + p → η + p

We have chosen an electron beam current of 0.4 µA with a Au radiator of thickness 2 × 10−4

to provide a luminosity comparable to the successful PrimEx program in Hall B.9 Under these

conditions, the so-called equivalent γ rate over a wide range of energy is ∼ 5.0 × 108 Hz, or

∼ 50 MHz/GeV, three times less than the tagger design limit of 150 MHz/GeV. All photons are

transported in vacuum. Using a 5 mm diameter primary collimator, ∼ 30% of the γ’s will reach the

physics target, yielding a total γ rate at that location of 1.5× 108 Hz. In the 9.0–11.7 GeV photon

energy range required for significant η cross sections and boost, the tagger focal plane provides

100% efficiency for tagging these photons in 30 MeV wide energy bins [37]. The tagged γ rate on

the target will therefore be:

9 The Hall D dump can easily handle 2.2 µA.
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Nγ = 1.5 × 108 × ln(11.7GeV/9.0GeV )

∼ 4 × 107 Hz

We will use the standard Hall D LH2 target. It is 30 cm thick (3.46% R.L.), hence the number of

proton’s in the target is:

Np = 1.28 × 1024 protons/cm2

From reference [51], the average total cross section for γp→ ηp in the 9 to 11.7 GeV photon energy

range is ∼ 70 nb. The total rate of exclusively produced η’s by the exclusive channel γ+ p→ η+ p

is therefore:

Nη = Nγ ·Np · σ

= 4 × 107 · 1.28 × 1024 · 70 × 10−33

∼ 3.6 Hz (or 3.1×105/day or 3.1×107/100 days )

Anticipating the detector acceptance results from the next section, the number of effective η’s

(Nη × Acceptance) will still be O(107) per year of JLab accelerator operations, several times the

effective production rate of KLOE-I in its prime (using φ → η + γ), and an order of magnitude

better than BES-III (using J/ψ → η+ γ).[52] This is the basis for our calling Hall D with FCAL-II

an “η factory”.

B. Detection Rates, Errors, and Sensitivities

Our reference design assumes that the transverse dimension of FCAL-II are 118×118 cm2 and that

it is located at 6 m downstream of the target center. The detected rate of an η decay depends on

the number of γ’s in the final state. We will use copious η → γγ decays to normalize all other rare

η decay channels (BR = 39.43 ± 0.26% [8]). The acceptance for this channel is ∼ 45% thus the

η → γγ detection rate will be:

Nη→γγ = 3.1 × 105/day × 0.3943 × 0.45

∼ 5.5 × 104/day

providing a statistical error on the normalization of less than 1% per day.
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1. η → π0γγ

The rare decay η → π0γγ has a branching ratio of 2.7 × 10−4 [8], bearing in mind that this is

the average of several widely inconsistent measurements. Assuming the 4γ final state follows phase

space, the experimental acceptance is ∼ 20% hence the actual detection rate for η → π0γγ will be:

Nη→π0γγ = 3.1 × 105/day × 2.7 × 10−4 × 0.20

∼ 16.7/day or 1670/100 days

With this many events the error on the η → π02γ branching ratio, including statistical and nor-

malization errors, plus background subtraction will be less than 5%.

As for the differential branching ratio, dΓ/dM2γ , the S/B ratio will be 3:1 as suggested by Figure

11 before additional cuts.10 The statistical error in each of 8 bins of dΓ/dMγγ would be

∆S

S
=

√
S + 2B

S
=

√

209 + 2(209/3)

209
= 9% (7)

Note that, for a fixed number of signal events, larger backgrounds result in larger final errors. In

our case, the expected error magnification from the naive relative error of 1/
√
S is only about 33%,

but in the Crystal Ball data in Figure 6 the error magnification must have been several hundred

percent.

In Figure 42, our projected errors have been overlaid on a plot adapted from reference [15] based

on the calculations by Ng and Peters.[55] Although the η → π02γ branch requires that one pair of

gammas have M2γ = Mπ, it is likely that we’ll lose the bin corresponding to a second pair of gammas

having M2γ near Mπ due to the 2π0 continuum background. This has been assumed in the figure.

It is clear that the projected uncertainties would allow one to disentangle dynamical questions such

as whether the dominant expected amplitudes interfere constructively or destructively. Even more

clear is that there would be no more factor of 2 ambiguities in the total BR!

10 For the π02γ analysis, the S/B ratio will increase to at least 8:1 after removing all events where two pairs of photons
each reconstruct to Mπ0 . This error estimate is therefore conservative.
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FIG. 42: Our error projections (red bars) for η → π02γ compared to calculations by Ng and Peters.[55] The

figure was adapted from reference [15].

2. η → π0π0

The acceptance of the P and CP forbidden η → π0π0 is ∼ 20%. Table IV contains nominal signal

rates under various branching ratio assumptions. The rare decay π02γ is now a background in the

4γ final state but is suppressed by cutting all events which are not consistent with two π0’s. At that

point the remaining background will be dominated by the 2π0 continuum, and with a S/B ratio

of 3:1 the number of candidate events will be approximately 1670 events/3 = 560 events. A co-

planarity cut applied to the recoil proton and η vectors should further suppress the 2π0 continuum,
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but since those studies haven’t been done yet, we’ll proceed to estimate a BR upper limit sensitivity.

Using signal and background estimates for the η invariant mass window:

BR(η → 2π0) ≤ 2 ×
√

Nbkg

Nη ∗Acceptance
= 2 ×

√
560

3.1 × 107 × 0.2
= 8 × 10−6 (8)

This is about 1.5 orders of magnitude better than the existing upper limit for the neutral channel

η → 2π0, and similar to what was achieved by KLOE for η → π+π−.

TABLE IV: The nominal signal rate for the P and CP forbidden η → π0π0 with different branching ratio

assumptions. The branching ratio in the first line is the present best upper limit[8].

Branching Ratio Nominal Rate at BR (events/100 days)

3.5 × 10−4 2200

10−5 62

10−6 6

3. η → 3γ

We haven’t studied these backgrounds as carefully as the 4γ case, but can make inferences from

a previous experiment. As discussed earlier in sub-section I C 3, the dominant background in the

Crystal Ball experiment at BNL was found to be continuum 2π0 production followed by the loss

or merging of photons to yield an apparent “3γ” final state. In our setup, photon loss will not

dominate for two reasons: First of all, our use of boosted η’s means that events with invariant

mass M2π0 = Mη which lose a photon will fall out of the signal window for reconstructed invariant

mass. Secondly, although events with invariant mass M2π0 > Mη could lose a photon and fall into

the η invariant mass window, these will be removed by the elasticity cut. We therefore expect our

dominant background to arise from 2π0 continuum with M2π0 = Mη followed by photon merging.

To estimate this 3γ background, we need the number of continuum 2π0 events in the signal window

and the probability that 4 showers will merge into 3. The first step in the analysis will be to remove

all π02γ events by throwing out all events where a pair of photons reconstructs to a π0. From the
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previous section we know this will leave us with a 2π0 “source term” of about 560 events without

employing recoil proton cuts. The merging probability is very small as can be inferred from the

peaking background in our 4γ study in Figure 9. That figure shows us that only 10−5 of η → 3π0

events will undergo 2 mergers yielding 4 reconstructed showers. An upper bound on the probability

for a single merger in the 4γ → 3γ case at hand is therefore
√

10−5 = 0.3%. An upper bound on

the 3γ background due to the merging of 2π0 continuum events is therefore 560 events x 0.003 =

2 events.

Other potential backgrounds arise from either photon splitting11 or pile up of η → 2γ events.

Obviously one can throw away all 3γ candidates with close pairs, or where one of the photons is

very low energy and/or near the beam hole hence more likely to be piled up. These backgrounds are

easily suppressed but the acceptance will be reduced. To make a somewhat conservative estimate

of our sensitivity, we increase the number of background events from 2 to 10, while assuming the

effective number of η’s is reduced an additional factor of 2 by cuts, giving

BR(η → 3γ) ≤ 2 ×
√

Nbkg

Nη ∗Acceptance = 2 ×
√

10

3.1 × 107/2 × 0.3
= 1.4 × 10−6 (9)

which would be an order of magnitude better than the existing best result, 1.6x10−5.

Table V has been made for the C forbidden η → π0γ or 3γ processes.

TABLE V: The nominal signal rate for either C forbidden reaction leading to 3 photons in the final state

for different assumptions about the branching ratio. The current BR upper limit for η → 3γ is 1.6 × 10−4,

while that for η → π0γ is 9 × 10−5[8].

Branching Ratio Nominal Rate at BR (events/100 days)

10−4 900

10−5 90

10−6 9

11 Photon splitting is where a shower is initiated by a single photon but reconstructs as a close pair.
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TABLE VI: Beam time request.

LH2 production 100 days

Empty target and target-out runs 7 days

Tagger efficiency, TAC runs 3 days

FCAL-II commissioning, calibration, and checkout 12 days

Luminosity optimization (pile-up, accidentals studies) 14 days

Total 136 days

C. Beam Time Request

We request 100 days of beam time on the LH2 target, plus commissioning and overhead as outlined

below. This will provide about 1670 actual η → π0γγ events, sufficient statistics to precisely

measure the Dalitz plot of the 2γ invariant mass. In addition, we’ll improve the upper limit on

several SM forbidden channels by 1-1.5 orders of magnitude depending on the channel.

A summary of the requested beam time, specified for each major activity, is shown in Table VI.

To understand backgrounds from the target windows and beamline sources such as the collimators

(quasi-elastic protons, high energy neutrons, etc.) we need 7 days for both empty target and

target-out runs. We will measure the tagging efficency with the Total Absorption Counter and the

pair-spectrometer several times. This will be interspersed with production and requires minimal

configuration changes, hence only 3 days are budgeted. Based on our experience from the first

PrimEx experiment in Hall B, we need 12 days for commissioning, calibration, and general checkout

of FCAL-II with beam. The majority of this time will be used for the gain calibration and trigger

setup including threshold adjustment. To be able to achieve the greatest possible sensitivity in 100

days of production, we further require 14 days to find the luminosity which optimizes our figure of

merit Nη ∗ Acceptance ∗Efficiency/
√

Nbkg.

This request is for dedicated beam time. During GlueX running period, we will parasitically take
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data in the beam energy range 9.0-11.7 GeV. It will provide a rich data set to study backgrounds

in the energy range of interest which we would like to better quantify to check Pythia, such as

γp → π0π0p. The standard GlueX configuration however is incompatible with the background

suppression required for η rare decay decay measurements. The augmented GlueX configuration (ie,

FCAL-II with a lead tungstate core) has modest incompatabilities such as photon tagging efficiency

(30% in JEF vs. 15% in GlueX) and a different distance between the target and calorimeter (6m

in JEF versus 5.6m in GlueX), but major incompatabilities in the form of the JEF trigger (8 GeV

threshold in FCAL-II) as well as larger JEF event sizes for offline pile-up analysis.

VIII. SUMMARY

The availability of significantly boosted η’s in Hall D, and the planned lead tungstate calorimeter

with flash ADC readout on every channel will improve the signal to background ratio for channels

with 3-5 photons in the final state by up to 2 orders of magnitude. We therefore expect to make

revolutionary improvements to the dataset for η rare decays with 3-5 photons which have historically

suffered from tremendous backgrounds. This includes our priority channels η → π02γ, 2π0, 3γ as

well as our η → π0γ control. Significant improvements can also be expected in ancillary channels

such as the 4 photon η → 4γ (allowed but highly suppressed in the SM) and the 5 photon channel

η → 2π0γ (C violating). These measurements will allow us to address issues of chiral perturbation

theory at high order while searching for new sources of C, P, and CP violation in the non-weak

decays of the best meson candidate for such studies.

We estimate Hall D can produce 3×107 η’s in 100 days in the forward, exclusive channel γ+p→ η+p

alone. Folding in the calorimeter acceptance of about 0.25, the effective number of η’s meets or

exceeds that of published datasets of the last decade by a factor of several.
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APPENDIX A: SELECTION RULES FOR ALL-NEUTRAL η DECAYS

The relevant masses and quantum numbers are given in Table VII. The results for different numbers

of γ’s and π0’s in the final state are summarized in Table VIII. Because only neutral particles can

be states of good C, any selection rules derived below assuming C conservation do not generally

apply to π±.

TABLE VII: Mass and quantum numbers for the η, π0, and γ.

Particle Mass (GeV/c)2 I G J P C

η 547.9 0 +1 0 -1 +1

π0 135.0 1 -1 0 -1 +1

γ 0.0 0,1 – 1 -1 -1

1. η → Nπ

In this section we examine the selection rules for η → Nπ and explain why η → 3π is a major

branch while the unobserved η → 2π would be both P and CP violating.

Momentum and energy conservation allow η → Nπ for N = 2, 3, and 4 only. Compared to the

η → 2π0 case which has similar selection rules, the decay η → 4π0 is highly suppressed by phase

space (the Q value would be only 7.9 MeV) and, with 8 γ’s in the final state, the detection efficiency

is relatively low. Nefkens and Price[2] have nevertheless advocated the use of this channel due to

relatively low backgrounds. While the 4π0 case will be one of the ancillary rare decay channels

searched for in this experiment, we will not discuss it in detail because our initial background

simulations were done for 3 and 4 photon final states.

G-parity, approximately conserved only by the strong interaction, would require that Gη = GNπ

or +1 = (−1)N which is true only for even N.
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TABLE VIII: η decays to π0’s and γ’s. Branching ratios of observed states are given. Upper limits are

quoted at 90% confidence level. Final states conserve C, P, and CP unless otherwise noted. (CV means

“charge symmetry violating” while “PV” means “parity violating”.) The 2π0 or 4π0 final states would

conserve C but violate P, CP. Final states with odd numbers of γ’s would violate C, however, for 3γ both

parity conserving and violating final states are possible.

0π0 1π0 2π0 3π0 4π0

0γ – – PV, CPV allowed PV, CPV

< 3.5 · 10−4 32.6% < 6.9 · 10−7

1γ – CV,CPV CV CV,CPV CV

< 9 · 10−5 < 5 · 10−4 < 6 · 10−5 unknown

2γ allowed allowed allowed allowed allowed

39.3% 2.7·10−4 < 1.2 · 10−3 unknown unknown

3γ CV CV CV CV CV

< 1.6 · 10−5 unknown unknown unknown unknown

4γ allowed allowed allowed allowed allowed

< 2.8 · 10−4 unknown unknown unknown unknown

Parity conservation, which in the Standard Model is generally assumed to be conserved by the

strong and electromagnetic interactions and violated only by the weak interaction, would require

that Pη = PNπ = PN
π (−1)L or −1 = (−1)N (−1)L. Because the η and π0 are spinless, conservation

of total J = L + S = 0 requires L = 0 in the final state hence −1 = (−1)N . Parity conservation

therefore would allow η → 3π (the only odd number of pions consistent with energy and momentum

conservation) while the 2π0 or 4π0 final states would violate parity.

The conservation of C parity, usually assumed to hold for all but the weak interaction, would

require Cη = CNπ or +1 = (+1)N hence is conserved for all N.
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Observations show [25] the η has a major decay branch to 3π0 (33%). Clearly, conservation of G

parity contributes to the long lifetime of the η by suppressing the strong interaction, but G parity

is broken by isospin-violating strong interactions which conserve P. The 2π0 branch, which would

violate P conservation but conserve C and thus be CP violating, has never been observed with

an upper limit of 3.5 × 10−4. Because C conservation plays no role in η → Nπ decays, the π+π−

branch would also be P and CP violating and, presumably due to larger backgrounds for all-neutral

decays in KLOE, has a more tightly constrained upper limit of 1.5 × 10−5.

2. η →Mγr,v

In this section we examine the selection rules for η → Mγ and explain why η → 2γ is a major

decay branch while η → 3γ would violate C (while leaving the conservation of CP ambiguous). The

same selection rules can be applied to reactions with final state pairs of e+e− or µ+µ− provided

they arise from the usual suspect, γv → l+l− (Dalitz decay).

Momentum and energy conservation allow η →Mγ for all M greater than 1.

C parity requires that Cη = CMγ hence +1 = (−1)M . Therefore, only even numbers of photons

are allowed if C parity is conserved. Any odd number of photons implies a violation of C. This is

an important and general rule which (anticipating the next section) holds for an arbitrary number

of π0’s in the final state because Cπ0 = +1.

Briefly put, parity conservation effectively yields no constraints on the final number of photons. The

rest of this paragraph contains the long version which you are welcome to skip: Parity conservation

would require that Pη = PMγ = PM
γ (−1)L or −1 = (−1)M (−1)L. Taking as an example the two-

photon final state: parity conservation for this case gives −1 = (−1)2(−1)L = (−1)L. But what

is L? Conservation of total angular momentum means Jf = L + S has to be coupled to 0 in the

final state. Since two spin one photons can be coupled to S = 0, 1, or 2, total Jf = 0 requires

L = 0, 1, or 2, respectively. Because both even and odd values of L are available to the decay, a

parity conserving reaction will select L = 1 while a parity violating interaction will select L = 0 or
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2. The status of the conservation of parity would therefore be ambiguous. (A corollary is that a

parity-conserving decay option always exists, but if a new source of C violation were observed, it

could be CP conserving or violating.) Similar arguments can be made for the case of more than

two photons.

Observations show [25] that the η has a large branch to C-conserving 2γ (39%). The smaller

branching ratios to γ + e+e− (7×10−3) and γ + µ+µ− (3.1×10−4) can be roughly quantitatively

understood as the basic 2γ process times α and phase space factors. The fact that the 2γ and 3π0

branching ratios are comparable highlights the extent to which the strong interaction is suppressed

in η decays. This suppression allows rare η decays to probe new sources of C, P, and CP violation

above the (effectively zero) Standard Model floor. The C-violating 3γ branch, which is a priority

channel for us, has never been observed and has an upper limit of 1.6×10−5.

A comment about the C-allowed 4γ branch: it has never been seen with an upper limit of 2.8×10−4

hence it does not pose a significant potential background for our precision π02γ measurement

which has a branching ratio of 2.7±0.5 × 10−4 (the PDG result combines several experiments).

A significantly improved measurement or upper limit for the 4γ branch will be another ancillary

product of our program.

3. η → Nπ0 +Mγ

This section will only discuss cases not covered in the previous two sections (N,M each ≥ 1). None

of these branches is large, but some of them are important for tests of chiral perturbation theory

at high order or have potential for tests of C conservation.

Momentum and energy conservation are satisfied for N = 1,2,3,4 and M = 1,2,... .

C parity conservation means Cη = CNπCMγ or +1 = (+1)N (−1)M = (−1)M . There are no

restrictions on the number of pions N but C is conserved for even numbers of photons and violated

for odd numbers of photons.
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Parity conservation can be written Pη = PNπPMγ(−1)L, or −1 = (−1)N+M+L. Two cases need to

be discussed:

i. Single γ - Conservation of total angular momentum J requires the spin of the photon S and angular

momentum L to couple to 0. The only possible value of L is 1 so −1 = (−1)N+1+1 = (−1)N . Parity

is therefore conserved for odd numbers of pions and violated for even numbers of pions. Although

all single γ states would violate C, the CP state would alternate with the number of pions: the π0γ

state would violate CP, the 2π0γ state would conserve CP, and so on. The status of CP is only

unambiguous in this one photon case.

ii. Two or more γ’s - As we saw in the section on η → Mγ, if there is more than one photon

in the final state then the reaction can always select a value of L which conserves parity, or a

different value of L which violate parity. The existence of the final state is not constrained by a

parity selection rule. If the C violating 3γ final state were observed, for example, the status of P

conservation and therefore CP would be ambiguous without a study of the angular correlation to

determine L.

What is observed? The only observed channel in this class is π02γ with branching ratio of 2.7±0.5×

10−4. This channel is a priority for us not only because it tests chiral perturbation theory at O(p6)

but because it is a “gateway” channel important for understanding the SM backgrounds in new

physics searches such as η → π0e+e−.

Another allowed channel is 2π02γ which has a crude upper limit of 1.2×10−3. This will be an

ancillary rare decay channel in our experiment but the 6γ final state has large backgrounds due to

the copious branch η → 3π0.

There are several channels, for which only upper limits exist, with odd numbers of photons which

would violate C. The simplest, π0γ, is absolutely forbidden by angular momentum selection rules

and may therefore serve as an analysis control during the search for C violation in η → 3γ. Ancillary

channels searching for C violation include two yielding 5 photons in the final state (2π0γ and π03γ)

and two yielding 7 photons (3π0γ and 2π03γ). The 7 photon final states seem most promising since

backgrounds from η → 3π0 followed by photon splitting can be efficiently suppressed by cutting
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events with close showers in the calorimeter.
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FIG. 43: Monte Carlo simulation assuming the

PbWO4 calorimeter in our reference design (FCAL-

II). The vertical axis is the measured elasticity (a

missing energy-like variable) while the horizontal

axis is the reconstructed invariant mass, M4γ . Sig-

nal events η → π0γγ appear as red dots while back-

ground η → 3π0 events are black.

FIG. 44: Same conditions as the previous figure but

using a current Hall D forward lead glass calorimeter

(FCAL) at 6m.

APPENDIX B: LEAD TUNGSTATE VS LEAD GLASS BOTH AT 6M
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FIG. 45: Monte Carlo simulation of M4γ recon-

structed in the proposed PbWO4 crystal calorime-

ter. The only background considered here is from

η → 3π0. The red curve is the signal from η → π0γγ.

Black points are the signal plus background. The sig-

nal to background ratio for ±3σ around the η mass

peak is 10:1.
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FIG. 46: Same conditions as the previous figure but

using a current Hall D forward lead glass calorimeter

(FCAL) at 6m. The signal to background ratio is 0.1.
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