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Executive Summary

Decays of the 7 meson provide a unique, flavor-conserving laboratory to probe the isospin violating sector of
low energy QCD and search for physics beyond the Standard Model. Because G parity conservation prevents
the n from rapidly decaying to pions by the isospin-conserving strong interaction, it has an unusually small
decay width (T';or = 1.3 keV), four orders of magnitude smaller than the w total decay width. A branching
ratio of O(107°) in an 7 decay therefore probes rare processes within several orders of magnitude of the weak

scale. Our priority physics campaigns are centered around neutral decays of the n:

e A search for a leptophobic dark boson (B) coupled to baryon number is complementary to ongoing searches
for a dark photon. The decay n — v + B(— ~ + 7°), will cover the B mass range 0.14-0.54 GeV. Our
measurement will improve on existing bounds by two orders of magnitude, with sensitivity to the baryonic
fine structure constant ap as low as 10~7, indirectly constraining the existence of anomaly cancelling fermions

at the TeV-scale.

e A low-background measurement of the rare decay 7 — 792y provides a clean, rare window into O(p%) in
chiral perturbation theory. This is the only known meson decay which proceeds via a polarizability type
mechanism. With sufficient precision to explore the role of scalar meson dynamics in this channel for the
first time, our measurement will test the ability of models such as meson resonance saturation to calculate

the many unknown O(p%) coefficients.

e Reduction of the uncertainty on the quark mass ratio, @ = (m?2 —m?)/(m2 —m?2) with /m = (m, +ma)/2,

will be achieved by increasing the world datasets for both the charged and neutral n — 37 channels by a

factor of 2.7 while controlling systematic uncertainties due to our relatively flat acceptance over phase space.

e A search for the SM forbidden decay n — 3+ (as well as n — 27%) will allow the best direct constraints
on new C violating, P conserving reactions, reducing the branching ratio upper limits by 1-1.5 orders of

magnitude.

In general,we anticipate a reduction in backgrounds for rare n decays to neutral modes of 1-2 orders of
magnitude. Although 7 decay measurements to neutral modes have historically been limited by the problem
of missing photons from 7 — 37% — 67y (BR = 32.6%), we resolve this problem by the fact that n’s
are significantly boosted, the kinematics are over-determined (with recoil proton detection), and the decay
photons are measured in an upgraded forward calorimeter (FCAL-IT) with a central region of high-granularity,

high-resolution lead tungstate crystals with flash ADC readout.
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I. OVERVIEW AND RESPONSE TO PAC40 COMMENTS

The Standard Model (SM) is successful in describing a wide range of phenomena in nuclear and
particle physics. Its success has been crowned with the discovery of the Higgs boson at CERN
in 2012, the last missing fundamental particle in the SM. However, in addition to the obvious
lack of gravity, there are other indications that the SM is incomplete. The theory needs 19 input
parameters, and does not explain the origin of the three fermion families, nor why their masses are
widely different. Furthermore, the SM fails to explain the dominance of matter over anti-matter in
the universe, and the dark matter relic density. Extending the SM to resolve these questions is a

high priority.

Another high priority is to better understand the rich complexity of confinement QCD. For example,
can we confirm predictions for low energy phenomenology such as the meson spectrum with explicit
gluonic degrees of freedom, or correct for strong rescattering well enough to accurately determine
basic SM parameters like m,,—mg? Special techniques must be used for these difficult but interesting
problems, among them Chiral Perturbation Theory (ChPT) based on the chiral symmetry of QCD
in the massless quark limit, the numerical simulation of QCD on the lattice (LQCD), and dispersion
theory. In recent years, significant progress has been made in these and other complementary

techniques. [50],[51]

Decays of the neutral and long lived 1 meson provide a unique, flavor-conserving laboratory to probe
the isospin violating sector of low energy QCD and search for physics beyond the SM. Spontaneously
broken chiral symmetry in QCD gives birth to the n as one of the Goldstone Bosons. The 7 is
an eigenstate of P, C, CP, and G (I¢JF¢ = 070~*) whose strong and electromagnetic decays are
either anomalous or forbidden to the lowest order due to P, C, CP, G-parity and angular momentum
conservation [59]. This enhances the relative importance of higher order contributions, making 7

decays a sensitive hadronic probe for searching for rare processes or testing discrete symmetries.

Table I summarizes various n decays in the scope of this proposal. In addition to our priority
channels, the upgraded calorimeter will permit improved limits for other rare or SM forbidden

channels leading to all-neutral final states.

In 2013, we submitted an earlier version of the present proposal (now heavily revised) to Jlab

PAC40 to measure 1 decays to all-neutral final states (PR12-13-004).[1] The three physics foci of



Mode Branching Ratio| Physics Highlight |Photons
priority:
702y (2.7+£0.5) x 10~* XPTh at O(p°) 4
v+ B beyond SM leptophobic dark boson 4
370 (32.6 £0.2)% My — Mg 6
ata =m0 (22.7+0.3)% my — mg, CV 2
3y <1.6x107° Cv, CPV 3
ancillary:
4y <28x107% < 10711112] 4
270 <35x1074 CPV, PV 4
2710y <5x1074 Cv, CPV 5
3y <6x107° Cv, CPV 6
470 <6.9x 1077 CPV, PV 8
70y <9x107° CV, 3
Ang. Mom. viol.
normalization:
2~ (39.3+0.2)% anomaly, n-n' mixing
PR12-10-011 2

TABLE I: The 7 decays highlighted in this proposal, plus related ancillary channels. [8] Rare neutral channels
will be measured with unparalleled sensitivity due to our technological solution for the “missing photon
problem” which affects rare i decays to all-neutral final states with < 6 photons. The PDG branching ratio
for 702+ is the average of several widely inconsistent measurements as suggested in Figure 11. All branching

ratio upper limits in this proposal are quoted at 90% confidence level.

the proposal were:

e Cleanly probing chiral perturbation theory at O(p®) through a precise, low background mea-
surement of the rare decay n — 7°2vy with an uncertainty on the Branching Ratio (BR)
of ~ 4% and with sufficient sensitivity in the Dalitz distribution to constrain scalar meson

dynamics;

e Improved direct limits on new C and CP violating interactions by reducing the BR upper

limits by 1-2 orders of magnitude for several SM forbidden 7 decays to all-neutral final states;

e An improved determination of the quark mass ratio (closely related to m, —mg) by providing
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a new 1 — 3m Dalitz distribution with smaller statistical errors and significantly different

systematics than published datasets.

The PAC40 report [2] commented on the feasibility: “The proposed measurements appear to be

feasible and the experiment is well suited for the tagged Hall D photon beam.”

The PACA40 report also pointed out issues: “The PAC recognizes the scientific interest of performing
new measurements of rare eta decays with improved sensitivity to test the SM. However, the PAC
identified some issues, mainly related to the theoretical implications of these measurements. For
the SM forbidden decays more work should be done to identify physics scenarios which could imply
branching ratios closer to the experimental sensitivities. The PAC suggests that these issues be
addressed in close collaboration with the theory community working in this field, which should be
involved in helping strengthen the physics case. In addition, the projected results should be discussed
in the context of similar or competing measurements at other facilities. Similar remarks apply to
the impact the n — 792y decay (as well as the main background channel n — 37" which is offered
as a means to constrain the light quark mass ratio from the slope of the Dalitz distribution) would

have on chiral perturbation theory.

Finally, the PAC feels that the compatibilities and synergies with GlueX should be discussed in more
detailed, in particular concerning the running configurations and the possibility of a staged running

approach.”

Based on these recommendations, a workshop entitled “Hadronic Probes of Fundamental Symme-
tries” [3][4] was held at the new Amherst Center for Fundamental Interactions (ACFI), University
of Massachusetts, Amherst, MA, on March 6-8, 2014. Theory experts from the Chiral Perturbation
Theory (ChPT) and Beyond Standard Model (BSM) communities, as well as experimentalists from
JLab, KLOE/WASA, and Mainz came together for three days to discuss and address the above
PAC issues. At the workshop, the physics goals were sharpened for the ChPT test based on the
rare decay n — 7°27. A new opportunity to search for a dark-sector, leptophobic vector boson (B)
coupled to baryon number was identified (which ironically can mimic the rare decay n — 7927).
The European experimentalists summarized their rich programs and forthcoming results. Appli-
cations of 1 decays beyond the scope of this proposal were also discussed (hadronic light by light

scattering, partially visible n decays, etc.). Two new working groups were formed. One working
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group is being led by Professor M. Ramsey-Musolf and Dr. S. Tulin to study BSM opportunities.
The other working group, of ChPT /dispersion theorists, will be directly involved in the data analy-
sis of n — 37 used for the quark mass ratio determination. A follow-up meeting is planned for Fall
2014 at the ACFT center to prepare a white paper on the topic of hadronic probes of fundamental

symmetries.

In the following, we respond to questions from PAC40. While the answers provide a short summary

of the physics motivations of this proposal, more details can be found in Section II.

A. What is the expected impact of JEF’s BSM physics searches?

1. It will provide a stringent constraint on a new leptophobic gauge boson (B) coupled to baryon

number in the mass region 0.14-0.54 GeV: [5],[6]

This is a new discovery window for forces beyond the SM that is not covered by ongoing dark
photon searches and can provide the strongest limit on a new vector boson in the mass range of
140-540 MeV [6]. The decay of this boson, referred to as the B, would mimic the SM rare decay
n — w2~ by the two-step process 7 — By — 7°2v. The B would be identified as a resonance peak

in the M, o invariant mass distribution.

Additional U(1)" gauge symmetries and associated vector gauge bosons were proposed soon after
the electroweak SU(2) x U(1)y model and are one of the best motivated extensions of the SM [7].
The existence of dark matter is non-controversial due to its significant gravitational influence in
galaxies and clusters of galaxies. New gauge symmetries are well-motivated from the point of view
of dark matter since its stability can be explained by a conserved charge. Experimental searches
for new gauge bosons at hadron colliders have set upper limits on their couplings for masses in the
50 GeV to 3 TeV range [8]. Masses smaller than the MeV scale also have very strong constraints
from searches for long-range nuclear forces. However masses around the QCD scale have been less

intensively investigated due to large backgrounds [9].

A dark-sector gauge vector boson, the B, was proposed nearly three decades ago and subsequently
discussed extensively in the literature [13]-[14]. The B-boson couples to baryon number at tree level

and arises from a new U(1)p symmetry. Many different dark matter models have been proposed
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FIG. 1: Current exclusion regions for a leptophobic gauge boson, the B [6], with our proposed search region
labelled “JEF” for the coupling vs mass plane. Shaded regions are exclusion limits from low energy n-Pb
scattering [15] and hadronic Y(15) decay [16]. The pink and blue shaded regions are from A’ searches
(KLOE [63] and WASA [64]). A’ limits applied to B are model-dependent, constraining possible leptonic B
couplings. Limits shown here is for € = 0.1 x egp/(47)%. The black contours are current exclusion limits
from radiative light meson decays based on their total rate (assuming the QCD contribution is zero). The
light purple shaded region shows where the B has a macroscopic decay length ¢ > 1 cm. Projected JEF
sensitiviity is shown as blue curves for 20 (solid) and 50 (dashed). Dashed gray contours denote the upper

bound on the mass scale A for new electroweak fermions needed for anomaly cancellation.

where the stability of the dark matter particle is ensured by its being charged under the U(1)p
symmetry.[11] These models have been motivated in part by the similar cosmological abundances
of dark matter and baryonic matter in the Universe, which may point toward a unified baryogenesis

mechanism for both types of matter.[12]

Tulin demonstrated in a recent article [6] that the leading decay channel for a leptophobic B-boson
is B — 10 4+~ for m; < mp < 620 MeV. The rare 1 doubly radiative decay n — 7°2y, which our

proposed experiment is designed to measure with low background, is ideally suited to search for
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the B-boson in this mass range. (See section VIB2.) The partial width for the SM “background”
in this case is only 0.4 eV and will be measured by us with an uncertainty of less than 0.018 eV ;

binning in the M, o invariant distribution increases our sensitivity further.

The experimental limits on the B-boson coupling ap and mass mp are shown in Fig. 1 along with
our projected exclusion limits. Because baryon number has an electro-weak anomaly, there must be
new fermions with a mass scale of A to cancel all gauge anomalies [13]. The dashed gray contours
denote the upper bound on the mass scale A for new electroweak fermions needed for anomaly
cancellation. As shown in the figure, the observation of a B-boson would imply new fermions with
masses around the TeV-scale or below. Although such new fermions may have escaped detection
at colliders thus far, they are likely to be within the reach for discovery at the LHC or future high

energy colliders.

2. The possibility of new C-Violating, P-Conserving (CVPC) interactions is worthy of further

exploration: [36]

There is insufficient CP violation in the SM to account for the observed dominance of matter over
anti-matter. Searching for new sources of CP violation is therefore a high priority. New sources
of CP violation accompanied by P violation are constrained by Electric Dipole Moment (EDM)
measurements. Yet C-violation is also among the Sakharov criteria for baryogenesis. We believe
1 decays provide the best direct constraints on new sources of CP violation accompanied by P

conservation (and thus C violation).

Although C is generally assumed to be an exact symmetry in non-weak reactions involving photons
and hadrons, direct experimental bounds at the amplitude level are only 0.3%- 0.5%.[38] Decay of

the 1 into pions and photons is a readily available system for testing C.

The suggestion that there may be new CVPC interactions is an old one. Bernstein, Feinberg and
Lee proposed a new C- and T-violating, and P-conserving interaction in the mid 60’s [34]. Tarasov
predicted the branching ratio of 7° — 37 induced by the new CVPC interaction [35]. Replacing
the mass of the 7° with the 7 in Tarasov’s calculation, his model would have allowed the n — 3~
branching ratio to be large as 1072, If this is still the case, our proposed experimental sensitivity
of 107% for the branching ratio upper limit for C-violating 1 neutral decays should offer powerful

constraints on new CVPC interactions. On the other hand, experimental constraints have tightened
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since the 1960’s. These early investigations must be re-opened.

As pointed out by Ramsey-Musolf [36], CVPC interactions are a largely unexplored area of fun-
damental symmetry tests. Analyzing their effects for light quark systems requires an Effective
Field Theory (EFT) approach, as they do not arise at tree-level via renormalizable gauge interac-
tions. In general, EDM measurements place stringent constraints on new CVPC interactions via
Electro-Weak (EW) radiative corrections from the standpoint of short distance parity restoration
and/or naturalness. Exceptions may exist in the presence of a conspiracy or new symmetry at the
T-violating and P-conserving (TVPC) matching scale [36] (equivalent to CVPC due to the CPT
theorem). If parity remains broken at short distances, the experimental EDM limits do not con-
strain the existence of a new CVPC interaction. Since the mass hierarchy is a priori unknown (ie,
whether the scale of C invariance restoration is above or below the scale of P invariance restoration),

only direct searches for CVPC interactions such as we propose are unambiguous. [37]

The C-violating n decays such as n — 37 represent some of the few opportunities nature has
provided to test C invariance. The small decay width of the 7 suggests these are the most sensitive
flavor-conserving direct tests involving hadrons. Our experiment proposes to measure these channels
as a natural part of our program emphasizing rare 1 decays to all-neutral final states. In the
meantime, our theory colleagues in the BSM working group plan to explore the relationship between
direct measurements and indirect EDM constraints on new CVPC interactions. Ramsey-Musolf

has already assigned two graduate students to work on n — 3.

B. What is the expected impact of the SM 1 — 7°2y measurement on ChPT?

A rare window to test the role of scalar dynamics in high order ChPT: [17].

The n — 7927y channel is one of the rare windows that nature offers to test the role of scalar
dynamics in high order ChPT [17]. This decay is dominated by higher order contributions, starting
at O(p®). Comparing our clean measurement with models will allow theorists to estimate and/or
reduce the uncertainties for the more frequent case where channels are dominated by the lower

order O(p*) contributions.

The major contributions to n — 7%2y are two O(p®) counter-terms associated with two Low
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Energy Constants (LEC’s) in the chiral Lagrangian [18]. The values of these LEC’s can be fixed by
experimental data or, equivalently, calculated assuming that they are saturated by the exchange
of known meson resonances. The proposed JEF experiment will measure the  — 7”2y branching

ratio and Dalitz distribution, providing a model-independent determination of two LEC’s at O(p").

I I I I
O  Phase Space ***
Y VMD,T'=0.30EV ** *
A VMD + a (destr.), '=0.27 EV *
' VMD + a (constr.), = 0.37 EV ® *
v quark box, I'=0.70 EV **
L

JEF *

dri(n — n°yy)/dm [eV/GeV]

0 0.1 0.2 0.3 0.4
m(yy) ([GeV/c%)

FIG. 2: Predicted v invariant mass distributions from 7 — 7%+ [20] and projected JEF result from section
VIB1. This figure demonstrates how our projected uncertainties could effectively discriminate between
constructive and destructive interference with the ag amplitude. (This is an older calculation. See also our

projected uncertainties compared to a state-of-the-art model shown in Figure 10.)

As pointed out by Bijnens at the ACFI workshop [17], the physics impact of  — 7°2v goes far
beyond these two LEC’s. There are 56-94 LEC’s at O(p®), depending on the numbers of flavors
included in the Lagrangian. Some combinations of those LEC’s are known from curvature of the
scalar and vector form factors and from w7 scattering, but the only option for many LEC’s will
be calculation rather than experiment. The most widely used theoretical approach to calculate
LEC’s uses the meson resonance approximation. Vector Meson Dominance (VMD) has been tested
and is well understood [19]; however, scalar meson contributions are poorly understood since they
contribute mostly where loop contributions are also important. As shown in Fig. 2, the projected

JEF precision would be sufficient to determine the scalar contribution and distinguish it from



16

the VMD mechanism alone. Note that the scalar contribution not only affects the magnitude of
dI'/dM.,. but also the shape; for constructive interference it produces a “hump” near M,, = 0.35

GeV. This will have direct impact on our understanding of high order ChPT.

C. What is the expected impact of the n — 37 measurement(s)?

1. They will provide a better determination of the Light Quark Mass Ratio: [17][21][22]

The fundamental SM parameter Q@ = (m?2 — m?)/(m? — m?2), with m = (m, + mq4)/2, has a
wide-ranging impact. It drives isospin violation which is usually a higher order process in low
energy QCD, but which is nevertheless important for frontier studies requiring precise corrections
for strong interaction effects. Examples include the extraction of Vs in Kj3 decays to refine tests
of first row CKM unitarity[23-25], two-nucleon contributions to the EDM of the deuteron|26], and

searches for supersymmetric effects in the highly suppressed flavor-changing neutral current decay,

the Standard Model B — pv[27].

The relative uncertainty on Q from the dispersive analysis discussed below, and using presently
available experimental inputs, is arguably in the range 2.5% - 5%. A realistic goal of our program
is to first demonstrate through cross-checks between different precision experiments that the un-
certainty is indeed at the lower end of that range, then try to reduce the uncertainty further. It
is essential to work in close collaboration with theorists to ensure that the data are expressed in a

form which is maximally useful to them.

For a few strong interaction observables, symmetry forbids a contribution directly proportional
to Aqcp, or even to m, + mg, which implies a sensitivity to the quark mass difference. In most
cases, however, these isospin-violating observables are also affected by electromagnetic effects, so
that if one wants to extract information on m, — mg, one has to first calculate and disentangle
the contribution due to electromagnetic interactions. For example, in the proton-neutron or K-
K9 mass differences, this is problematic and it is therefore difficult to extract phenomenological

information on m, — my.

By contrast, the 7 — 37 decay is due to almost exclusively to the isospin symmetry breaking part

of the Hamiltonian ~ (m, — mg)(ua — dd)/2. Moreover, Sutherland’s theorem [28, 29] forbids
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electromagnetic contributions in the chiral limit: contributions of order « are also suppressed by
(my, + mq)/Aqcep. This singles out this decay as the best potential source of phenomenological
information on the up-down quark mass difference. The amplitude is proportional to m, —mg and
is given by

im%{/\/l(s,t,u) -omi-m?

A(s,t,u) = m = (my +mg)/2 (1)

T 2m2 3v3F2 T T mi-m2’
where M(s,t,u) is a dimensionless factor which is theoretically calculable, and s, ¢ and u are

Mandelstam variables.

+ Attempt to quantify roughly the uncertainties

Preliminary

:> Careful estimate of the uncertainties in progress

FIG. 3: A preliminary breakdown of the contributions to the uncertainty in the quark mass ratio. Our

experiment will address the experimental contribution from the “Dalitz Plot”. [21]

To determine the quark mass ratio, Q, one needs a precision measurement of the decay width

I'(n — 3m), which is determined using the measured BR and the decay width of the normalization

1

channel I'(n — 2v)." On the theoretical side, a precise calculation of M(s,t,u) is required, but

b A reduced uncertainty for the T'(n — 27) normalization channel is the motivation for the approved Primakoff
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this is not easy because the chiral expansion for this decay amplitude does not converge very fast.

The main difficulty is the re-scattering effects of pions in the S, I = 0 wave.

The best solution at hand is to combine ChPT with a dispersion analysis. Some unknown constants,
called subtraction constants, enter the calculation and can be fixed from a fit to the experimental
Dalitz distribution for n — 3w. The uncertainty due to the experimental Dalitz distributions
makes the largest contribution to the experimental error in extracting the quark mass ratio Q [21].
(See Figure 3.) The constraints from use of the KLOE Dalitz distribution not only reduce the
uncertainty in Q but also shift the central value [21][30] by more than the original error bar of
~3% as shown from the bottom two points in Fig. 4. Precise measurements of the n — 37 Dalitz

distributions with a precision comparable to (or superior to) KLOE are critical.

e dispersive (Walker)
—— dispersive (Kambor et al.)
I — dispersive (Kampf et al.)
. PT Ot
o XPT O(pf)

. no Dashen violation

P with Dashen violation

————e———— lattice (FLAG average)

—e— dispersive, one loop

] o Preliminary
—ea—| dispersive, fit to KLOE

FIG. 4: Determinations of the quark mass ratio @ [21]. The bottom two points show Q determined with
and without the constraint from the KLOE 7 — 7%7 "7~ Dalitz distribution. Note that the addition of the

“fit to KLOE” constraint moved the central value more than the original error bar of ~3%.

There have been several experimental results published in the recent years from the KLOE, Crystal
Ball, and WASA collaborations. The results for the slope parameter, o, in 7 — 37% are consistent-
[100], [101], [102], [103]. However, working to a given order, the neutral channel provides fewer

constraints on theory due to identical final state particles. The Dalitz distribution for the charged

experiment (PR12-10-11) in Hall D.
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FIG. 5: Relative difference in the  — 77T 7~ Dalitz distributions in the X vs Y plane from different
experiments [17]. There are systematic differences of typically 5% between experiments for larger absolute

values of Y.

channel n — 707+ 7~ is at least as important as the neutral channel, so it was added to the present
version of this proposal. In combination with GlueX-IV running, we would be able to accumulate
a world-class dataset as summarized in Table II. We would not only acquire the largest individual
3 datasets, but would increase the size of the world datasets for each channel by about a factor

of 2.7 .

Current experimental results from the charged channel have significant discrepancies, as shown
in Fig. 5. These experiments were performed with relatively unboosted n’s hence the detection
efficiency was more sensitive to the detector threshold. Our proposed measurement with more
highly boosted n’s will be less sensitive to the detection threshold (see Figure 42) and will offer a
new result with significantly different systematics in addition to higher statistics. Such cross checks
on the systematics are important for understanding the final uncertainty on Q, a fundamental QCD

parameter[31].
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2. The 37 data offer an opportunity to directly constrain new C wviolating interactions through fits

to the Dalitz distribution of n — w0 t7~: [32]

The Dalitz distribution for n — 7%7F 7~ can be searched for a C violating left-right asymmetry
(isospin change indeterminate), sextant asymmetry (Al = 1), and quadrant asymmetry (Al =
2).[33] Existing statistical and systematic uncertainties on these asymmetries are each only at the
level of £0.1% [97]. We could reduce the statistical error a factor of 3 by combining our charged
3m dataset with GlueX-IV. Gardner pointed out at the ACFI workshop that “The background
reduction associated with boosted 1 decay at the JEF should help control systematics” [32]. Because
such asymmetries would be proportional to C violating amplitudes, they provide complementary
information to that from searches such as 7 — 3~ which are proportional to a C violating amplitude
squared. Further investigation of the outlook for the charged 37 system is on the task list for our

BSM working group.

D. Compatabilities and synergies with GlueX and other Hall D experiments

No negative impacts on other Hall D experiments are anticipated. The upgraded FCAL-II would be
in the same location as the existing FCAL. Upgrading the central region of the current FCAL with
PbW Oy crystals would benefit the general Hall D program by providing high radiation resistant
material near the beamline needed for high beam intensity running (10® v/s) as well as improving

the energy and position resolutions for forward neutral particle reconstruction.

Synergies between GlueX and JEF include increased manpower /talent and larger/better datasets

for both programs:

e For the GlueX program, some interesting final states for exotics searches are 3w, 27w, and
27. Since the 7°, 1, and w widths are rather narrow, and have significant branches to final
states yielding photons, the higher resolution calorimeter is expected to reduce combinatoric
backgrounds and improve purity of the datasets. See Appendix A for a m(1400) example of
the improvement of the missing energy resolution, as well as the invariant mass resolution

for 7° and 7 reconstruction due to the calorimeter upgrade.

e For non-rare decays where the 17 decay products do not have to be boosted into the relatively
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small, high resolution section of FCAL-II, the figure of merit for running at the lower GlueX
photon beam energy is 20% higher than JEF’s. (See Table VII.) The combination of 100
days of JEF and 200 days of GlueX-IV running would enable a revolutionary increase in the

world 1 — 37 dataset, the channel used to determine the quark mass ratio.

Another approved experiment in Hall D, E-10-011, will measure the n radiative decay width, I'(n —
27), via the Primakoff effect. The total uncertainty on the radiative width is expected to decrease
from 3% to 2% if the calorimeter upgrade is carried out (due to a combination of background
reduction and improved angle resolution). [151][152] Since all other decay widths of the 7 are
ultimately normalized to I'(n — 2v), the upgrade would positively impact the interpretation of

other measurements such as n — 37 used to determine the quark mass ratio.

A recently approved experiment in Hall D will measure the charged pion polarizability. The up-
graded calorimeter should assist with the separation of charged pions from the muon background.
The downstream muon detection capability they are building would allow JEF to extend our n

decay program to channels such as n — utp™.

The 7’ radiative width measurement has been identified as one of the physics projects driving the
Jlab 12 GeV upgrade in the past decade[39]. Development of this future experiment will definitely
benefit from the high resolution, high granularity FCAL-II.

E. JLab’s n decay program in the context of other facilities

Ongoing investigations of 17 decays around the world are quite vigorous. Generally speaking, JEF’s
niche is rare, all-neutral n decays where our solution for the missing photon background will give

us a figure of merit superior to facilities with a much larger number of detected events.

An example of a recently completed program is the KLOE-I collaboration at the Frascati ¢ factory.
They accumulated large 1 datasets using ¢ production in eTe™ collision at the center of mass
energy of 1.02 GeV. By detecting a mono-energetic photon from the decay of the ¢, they tagged 7
production with backgrounds at the part per thousand level. The status of the broad and successful
KLOE(-II) 1 decay experimental program was recently summarized at the ACFI workshop [130].

The KLOE-I program was very competitive for n decays to final states involving charged particles.
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After luminosity and detector upgrades, the program is continuing as KLOE-II.[126] But even
if KLOE-II succeeds in increasing production to 1x10® n’s, we believe their lack of significantly
boosted n’s and lack of high quality, large acceptance calorimetry means they cannot reach the

sensitivity of JEF for rare or forbidden all neutral final states like  — 7°27, 37, etc.

After completing a rich experimental program on the 7 physics at Brookhaven National Laboratory
AGS where they enjoyed extremely high n production rates from 7~ +p — n + n (as well as
high backgrounds), 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 1 decay program using the same reaction as us, yp — nmp. Their
production rates are reportedly over an order of magnitude higher than that expected in JEF, but
the backgrounds in the 792y channel are only moderately better than what was obtained with the
CB at the AGS [86][84]. They have made cutting edge measurements of the 7 mass, have measured
the Dalitz distribution slope parameter in  — 37° (BR = 33%), the  — ~ + =, form factor,
searched for C violation in w decays, are beginning measurements of 1’ decays, and have a pre-print
of their new 1 — 7°2v result. The status of the MAMI 7 decay experimental program was recently

summarized at the ACFI workshop [131].

Another large acceptance photon detector that 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 [125]. A 1.0 GeV proton produces n’s via the p +d —3
He+mnor p+p — p+ p+ n reaction. One clear niche of WASA whether at CELSIUS or at
COSY has been 7 decays to final states with eTe™ pairs. This is because it has an extremely clever
cryogenic pellet target that avoids the problem of n — 2v (BR 39%) followed by pair production
in a thick target. The have also made n — 37 measurements which have provided cross checks on

other experiments.

The BES-IIT collaboration [115] at the Beijing Electron Positron Collider got into the 7 rare decay
business using J/1 — ~n. Possibly because of the large J/¢ mass and the small branching ratio
to vn, they did not obtain a competitive result for the difficult n — 279 channel, although they

Jr

dramatically lowered the BR upper limits for 0/, 7. — 777~ decays.

Finally, there is a CLAS Approved Analysis (CAA) which is mining data from the gl1 and gl2

experiments. [116]. All of their stated channels of interest involve the detection of charged particles,
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O events. If systematic errors can be controlled at the required

including several million n — 777~ 7
few percent level, the latter channel may allow CLAS to make an important determination of
the Dalitz parameters used to help extract the quark mass ratio, as well as cross checking KLOE
published and forthcoming results. Generally speaking, our proposal avoids 1 decays to charged
final states due to serious competition from KLOE and now KLOE-II. However, we added the
channel n — 77~ 7% due to synergies with GlueX running, as well as the channel’s priority in
reducing the quark mass ratio uncertainties. The dataset we plan to acquire in concert with GlueX
running should be thought of as a next generation measurement, with almost an order of magnitude

larger statistics than the CAA, and a very flat acceptance in the variables X and Y which should

allow us to control systematic errors at the required level.

What all these groups have in common is that n’s are produced nearly at rest in the laboratory
and then detected in a nominally 47 detector. As discussed above, this leads to fierce backgrounds
in rare decays to 4+ final states due to 7 — 37% with missing or merged photons. Using the high
energy 7 production and high-resolution, high-granularity PbW Oy ~ detector in this proposal, we
will be able to reduce the background by orders of magnitude compared to our competitors, while

maintaining a healthy n production rate.
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II. DETAILED DISCUSSION OF n DECAY PHYSICS CAMPAIGNS IN THIS
PROPOSAL

Our proposed experiment will search for evidence of leptophobic dark matter which couples to
baryon number, directly probe chiral perturbation theory at high order to provide a benchmark
for models of the many undetermined parameters at O(p®), dramatically increase the size of the
world dataset used to determine the quark mass ratio, and place the best direct constraints on the
existence of new C violating, P conserving interactions. Three physics campaigns in this proposal
highlight JEF’s ability to make unparalleled improvements in rare n decays to all neutral final
states. The remaining physics campaign, an improved determination of the quark mass ratio from
n — 3m, is not a rare decay but is a must-do for us due to synergies with GlueX and the potential

to extend our C violation searches from branching ratios to asymmetries.

A. Search for a leptophobic dark B boson in the 0.14-0.54 GeV mass range

n— 7+ B(— 7 +7)

Here we discuss a search for a new boson at the 0.14-0.54 GeV scale which might have escaped notice
due to its relatively feeble couplings (particularly to leptons) and relatively large SM backgrounds

in its branch to 7%y. Note that this reaction would mimic the rare SM process 7 — 7°27.

Dark Matter (DM) dominates the matter density in our universe, but very little is known about
it. Its existence and stability provides a strong hint that there may be a dark sector, consisting of
rich symmetry structure with new forces and new particles that do not interact with the known
strong, weak, and electromagnetic forces, except gravity. Discovery of any of these particles and
new forces would redefine our worldview and have a profound impact. There are only a few well-
motivated interactions with four-dimension operators that provides a “portal” from the SM sector
into the dark sector [40]. These portals include: “dark vector”, “Axion pseudoscalar”, “Higgs-
singlet scalar”, and “neutrino Yukawa coupling”. The Axion, Higgs, and neutrino portals are best
explored at low-energy, high intensity light sources, high-energy colliders, and neutrino facilities,
respectively. The “Vector ” portal has inspired a global effort in recent years at intermediate-energy,

high intensity frontier centers, such as Jefferson Lab.
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The conserved vector currents are uniquely positioned to avoid the violation of the Glashow-
Iliopoulos-Maiani (GIM) mechanism for suppression of Flavor Changing Neutral Currents (FCNC)
[13]. One model in the “Vector” portal that has been widely considered is a new force mediated
by an abelian U(1)" gauge boson A’ (dark photon) that couples very weakly to electrically charged
particles through “kinetic mixing” with the photon [41]. The mixing angle ¢ controls the coupling
of the DM sector to the SM. The A’ has been intensively investigated in recent years. Most of ex-
perimental searches for the A’ are through its decays to e™e™ or ™, which rely on the leptonic
coupling of the new force. Alternative signals based on invisible decays to neutrinos or light dark

matter have been proposed [42]-[46].

Another model in the “Vector” portal is a gauge B-boson that couples predominantly to quarks and
arises from a new U(1) g gauge symmetry [13][14][6]. Since quarks experience all known interactions,
it is fitting to ask whether additional interactions of quarks exist [9]. A new U(1)p gauge symmetry
also provides a natural frame-work for the Peccei-Quinn mechanism in the quark sector for solving
the strong CP problem [47]. Since U(1)p is spontaneously broken by a new Higgs field, the B-boson
is massive. In addition, new baryonic fermions with electroweak quantum numbers are required
to cancel the SU(2)2 x U(1)p and U(1)? x U(1)p anomalies. The new fermions acquire masses
(A) via a U(1)p-breaking Higgs field, with mp/A > gp/(4m) [48], where gp is the U(1)p gauge
coupling. As a result, a positive signal for B will imply new fermions at a large mass scale. A
general Lagrangian for the interaction is [6]

1 _
Lint = (ggB +eQqe)qv"qB, — eely!IB,, (2)

where [ is a charged lepton, and ¢ is a dark photon-like coupling through the kinetic mixing. The
most important effect of € is allowing for the decay B — e'e™, which dominates when pion decays
are kinematically forbidden. In this case, A’ searches are sensitive to B, although B production

may be modified compared to A’.

Tulin demonstrated in his recent article [6] that the leading decay channel of the B-boson is B —
70 + 7 for m; < mp < 620 MeV. (See Fig. 6.) This offers a great experimental opportunity to
search for the B-boson in this mass range through the 7 doubly-radiative decay n — 7°vy7y. The
new physics decay n — By — vy would reveal a resonance peak at mp in the 7’y invariant

mass distribution, while the Standard Model allowed n — 79%yy decay with a branching ratio of
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FIG. 6: Predicted branching ratio for B boson decays 10-3t ‘ ‘ ‘ ‘
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(independent of ag) [6]. For most of the mass range
mp [MCV]

probed by n — v+ B, the dominant B decay branch

is B — 7%y. For ’ — v + B, the dominant B decay =~ FIG. 7: Predicted partial decay width ratios [6].
branch is B — 7’7T7~. Thick lines have kinetic  Solid lines show I'(P — B~)/T'(P — 27) for P = 7°,
mixing between B and the photon ¢ = egp/(47)?; 7, and 1. Dashed lines show I'(V — Bn)/T'(V —
thin dotted lines have e = 0.1 x egp/(4m)%. ~n) for V.= w, ¢, normalized to ap = 1.

~ 2.7 x 10~* [8] would be present as the irreducible background in the signal window.

As pointed out by Pospelov [49], searching for light new physics at the intensity frontier is still
gathering momentum, but it is time to diversify. Proposed searches for the B-boson in three-photon
final states (B — 7° + ) are complementary to the many searches for A’ in charged final states
(A" — It17). While the limits for A’ — [*T]~ will continue to improve, the more difficult neutral
decay modes in ~ 1 GeV range are currently unexplored territory. JEF’s background reduction in
the detection of multi-photon final states offers a superior opportunity to probe this “untouched”

new physics domain.

The partial decay width of 7 — B~y decay is given by [6]:

I'(n — B~) _ 9 aB (1- m_23)3| (%CG - QSG)Fw(m%) + (%09 + QSG)FQKWRB) |2 (3)
L'(n — 2v) Qem m% co — 2v/2sp ’

where ¢y = cos(f) and sy = sin(f), and 6 is the mixing angle of n-n'. F,, 4(s) ~ (1 — s/mi’d))_1 are

the form factors. The ap and ag,, are the baryonic and electromagnetic fine structure constants

respectively. The partial decay width ratios normalized to ap = 1 are shown in Fig 7.

For a given value of mp, the signal window is given by dmp = 2.5¢ where ¢ is the resolution of

the invariant mass mo,. The sensitivity for a resonance search is determined by \/]\S;T’ where S
n
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FIG. 8: Existing B-boson exclusion regions [6] and proposed search region for the JEF experiment in the
B-boson mass-coupling plane. Shaded regions are exclusion limits from low energy n-Pb scattering [15] and
hadronic Y(1.5) decay [16]. The blue solid (dash) curve corresponds to the 20 (50) sensitivity. Dashed gray
contours denote the upper bound on the mass scale A for new electroweak fermions needed for anomaly

cancellation.

is the number of BSM signal events and Np;, is the number of SM background events, both within
the signal window. The current experimental limits on the B-boson coupling ap and mass mp
parameter landscape and the projected JEF search limit are shown in Fig. 8. The shaded regions
are experimental constraints from low energy n-Pb scattering and hadronic Y(1S) decay. Dashed
gray contours denote the upper bound on the mass scale A for new electroweak fermions needed
for anomaly cancellation. The solid blue curve is the exclusion limit for 20 sensitivity and the

dash-dotted blue curve corresponds to the 5o sensitivity.

Fig. 1 is similar to Fig. 8, but Fig. 1 has additional constraints. The pink and blue shaded regions
are from A’ searches (KLOE [63] and WASA [64]). A’ limits applied to the B-boson are model-
dependent, constraining possible leptonic B couplings. Limits shown here assumed that the kinetic
mixing between B and the photon is € = 0.1 x egg/(47)2. The black contours are current exclusion
limits from radiative light meson decays based on their total rate (assuming the QCD contribution
is zero). As shown in Fig. 1, the projected JEF limits reach the region where B has a long lifetime

and a small mass with a macroscopic decay length ¢ > 1 cm. The displaced B decay vertices may
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smear the event reconstruction, thereby reducing the sensitivity in that region.

B. A clean window on O(p®) in ChPT via n — w92y

n — w02~ theory

The “doubly radiative” n decay has a history spanning more than four decades [65]. This channel is
sufficiently suppressed (BR = 2.7 x 10~%) that, while it has been possible for all recent experiments

to observe a non-zero signal, measurements accurate enough to challenge theory have proven elusive.

Chiral Perturbation Theory (ChPT) is a rigorous low-energy effective field theory of non-
perturbative QCD based only on the chiral invariance of QCD. The ChPT Lagrangian depends on a
number of Low Energy Constants (LEC) that are not constrained by the chiral symmetry. They are
in principle determined by the underlying QCD dynamics. Meson resonances and other hadronic
states can contribute to these LEC’s; direct short-distance contributions are also possible [76]. It is
fundamentally important to understand which hadronic states dominate in determining the LEC’s

in a consistent chiral framework.

Many years of phenomenological analysis in both nuclear and particle physics have provided ample
evidence for the special role of vector mesons, and therefore they have been included in the chiral
Lagrangians since the early days [78]. Ecker and collaborators systematically investigated all LEC’s
at O(p*) [76]. They concluded that vector meson exchanges completely dominate the relevant
coupling constants whenever they can contribute. The octet scalars dominate the constants Ls and
Lg where vector meson contributions are zero. A chiral version of vector meson dominance is thus
clearly established. The question is, what is the role of meson resonances at the next order (O(p?))
of ChPT? Bijnens and Ecker have taken a fresh look at the evidence for resonance saturation of
LEC’s at both O(p*) and O(p®) orders in the strong sector [77]. Their results confirm the earlier
study at O(p*) by Ecker et. al. [76], and by comparing with LQCD predictions find qualitative
support for resonance saturation for some of the LEC’s at O(p%) as well. Clearly, more experimental

tests of O(p®) in ChPT are needed.

The n — 7'y~ channel offers a clean window for understanding the interplay of meson resonances
at O(p®) ChPT [79]. This is the only known meson decay which proceeds via a polarizability

type of mechanism. This unique window has inspired many theoretical and experimental studies
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FIG. 9: Schematic form of Feynman diagrams contributing to n — 7%y7; (A) t-channel resonance exchange
(e.g. of vectors); (B) s-channel resonance exchange (predominantly ao(980) and a2(1320)); (C) a generic loop

diagram. See text for details.

(nicely reviewed in [65]). Theoretical calculations include vector-meson dominance (VMD), Nambu-
Jona-Lasinio models and constituent quark models [65]-[67]. This interplay of meson resonances
in n — 7w’yy is investigated most comprehensively in Refs. [66][69], where the crossed process
vy — 7' is studied in parallel: the amplitudes of the two reactions are linked by crossing symmetry
and analytic continuation, the decay being restricted to diphoton invariant masses in the range
0 < M,, < M, — Mo, while 7% production in photon-photon fusion can be accessed above

threshold, M, + M, o < M,,,. Fig. 9 illustrates the various mechanisms for both processes.

Tree-level contributions to 7 — 7y vanish both at O(p?) (due to both 1 and 7° being uncharged)
and at O(p*) in the chiral expansion. The leading non-vanishing contribution that does exist at
O(p*) are meson loop graphs, with either 7¥7~ or K+ K~ intermediate states in Fig. 9(C). However,
rescattering 7t7~ — 7% requires isospin breaking and is strongly suppressed, while kaon loops
turn out to be small for this decay due to combinatorial factors and the large kaon mass in the
denominator [18]. The smallness of pure loop contributions is maintained beyond one-loop order as
illustrated by the partial two-loop calculation in Ref. [70]. The bulk of the 7 — 7%y decay width

at O(p%) is reproduced by counterterms (which corresponds to two-loop level).

The size of counterterm contributions in ChPT can be phenomenologically understood by resonance
exchanges [71]. The time-honored concept of vector-meson dominance (VMD) is therein resurrected
by the observation that vector mesons tend to contribute most to those counterterms (where allowed
by quantum numbers). This turns out to be true also for  — 79%yv: the largest contribution to the
decay width stems from ¢-channel p- and w-exchange (as in Fig. 9(A)). As has been pointed out

in Ref. [18], the details on how to implement those vector meson exchanges matter significantly:
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the full vector meson propagators lead to a n — 7%y width almost a factor of 2 larger than what
is found by employing resonance saturation in the strict sense, i.e. replacing the propagators by
point interactions; the difference is of O(p®) in the chiral counting. On the other hand, adjusting
the coupling constants to the measured individual decays p/w — 7 /1, as opposed to using SU(3)
symmetric couplings, reduces the width by almost a factor of 2; updated measurements of those
radiative vector decays have allowed to somewhat reduce the error in the theory prediction, with

the central value cut once more by almost 20% [66].

However, the pure VMD prediction is significantly modified by the 7w S-wave. Through coupled-
channel effects with K K, this includes the a(980) resonance near the K K threshold (the ag(980)
is often said to be “dynamically generated” by coupled-channel meson—meson rescattering in the
isospin I = 1 S-wave). In this way, no scalar resonance needs to be put into the calculation “by
hand” (as in Fig. 9(B)): it occurs naturally, with the relative sign/phase of the corresponding am-
plitude fixed by the low-energy couplings of two photons to the two channels 7% and K K. This
mechanism is what is denoted by Fig. 9(C). The red blob denotes the two-channel rescattering ma-
trix, which is calculated in unitarized ChPT (solving a Bethe-Salpeter equation with a momentum
cutoff). Production (as in the blue blob in Fig. 9(C)) is assumed to proceed via p and w for the
797 meson pair, and via KT pole terms, vector K*(890), and axial vector K;(1270) resonances
for KK in Refs. [66, 69]. Non-strange axial vectors (b; and hy resonances) coupling to 7 and 7
are not retained, but included in the uncertainty estimate. t-channel loops with 77 and KK in-
termediate states, involving two anomalous vertices, are only included perturbatively, i.e. without
s-channel rescattering. The a((980) resonance signal thus generated can be tested favorably against
vy — 7' data [72, 73], where the D-wave ag(1320) is added in a phenomenological way [74]. Note
that Refs. [66, 69] neglect the az(1320) in the decay amplitude for n — 70v+.

A similar approach to n — 7%y and vy — 7% (as well as other photon—photon fusion reactions)
has been studied more recently in Ref. [75], with a potentially more sophisticated unitarization
procedure to generate the ag(980); however, only the tree-level amplitudes with vector-meson ex-
change (using a different Lagrangian scheme) have been retained for the decay amplitude, such that

the interplay with scalars is not made as transparent.

The shape of the two-photon invariant mass spectrum from n — 707, dI'/dM>., depends on

the role of meson resonances in the decay; therefore it probes the underlying dynamics. The
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FIG. 10: Predicted two-photon invariant mass distribution from 1 — 7°2v [66]. From bottom to top: the
short-dashed line is for chiral loops, the long-dashed line is only 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 resummed VMD
loops added, the solid line - the full model - is the same but with the anomalous terms added. The error
bars indicate our projected sensitivity from section VIB 1. The projected JEF precision would be sufficient
to determine the scalar-VMD interference contribution and distinguish it from the VMD mechanism alone.

(The dotted line is the full model substituting the K+ K~ — n7® amplitude by its lowest order.)

resulting spectrum for dI'/d A, from Ref. [66] is shown in Fig. 10. To be noted in particular is the
different shape for the full distribution (solid line), with a significant enhancement due to 7 S-wave
effects at higher diphoton invariant masses, as compared to the flatter pure VMD prediction (long-
dashed). The projected JEF precision would be sufficient to determine the scalar-VMD interference
contribution and distinguish it from the VMD mechanism alone. This clearly demonstrates that a
precision measurement of the two-photon invariant mass spectrum would help to elucidate the best
theoretical description for  — 7%y~ [81], and give deep insight into the role of meson resonances

in high order ChPT.

Finally, the n — 7%y channel is also an important CP-conserving “door-way” channel for searches
for new sources for C- and CP-violation. An example in the kaon sector is K7 — 7°1*1~. There

is a significant SM CP-conserving background from K; — 7’yy — 771~ due to re-scattering
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of the photons in the vacuum. Long before K; — 7’y data became available from KTeV to
help constrain this, Sehgal showed that the backgrounds could be estimated from 7 decay via
n — 7'y [82], where the initial K makes a transition by the known weak interaction to an
intermediate 7. Thus precise measurements of n — 7%yv would provide a cross-check on some of the
same low energy constants now used in interpreting rare kaon decays. In the 1 sector, n — 791~
is a C-violating search channel with possibly high sensitivity due to the lack of suppression factors.
Again, there is a Standard Model background from 1 — 7%y — 791~ [83]. The branching ratio
of 7 — 7Y%y alone is insufficient to determine both the real and imaginary parts of this background

amplitude; constraints from the Dalitz distribution are required [83].
Previous 1 — 792+ data

About two dozen experiments have been performed to measure this decay width since 1966. The
first significant result was published by the GAMS-2000 collaboration [68] in 1984 yielding I'(n —
70yv) = 0.84 £ 0.18 eV, more than twice the ChPT prediction in Figure 11. By contrast, more
recent results from the Crystal Ball and KLOE collaborations are significantly lower. The Crystal
Ball results are consistent with the prediction by Oset [66]. However, the preliminary result from

KLOE is lower than the Crystal Ball result by a factor of 3.

The discrepancies are almost certainly due to large backgrounds in the experiments, including a
class of backgrounds that can peak beneath the signal. A new experiment with a significantly
improved reduction in backgrounds would provide greatly reduced statistical and systematic errors
leading to a definitive result for the 7°2v decay width. More importantly, the two-photon invariant

mass spectrum, dI'/dMo,,, will provide key guidance for understanding the underlying dynamics.

A very recent result comes from the A2 collaboration at MAMI [84]. They have measured the
n — w09y decay width with a 9% total uncertainty based on analysis of 1.2 x 103 n — 70y
decays. This is a significant improvement over previous measurements. They also determined the
1-D projection of the Dalitz distribution, dI'/dm? (), which is even more important than the
decay width for constraining dynamics. As stated in the article [84], the 21% per bin experimental
uncertainties on the new MAMI m.,, distribution are too large to rule out any of the theoretical
calculations. (See Fig. 12). However, the uncertainties lie tantalizingly close to allowing one to
distinguish between VMD and more subtle dynamics. A next generation measurement should have

error bars that are at least a factor of 2 smaller than the latest MAMI result. The projected errors
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FIG. 11: Experimental results on the decay width of  — 70v~. [68], [85][86], [84], [88]. The yellow band
is the most recent unitary ChPT calculation by Oset et al. The partial decay width is predicted to be [66]
I' = (0.33 £0.08)eV. The uncertainty comprises both the propagated experimental errors on the vector
meson coupling constants, as well as estimates of neglected decay mechanisms. The new CB-MAMI total
uncertainty is 9%. Our expected total error of 5% from section VIB1 (in red) is arbitrarily plotted at the
CB-MAMI value. We anticipate that our systematic error will be dominated by the PrimEx-eta uncertainty
of 3.2% on I'(n — 2v).

of JEF for 100 days of running of 9% per bin in the m., certainly fit the bill.

The uncertainty of the MAMI result was limited by large backgrounds from 1 — 37° and
vp — 7% leaking into their 47 final state data sample, also shown in Fig. 2 of reference [84].

The JEF experiment is projected to operate at much higher figure of merit due to greatly reduced
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FIG. 12: Comparison of the existing experimental results (A2 at MAMI and CB at AGS) of dI'(n —
7097)/dm?(yy) with theoretical predictions. ( Figure from reference [84].) The black error bars are
typically about 21%.

background (although the number of signal events would be comparable). Our goal is to have suffi-
cient sensitivity directly measuring the n — 7%y~ Dalitz distribution to distinguish the interference
between the vector and scalar contributions by a significant reduction in the background, shown

in Figures 2 and 10. This will have a big impact on our understanding of the meson dynamics at

O(p%) of ChPT.

C. Determination of the quark mass ratio from n — 3«

1. n — 3w theory

The two 1 — 3w decay channels arise from a small isospin-breaking term in the QCD Lagrangian,
thereby providing one of the best ways to determine the up-down quark mass difference. [55][59].

This mass difference is a fundamental parameter of the SM which cannot be directly observed
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due to confinement. To lowest order in ChPT, the n — 37 amplitude is proportional to the mass

difference[94]:

My — Mg 1 m?

where By is a mass-related parameter in the theory, F; is the charged pion decay constant, and for
the charged channel s = (py+ +pr- )%, t = (pr- +pr0)?, and u = (pr+ + pro)?. The decay width is

therefore proportional to Q%.

An estimate for Q% can be obtained by using the mass difference between neutral and charged

kaons:
m2 (m2 —m2 ) :
m Mo K+)QCcD
Here

(m%(o B m%('*‘)QCD = (mifo - m%("")experiment o (mi(o o m%("")E'M : (6)

The electromagnetic contribution is estimated using Dashen’s theorem relating the charged-neutral

kaon mass difference to the charged-neutral pion mass difference:

(Mo =mi+) pay = (Mo =) gy - (7)

which yields Qp = 24.2. The value for Qp leads to a serious underestimate in lowest order ChPT
of the decay width for the 777~ 7" channel (I' = 66 eV compared to the PDG value of 300 eV [95]).
Agreement improves after including one loop and two loop corrections, but since these rescattering
effects are comparable in magnitude to the tree-level estimate[96], it is clear the convergence of the

chiral series in this application is poor.

Dispersion relations allow for an evaluation of rescattering effects to all orders [108-110]. This is
not completely independent from ChPT because a numerical evaluation based on the dispersive
representation requires an input about the subtraction constants—this input can be provided fully
or at least in part by ChPT. Furthermore, there is hope that by isolating the large rescattering

corrections, the chiral series for the remainder will again be found to be more well-behaved.

In the mid 90’s, when the first calculations of the n — 37 amplitude based on dispersion relations
were made, there was no alternative to getting the input on the subtraction constants from ChPT.

In the meanwhile a few experiments have measured the Dalitz plot for this decay, thereby obtaining
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FIG. 13: Relationship between ms/mg and m,,/mg.[21]

important information on the momentum dependence of the differential decay rate. This informa-
tion can be used to determine or to at least constrain a subset of the subtraction constants. As
it has been shown by S. Lanz, this experimental information on the subtraction constants has a

strong impact on the extraction of m, —my from this decay. As first reported in his PhD thesis, the

value of Q = (m? —m?)/(m2 — m2) extracted from the same n — 3w decay rate changes from 22.6
to 21.8, a shift of about one sigma of the early dispersive evaluations. Such a dispersive analysis is
still in progress [107]. Preliminary results can be found in the conference proceedings of the latest

Chiral Dynamics Workshop [111].

The preliminary result for the up-to-down quark mass ratio is shown in Figure 13, where the red
curve represents the result using the Dashen theorem. The decays n — 37 constrain the quark
masses through the Leutwyler ellipse

Mg.o 1 My,

QQ + (m_d)2 =1 (8)

(—)

mg
Lattice QCD including photons by the FLAG collaboration has determined mg and (m,, + mg)/2
from measured values of the light meson masses. This constraint appears as a diagonal linear band.
The intersection of the line and the ellipse in Figure 13 gives m,/mg (as well as mg/mg) and thus

the difference m, — mg .[21]

To determine the subtraction constants for the dispersion analysis, the Dalitz distribution is used
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as input. For the “charged” channel n — 7nt7~x%, the Dalitz plot is typically described in terms

of two variables:

=T V3

X = Qn a 2myQy (w=1) )
3T 3
Y = G gy (M) e L (10

where Tp, T, and T are the kinetic energies (in the 7 rest frame) of 7%, 7+, and 7, respectively,
and @, = my — 2m,+ — myo. (See Figure 14.) The Dalitz distribution is described in terms of

several parameters|[96]:
N(X,Y)x14+aY +bY? +cX +dX* 4+ eXY + fY3 +¢gX3 + hX%Y +1XY2....  (11)

Terms odd in X would require C violation. Once charge conjugation symmetry has been shown
to hold within the precision of the dataset, one can set ¢ = ¢ = g = | = 0. The most recent
experimental measurement in this channel was performed by the KLOE collaboration[97]. They

obtained

a = —1.090 + 0.005(stat) 500 (syst)
b = 0.124 £ 0.006(stat) + 0.010(syst)
d = 0.057 + 0.006(stat) T5-0% (syst)

f = 0.14 £ 0.01(stat) £ 0.02(syst)
with all other coefficients consistent with zero within errors.

The disadvantage of experimentalists presenting their Dalitz distribution results using only the
above format is that the correlations are missing. Our theory colleagues therefore prefer to work
with binned I'(X,Y") data. KLOE is currently performing a new analysis, and a better use of their

measurement will be possible.

For the neutral-only channel n — 379, the quantity Z = X? 4+ Y? is frequently used. The neutral

Dalitz distribution is then parameterized as:
[(Z) x 1+ 2aZ + 282 ?sin(3¢) + 29Z* + - -, (12)

where higher order terms involving products of X and Y have been omitted. The variable Z ranges

from Z = 0 when all three 7%’s have the same energy E; = my/3, to Z =1 when one of the 7% is
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FIG. 14: The phase space limits for the  — 37 Dalitz distribution lie within the unit circle X2 +Y? =1
using the variables X and Y from equations 9-10. The variable Z used for  — 37 is defined Z = X2 +Y2.
[21]

at rest. In lowest order, this distribution should be uniform however, the 7-7 final state interaction
and its strong energy dependence cause a small non-uniformity. The 8 and  coefficients have not
been determined experimentally, but there is good experimental agreement on «, the PDG average
being v = —0.0315 £ 0.0015[95]. Hence the small slope parameter o has been determined with a

relative error of ~5%.

The amplitudes for the charged A. and neutral A,, channels are directly related to each other:
An(s,t,u) = Ac(s, t,u) + Ac(t,u, s) + Ac(u, s, t). (13)

The consequence of this is that the slope parameter o from the Dalitz plot of the 37% channel is

constrained by the parameters a, b, and d from fits to the 777~ 7" Dalitz distribution[96]:

1 1
a<1<b—|—d—1a2>. (14)

Within the framework of non-relativistic effective field theory, Schneider, Kubis, and Ditsche[104]
were able convert this upper limit into an equality; unfortunately, using the Dalitz parameters from

KLOE in this approach leads to a value for « that disagrees with the data. Clearly there is need for
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FIG. 15: Relationship between Q and the Dalitz parameter « from the 1 4 2a.Z fit to data.[21]

more experimental data to resolve this discrepancy. The JEF experiment will be able to measure

both sets of parameters from the charged and neutral channels at the same time.

Electromagnetic corrections have also been evaluated at NLO in ChPT [105, 106]. Different kinds of
effects are to be distinguished: those triggering the decay directly, which are small; kinematic effects
due to the charged-to-neutral pion mass difference [104]; and conventional radiative corrections due
to real- and virtual-photon effects. Even though suppressed they play an important role at the
current level of precision. Indeed they are essential if one wants to bring the different determinations
of Q based on the two channels into agreement. This has been shown in ongoing analysis and is
still unpublished [107]. We stress that such an analysis was made a posteriori on the data and is
therefore far from optimal. A proper correction of the electromagnetic effects can only be made
directly by the experimentalists as they analyze the data. This requires a close collaboration with
theorists and in particular the implementation of the relevant theoretical formulae in the Monte

Carlo used for data analysis. For past experiments this is not possible anymore.

A plot showing the current status of the determination of Q given the experimental value of o and
data from the “charged” channel is shown in Figure 15. Note that the best value for Q appears to

be significantly smaller than the result using Dashen’s theorem.
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2. The World n — 37 dataset

The largest n — 37 datasets are summarized in Table II. The charged channel has a richer
Dalitz distribution than the neutral channel. From the JEF event projections in Table VII, we
expect to increase the world charged 37 dataset by a factor of about 2.8, significantly reducing
the statistical error over the Dalitz distribution. Although the preliminary WASA dataset is much
smaller than either the published or preliminary KLOE datasets, it provides a valuable cross-check
that systematic errors have been estimated correctly. There appears to be some tension between
the published KLOE result and the preliminary WASA result in the bY? term. [130] (Systematic
errors for the larger, preliminary KLOE dataset are still being determined.) Our dataset would

provide a more precise cross-check on the high statistics KLOE datasets.

The world dataset for  — 37" has been extensively investigated by the Crystal Ball collaboration
at MAMI. For the neutral channel, Bose symmetry simplifies the form of the Dalitz distribution.
From the JEF event projections in Table VII, we expect to increase the world neutral 37 dataset
by a factor of about 2.6, significantly reducing the statistical error over the Dalitz distribution. We
would also provide the first neutral 37 dataset with over a million events not taken on the Crystal

Ball.

In terms of systematic errors, our simulations in Figure 42 suggest we will have a flatter acceptance
compared to KLOE. This is presumably because our boost makes us more efficient in the larger
Z region where one of the pions has a small energy in the n CM frame. The fit range caused
the largest systematic uncertainty for the slope parameter o determination in the recent KLOE

result [103].

D. Search for new C violating, P conserving interactions

Another approach to searching for BSM physics is to look for violations of symmetries at a level
which is unexpected from SM sources. Assuming CPT is a good symmetry, Table III classifies
forces in the SM according to their properties under charge conjugation (C) and parity (P). In
the upper right quadrant of Table III, we encounter CP violation in which C is conserved but P

is violated. The SM background here for flavor-conserving processes is extremely small since it
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TABLE II: Event sizes of recent, large 37 datasets, both published and preliminary. Our projection for these
non-rare channels is based on 100 days of JEF running plus 200 days of already approved GlueX-IV running.
(See Table VII for details.)

Channel Experiment Number of Events
n — montr—
KLOE [98] 1.3 x 10°
KLOE prelim. [130] 4.5 x 108
WASA prelim. [130] 0.15 x 108

World Total = 6 x 10°
(Our Projection: 16.5 x 10°)

n — 370
Crystal Ball at MAMI [100] 3 x 106
Crystal Ball at MAMI [101] 1.8 x 106
Crystal Ball at BNL [99] 1 x 10°
KLOE [103] 0.6 x 106 @
WASA [102] 0.12 x 10°

World Total = 6.5 x 10°
(Our Projection: 16.9 x 10°)

“medium purity

occurs at two-loop level. However, larger contributions for EDMs could in principle arise at one-
loop level from SUSY. For n — 2w, calculations with an extended Higgs sector found 12 orders
of magnitude enhancement in the C,PV,CPV decay compared to the base SM prediction, but the
predicted BR of O(1071%)[122] is still far below the sensitivity of any forseeable experiment. While
the motivation for improved n — 279 measurements does not currently appear strong, and thus
has been de-emphasized in the current version of our proposal, we will lower the BR upper limit

by over an order of magnitude as a by-product of our  — 7927 analysis.

A less constrained, and therefore much more interesting, possibility is that of C violation with P
conservation (the lower left quadrant in Table III). Under CPT this is of course equivalent to T
violation with P conservation. The magnitude of such a new interaction is indirectly constrained by
EDM measurements since a new CV,P,CPV interaction could mix with the usual weak interaction

to yield the effective C,PV,CPV interaction needed to produce an observable EDM. However,
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indirect constraints from EDMs turn out to be hierarchically ambiguous[37], so direct constraints
on C violation with P conservation with sensitivity as close as possible to the weak scale would be

very interesting.

1. The C non-invariant decay n — 3y

Few systems in nature are suitable for tests of the non-invariance of the charge conjugation operation
C. It not only requires a particle of good C (or self-conjugate composite system), the decay into a
state of opposite C must be blocked only by C invariance [95]. Experimental precision is limited
by the need to first produce these unusual systems, then search for final states with opposite C in

the face of SM backgrounds.

It is useful to have an estimate for the SM background in 1 — 3~. The only known source of C
violation is the weak interaction, in which C violation is normally accompanied by P violation.
Scaling the 7 — 3v calculation of Dicus [119] to the larger mass of 7, one can estimate I'(n —
3v)/T(n — 27) = 10~2* . Despite the enormous expected enhancement in this branching ratio due
to the larger 17 mass, and the considerable uncertainty in the estimates due to the choice of effective
quark mass in the loops, the SM background for n — 37 is effectively zero for any forseeable

experiment. Thus any non-zero result in 7 — 3y would require a new source of C violation.

As a by-product of the n — 3v analysis, we will improve the upper limits on another C violating

TABLE III: Matrix of C and P symmetries. Assuming invariance under CPT, then interactions fall into one
of only four combinations. The off-diagonal combinations involve CP violation, with EDM’s most important

for constraining new C,PV,CPV interactions, while 17 decays directly constrain new CV,P,CPV interactions.

P PV
C C, P, CP C, PV, CPV
Strong, EM Weak (at 2-loop level)
n— 2, EDMs,
n— 37r07 etc. n— 27
(Y CV, P, CPV CV, PV, CP
Weak (at 2-loop level) Weak
n— 37, PV experiments,
n — 27°7, etc. w and B decay asymmetries
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“34” final state, n — 7. However, since the latter is also forbidden by the conservation of angular

momentum we assume it will serve as an experimental control.
Status of n — 3 tests of C' non-invariance

Before showing our plot comparing different experiments, we must digress to explain the Figure
of Merit (FOM) for measuring forbidden decay channels. A tentative signal for a SM forbidden n
decay would appear as an excess at the n mass that is statistically unlikely (10% probability or
lower). To a useful approximation, the branching ratio (BR) upper limits in published work can be
simply estimated by BR < 2% where Ny, is the number of background events in the
signal window, and the factor of 2 corresponds to roughly 90% CL. However, this equation gives a
misleading impression since the number of background and signal events are linearly proportional

if pile-up does not dominate. If we define the background fraction fyrg = Npkg/ (N, X Acceptance),

then the estimated BR upper limit expression becomes

BR < 2\/ Jokg (15)

N,, x Acceptance

from which it is clearer that the FOM the experimenter needs to maximize in this case is

FOM = N, x Acceptance/ fyig. (16)

Equation 15 highlights the level of experimental effort needed to reduce BR upper limits. Because
of the square root dependence, an order of magnitude improvement in the BR upper limit requires

improvements in experimental FOM which can only be expected perhaps once per generation.

Figure 16 shows the BR upper limits for 7 — 3 from several experiments [121] [38] along with their
effective number of n’s and background fractions. These measurements have been limited mostly
by background rather than by the number of effective 1 decays. Since the improved technology in
our experiment will reduce the background from continuum 27° production with 1 missing photon,
and the background from n — 37% with 3 missing photons?, we expect to improve the BR upper

limit by one order of magnitude. (See section VIB4.)

2 The background from photon splitting in 7 — 27 has been easy to remove in most experiments, with low cuts
losses, by rejecting close showers in the calorimeter.
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FIG. 16: The branching ratio upper limits and figures of merit for 7 — 3+ measurements by KLOE [121]
and the Crystal Ball at BNL [38] plus a projection for the JLab Eta Factory.

2. Other C non-invariant observables

We will also search for the C violating decays n — 27y and n — 37°y, which were previously
measured in reference [38]. We expect to make a large improvement in the former channel since it
leads to 5 photons, hence the sensitivity of previous experiments has been limited by the missing
photon background from 1 — 37%. Finally, a by-product of our analysis of  — 7’7" 7~ (used to
extract m,, — my as already discussed in section IIC), will be improved constraints on C violating
asymmetries in the Dalitz distribution. All four decay channels in our campaign to improve direct

limits on CV, PC, interactions in 7 decays are listed in Table I.

E. Opportunistic physics

The P violating and C conserving decay n — 27°

A by-product of the analysis of our low background n — “4 4" dataset will be  — 27%. This
channel would violate P while conserving C and thus violate CP, and has already been discussed

above in the introduction of section IID. Neutron EDM measurements appear to tightly constrain



45

new, flavor-conserving sources CP violation that might be observed in 7 — 27°. However, since
Baryogenesis requires an additional source of CP violation to account for the dominance of matter
over anti-matter in the universe, we should take the opportunity to dramatically reduce the BR
upper limit for one of the few tests of CP in the flavor-conserving sector that exists. Figure 17
shows the BR upper limits for several experiments along with the effective number of n’s in their
experiments as well as their background fractions. These measurements have been limited both
by backgrounds and the number of effective 17 decays. This proposal presents an opportunity to

reduce the BR upper limit of  — 27° by 1.5 orders of magnitude. (See section VIB5.)

2n® BR Upper Limit vs Accepted Eta Decays
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FIG. 17: The branching ratio upper limits for n — 27° measurements by GAMS [117], CMD-2 [113], and
BES-III [115] plus a projection for the JLab Eta Factory.

F. Future extensions to 7/

The 7' meson measurements for the same channels as for n measurements could be a valuable
addition to the data set. In most channels, the physics input will be the same (quark mass ra-
tios, lepto-phobic dark-sector B-boson), providing complementary information to 7 measurements.

These studies are of great interest because of the special property of the ' that distinguishes it
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from the other Goldstone Bosons, namely that its mass does not vanish in the chiral limit: the 7’
receives the main contribution to its mass by the mechanism of the Axial Anomaly, and the rest
of it is contributed by the quark masses. The 7’ meson is the heaviest of the three flavor-neutral
low lying 0~F mesons. It mixes with the 7 due to SU(3) symmetry breaking and with the 7° due
to isospin breaking. Although it is rather heavy, there are several strong indications that it is an
approximate Goldstone Boson (GB). One limit in QCD, where the 1’ becomes a GB on the same
footing as the GB octet, is the large N, limit. That limit has been used to formulate an effective
theory which includes the 7' [128]. Combining the 1/N, and the chiral expansions thus allow one
to study low energy processes involving the 7' in a systematic way. As an example, the role of the
7' in the decays of the n and 7° has been analyzed along those lines [129], where the mentioned
mixings are calculable at the lowest order of the expansion, and can be determined more precisely
at the next sub-leading order. For instance, the 7' — 1 mixing angle is 10 & 2°, and the ' — 7°

mixing angle turns out to be 0.75 + 0.2, both in the scheme of reference [129].

The dominant decay of the 7 is into nnm, followed by the unnatural parity decays into p%y, w®7,
and yvy. All these decays are fairly accurately known. Other suppressed decays are of great interest,
such as the / — 7t7~ 7" which is driven by symmetry breaking effects due to m, —mg, which has
been measured with about 10% error in the width. Another decay of interest is  — 7’y~. Both of
those decays would be accessible with experiments similar to the one in this proposal. Of particular
interest is a more detailed knowledge of the 7’ through its as yet unknown low energy constants,
which require the experimental measurement of the mentioned processes as well as other ones which
remain to be observed due to their small branching fractions. As an example, the measurement of
17’ — 3w impacts on the knowledge of two low energy constants, the Lig and Loy defined in Ref.

[128].

In the theoretical realm, the n’ has been addressed by several groups, in particular the decays
7 — nrm and ' — 37. As in the case of the similar three body 7 decays, final state interactions
must play an important role, and several works have addressed that problem. Since the two
body rescattering occurs in S-wave, scalar meson dominance has been proposed [132], and also
unitarization schemes based on an effective chiral Lagrangian [133]. The latter has been applied
to a possible extraction of the quark mass ratio Q from 1" — 37 [134] . Finally the first study of
the decays i’ — 7%y~ and ' — 7y has only recently been undertaken [135]. It is of high interest

to pursue further theoretical advances in n’ physics, and that interest will certainly be significantly
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reinforced by the current and future experimental efforts.

The current experimental efforts in 7’ physics are mainly concentrated at KLOE, BESIII where
the most accurate n” — 37 has been measured, [130] and MAMI where measurements of ' — nrm
have been carried out and forthcoming measurements of ' — 37 [131]. Compared to the other
facilities, JLab is currently the only place where one can perform both 1 and 1’ measurements with

similar rates, kinematics, and systematics.
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III. CONTROLLING BACKGROUNDS IN RARE NEUTRAL DECAYS

Several key features of our proposal which suppress backgrounds while maintaining a high 1 pro-

duction rate are:

(1) the 12 GeV high intensity tagged photon beam in Hall D to produce n mesons on a 30 cm liquid
hydrogen target through the yp — np reaction,

(2) placing a central core of high-resolution, high-granularity PbW Oy crystals in the forward
calorimeter (an upgrade called FCAL-II) to reduce the missing photon background from the large

n — 37° branch,

(3) measurement of the recoil p with the GlueX start counter and central drift chamber to establish

coplanarity of the recoil proton and 7 from v+ p — 1+ p (thus over-determining the kinematics),

We will also benefit from using flash ADCs on every crystal for sub-nsec coincidence timing of
showers and pile-up rejection, plus the short scintillation decay time of lead tungstate (~ 20 ns)

which is about one order of magnitude shorter than Nal(T1) used in the Crystal Ball calorimeter.

In the following sections, we show detailed simulations for the challenging rare decay n — 7°27.
The BR of this channel is 2.7 x 1074, corresponding to a very small partial width of only I" = 0.35
eV. We will demonstrate the ability of Hall D’s kinematics and our proposed calorimeter upgrade to
dramatically reduce backgrounds for this channel compared to other facilities. Once having shown
the great promise for reducing the missing photon background in the “4+” sector, we will make

much simpler background estimates in the sensitivities section for the “3+” sector.

To show that the lead tungstate upgrade for the central region of FCAL is essential for the rare
decay part of our program, two options for the forward calorimeter were initially considered in the
simulation. One was the the standard GlueX lead glass calorimeter (FCAL) with a round front
face of 240 cm in diameter and block sizes of 4.0cm x 4.0cm, and the other was an upgraded version
with a PbWOy crystal central region with an active area of 118 x 118 cm? (FCAL-II) and crystal
sizes of 2.05cm x 2.05cm. (More details of FCAL-II will be described in section V.)

Our simulations show that the electromagnetic background plays no significant role in either the

online trigger rate or in the offline accidental background. (See Appendix C for detail). In the
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following discussion, we focus on the hadronic background only.

A. The n — 37° Background

Previous  — 7%y experiments [68][86][88][84] found the dominant background to be from 7 — 37°
which has a branching ratio three orders of magnitude larger than the desired n — 7%y decay.
Obviously, for a 6y decay to be a background to a 4v process, two photons must effectively be
undetected while the event nevertheless passes the cuts used to define a good signal. There are
three contributing cases [68]: (1) two soft photons can fall out of the geometrical acceptance or
below threshold of the detector, or (2) four photons can merge into what appears to be two showers,

or (3) a combination of soft photon losses and photon mergings.

The first mechanism (the loss of photons) affects the majority of published 7 rare decay experiments
because their n’s had small or modest boost. In that case, decays frequently produce low energy ~’s
whose omission allows the the n — 37° background to pass missing energy or 1 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 7
decay experiments. Both mechanisms can be greatly suppressed by increasing the energy of the n

mesons while maintaining sufficient granularity in the calorimeter.

The advantage of using highly boosted 7’s can be seen by comparing spectra from two older ex-
periments as shown in Figure 18 and Figure 19 (Left). The invariant mass spectrum from GAMS
shows a narrow peak from 1 — 7%y~ which is 7x larger than a smoothly falling background. [68] In
that experiment, the n’s were produced by a high energy 7~ beam (30 GeV/c). The decay photons
from 7 decays in flight were detected in the forward direction by a calorimeter consisting of a 48
x 32 array of lead glass modules. Because of the boost, when a photon is truly lost, the effect on
the 7 mass reconstruction is relatively large thus the background from missing photons in 7 — 37°

events is generally shifted out of the n signal window.

In the Crystal Ball at AGS [86], KLOE[88], and Crystal Ball at MAMI[84] program, the n’s were
produced with little boost. Under these circumstances, the background from n — 37° is broadly

peaked near the 1 mass as can be seen in Figure 19 (Left).? Sideband subtractions alone are

3 See also Figure 10(a) in reference [85].
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FIG. 18: Invariant mass spectrum for the 7%y7 reaction measured by the GAMS collaboration [68] from

decay of n’s with an energy of roughly 30 GeV.

therefore 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 dI'/dM.,, with sufficient precision to probe the dynamics of the n — 7927y decay

is even more difficult.

Simulations were made to compare the ability of the existing FCAL and upgraded FCAL-II to
suppress the missing photon background from 1 — 37° (using only the central regions containing
lead glass or PWO, respectively). Four-photon invariant mass distributions for the signal n — 7%y~
and the background i — 37° are reconstructed. Figure 20 is for events in the high resolution core
of FCAL-II, while Figure 21 is for FCAL, with both located 6m downstream of the target. The
signal to background ratio for the high resolution core of FCAL-II is two orders of magnitude better

than FCAL.

We also studied the situation where the existing lead glass FCAL would be moved 3 m further
downstream from the target (the maximum possible distance allowed in Hall D) to reduce photon
merging and improve the angle resolution. While the signal to background ratio improved to 0.5,
this is still 1.5 orders of magnitude worse than FCAL-IT and not good enough for clear signal

separation. Thus, the upgrade of FCAL to FCAL-II is essential for rare n decays to
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neutral modes, and all subsequent plots will assume the hybrid FCAL-II configuration.

In summary, Hall D kinematics combined with a forward calorimeter upgrade will tightly manage
the potential background from missing photons in the copious 7 — 37° channel. This leaves a small
peaking background in the invariant mass spectrum that we will be able to accurately simulate and

subtract.

B. The v+ p — 27° + p (Continuum) Background

The remaining historically dominant background has been non-resonant multiple 7 production.
The production of vp — 27% has been studied using different beam types and targets at low beam

energies [123][124]. In our forward, high energy kinematics, the n carries almost the full beam
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FIG. 19: Invariant mass spectrum for the 7%y~ system measured by the MAMI collaborations [84] (for
a representative bin in the Dalitz distribution, m?2(yy) = 0.0375 £ 0.01). Left - Spectrum after randoms
subtraction. The solid line is the expected background from vp — np — 37% after all cuts. Compare to the
previous figure from GAMS. Right - After subtraction of the yp — np — 37°p background. The signal has
been fitted by a Gaussian.
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FIG. 20: Monte Carlo simulation of My, recon-

structed in the high resolution PbWO, central re- FIG. 21: Same conditions as the previous figure but

gion of the proposed FCAL-IL. The only background using a current Hall D forward lead glass calorimeter

considered here is from 5 — 37°. The red curve is (FCAL). The signal to background ratio is 0.1.

the signal from 7 — 7%vv. Black points are the sig-
nal plus background. The signal to background ratio
for £30 around the 1 mass peak is 10:1.

energy. This means that the elasticity, defined as

YE
FL=—_ (17)
Etagged’y
is approximately 1 for fully contained n decays produced by the exclusive v+ p — 1+ p production
channel.* Requiring that the elasticity be near 1 (or the missing energy be near 0) greatly inhibits

nature’s ability to mimic a signal from complex backgrounds.

Three other kinematical variables used for event selection are the invariant mass My, missing
energy AE, and the co-planarity A¢. The missing energy here is AE = E, + E;, — Epeqm — M.
The co-planarity A¢ is the azimuthal angle difference between the proton and the reconstructed 7,
A¢ = ¢ — ¢p. The event selection windows for these variables correspond to 30 (unoptimized)

of the corresponding resolutions and are listed in Table IV.

A Monte Carlo simulation was performed for the yp — 27°p reaction using the PYTHIA event
generator incorporating both non-resonant production of the two-pion pairs and production through

resonances such as y+p — 70+ A+ — 270+ p. Figure 22 shows the 4+ invariant mass distributions

4 This is a legacy missing energy-like cut used in some of our early plots. It was more appropriate for PrimEx
kinematics where the recoil proton carried away negligible energy.
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My, (GeV) |Elasticity | AE (GeV)|A¢ (deg)

FCAL(Pb glass) [[0.500, 0.595]| >0.92 | [-0.8 ,0.8] | [-5, 5]

FCAL-IT (PWO)|[0.526, 0.569]| > 0.95 |[-0.36,0.36]| [-5, 5]°

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

TABLE IV: Event selection ranges used in the analysis.

for the n — 7Yy signal and the three backgrounds ( 7 — 37%, vp — 27%p, and the “other hadronic
backgrounds” that will be discussed in the next section). The statistics is normalized to one day
of data taking, while the cuts are listed in Table IV. The projected signal to background ratio is
approximately 3:1. The 27% continuum background appears to play a small role near the 1 mass

signal window in Hall D kinematics.
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FIG. 22: Invariant mass (My,) for FCAL-II including the signal channel 7 — 72y and essentially all
significant background channels. The solid black curve is the sum of signal and background channels. The
blue dashed curve is for 7 — 37°; the solid green area is for yp — 27%p, and the red dotted curve is for other
hadronic backgrounds predicted by PYTHIA. All rates are normalized using estimated cross sections to 1
beam day. Cuts for FCAL-II listed in Table IV have been applied. This was a successful proof of principle
cuts study; further improvements can be expected with optimized cuts. Our projected Signal/Background

compares extremely favorably to the data from MAMI in Figure 19 (Left).
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C. Other Hadronic Background

Essentially all remaining hadronic background contributions to the  — 7%y~ signal channel were
studied using a Pythia event generator adapted to GlueX energies. 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 ub. The analysis was carried out in two steps:

First, we identified all possible decay channels that can contribute as a background to the “4~”
final state using 28 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 vp — 7°7%p and vp — pn (followed by
n — 37Y decays) have been discussed in Sections II.A and B, we excluded them from this study.
We observed that the dominant background originates from multiple photon final states such as
p 40, p3n0y, p 279 v, p 27Y 2+ , and p 27° K. Similar to the case of the pn (n — 37") background
described in Section II.A, these channels can either lose photons outside the calorimeter acceptance

or produce overlapping clusters, leading to the reconstruction of a “4~” final state.
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FIG. 23: 4~ invariant mass distribution for “other hadronic background” events reconstructed with the PWO
region of FCAL-II. (Left - linear scale; Right - log scale) Different curves correspond to various cuts applied
during the reconstruction: no cuts (black); elasticity cut (red); elasticity and AE cuts (blue); elasticity, AE,
and A¢ cuts (purple).

Subsequently, we generated a MC sample with five times larger statistics for these selected back-
ground channels. The invariant mass distribution for events reconstructed with the PWO calorime-
ter (FCAL-II) is presented in Fig. 23 which shows the effect of subsequent cuts. The majority of the

background events are suppressed by the elasticity /missing energy cut(s). Such background events
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must have started at higher invariant mass and migrated into the 7 invariant mass window by losing
an O(100) MeV photon out of the PWO calorimeter acceptance. (Using the lead glass section of
FCAL-IT as a veto would almost certainly reduce this background further.) The addition of the
co-planarity cut suppresses the remaining background by an order of magnitude. The contribution
of the “other hadronic background” estimate after cuts is also shown as the red dotted curve in

Figure 22.

We conclude that the JEF configuration and preliminary cuts are sufficient to manage all the

dominant backgrounds, and note that there is room for further improvement with optimized cuts.



o6

IV. REFERENCE DESIGN AND HALL D BASE EQUIPMENT

We propose to use a 9.0-11.7 GeV incoherent tagged photon beam in Hall D to produce 1 mesons
at small angles via the v +p — 1 + p reaction. The majority of decay photons from the 7’s will
be detected in an upgraded Forward Calorimeter (referred to as FCAL-II) in which the central
lead glass blocks will be replaced with smaller, higher resolution PbWOQ, crystals. For not-too-
small 1 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 24,
the experimental apparatus includes: (1) a high energy photon tagger; (2) a pair spectrometer for
photon flux monitoring; (3) a 30 cm liquid hydrogen target; (4) the GlueX solenoid detector; (5)

an upgraded forward multichannel electromagnetic calorimeter.

The parameters for the reference design of the experiment are summarized in Table V. Details of

each instrument are discussed below.

A. High Energy Photon Tagger

Hall D has constructed a 12 GeV tagged photon beam line. While details of the design can be

found in reference [136], 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 x 10 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 10-30
MeV wide energy bins above 9 GeV photon energy.
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TABLE V: Parameters for the reference design of the JEF experiment.

Parameter Value
Solenoidal Field 21T
Photon Beam Energy Range 9-11.7 GeV
Beam Current 400 nA
Radiator Thickness (Au) 2.5 x 107* Xo
5 mm diam. Collimator Transmission 30%
Tagged Photon Rate on Target (9-11.7 GeV) ~5 x 107 Hz
LH, Target Length 30 cm (3.46 % R.L.)
LH; Target Thickness 1.28 x 10%* protons/cm?
Cross Section for Forward vp — np ~70 nb
Scintillator in FCAL-IT PbW Oy
Outer Active Dimensions of PbW Oy 118cm x 118cm
Outer Active Radius of FCAL-II 120cm
Beam Hole Dimensions in FCAL-IIT 12cm x 12cm
PbW O, Crystal Dimensions 2.05cm x 2.05¢cm x 18cm
Number of Optically Isolated Crystals 3445
Distance Target Center to FCAL-II Front ~6 m
Proton-tagged n Production Rate 3.4 Hz
LH> Production Request 100 days
Proton-tagged n’s Produced in 100 Days 2.9 x 107
Total Beam Request 130 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
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.
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FIG. 24: Top view of the experimental setup for 7 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

PbWO, crystal calorimeter.

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,
E,, is determined by the difference between the initial electron beam energy and the energy of the

post-bremsstrahlung electron deflected towards the focal plane.

The detector package is divided into two parts: (1) a set of 218 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 8.1 to 9.1

GeV.
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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 x 108 photons/GeV, although accidental tagging rates will limit normal operation to somewhat

less than this.

For the proposed 7 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 10-30 MeV wide energy bins is sufficient.

B. Beam Collimation

Lead
Shielding

Lead
Bt Shielding
Entrance Shielding
Window

_ Shielding ~ Converter
274 collimator target

Dipole
Magnet

Primary
Collimator

FIG. 25: The layout of the collimator cave.

A 12 GeV electron beam interacting with a thin radiator produces the photon beam. The
characteristic opening angle for bremsstrahlung photons is m./E = 42 prad. After 76 meters of
drift in vacuum, the photon beam enters the collimator cave from the left through a thin 250 pm

Kapton window 8” (203mm) in diameter and immediately interacts with the primary collimator.
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The layout of the collimator cave is shown in Figure 25. 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
of 200 um. 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 c¢m 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.

C. Pair Spectrometer and Total Absorption Counter

The most important diagnostics for the photon beam flux are the count rates in the tagger’s
fixed hodoscope array and the microscope. By detecting the electrons that 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.
For example, a 5 mm diameter primary collimator will pass about 30% of the photons. It is pro-
posed 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 spec-
trometer’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.
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The pair spectrometer consists of a thin foil converter (1 x 1073 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. These are swept away from the
photon beam by a strong magnetic field (1.8 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 positron 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 to provide 200 ps time resolution

to form the pair production trigger.

Our proposed experiment will use the incoherent photon beam at the highest possible energy
(Ey=9-11.7 GeV). We will measure branching ratios by normalizing to the 7 — v channel. The
design specification for the pair spectrometer is to monitor the beam flux at ~ 1% level, which

exceeds our requirements.

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 using a cryogenic target system similar to
what has been developed for Hall B [137]. 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 allow boil off gas to escape the target. 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.
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FIG. 26: The cross-sectional view of the complete original GlueX detector. The apparatus is described in

detail in Section IV E.

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
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 2.1 T solenoid [140].
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 26.
Solenoid

The solenoid magnet creates a 2.1 T magnetic field at the center of the magnet oriented parallel
to the beamline [141]. 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. It will be ready to run Fall 2014 at

5 The maximum solenoid current is presently limited to 1350A due to concerns about quenching.
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1350 A.
Central Drift Chamber (CDC)

The Central Drift Chamber (CDC) consists of 3522 1.5 m long straw tubes [143]. 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 10 cm and an outer radius of 60 cm. The expected position resolution
of the CDC is 150 pgm. For the nominal position for the LHs target, the angular coverage of the
CDC is 6° to 165°.

The CDC allows us to detect recoil protons. A cut on the coplanarity of the 1 and recoil proton is

very helpful in reducing backgrounds.
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
[142]. The detector is a 40 cm long cylinder with a 16 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.
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
using optical epoxy [144]. The complete detector consists 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 has an inner radius of 65 cm and
an outer radius of 90 cm. The entire BCAL resides within the 2.1T magnetic field and will be read

out by about 4,000 field-insensitive, large-area (1.44 cm? each) silicon photomultiplier arrays.
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BCAL will be invaluable for allowing us to veto rare decay candidates with a soft 7¥ that might

otherwise escape our missing energy cut.
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
[145]. The paddles are read out on each end by PMTs, except in the middle where the beamline
only allows single ended readout. There is a horizontally oriented wall and a vertically oriented
wall to provide additional location information for a total of 92 paddles. The TOF detector covers
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, provide excellent TOF
information with respect to the accelerator RF beam bucket, and to help distinguish neutral vs

charged tracks.
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V. UPGRADED CALORIMETER FCAL-II

A. General description

The 7 signal is primarily identified by reconstruction of the invariant mass,

M2 =p>=(SE..5P.)? 18
: p°= (3B, XP,) (18)

nv —

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 E71E72 X sin a/2 (19)

where « 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
calorimeter hit position to determine the angle of the photon. 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 PbW Oy has highly desirable properties for use in an electromagnetic
calorimeter, including a small Moliére radius (2.1 cm), short radiation length (7.4 g/cm?), 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 PbW Oy crystals inserted into the central

region of an upgraded Hall D Forward Calorimeter (FCAL-II).

The new central lead tungstate section of FCAL-II will basically be a larger version of the lead
tungstate core of the PrimEx HyCal calorimeter. It will consist approximately of a 59 element x 59
element matrix of optically-isolated crystals each of size 2.05 x 2.05 x 18 cm3. The crystal transverse
dimensions of 2.05 x 2.05 cm? are comparable to the Moliere 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
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shown by PrimEx to be sufficient to achieve the required energy resolution. A central ~ 12 x 12
cm? 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
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[146]. 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 PbW Oy 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, PbW Oy
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 Appendix section D, we will discuss the performance of the PbW Oy calorimeter in the

PrimEx-I and PrimEx-II experiments. The pile-up and photon merging in a cluster reconstruction
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algorithm are described there as well.

B. 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.
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FIG. 27: 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.

The GlueX trigger and DAQ architecture is shown in Fig. 27. The trigger logic is imple-
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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 Global Trigger Processor (GTP) will make the
trigger decision based on the total energy. When the trigger is issued, notification will be sent 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
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. 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 an 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.

C. FCAL-II Acceptance and High-Level Reconstruction

7 rare decay events will be reconstructed from FCAL-II information, normalizing to n — v~ decays
measured simultaneously. Since our goal is to measure the branching ratios, knowledge of the abso-
lute luminosity is not as important as in the PrimEx-eta program where the absolute decay width
for n — vy will be determined. Our priorities are isolation of the signal with high efficiency while
minimizing the background, specifically, optimizing the figure of merit N, x Acceptance/ \/m.

To achieve this goal, one needs (1) the geometrical acceptance for each 1 decay channel under study,
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(2) effective cut parameters and their resolutions.%

1. Calorimeter Geometrical Acceptance

One of the backgrounds for rare decays of the type n — “44” comes from the merging of showers
in the calorimeter from 7 — 37°. For fixed calorimeter size, as the distance between the target and
calorimeter is varied, there is a trade-off between signal and this background. To check that FCAL
is at an appropriate distance for a rare n decay to neutrals program, we examined the figure-of-
merit (FOM) FOM = S/v/B where S is the number of 7 — 7%27 signal events detected in the
high resolution central region, and B is the number of background events from 7 — 37% within a
+30 window around the 7 invariant mass. Figure 28 shows that this FOM has a broad maximum
near the standard distance of 5.6m, so our requirements are compatible with the standard FCAL

distance.”

Channel PWO FCAL-II

Acceptance Acceptance

n— 297 43.9% 80.9%
n— “3y” 28.7% 72.9%
n— “4y’ 18.4% 64.9%
n— “by” 12.8% 58.9%
n— “6v” 7.3% 52.1%

TABLE VI: Summary of geometrical acceptances for the central high resolution region and entire FCAL-II
for n decays. All calculations for photon beam energies of 9-11.7 GeV.

Eta decays to 2-6 photon final states were then simulated as a function of tagged photon beam
energy for the PWO region only and for the entire FCAL-II. The result for n — “44” is shown
in Figure 29. All results are summarized in Table VI. The average acceptance is 18% for 4
for the high resolution central region but 65% for the entire FCAL-II. The geometrical acceptance

decreases with increasing number of photons in the final state since there are more opportunities

5 For this discussion, we will assume the signal is extracted from a series of cuts rather than a single cut on a
likelihood parameter. No kinematic fitting has been assumed.
" Some of our early simulations were done at a distance of 6m. The FOM is essentially the same.
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to lose a photon around the outer edges of the high resolution central region of the calorimeter.

(Photon losses down the beam hole are quantitatively less important.)

3 e PbWO, insert

Figure of merit
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FIG. 28: The figure-of-merit S/v/B wversus the
distance between target and FCAL-II, where S
is the accepted m°2v signal in the high resolu-
tion central region, and B is the background
from shower merging from 1 — 37" which has
a branching ratio 3 orders of magnitude larger.
There is a broad plateau near the existing FCAL

distance of 5.6m.
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FIG. 29: The geometrical acceptance for the 4+

states (n — 7°27, etc.) versus the beam energy.

2. Calorimeter Resolutions in Missing Energy and Invariant Mass

There are two major calorimeter variables for the selection of 17 decay events. The first is the missing

energy the resolution of which 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. For both variables, energy resolution is important, but for

the invariant mass the angle resolution is also critical. The photon angle is determined by the hit

position on the calorimeter and the target position.
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Simulations were performed for the high resolution PbW Oy central region. Figure 30 shows the
resolution in elasticity (the ratio of total energy deposited in FCAL-II to the tagged photon beam
energy) for fully contained n — 7°2v decays. Resolutions for 2y and 3y final states are similar.
(The peak elasticity 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 1.2% corresponds
to a missing energy sensitivity of 120 MeV. This cut virtually ensures the forward neutral meson
production was exclusive, suppressing feed-down from higher invariant masses with lost decay
products. It is barely possible for a very soft additional 7% to slip past this cut, but that could be
vetoed using BCAL.
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primary collimator. The beam spot size of less than
for n — 27 and n — 3~ are similar, 1.3% and 1.2%,

0.2cm (rms) makes a small contribution to the in-
respectively.

variant mass resolution which is dominated by the

calorimeter energy resolution.

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 LHy target, 6 m distance between
the FCAL-II and the target, and a photon beam in the energy range of 9-11.7 GeV. The size of
the beam spot is directly correlated with the size of the primary collimator in the beam line. For

illustration, Figure 31 shows the beam spot x (transverse) projection on the target for a 5 mm
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diameter primary collimator.

The reconstructed 7 invariant mass resolution for the  — 7%y reactions is shown in Figure 32.
Resolutions for 2y and 3~ final states are similar. Despite the high photon energy, the average rms
resolution of 11 MeV is only 2% of the n mass. This is our most important cut variable to select n
decay signals while suppressing continuum backgrounds. It will also be used to identify 7%’s, ¢’s,
etc., for calibration. Figure 33 shows that the invariant mass resolution of the 7° from the n — 70~y
reaction is 3.8 MeV. This excellent 7° resolution will help reduce combinatoric backgrounds. We

note that the resolution can be improved an additional 35% using kinematical fits [150][151].
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FIG. 32: Reconstructed four-photon invariant mass  FIG. 33: Reconstructed two-photon invariant mass
My, from the n — 7%~ reaction for the central high ~ Ma, of the 7° from the  — 7%y reaction detected
resolution section of FCAL-II. The resolution for 2y  in the central high resolution section of FCAL-II.
and 3 final states is similar, 12 MeV and 11 MeV, This excellent resolution will be useful for reducing

respectively. combinatoric backgrounds.

8. Basic event selection for neutral decays

Event selection begins at the trigger level. Figure 34 shows the distribution of the energy deposited
in FCAL-II from proton-tagged 1 — m9yy. Figure 35 shows the total energy spectrum in FCAL-II

for one of the major inelastic reactions, yp — nm’p. As one can see from these two figures, an



73

FCAL-II threshold of about 8 GeV would safely select all signal events of interest while suppressing

triggers from inclusive 1 production.
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FCAL-II by n — 7%y~. Nearly all events of interest
deposit more than 8.5 GeV in the calorimeter. This
energy threshold is simply explained by the minimum
photon beam energy of 9 GeV less the sum of the n

mass and proton recoil energy.

In the off-line analysis, we will apply the following basic event selection criteria for tagged photon
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 hit tagger paddle
(out of time showers must be dropped and the total energy recalculated); (3) there should be no

significant missing energy (4) the invariant mass reconstructed must be consistent with the n mass.

Once an 1 has passed the above cuts, the detection of the recoil proton is in principle redundant.
However, simulations have shown it will help reduce background to over-determine the kinematics,

thus: (5) there must be a single recoil proton, and (6) the recoil proton and 7 must be co-planar.

The recoil protons of interest have polar angles of 55-78 degrees, with momenta of 0.3-1.4 GeV /c.

(See Figure 36.) Tracking is not possible for recoil protons from the smallest angle n’s because
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those protons either range out before reaching the CDC or don’t produce enough hits in the CDC
for reconstruction. From Figure 37, one sees the tracking efficiency is currently about 70% for
recoil proton momenta above 0.325 GeV/c (T, = 55 MeV). We assume most of these events are
recoverable. Reconstruction efficiency has dropped by about half at 0.275 GeV/c (T, = 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/em? of C Ha-equivalent.
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FIG. 36: Monte Carlo simulation of generated v + p — 7 + p events showing the two-body kinematic

relationship between proton angle and momentum.

In Figure 38 the 1 mass is reconstructed with roughly 100 MeV resolution from the proton recoil
alone. Although this is by no means a clean 7 tag for rare decay studies, it will distinguish between
70 and 7 production in the majority of cases reducing background in the final analysis. However,
the more powerful proton cut variable appears to be on coplananarity (i.e., the difference of the

azimuthal angles of the 7 and the proton). (See Figure 23.)

D. Major New Experimental Equipment (Cost, Manpower and Financial Resources, and

Commitments)

Besides the Hall D base equipment, this proposal requires a major upgrade of the current FCAL
to include high-resolution, high-granularity PbW O, crystals. An option which would preserve the

large acceptance needed for the GlueX spectroscopy program, allow it to benefit from the better
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Such events are presumed recoverable.

properties of lead tungstate, and minimize overhead in configuration changes, is to insert the 118 x
118 cm? PbW Oy crystals into the present Pb glass FCAL. This would make it a hybrid calorimeter,
similar to a larger version of the state-of-art, high-resolution PrimEx calorimeter (HyCal) used 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 NSF Major Research
Instrumentation (MRI) program while establishing collaborations with Chinese institutions. The

same strategy would be applied to the FCAL-II development.

The estimated total cost for 3445 PbW O, modules, including the crystal, PMT /base, flash ADC
and HV is $2.7M-$4.6M depending on the assumptions for recycling existing equipment. (See “Re-
sponse to PAC39 Issues and Recommendations” for details. [1]) Prof. X. Chen, a co-spokesperson
on this proposal, will lead several Chinese institutes in applying for funds ($0.5M-$1.0M) from the
Chinese National Science Foundation to cover the cost of the crystals. Prof. L. Gan (spokesperson
of this proposal) will lead the US institutes in applying for a Major Research Instrumentation pro-
gram (MRI) grant from the National Science Foundation ($1.0M-$3.5M) to cover the cost of PMT’s,
bases, possibly the Flash ADCs, plus small ancillary detectors. Three other co-spokespersons are

JLab staff members and will help coordinate design and construction.

Since the new calorimeter would be incorporated into Hall D base equipment we would like the

power supplies, cabling, possibly the Flash ADCs, and other readout support to come from JLab.
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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.

This experiment has the potential to add significant new manpower to the Hall-D effort, in par-
ticular from groups that have historically had little activity at Jefferson Lab. During the detector
development and construction period, the Chinese team will be responsible for procuring and test-
ing the PbW Oy crystals. The US team will be responsible for the procuring and testing of the
electronics. Several local universities near Jlab will play a major role in the detector assembly and

testing.
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VI. n PRODUCTION RATE, PROJECTED SENSITIVITIES, AND BEAM REQUEST

JEF’s measurement sensitivities depend on the number of forward 7’s, the calorimeter acceptance,

the efficiency including cuts, and the background. We address these in the following subsections.

A. Forward n production rates by vy +p —n+p

For the electron beam current, radiator thickness, and energy range given in our reference design
in Table V, the tagger rate is 1.6 x 10® Hz. Transporting all photons in vacuum, and using a 5 mm
diameter primary collimator, ~ 30% of the 4’s will reach the physics target for a tagged ~ rate on

target of 5 x 107 Hz.

The Hall D LH, target is 30 cm thick, or 1.28 x 102*protons/cm?. From reference [149], the average
total cross section for yp — np in the 9 to 11.7 GeV photon energy range is ~ 70 nb. About 25%
of these n’s are produced at too small an angle to allow a proton tag. The total rate of 7(548)

produced by forward v + p — 1 + p with 75% proton detection is therefore:

N, =N, N, -0-e=34Hz (2.9 x 107/100 days). (20)
Anticipating the FCAL-II channel-dependent acceptance results from the next section, the number
of effective forward n’s (proton-tagged N, x Acceptance) will be O(107) per year of JLab accelerator

operations, several times the effective production rate of KLOE-I which employed ¢ — n+~. This
is the basis for our calling Hall D with FCAL-II an “n factory”. 8

B. channel rates and experiment sensitivities

Table VII estimates the number of events in 100 days. Some comments:

e The PDG branching ratio for the rare decay n — 792y is an average of several widely

inconsistent measurements.

e The photon acceptance for the rare decay 7 — 7°27 is only for the PbW Oy central region of

FCAL-IT and drops rapidly with decreasing photon beam energy. The number of rare decay

8 Production rates for the 7/(958) are about 2/3 as large.[114] Our 1’ production rate is competitive with BES-ITI.
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TABLE VII: For the JEF beam request of 100 days of production, total events expected for 9-11.7 GeV
photon beam energy for the SM allowed channels of interest based on PDG branching ratios and the proton-
tagged 7 rate from equation 20. Rare decays use only the high resolution PWO acceptance, while non-rare
decays use the entire FCAL-II acceptance. (The values in parenthesis are for the GlueX photon energy bite
of 8.4-9 GeV with the same tagged photon rate on target. The lower GlueX energy provides a higher forward

cross section of 92 nb but with greatly reduced acceptance in the PWO region due to the smaller boost.)

Channel BR Photon  Tracking Events per
Acceptance Effi. 100 days

rare decay:
n— 702y  2.7x107%  0.184 — 1.4 x103
(0.07) (0.72 x10%)
non-rare decays:
n — 3m° 32.7% 0.542 — 5.1 x10°
(0.470) (5.9 x10%)
n— atn—a 22.9% 0.786 0.9 4.7 x108
(0.745) (5.9 x106)
n— 2y 39.4% 0.809 — 9.2 x10°
for normalization (0.7) (10.5 x10°%)

events under JEF running conditions is more than twice that with GlueX running conditions,

which motivates our beam request.

e The photon acceptance for the non-rare decays n — 3w uses the entire FCAL-IT and is less
sensitive to a decrease in photon beam energy during GlueX-IV running. The number of
37 events under JEF running conditions is roughly 20% less than with GlueX-IV running

conditions.

e We will use n — 7 decays for normalization (BR = 39.43 +0.26% [8]). The statistical error
will be about 0.3% per day.
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1. Sensitivity of our Standard Model n — 7°2y measurement

The relative statistical error for the  — 7927 signal including background fluctuations is

AS VN, TN, 1
i - V1+ Ny/N, 21
S TR AR &)

where N is the number of signal events and Ny, is the number of background events in the n invariant
mass window after all cuts. Because setting N, = 0 recovers the familiar expression AS/S = 1/y/N5,
the term m can be considered the error magnification from the background. The figure
of merit in this case, taken as the inverse error squared, is not Ng but rather N,/(1 + N/Ns).
If backgrounds are large, as is the case in all previous measurements of this channel, one cannot

characterize the quality of an experiment in terms of signal events alone.

In Table VII, we estimate we will acquire 1,440 doubly radiative n decay events in 100 days of
proposed JEF running with an estimated Signal/Background ratio of 3:1. (See Figure 22 for
results from our simulation and cuts study.) With this many events our statistical error on the

n — w2~ branching ratio, will be

AS 1
= e \/1+1/3=3. 22
S TanoV /3 =3.0% (22)

with little error magnification from background. This is 3x smaller than the 9% statistics-dominated
error from the recent MAMI result, mainly due to error magnification from their large back-
grounds. [84]. To match JEF’s projected figure of merit, a new MAMI experiment would have
to increase the statistics they accumulated in 200742009 by an order of magnitude. (Even then,

systematic errors from the large background subtraction would remain.)

Allowing for few percent relative acceptance uncertainties between n — 792y and the n — 2y
normalization channel, we project a final total error for the BR of about 4%. Anticipating that the
dominant systematic uncertainty on the decay width for 7 — 72y comes from the absolute decay
width of n — 27, we project an uncertainty for the decay width of about 5%.  This 5% projection

is plotted along with previous results for the n — 72y decay width in Figure 11.

As for the differential decay width, dI'/dM>., our average statistical error on each of 7 bins would

be 7.9% (or 8.6% including the systematic error from normalization). This is typically over a

® The approved PrimEx Eta measurement, PR12-10-011, will reduce the error on I';—2- to 3.2%.
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factor of x2 smaller than the black error bars in Figure 12. Such precision is needed to search for
dynamical details that go beyond VMD, as can also be seen comparing our projected error bars to
theory curves in Figures 2 and 10. To summarize in the language of the older but simpler plot in
Figure 2, the projected uncertainties would allow one to determine whether the expected amplitudes
interfere constructively or destructively. There would certainly no longer be any question of factor

of 2 ambiguities in the BR for this channel.

2. Sensitivity for leptophobic dark B boson search

n— v+ B(—y+n)

To study the experimental reach for B-boson search, n’s were simulated using the standard JEF
configuration listed in Table V. Four photons from each 7 decay were detected by the forward
calorimeter (FCAL-II). We required at least two out of four photons to hit the central PbWOy,
region. The reconstructed 7% invariant mass resolution o(mp) as a function of mp is shown in

Fig. 40.
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FIG. 39: The M, 0 mass reconstruction for B-boson  FIG. 40: The reconstructed B-boson mass resolution

mass mp at 200 MeV, 350 MeV, and 500 MeV. M, ;o as a function of the generated B mass.

To quantify statistical sensitivity, we assume that the continuum background in the resonance
search can be modeled by a smoothly varying function and subtracted. Exclusion power is then

determined by the ratio of the potential signal within an invariant mass window to \/Np;,, where
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Nyin is the total background statistics in the same window. An invariant mass window is centered

at mp with a width of dmp = 2.50(mp).
The statistics of signal and background in a 7% invariant mass window émp are calculated by:

S =N, &, BR(n— By) BR(B — %) - & (23)

Nyin = N,y - &y - BR( — 7°97) - &, (24)

where NN, is total number of ’s anticipated in the experiment; e, ~ 75% is the 1) tagging efficiency by
measuring the recoil proton; BR(n — B7y), BR(B — 7°y), and BR(n — 7’y7) are the branching
ratios for the corresponding decays. The &, is a fraction of signal events (n — By — 7’y) that have
a reconstructed 7% invariant mass within the signal window and &, is the fraction of background
events(n — mVyv) that have a reconstructed 7’y invariant mass within the same window. The &
and &, are calculated with Monte Carlo data samples and shown in Fig. 41, the detector acceptance
and efficiency being taken into account. The kinematic distribution of n — 7%y~ is based on
the phase space. In addition, both combinations of reconstructed 7%y pair from the final state
are included in this calculation. For certain values of mp, one can do better than this by only
taking the higher or lower energy single photon to reconstruct B. For example, for a large B mass
(mp ~ 500 MeV), the single photon from B decay will have a higher energy than the other single
photon not from B; while for a small B mass (mp ~ 200 MeV), the signal photon from B decay will
have lower energy compared to the other single photon not from B . Therefore, one may further

reduce the background fraction &, at both low and high ends of the mp range.

The sensitivity is calculated by:

S BR(n — By)-BR(B — n%) &

o Ve Vv BR(n — m077) R (%)

Events from multi-photon final states other than n — m%yy can leak into the signal region. We
estimate the level of this background to be ~ 20% relative to n — 7’vy. (See Figure 22.) Addition
of this background changes the experimental reach for ap by about 10%, which is not visible in

Fig. 8.
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FIG. 41: The red triangles are the fraction of signal events (n — B~y — 7%y7y) that have a reconstructed %
invariant mass within the signal window. The blue dots are the fraction of background (n — 7%yy) events

that have a reconstructed 7%+ invariant mass within the same window.

3. Sensitivity for quark mass ratio determination in n — 37

0 events were

In order to study the acceptance for the “charged” channel, 100,000 n — wt7 7
generated with a Regge-based model[149] for the 7 production cross section using the JEF running
conditions. The 1 decayed via three-body phase space. All of the final state particles, including the
recoil proton, were reconstructed and a kinematic fit was applied to the full event. The product
of acceptance x ef ficiency over the Dalitz plot variables X and Y was calculated. Since the
experimental distributions must be corrected for acceptance x ef ficiency, flatter distributions
imply smaller experimental systematic errors. The anticipated JEF distributions for the charged

3w channel are quite flat until large positive Y is reached (at which point most of the energy in the

CM system is in the 70, leaving the 77~ pair with small relative energy).

A similar study was performed for the 37° channel. The efficiency for the Dalitz Z distribution is
shown in Figure 42. JEF’s flatter acceptance in Z should help us control systematic errors. Since
the slope (or o parameter) is only about -3%, the bin-dependent acceptance x ef ficiency correction

of 20% made by KLOE was quite significant.
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FIG. 42: For the n — 37° channel: Our projected acceptance x ef ficiency versus Z distribution is flat to
better than 3 percent. (This simulation using GlueX reconstruction code includes the geometrical acceptance
for FCAL, the 75% efficiency for getting a proton out of the target, and 75% for finding a single track. Our
yield estimates in Table VII do not include the latter because we believe the “two tracks found” events are

recoverable.)

The n — 37 acceptances from this study were used to calculate the event yields in Table VII.
The world’s largest n — 3w datasets were summarized in Table II. We anticipate being able
to significantly reduce the statistical errors on the charged and neutral 37 channel Dalitz plot

parameters.

4. Sensitivity for n — 3y BR upper limit

Our Pythia analysis of the “3y” background is in progress, but we can make inferences from a
previous experiment. The dominant background in the Crystal Ball experiment at BNL [38] was
continuum 27° production yielding an apparent “3y” final state. As we have discussed, the missing
energy cut in JEF will remove the majority of events which have truly lost a photon, hence we make
an estimate assuming our dominant background arises from all 4-photon sources with My, = M,

followed by the merging of two showers.

From Figure 22, the entire Signal + Background of the “44” source term is 4/3 x 1,440 = 1,920
events in 100 days. The geometrical probability of two photons hitting the PWO and merging,

assuming uniform illumination, is approximately 6ecm x 6e¢m/(118cm x 118cm) = 0.26%. With 4
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photons, there are 6 opportunities to merge showers, so the probability of at least one pair merging
is 1.6%. This gives a “37” background estimate from shower merging of 1.6%%*1,920 events = 31

events in 100 days.!°

Several other backgrounds were considered, but can be completely excluded with efficient cuts:
One such potential background is from photon splitting of  — 2. (Photon splitting is where a
shower is initiated by a single photon but reconstructs as a close pair.) This is easily dealt with
by rejecting 7 — 37 candidates with close showers. Another potential background is an n — 2y
event in random coincidence with electromagnetic background. Most of these events will consist
of a low energy photon near the beam hole, and can be easily cut for example by rejecting all
candidates where two of the three photons reconstruct to the 7 mass. Finally, there is a continuum
37 background from the tails of the p or w resonances extending down to the 7 invariant mass:
V — Py where P is either the n or 70, followed by P — 2v. Such background can be suppressed

0

simply by rejecting candidates with a photon pair that reconstructs to the n or 7° mass.

To estimate our sensitivity as a BR upper limit, we furthermore assume the effective number of 7’s

is reduced 75% by the above cuts, giving

Nikg 5 V31

BR 3y) <2 -
(n—37) <2x N, * Acceptance " 35107 x 5% x 0.3

=16x10"° (26)

which would be an order of magnitude better than the existing best result, 1.6x1075.

5. Opportunistic physics

The P wiolating and C conserving decay 1 — 2"

The current experimental limit of 3.5x10™* for the branching ratio for n — 27° was set by the
GAMS-47 collaboration.[117] (For some other results, see references [115] and [113].) The limit on
the charged channel n — 777~ from KLOE, 1.3x107° [118], is currently the best result for any
7 decay branch but is somewhat higher than our projection for 27°. Accounting for identical
particles in the neutral channel, this would imply an upper limit of 6.5 x 1076 for n — 279 Our

direct measurement of 7 — 279 will improve on this implied limit by about 25%.

10" A more careful combinatoric analysis would reject events containing a 7°, reducing the background further.
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TABLE VIII: Beam time request.

LH; 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) 8 days

Total 130 days

The acceptance of the P and CP forbidden n — 27° is ~ 20%. The rare decay 72y is now a
background in the 4~ final state but is suppressed by cutting all events that are not consistent
with two 70%s. At that point the remaining background will be dominated by the 27% continuum.
According to our simulation, the background fraction fyi, in our n invariant mass signal window

is ~ 4 x 107°. The estimated BR upper limit will be:

fb]€ 4 x 105 _
B 2r?) < 2 g =2x4/—"———~5x107° 2
Ry —2m7) <2 x \/N?7 * Acceptance “V3X107 x 0.2 5> 10 27)

This is more than 1.5 orders of magnitude better than the existing upper limit for the neutral

channel n — 270, bringing the sensitivity in this channel down to the level of the KLOE n — w7~

result. The results were summarized in Figure 17.

C. Beam Time Request

We request 100 days of beam time on the LHs target for the rare decay program, plus time for
commissioning and overhead as outlined below. (GlueX running conditions have much lower figure
of merit for our rare decay channels.) This will provide sufficient statistics on 7 — 7%y events
to precisely study the Dalitz plot of the 2v invariant mass, as well as sensitively search for a
leptophobic boson that couples to baryon number. 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 VIII.

To understand backgrounds from the target windows and beamline sources such as the collimators
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(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 8 days to find the luminosity that optimizes our figure of

merit N, x Acceptance x Ef ficiency/\/Npkg-*!

This request is for dedicated beam time for the rare decay program. During GlueX running periods,
we will utilize the n — 37 data for the photon beam energy range 8.4-9.0 GeV. This will be
very important for the quark mass ratio analysis. This will also provide an opportunity to study

backgrounds in preparation for rare decay measurements with the upgraded FCAL-II.

1 Due to increasingly apparent synergies with GlueX running, the time requested for luminosity optimization has
been reduced from 14 days in previous versions of this proposal to only 8 days in this version.
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VII. SUMMARY

The availability of significantly boosted n’s in Hall D, in combination with our proposed lead
tungstate upgrade to the forward calorimeter, will improve the signal to background ratio for rare
1 decays to neutral channels with 3-5 photons by up to 2 orders of magnitude. For non-rare ) decays,
the combination of JEF and GlueX running will allow the collection of datasets competitive with
KLOE-II. This will allow us to address a broad range of important physics topics, from a sensitive

search for dark matter to a more precise determination of the quark mass ratio.

Our highest priority channel, n — 7927, is central to two of our physics campaigns: the search for
a leptophobic B boson, as well as testing models of ChPT at O(p%). By-products of these coupled
analyses will include improved limits on the CP violating channel 7 — 27° as well as the highly
suppressed decay n — 4v. The expected dramatic reduction in background also applies to two
channels in another physics campaign to improve direct limits on new C violating, P conserving

interactions: 7 — 3v and 27y (as well as our 7’y control).

Our emphasis and niche is in rare 7 decays to neutral modes, where because of our proposed
technology we would have no competition. However, we have been persuaded to form a close
collaboration with theorists to to reduce uncertainties on the quark mass ratio. We will increase
the size of the world n — 37 datasets by about 2.7x for both the charged and neutral channels. (See
Table II.) Over 2/3 of the new dataset would be obtained during 200 days of approved GlueX-IV
running. Our systematic errors will cross-check other high precision datasets (KLOE in the case of
the charged 37 channel, and MAMI in the case of the neutral 3w channel) and are expected to be

significantly smaller due to our flatter acceptance over phase space.

The channels in the scope of this proposal are summarized in Table I, while event yields are
summarized in Table VII. The parameters of the reference design were summarized in Table V.
We estimate Hall D can produce 3 x 107 proton-tagged n’s in 100 days in the forward, exclusive
channel v + p — n + p alone. Folding in the high resolution calorimeter acceptance, our expected
number of n — 7°2v rare decay events will not only exceed that of published or preliminary
datasets, but will have an order of magnitude larger figure of merit due to lower backgrounds. This

high figure of merit will apply to all rare decays to all-neutral final states.
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Appendix A: FCAL-II versus FCAL for hybrid meson decays

As was presented in previous sections, the inner part of the FCAL-II instrumented with PbW Oy
crystals provides a significantly better energy resolution for reconstructed photons compared with
the FCAL. FCAL-II also allows for a better separation of potentially overlapping clusters. The
better energy resolution will improve reconstruction for several of the hybrid meson decays of

interest to GlueX which happen to be photon-rich.

As an example, we compared reconstructions in the FCAL-IT and FCAL using vp — 7(1400)p,
7(1400) — nm¥ decays. The invariant mass resolution of two photons originating from 7° and 7
decays, as well as the fraction of events hitting the forward and the barrel calorimeters, are listed
in Table IX. The invariant mass resolutions for FCAL-II are ~30% smaller. The total energy
resolution of reconstructed decays is found to be about a factor of 1.5 better for FCAL-II, specifically
169 MeV and 248 MeV for FCAL-II and FCAL, respectively. (See Fig. 43.) Improvements in the

invariant mass resolution and energy resolution depend on the event topology and kinematics.

Some photon-rich hybrid decays will yield more than 4 photons in the final state. As an initial
study, we subsequently generated v + p — p 4+ X(1600), X (1600) — n7’7? events, which contains
one additional pion in the final state. Though these events have a more isotropic decay angular
distribution, resulting in a smaller fraction of photons accepted in the inner, higher resolution part
of the FCAL-II, the total energy resolution in the FCAL-II is about a factor of 1.35 better than
that in FCAL.

Appendix B: Lead Tungstate vs Lead Glass Both at 6m

Comparison of lead tungstate vs lead glass for the central region of the forward calorimeter. See

Figures 44 and 45.
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7T0 n

FCAL|FCAL-II|FCAL |FCAL-II

M., mass resolution (MeV/c?)| 6.6 4.1 22.3 17

Two photons in Forward Calorimeter

Fraction of events 52% 32%

M., mass resolution (MeV/c?)| 6.2 3.2 19 12

One photon in Forward Calorimeter and one in BCAL

Fraction of events 20% 55%

M., mass resolution (MeV/c?)| 7.0 6.2 229 | 195

TABLE IX: Invariant mass M., resolution of reconstructed 7° and 7 mesons originating in v + p — pnr°

reaction.

Appendix C: 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 x 107 tagged /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 this background.

Used in the study were two candidates for the GlueX level-1 trigger. These are defined as:
Lla: (Epcar +4* Epcar) > 2GeV&(Epcar, > 200MeV )& (Erpcar > 30MeV)

and



90

—FCALIl
—FCAL

Events

1800

1600
1400
1200
1000
800
600

5

ol T BRI BLANLL B BRLLELN LI UL L L
R R L L

200

08 06 04 02 0 02 04 06 08 1

=

FIG. 43: Energy resolution of the reconstructed +p — pnr® decays in the FCAL-II (red) and FCAL (blue).

L1b : (Epcar +4* Epcar) > 2GeV&(Epcar > 30MeV)&(Erpcar > 30MeV )& (Ngo > 0)

where SC' indicates the Start Counter, and BC AL 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 will 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.

Figure 46 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 47 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 48 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 48
to the n mass, the rate is about 6.7 x 1079 Hz, roughly two orders of magnitude smaller than the

expected n — 7w’y signal rate (2 x 10~* Hz). Taking into account that the offline coincident time
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FIG. 44: Monte Carlo simulation assuming the Flasticity vs. Invariant Mass of 4y (GeV)

PbW Oy, calorimeter in our reference design (the cen-

FIG. 45: Same conditions as the previous figure but
tral part of FCAL-II). The vertical axis is the mea-

using a current Hall D forward lead glass calorimeter

sured elasticity (a missing energy-like variable) while
(FCAL) at 6m.

the horizontal axis is the reconstructed invariant
mass, My,. Signal events n — 70y appear as red

dots while background 7 — 37° events are black.

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

rate or in the offline 4-photon accidentals background.

Appendix D: Performance of the PrimEx PbW O, Calorimeter (HyCal)

1. Energy and Position Resolutions

During the PrimEx-I experiment in 2004, calibration of HyCal was performed using a low intensity
tagged photon beam with energies of E, = 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 49 and Figure 50 respectively. Excellent energy

and position resolutions were achieved which was crucial to achieving the good resolution in M.,
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FIG. 48: Invariant mass of all reconstructed photons in GlueX FCAL for events triggered by electromagnetic

beam background that have at least 4 reconstructed photons.

needed to isolate good 7¥ events from background and to accurately determine the 7% production
angle used to identify the Primakoff peak. A 2.8% total uncertainty on the 7° lifetime [147] was
obtained in PrimEx-I, a factor of two and half more precise than the Particle Data Group average

of several old experiments [148].

The PrimEx program proved the PbW O4 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
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FIG. 49: Measured result for the PbW Oy calorime- FIG. 50: Measured result for the PbW O, calorime-

ter energy resolution versus initial incident photon ter position resolution versus initial incident photon

energy. (PrimEx-I calibration) Extrapolated to 10
GeV, the energy resolution will be 1.3% or 130 MeV.

energy. (PrimEx-I calibration) Extrapolated to 10

GeV, the position resolution will be 0.9mm.

(4.1 x 4.1 ecm? at 7 m for Hycal versus 12x12 cm? at 6m for FCAL-II). HyCal was in the beam for
more than three months at 7 x 107 7’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.

2. Pile-Up in the PrimEx PbW O,

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 1 — 2v events to look like  — 37 events, or it could push n — 37° 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 51 and Figure 52 show the
energy-dependent occupancy seen by PrimEx-IT 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.
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3. 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 4y channel due to

photon merging from the large branch 1 — 379,

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 PbW Oy crystal was measured with a 6 x 6 matrix PbW Oy prototype detector in a
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secondary electron beam. The x and y coordinate of incident beam were determined by a scintil-
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 53 shows the experi-
mental result for a 2-dimensional shower profile, and Figure 54 shows the shower profile function

extracted from the experimental data in Figure 53.

This newly developed cluster reconstruction algorithm was tested by mixing two hits from the
PrimEx-IT “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”
was applied to reconstruct the clusters. Any cases where the two hits were reconstructed as a single

cluster were counted as inefficient.

Figure 55 and Figure 56 are the resulting two-cluster reconstruction efficiency versus the separation
distance between two hits for the 2.05x2.05x18cm? PbW Q4 and 4x4x45cm® Pb glass, respectively.
There is no merging of clusters in the PbW Oy 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 (4.25¢m/1.25¢m)? ~12.
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FIG. 54: The PbW Oy calorimeter transverse shower
FIG. 53: The PbW O, calorimeter transverse shower

profile distribution function extracted from the
profile measured from the PrimEx beam test.

PrimEx beam test result shown in Figure 53.
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