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Proposed JEF experiment 

Simultaneously measure η decays:  η→π0γγ, η→3γ, and … 
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u  η produced on LH2 target with 8.4-11.7 GeV tagged photon beam: 
      γ+p → η+p 
u  Reduce non-coplanar backgrounds by detecting recoil protons 

with GlueX detector

u  Upgraded Forward Calorimeter with High resolution, high granularity 
     PWO insertion (FCAL-II)  to detect multi-photons from the η decays
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FIG. 4: Hybrid calorimeter in the simulation showing a sample ⌘ ! ⇡0�� event.

a shower threshold of at least 100 MeV). The reconstructed energy balance and co-planarity

between the proton and the four photons from the decay of the ⌘ are shown in Fig. 7.

Events for which |�E| < 0.44 GeV and for which �� is within ±5� of 180� are accepted for

further analysis. Events with showers within the inner “ring” of blocks around the beam

hole were excluded. Most of the photons end up in the FCAL, as shown in Fig. 8. The

showers in the BCAL tend to correspond to lower-energy photons that have poor energy

resolution; some photons head toward the gap between the FCAL and the BCAL where

28

1x1 m2 PWO insert



Why η is a unique probe for QCD and BSM physics?

u   All its possible strong and EM decays are forbidden in the lowest order so 
that  η has narrow decay width (Γη =1.3KeV compared to Γω=8.5 MeV) 

 Enhance  the higher order contributions (by a factor of ~7000
 compared to ω decays). Sensitive to weakly interacting forces.

u   A Goldstone boson due to  spontaneous breaking of 
     QCD chiral symmetry
              η is one of key mesons bridging our 
              understanding of low-energy hadron dynamics
              and underlying QCD  
             

u   Eigenstate of P, C, CP, and G: 
         tests for C, CP 
         

G PCI J =0 0+ −+

u  All its additive quantum numbers are zero and its decays are 
      flavor-conserving
               effectively free of SM backgrounds for new physics search. 
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     Overview of JEF Physics 

Main physics goals:

i.  Search for sub-GeV   
gauge bosons:  
leptophobic vector B’ 
and electrophobic 
scalar Φ’

ii.  Directly constrain CVPC 
new physics

iii.  Probe interplay of VMD 
& scalar resonances in 
ChPT to calculate  
LEC’s in the chiral 
Lagrangian

iv.  Improve the quark mass 
ratio via η→3π

 FCAL-II is required  

momentum conservation [3]. This enhances the relative importance of higher order contributions,
making η decays a sensitive hadronic probe for searching for rare processes or testing discrete
symmetries.

We propose to test low-energy QCD and search for new physics Beyond Standard Model (BSM)
in η decays using newly developed high energy photon tagging facility and the GlueX detector in
Hall D. Table 1 summarizes various η decays in the scope of this proposal. The data for the SM
allowed decay channels have already been collecting in parallel to the GlueX runs since 2015. The
proposed upgraded Forward Calorimeter (FCAL-II) will permit improved limits by 1–2 orders of
magnitude for other rare or SM forbidden channels leading to all-neutral final states.

Mode Branching Ratio Physics Highlight Photons

priority:
γ + B′ beyond SM leptophobic vector boson 4
π0 + φ′ beyond SM electrophobic scalar boson 4
π02γ (2.7 ± 0.5) × 10−4 χPTh at O(p6) 4
3π0 (32.6 ± 0.2)% mu − md 6

π+π−π0 (22.7 ± 0.3)% mu − md, CV 2
3γ < 1.6 × 10−5 CV, CPV 3

ancillary:
4γ < 2.8 × 10−4 < 10−11[4] 4
2π0 < 3.5 × 10−4 CPV, PV 4
2π0γ < 5 × 10−4 CV, CPV 5
3π0γ < 6 × 10−5 CV, CPV 6
4π0 < 6.9 × 10−7 CPV, PV 8
π0γ < 9 × 10−5 CV, 3

Ang. Mom. viol.
normalization:

2γ (39.3 ± 0.2)% anomaly, η-η′ mixing
E12-10-011 2

Table 1: The η decays highlighted in this proposal, plus related ancillary channels [5]. The η →

2γ will be measured in an approved Primakoff experiment (E12-10-011) that is currently under
preparation in Hall D.

In 2014, we submitted an earlier version of this present proposal in title of “Eta Decays with
Emphasis on Rare Neutral Modes: The JLab Eta Factory (JEF) Experiment” (PR12-14-004)[1]
with following main physics goals: (i) a search for a leptophobic dark gauge boson coupling to
baryon number with a mass between π0 and η to improve the existing bounds on the baryonic fine
structure constant αB by two orders of magnitude; (ii) a search for the C violating and P conserving
η decays with an order of magnitude improvement over current branching ratio upper limits; (iii)
a determination of two low energy constants entering chiral perturbation theory at order of O(p6)
from η → π0γγ decay, and with sufficient precision in the Dalitz distribution to explore the role
of scalar meson dynamics in this channel for the first time,; and (iv) a clean determination of the
light quark mass ratio Q ≡ (m2

s − m̂2)/(m2
d − m2

u) with m̂ ≡ (mu + md)/2 from η → 3π decays.
The original proposal was conditionally approved by PAC42 with following recommendations:

“The PAC understands the very strong scientific interest of performing new measurements of
rare η decays with improved sensitivity to test the SM. In particular, the PAC sees the determination
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Key Channel: η→π0γγ  

v  Searche for sub-GeV gauge 
bosons 
•  A leptophobic vector B’:
    η→γB’, B’ →π0γ

•  An electrophobic scalar Φ’: 
     η→π0Φ’, Φ’→γγ

                   A 100 keV-100 MeV 
                   electrophobic scalar can
                   solve proton radius and
                   (g-2)μ  puzzles. 
           PRL 117,101801 (2016); PL B740,61(2015)
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Standard Model:
Dark Sector:

Gauge Interactions?
Dark matter?

14

How to look for dark sectors?

SU(3)XSU(2)XU(1)

Standard Model:

+ 3 generations of 
matter

Dark Sector:

Gauge Interactions?

Matter?

14Sunday, 29 January, 17

Portal:    
vector
scalar
fermion  

κBµνVµν

ξLHN
H +H (εS +λS2 )

(n = 4)

1.  New physics:

2.  Confinement QCD:
v  A rare window to probe interplay 

of VMD & scalar resonance in 
ChPT 

SU(3)× SU(2)×U(1)

 
PR,D89,114008 



“Vector Portal” to Dark Sector
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1.  Dark photon A’  
−
1
2
εFµνF

µν

' Kinetic mixing and U(1)’ 
2.  Leptophobic B’ 
    (dark ω, γB , or Z’):

1
3
gBqγ

µqBµ
 Gauged baryon symmetry U(1)B

 
 

 T.D. Lee and C.N. Yang, Phys.Rev.,98, 1501 (1955)

Most A’ searches look 
for A’→l+l-, relying on the 
leptonic coupling of new 
force

❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 
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Ø  mB<mπ is strongly constrained by long-
range forces searches; the mB>50 GeV  
has been investigated by the collider 
experiments. 

Ø  GeV-scale domain is nearly untouched,            
a discovery opportunity!

 
PR,D89,114008 
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0 ! `+`�. Left:
Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "2 parameter range, with sensitivity in m

A

0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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Landscape of  New GeV-Scale Forces
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Landscape of  New GeV-Scale Forces

Dark photon searches (di-lepton resonances) 
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Landscape of  New GeV-Scale Forces

Dark photon searches (di-lepton resonances) 

Blind spot for dark photon searches 



JEF Experimental Reach for B’  
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100 days’ beam

1.  Meson decay η→ B’γ →π0γγ 2. Photoproduction γp→B’p 
B’ 

B’ 

❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 
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❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 
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γ  

arXiv:1605.07161

PL, B221, 80 (1989)
PR,D89,114008 

Striking signature for B-boson in η→π0γγ 
!  B production:   A.E. Nelson, N. Tetradis, Phys. Lett., B221, 80 (1989) 

!  B decays: 

 
 

 

 
!                                               highly suppressed SM background  
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B→π0γ in 140-620 MeV mass range 

S. Tulin, Phys.Rev., D89, 
14008 (2014)  

Γ(η→ π 0γγ ) ~ 0.3eV

η→γB→γ+π0γ 
  
Search for a resonance   
peak of π0γ  for  
mB ~140-550 MeV 



Impact of the SM allowed  η→π0γγ measurement 
A rare window to probe interplay of VMD & scalar resonances in 
ChPT to calculate O(p6)  LEC’s in the chiral Lagrangian
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u The major contributions to η →π0γγ are two O(p6)  counter-terms in the
    chiral Lagrangian       an unique probe for the high order ChPT. 

L. Ametller, J, Bijnens, and F. Cornet, Phys. Lett., B276,  185 (1992) 

ρ, ω 
a0, a2 

 
u   Shape of Dalitz distribution is sensitive to the role of scalar resonances.
    

LEC’s are dominated by resonances
 
Gasser, Leutwyler 84; Ecler, Gasser, Pich, de Rafael1989; 
Donoghue, Ramirez, Valencia 1989
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χPTh by Oset  et al., Phys. Rev. D77, 073001

Projected JEF on SM Allowed η→π0γγ

We measure both BR and Dalitz distribution    
u model-independent determination of two LEC’s of the O(p6) counter- terms
u probe the role of scalar resonances to calculate other unknown  O(p6) LEC’s

J.N. Ng and D.J. Peters, Phys. Rev. D47, 4939

J. Bijnens, talk at AFCI workshop 

(100 days’ beam)



Charge Conjugation Invariance

u  Maximally violated in the weak force 
and is well tested.

u  Assumed in SM for electromagnetic 
and strong forces, but it is not 
experimentally well tested  

    (current constraint: Λ≥ 1 GeV)

u  EDMs place no constraint on CVPC in 
the presence of a conspiracy or new 
symmetry; only the  direct searches 
are unambiguous.   

    M. Ramsey-Musolf, phys. Rev., D63, 076007 
(2001);  talk at the AFCI workshop 

 
 

14 

Mode Branching Ratio 
(upper limit)

No. γ’s

3γ < 1.6•10-5

3                       
π0γ < 9•10-5

2π0γ < 5•10-4

5                       3γπ0 Nothing published

3π0γ < 6•10-5

7                        
3γ2π0 

 
Nothing published

C Violating η  neutral decays 
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Mode Branching Ratio 
(upper limit)
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Experimental Improvement on η→3γ

u  SM contribution: 
    BR(η→3γ) <10-19 via P-violating
    weak interaction.

u  A new C- and T-violating, and 
    P-conserving interaction was 
    proposed by Bernstein, Feinberg
    and Lee  
     Phys. Rev.,139, B1650 (1965)

u   A calculation due to such new 
     physics by Tarasov suggests: 
     BR(η→3γ)< 10-2  

      Sov.J.Nucl.Phys.,5,445 (1967)

 

Proj. JEF

Improve BR upper limit by one 
order of magnitude to directly 
tighten the constraint on CVPC 
new physics

(100 days’ beam)



PAC42 Recommendation
•  “The proposed measurements appear to be feasible and the 

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

•  “The PAC understands the very strong scientific interest of performing 
new measurements of rare η decays with improved sensitivity to test 
the SM.”

•  “the PAC sees the determination (iv) of Q (quark mass ratio) from the 
η → 3π decay ratio and the Dalitz distribution as the most compelling 
physics result and recommends to perform this measurement as a run 
group with GlueX and experiment PR12-10-011”      in progress  

•  “The other three physics goals (i)-(iii) will need the FCAL-II, … We 
have thus given the experiment a C2 rating: approval of the physics 
case with the condition that JEF return to a later PAC with a 
convincing demonstration of their capabilities for running concurrently 
with GlueX.”        Phase II

17 



Address PAC42 Recommendation
•  Tagger accidental fraction 
•  Production rate of η and η’ 
•  Full simulation: 

key signal η→π0γγ with 
backgrounds 

18 

•  GlueX-IV running conditions
•  Material of DIRC detector
•  Upgraded FCAL-II
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 / 
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FIG. 5: Photon beam energy spectrum for 100,000 generated events.

some of the energy is lost. For these reasons we plan to veto events with showers in the

BCAL. The e↵ect on the mass resolution is shown in Fig. 9 and the e↵ect on the e�ciency

is demonstrated in Table IV. For the case where all the photons are in the FCAL (including

the insert) the mass resolution is about 13.7 MeV when the FCAL threshold is 0.1 GeV.

The two-photon invariant mass distribution showing the quality of the ⇡0 reconstruction

under these conditions is shown in Fig. 10. Raising the threshold to 0.5 GeV reduces the

asymmetric shape of the ⇡0 peak; for this case, the resolution of the ⇡0 peak is about 4.6

MeV. The beam energy threshold in the analysis needs to be tuned; we are currently using

a rough range of 8–12 GeV.

IX. BACKGROUND SIMULATIONS

A large source of background comes from ⌘ ! 3⇡0 where two photons are either lost or

nearby clusters are merged together. The leakage into the 4� mass spectrum is small com-

pared to the number of events where all six photons from (two from each ⇡0) are recon-

29

Region of interest 



Tagger Accidental Fraction  
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FIG. 7: The energy balance (missing energy) is plotted in the top panel and the co-planarity

(|�4� � �
p

|) is shown in the bottom panel for the reaction �p ! p⌘, ⌘ ! ⇡0��. The threshold in

the FCAL was 0.1 GeV.
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FWHM~350 MeV

The accidental fraction is defined as the ratio of the multi-hit events over 
the single-hit events, P(N>1)/P(N=1),  per beam bunch  (4ns)  per 350 
MeV in the tagger.

•  Accidental fractions are 
manageable

•  Photon flux on the target is  
doubled from the original 
proposal

 

Eγ 
(GeV) 

γ’s  on tagger 
(Hz) 

γ’s  on target 
(Hz) 

Collimator acceptance 
(%)  

Accidental fraction 
(%)  

8.4-9.0 1.3x108 5.1x107 41 17 
9.0-11.7 2.7x108 4.3x107 16 7.3 



Tagged η and η’ Production Rate  
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η  η’  
Tagged mesons 6.5x107 4.9x107 

JEF for 100 days of beam:

Previous Experiments:
Experiment Total η Total η’  
CB at AGS 107 -

CB MAMI-B 2x107 -

CB MAMI-C 6x107 -

WASA-COSY ~109 -

KLOE 108 5x105

BESIII 106 6x106

JEF offers a competitive η/η’ factory 



Tagged η and η’ Production Rate  

21 

Decays B.R. Physics 
highlight 

π0γγ  <8×10−4  leptophobic B’, 
electrophobic Φ’ 

2π0  <5×10−4  PV, CPV 

3γ  <1.1×10−4  CV, CPV 

π0e+e−  <1.4×10−3  CV, CPV 

ηe+e−  <2.4×10−3  CV, CPV 

γe+e−  (4.73 ± 0.30) × 
10−4 

ChPT,  
dark A’ 

 Some interesting η’ decays:
η  η’  

Tagged mesons 6.5x107 4.9x107 

JEF for 100 days of beam:

Previous Experiments:
Experiment Total η Total η’  
CB at AGS 107 -

CB MAMI-B 2x107 -

CB MAMI-C 6x107 -

WASA-COSY ~109 -

KLOE 108 5x105

BESIII 106 6x106

JEF offers a competitive η/η’ factory 



Ratio of Signal to Background
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FIG. 12: Four photon invariant mass distributions for the signal ⌘ ! ⇡0�� events (blue solid

curves), ⌘ ! 3⇡0 background (dash-dotted curves), and other hadronic backgrounds predicted by

PYTHIA (red dashed curves). The black solid curves correspond to the sum of the signal and

backgrounds. All yields are normalized to 1 day of taking data with GlueX at high luminosity.

(top left) N
�

(insert) > 0; (top right) N
�

(insert) > 1; (bottom left) N
�

(insert) > 2; (bottom

right) N
�

(insert) > 3.

peak (E
�

= 8.4–9.0 GeV) and is 7.3% above the coherent peak (E
�

= 9.0–11.7 GeV).

The backgrounds due to mis-matching of the incident photon are manageable and can be

subtracted by using out-of-time side bands for the data analysis. We will use the beam

energy of 8.4–11.7 GeV for the ⌘(0) decay measurement.
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GlueX 
IV

JEF
PAC42

Eγ  (GeV) 8.4-11.7 9-11.7

PWO insert (m2) 1x1 1.2x1.2

S/N 2.3 3

Reconstruction 
Efficiency (%)

9 18

Flux (107 Hz) 9.4 5

JEF has full capabilities for running concurrently with 
GlueX and any experiments with LH2 target in Hall D

Signal+all backgrounds
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Unique of JEF Experiment 
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JEF: γp→ηp (Eγ=8.4-11.7 GeV)A2 at MAMI: γp→ηp (Eγ=1.5 GeV)
(P.R. C90, 025206)

η →π0π0π0 

1.  Highly suppressed background with:
       a) η/η’ energy boost;  b) FCAL-II; c) exclusive detections 
  

2. Simultaneously  produce η and η’  with similar rates        

3. Capability of running in parallel with GlueX and other experiments
     in Hall D          potential for high statistics 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FIG. 12: Four photon invariant mass distributions for the signal ⌘ ! ⇡0�� events (blue solid

curves), ⌘ ! 3⇡0 background (dash-dotted curves), and other hadronic backgrounds predicted by

PYTHIA (red dashed curves). The black solid curves correspond to the sum of the signal and

backgrounds. All yields are normalized to 1 day of taking data with GlueX at high luminosity.

(top left) N
�

(insert) > 0; (top right) N
�

(insert) > 1; (bottom left) N
�

(insert) > 2; (bottom

right) N
�

(insert) > 3.

peak (E
�

= 8.4–9.0 GeV) and is 7.3% above the coherent peak (E
�

= 9.0–11.7 GeV).

The backgrounds due to mis-matching of the incident photon are manageable and can be

subtracted by using out-of-time side bands for the data analysis. We will use the beam

energy of 8.4–11.7 GeV for the ⌘(0) decay measurement.
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New Equipment: FCAL-II
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Ø  1x1 m2 PWO insert (2464 PWO crystal modules) 
with 12x12 cm2 beam hole

Ø  Similar as the inner part PrimEx HyCal with a
     minor modification for magnetic shielding

Ø  Using the same techniques as the current 
    FCAL for magnetic shielding: 
     Annealed iron, 0.2 mm μ-metal,  and 
     ~2 cm long light guide.

             test shows that the PMT  pulse amplitude 
           dropped <5% when the external B  field 
           up to 76 G 

 Ø  Estimated total cost is ~$4.5 M for detector 
and  ~$1 M for infrastructure

Ø  ~4-5 years for all crystal modules to be 
constructed,  ~1 year for installation

 PWO vs. lead glass

Property Improvement 
factor

Energy σ 2

Position σ 2

Granularity 4

Radiation-
resistance 10

HyCal

FCAL

30 cm

Y

X

FCAL view from downstream looking upstream

30 cm

Y

X

FCAL view from downstream looking upstream

FIG. 4: Hybrid calorimeter in the simulation showing a sample ⌘ ! ⇡0�� event.

a shower threshold of at least 100 MeV). The reconstructed energy balance and co-planarity

between the proton and the four photons from the decay of the ⌘ are shown in Fig. 7.

Events for which |�E| < 0.44 GeV and for which �� is within ±5� of 180� are accepted for

further analysis. Events with showers within the inner “ring” of blocks around the beam

hole were excluded. Most of the photons end up in the FCAL, as shown in Fig. 8. The

showers in the BCAL tend to correspond to lower-energy photons that have poor energy

resolution; some photons head toward the gap between the FCAL and the BCAL where
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Benefits of FCAL-II to Hall D Physics Program
u  Impact on GlueX spectroscopy program:

Ø Better neutral particle identification for PWA. 
Ø More radiation-resistant calorimeter for high intensity runs

 

 

25 

p + γ →  p + X(1400)  
                                  X(1400) → η π0 

ΔE = Eηπ + Ep – mp – Ebeam 

u    Reduce the uncertainty for the  Primakoff experiment on Γ(η→γγ) from 
       3%  to 2%

σ FCAL / σ FCAL II   = 1.5 

σ FCAL / σ FCAL II   ~ 1.6 

Invariant Mass: η → γ γ  

Invariant Mass: π0→ γ γ  

σ FCAL / σ FCAL II   ~ 1.9 



Beam Time Request 
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Run type Beam Time (days)
LH2  Production 100
Empty target and target out 7

Tagger efficiency, TAC runs 3
FCAL-II commissioning 12
Luminosity optimization 8

Total 130

We also consider to run in parallel with GlueX.  If GlueX is extended 
after FCAL-II upgrade (~2023), there could be overlap in the beam time.  



Summary

u  12 GeV tagged photon beam with GlueX setup offers a unique  η/η’ 
factory to test SM and search for new BSM physics, with two orders of 
magnitude in background reduction in the  neutral rare decay modes  
compared to other facilities in the world. 

u  JEF has full capabilities to run concurrently with GlueX

u  Simultaneously measure η/η‘ decays with main physics goals:

Ø  Probe a sub-GeV leptophobic vector B’ and an electrophobic scalar Φ’ 
    through η/η’→π0γγ
Ø  Directly constrain CVPC  new physics via η→3γ and  other C-violating 

η/η’ decays
Ø  Test the role of scalar dynamics in ChPT through η→π0γγ
Ø  Improve the light quark mass ratio via η→3π (which has been taking 

data in parallel to GlueX)

u  Upgraded FCAL-II with PWO insertion will have significant positive 
impact on other experiments in Hall D: GlueX and PrimEx-η
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The End

Thank you!
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Analysis Results from GlueX Data
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Mode BR Reconstruction 
efficiency

Event per 
100 days

η→γγ  
 

0.3941 0.38 1.5x107 

η→π0γγ  
 

2.56x10-4 0.28 (0.09) 6900 (2200) 

η→3π0 0.3268 0.20 6.3x106 

η→3γ  
 

<1.6x10-5 0.34 - 

η’→π0γγ  
 

<8x10-4 0.26  - 

η’→3γ  
 

<1.1x10-4 0.32 - 

Efficiency and Yield  
 



Exclusion plots for Electrophobic Scalar Φ’ 
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Z
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ϵpϵn ð4Þ

for scattering on a nucleus with atomic mass A and atomic
number Z, we separately constrain the coupling of a scalar
to protons and neutrons.
(ii) The known NN charge-independence breaking

scattering length difference, defined as Δa ¼ ā − anp,
with ā≡ ðapp þ annÞ=2. The measured value Δaexp ¼
5.64ð60Þ fm [17] is reproduced by known effects: Δath ¼
5.6ð5Þ fm [18]. The existence of the scalar boson gives an
additional contribution

Δaϕ ¼ āanpM
Z

∞

0
ΔVūunpdr; ð5Þ

where M is the average of the nucleon mass; ΔV ¼
− 1

2 αðϵp − ϵnÞ2e−mϕr=r; uðrÞ is the zero energy 1S0 wave
function, normalized so that uðrÞ → ð1 − r=aÞ as r → ∞.
To avoid spoiling the agreement with experiment, Δaϕ
cannot be greater than 1.6 fm (using 2 SD as allowable).
(iii) The volume term in the semiempirical mass formula

gives the binding energy per nucleon in N ¼ Z infinite
nuclear matter. Scalar boson exchange provides an addi-
tional contribution. Using the Hartree approximation,
accurate if mϕ < 100 MeV) [19,20], we find the average
change in nucleon binding energy in infinite nuclear matter
to be ðδBp þ δBnÞ=2 ¼ ðgp þ gnÞ2ρ=4m2

ϕ, which (with
ρ ≈ 0.08 fm−3) must not exceed 1 MeV to avoid problems
with existing understanding of nuclear physics.
(iv)The difference in the binding energies of 3He and 3H

of 763.76 keV is explained by using the Coulomb inter-
action (693 keV) and charge asymmetry of nuclear forces

(about 68 keV) [21–25]. The contribution to the binding
energy difference from the scalar boson can be estimated by
using the nuclear wave function extracted from elastic
electron-nuclei scattering [22,26–28]. We set constraints by
requiring that this contribution not exceed 30 keV to
maintain the agreement between theory and experiment.
(v) We use the preliminary results on the Lamb shifts in

muonic deuterium and muonic 4He. For μD a discrepancy
similar to that of μH between the charge radius extracted
via the Lamb shift of μD, rμD ¼ 2.1272ð12Þ fm [29] and the
CODATA average from electronic measurements, rD ¼
2.1213ð25Þ fm [3], exists. This could be also be explained
by a scalar coupled to muons that results in a change to the
Lamb shift of δEμD

L ¼ −0.368ð78Þ meV [15,30]. The
similarity of this shift to the one required in μH constrains
the coupling of ϕ to the neutron. For μ4He, the radii
extracted from the muonic Lamb shift measurement, rμ4He ¼
1.677ð1Þ fm [31], and elastic electron scattering, r4He ¼
1.681ð4Þ fm [32], require the change in the Lamb shift due
to ϕ exchange to be compatible with zero, δEμ4Heþ

L ¼
−1.4ð1.5Þ meV [15]. Since these results are preliminary,
we draw constraints at the 3σ level. Using the ratio of
nuclear to hydrogen Lamb shifts for D and He via Eq. (2)
allows us to obtain ϵn=ϵp independently of the value of ϵμ
and ϵp. We expect that publication of the D and 4He data
would provide constraints at the 2σ level, thereby narrow-
ing the allowed region by a factor of about 2=3 and
changing details of the borders of the allowed regions.
Using these observables, constrained by Eqs. (1)–(3), we

limit the ratio of the coupling of ϕ to neutrons and protons,
ϵn=ϵp, as shown in Fig. 2. If the couplings to neutron and
proton are of the same sign, these constraints are quite
strong, driven by the neutron-208Pb scattering limits for
mϕ ≲ 10 MeV and the μ4He measurement for larger
masses. If the couplings are of opposite sign, they interfere

FIG. 1. Exclusion (shaded regions) plot for ϵp. The region
between the black lines is allowed via Eqs. (1)–(3). The dashed
blue and dotted red lines represent the constraints from nucleon
binding energy in infinite nuclear matter and the 3He − 3H
binding energy difference; isolated lines are derived using
ϵn ¼ 0 and the shaded regions are excluded using the constraint
on ϵn=ϵp in Fig. 2.

FIG. 2. Exclusion (shaded regions) plot for ϵn=ϵp. The black,
dashed blue, dotted red, and dotted dashed green lines correspond
to the constraints from n − 208Pb scattering, μD Lamb shift,
μ4Heþ Lamb shift, and NN scattering length difference.
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function, normalized so that uðrÞ → ð1 − r=aÞ as r → ∞.
To avoid spoiling the agreement with experiment, Δaϕ
cannot be greater than 1.6 fm (using 2 SD as allowable).
(iii) The volume term in the semiempirical mass formula

gives the binding energy per nucleon in N ¼ Z infinite
nuclear matter. Scalar boson exchange provides an addi-
tional contribution. Using the Hartree approximation,
accurate if mϕ < 100 MeV) [19,20], we find the average
change in nucleon binding energy in infinite nuclear matter
to be ðδBp þ δBnÞ=2 ¼ ðgp þ gnÞ2ρ=4m2
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(about 68 keV) [21–25]. The contribution to the binding
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using the nuclear wave function extracted from elastic
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requiring that this contribution not exceed 30 keV to
maintain the agreement between theory and experiment.
(v) We use the preliminary results on the Lamb shifts in

muonic deuterium and muonic 4He. For μD a discrepancy
similar to that of μH between the charge radius extracted
via the Lamb shift of μD, rμD ¼ 2.1272ð12Þ fm [29] and the
CODATA average from electronic measurements, rD ¼
2.1213ð25Þ fm [3], exists. This could be also be explained
by a scalar coupled to muons that results in a change to the
Lamb shift of δEμD

L ¼ −0.368ð78Þ meV [15,30]. The
similarity of this shift to the one required in μH constrains
the coupling of ϕ to the neutron. For μ4He, the radii
extracted from the muonic Lamb shift measurement, rμ4He ¼
1.677ð1Þ fm [31], and elastic electron scattering, r4He ¼
1.681ð4Þ fm [32], require the change in the Lamb shift due
to ϕ exchange to be compatible with zero, δEμ4Heþ

L ¼
−1.4ð1.5Þ meV [15]. Since these results are preliminary,
we draw constraints at the 3σ level. Using the ratio of
nuclear to hydrogen Lamb shifts for D and He via Eq. (2)
allows us to obtain ϵn=ϵp independently of the value of ϵμ
and ϵp. We expect that publication of the D and 4He data
would provide constraints at the 2σ level, thereby narrow-
ing the allowed region by a factor of about 2=3 and
changing details of the borders of the allowed regions.
Using these observables, constrained by Eqs. (1)–(3), we

limit the ratio of the coupling of ϕ to neutrons and protons,
ϵn=ϵp, as shown in Fig. 2. If the couplings to neutron and
proton are of the same sign, these constraints are quite
strong, driven by the neutron-208Pb scattering limits for
mϕ ≲ 10 MeV and the μ4He measurement for larger
masses. If the couplings are of opposite sign, they interfere

FIG. 1. Exclusion (shaded regions) plot for ϵp. The region
between the black lines is allowed via Eqs. (1)–(3). The dashed
blue and dotted red lines represent the constraints from nucleon
binding energy in infinite nuclear matter and the 3He − 3H
binding energy difference; isolated lines are derived using
ϵn ¼ 0 and the shaded regions are excluded using the constraint
on ϵn=ϵp in Fig. 2.

FIG. 2. Exclusion (shaded regions) plot for ϵn=ϵp. The black,
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to the constraints from n − 208Pb scattering, μD Lamb shift,
μ4Heþ Lamb shift, and NN scattering length difference.
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destructively, masking the effects of the ϕ and substantially
weakening the limits on the magnitudes of ϵn, ϵp.
For a given value of ϵn=ϵp, we use the shift of the binding

energy in N ¼ Z nuclear matter and the difference in
binding energies of 3H and 3He to constrain ϵp. We show
these bounds in Fig. 1, varying ϵn=ϵp over its allowed range
as a function of mϕ. These measurements limit the mass of
the scalar that simultaneously explains the proton radius
and ðg − 2Þμ discrepancies to 100 keV≲mϕ ≲ 100 MeV.
These limits on the allowed value of mϕ are also indicated
on the plot of the required values of ϵμ in Fig. 3.
We now explore the coupling of the scalar to electrons, of

particular experimental importance because electrons are
readily produced and comparatively simple to detect. The
limits on the coupling ϵe are similar to many that have been
placed on the dark photon in recent years (see, e.g.,
Ref. [33]). Below, we describe the experimental quantities
used to derive limits on the electron-scalar coupling.
Scalar exchange shifts the anomalous magnetic moment

of the electron; see Eq. (1). As emphasized in Ref. [34], the
measurement of ðg − 2Þe is currently used to extract the fine
structure constant. A constraint on ϵe can be derived by
comparing the inferred value of α with a value obtained
from a measurement that isn’t sensitive to the contribution
of the scalar boson. We use the precision study of 87Rb
[35]. Requiring that these two measurements agree implies
that Δae < 1.5 × 10−12 (2 SD).
Bhabha scattering, eþe− → eþe−, can be used to search

for the scalar boson by looking for a resonance due to s-
channel ϕ exchange. Motivated by earlier results from
heavy-ion collisions near the Coulomb barrier, a GSI group
[36] searched for resonances, but none were observed at the
97%C.L. within the experimental sensitivity of 0.5 b eV=sr
(c.m.) for the energy-integrated differential cross section.
The experiment limits jϵej as shown in Fig. 4.

Beam dump experiments have long been used to search
for light, weakly coupled particles that decay to leptons or
photons [33,37,38]. If coupled to electrons, ϕ bosons could
be produced in such experiments and decay to eþe− or γγ
pairs. The production cross section for the scalar boson, not
in the current literature, is discussed in a longer paper [39]
to be presented later. Previous work [37] simplified the
evaluation of this cross section by using the Weizsacker-
Williams (WW) approximation, by making further approx-
imations to the phase space integral, assuming that the mass
of the new particle is much greater than electron mass, and
cannot be used if mϕ < 2me. Our numerical evaluations
[39] do not use these assumptions and thereby allow us to
cover the entire mass range shown in Fig. 4. We find that
the approximations of Ref. [37] have significant errors for
mϕ > 10 MeV. Our analysis uses data from the electron
beam dump experiments E137 [38], E141 [40], and
Orsay [41].
In addition to muonic atoms, scalar exchange will affect

the Lamb shift in ordinary electronic atoms. To set limits on
the coupling, following Refs. [42–44], we require that the
change to the Lamb shift in hydrogen is δEH

L < 14 kHz
[45] (2 SD).
In Fig. 4, we present the constraints on the coupling to

electrons ϵe, as a function of mϕ from these observables. In
addition, we indicate (via two dashed vertical lines) the
allowed mass range for ϕ, taken from Fig. 1.
We label two allowed regions in the ðmϕ; ϵeÞ plane in

Fig. 4: A, where 10MeV≲mϕ≲70MeV, 10−6≲ϵe≲10−3,
and B, where 100 keV≲mϕ ≲ 1 MeV, 10−8 ≲ ϵe ≲ 10−5.
There are a number of planned electron scattering experi-
ments that will be sensitive to scalars with parameters in

FIG. 3. Exclusion (shaded region) plot for ϵμ. The region
between the solid and dashed lines are obtained using ðg − 2Þμ
Eq. (1) with 2 SD. The restrictions on the values of mϕ in Fig. 1
cause the region between the dashed lines to be excluded.

FIG. 4. Exclusion (shaded regions) plot for ϵe. The thick red,
thin blue, thin dashed yellow, and thick dashed green lines
correspond to the constraints from electron anomalous magnetic
moment ðg − 2Þe, beam dump experiments, Bhabha scattering,
and the Lamb shift of hydrogen. The region between the two
vertical gray regions is allowed using the scalar mass range from
Fig. 1. Regions A and B could be covered by the proposed
experiments in Refs. [37] and [10] and the study Ref. [33].
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Detection of Recoil Proton with GlueX
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    Recoil proton kinematics
Ø  Polar angle ~55o-80o

Ø  Momentum ~100-1200 
MeV/c
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FIG. 6: The thrown and reconstructed/accepted proton momentum distribution is shown in the

top panel. The peak at very low momentum is from the Primako↵ events and the hump at 0.4

GeV/c arises from ⇢ and ! Reggeon exchanges. The proton acceptance is shown in the bottom

panel.
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More about  η→π0γγ
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σ=100 MeV

ΔE/Eγ=0.01



A Prime Target: Sub-GeV Mediator
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Puzzles in CCDM:
•  Core-vs-cusp 
•  Too-big-to-fail
•  Missing satellite

mediator mass m! ¼ 10 MeV. The Sommerfeld effect in

the early Universe can lead to an Oð1Þ suppression factor
on "X for mX * 1 TeV, but is negligible for lighter DM.
This is because heavier DM requires a larger "X which
results in a larger enhancement factor on DM annihilation
in the early Universe.

Here, we comment on the dependence of the result
shown in Fig. 8 on m! and Tkd. Since a large mass
hierarchy between mX and m! is required for DM to

have sufficient self-interactions to affect structure forma-
tion when mX * 1 TeV, the mediator is effectively mass-
less for the Sommerfeld enhancement. Thus, the result is
not sensitive to m!. The value of "X can also depend on

Tkd. For a small Tkd, DM particles cool down slowly, which
suppresses the Sommerfeld effect. However, typically, this
dependence is very mild because the DM annihilation rate
becomes much less than the Hubble expansion rate before
the Universe cools to Tkd, even if the annihilation is en-
hanced. In our case, we have checked that "X only changes

by less than 3% when we set Tkd to be 1 GeV. It is worth
noting, however, that Tkd may play an important role in the
resonance regime. It has been shown that DM can recouple
to the thermal bath after freeze-out in the resonance re-
gime, which leads to a negligible relic density [86]. This
chemical recoupling effect only occurs when Tkd is high
and parameters have to be highly fine-tuned to satisfy the
resonance condition exactly. With Tkd ¼ 1 MeV, we have
checked that chemical recoupling does not happen and DM
has the correct relic density in the resonance regime.
In Fig. 9, we show the allowed range of ðmX;m!Þ with

"X fixed by the relic density constraint as shown in Fig. 8.
For the vector mediator case (left), both attractive and
repulsive interactions are present, and we take the average
of attractive and repulsive cross sections. In the scalar
mediator case (right), DM self-interactions are purely at-
tractive. It is clear that the allowed region for solving the
small scale anomalies is still broad even after we impose
the relic density constraint on "X.
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FIG. 8 (color online). The value of "X required to obtain the correct DM relic density as a function of the DM mass mX (solid red)
for the vector (left) and scalar (right) mediators. We also plot the required "X (dashed blue) if the Sommerfeld effect is neglected in the
early Universe. We take the DM kinetic decoupling temperature Tkd ¼ 1 MeV and the mediator mass m! ¼ 10 MeV.
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FIG. 9 (color online). Parameter space for self-interacting DM as in Fig. 6 with "X fixed to obtain the observed relic density via
X !X ! !! annihilation at freeze-out. The left (right) panel shows the vector (scalar) mediator case where annihilation is s-wave
(p-wave). Crosses show benchmark points in Table I. The lines and colored regions are as in Fig. 6.
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Experimental probes for B’-boson
Discovery signals depend on the B mass:
u  the               region is strongly constrained by long-range forces 

search and nuclear scattering experiments.
u   the                     region has been investigated by the collider 

experiments. 
u GeV-scale domain is nearly untouched.
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mB <mπ

mB > 50GeV

 a discovery opportunity hiding in nonperturbative QCD regime!



C Invariance 
 

u  Maximally violated in the 
weak force and is well 
tested. 

u  Assumed in SM for 
electromagnetic and strong 
forces, but it is not 
experimentally well tested 
Current constraint: Λ≥ 1 GeV 

 
u  EDMs place no constraint on 

CVPC in the presence of a 
conspiracy or new symmetry; 
only the  direct searches are 
unambiguous.    

    M. Ramsey-Musolf, phys. Rev., D63, 
076007;  talk at the AFCI workshop  
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TESTS OF DISCRETE SPACE-TIME SYMMETRIESTESTS OF DISCRETE SPACE-TIME SYMMETRIESTESTS OF DISCRETE SPACE-TIME SYMMETRIESTESTS OF DISCRETE SPACE-TIME SYMMETRIES

CHARGE CONJUGATION (C ) INVARIANCECHARGE CONJUGATION (C ) INVARIANCECHARGE CONJUGATION (C ) INVARIANCECHARGE CONJUGATION (C ) INVARIANCE

Γ(π0 → 3γ)/Γtotal <3.1 × 10−8, CL = 90%

η C-nonconserving decay parameters

π+π−π0 left-right asymmetry (0.09+0.11
−0.12) × 10−2

π+π−π0 sextant asymmetry (0.12+0.10
−0.11) × 10−2

π+π−π0 quadrant asymmetry (−0.09 ± 0.09) × 10−2

π+π− γ left-right asymmetry (0.9 ± 0.4) × 10−2

π+π− γ parameter β (D-wave) −0.02 ± 0.07 (S = 1.3)

Γ(η → π0γ)/Γtotal <9 × 10−5, CL = 90%

Γ(η → 2π0γ)/Γtotal <5 × 10−4, CL = 90%

Γ(η → 3π0γ)/Γtotal <6 × 10−5, CL = 90%

Γ(η → 3γ)/Γtotal <1.6 × 10−5, CL = 90%

Γ(η → π0 e+ e−)/Γtotal [a] <4 × 10−5, CL = 90%

Γ(η → π0µ+µ−)/Γtotal [a] <5 × 10−6, CL = 90%

Γ(ω(782) → ηπ0)/Γtotal <2.1 × 10−4, CL = 90%

Γ(ω(782) → 2π0)/Γtotal <2.1 × 10−4, CL = 90%

Γ(ω(782) → 3π0)/Γtotal <2.3 × 10−4, CL = 90%

asymmetry parameter for η′(958) → π+π− γ decay −0.03 ± 0.04

Γ(η′(958) → π0 e+ e−)/Γtotal [a] <1.4 × 10−3, CL = 90%

Γ(η′(958) → ηe+ e−)/Γtotal [a] <2.4 × 10−3, CL = 90%

Γ(η′(958) → 3γ)/Γtotal <1.0 × 10−4, CL = 90%

Γ(η′(958) → µ+µ−π0)/Γtotal [a] <6.0 × 10−5, CL = 90%

Γ(η′(958) → µ+µ− η)/Γtotal [a] <1.5 × 10−5, CL = 90%

Γ(J/ψ(1S) → γγ)/Γtotal <2.7 × 10−7, CL = 90%

Γ(J/ψ(1S) → γφ)/Γtotal <1.4 × 10−6, CL = 90%

PARITY (P) INVARIANCEPARITY (P) INVARIANCEPARITY (P) INVARIANCEPARITY (P) INVARIANCE

e electric dipole moment <0.87 × 10−28 e cm, CL = 90%

µ electric dipole moment (−0.1 ± 0.9) × 10−19 e cm

Re(dτ = τ electric dipole moment) −0.220 to 0.45 × 10−16 e cm, CL = 95%

Γ(η → π+π−)/Γtotal <1.3 × 10−5, CL = 90%

Γ(η → 2π0)/Γtotal <3.5 × 10−4, CL = 90%

Γ(η → 4π0)/Γtotal <6.9 × 10−7, CL = 90%

Γ(η′(958) → π+π−)/Γtotal <6 × 10−5, CL = 90%

Γ(η′(958) → π0π0)/Γtotal <4 × 10−4, CL = 90%

HTTP://PDG.LBL.GOV Page 1 Created: 10/3/2016 15:03

PDG 2017 

η decays 

η' decays 
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Projected JEF Results on η→π0γγ

A2 at MAMI       P.R. C90, 025206

100 days’ beam

31

FIG. 10: Predicted two-photon invariant mass distribution from η → π02γ [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 VI B 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− → ηπ0 amplitude by its lowest order.)

resulting spectrum for dΓ/dMγγ 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 πη 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 η → π0γγ [81], and give deep insight into the role of meson resonances

in high order ChPT.

Finally, the η → π0γγ 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 KL → π0l+l−. There

is a significant SM CP-conserving background from KL → π0γγ → π0l+l− due to re-scattering
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Projected JEF Result
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Experimental Measurements of 𝜂→3π  

Exp. 3π0 Events 
(106)

π+ π- π0 

Events 
(106)

Total world data
(include prel. WASA 

and prel. KLOE)

6.5 6.0

GlueX+PrimEx-
η+JEF

20 19.6

u  Existing data from the low energy
    facilities are sensitive to the detection 
    threshold effect
 
u   JEF at high energy has uniform detection 
      efficiency over Dalitz phase space

u  JEF will offer large statistics and improved 
systematics

KLOE
JHEP 0805 (2008) 0066

GlueX



                            Physics Impact  𝜂→3π Measurement

u   A clean probe for quark mass ratio:

Ø  decays through isospin violation:
Ø        is small 
Ø  Amplitude:

u Uncertainties in quark mass ratio (E. Passemar, talk at AFCI workshop )
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Q2 =
ms
2 −
m2

md
2 −mu

2

αem

A = (mu −md )A1 +αemA2

Γη→3πDalitz  

m̂ =
mu +md
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FCAL vs. FCAL-II
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PrimEx HyCal 

 FCAL-II (PWO) vs. FCAL (Pb glass)

Property Improvement 
factor

Energy σ 2
Position σ 2
Granularity 4
Radiation-
resistance 10

S/N Ratio vs. Calorimeter Types 
signal:              ,   background:                      γγπη 0→ 03πη →

FCAL-II (PWO)

FCAL  (Pb glass)

S/N=10

S/N=0.1



Optimization of PWO Insert Size
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FIG. 3: Figure-of-merit for optimization of insert size.
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other sources of background will have flat distributions in the signal window. Therefore, we

use this background channel to optimize the size for the insertion while maintaining a similar

experimental sensitivity as projected in the original proposal. We define a figure-of-merit

given by

FOM =
N(⌘ ! ⇡0��)
q
N

b

(⌘ ! 3⇡0)
. (1)

The figure-of-merit as function of the size of the insert is shown in Fig. 3. We found that we

can obtain the same figure-of-merit we obtained for the original 1.2⇥1.2 m2 profile presented

in PR12-14-004 [1] for an insert with a 1⇥1 m2 profile if we veto events with showers in the

BCAL with energies more than 30 MeV.

A. Update on FCAL-II, cost, and manpower

As discussed above, using BCAL as a veto detector will e↵ectively help us to improve the

signal-to-noise ratio. In order to optimize the cost and the experimental Figure-Of-Merit

(FOM), we modified the size of the PWO crystal insertion from 1.2 ⇥ 1.2 m2 described in

the original proposal [1] to a smaller size 1 ⇥ 1 m2 in this updated version. Therefore, the

number of the crystal modules required for FCAL-II will be 2464 instead of 3445 as stated

in the original proposal, which will save about 30% in cost and manpower for the detector

development. On the other hand, the cost of PWO crystal has increased significantly over

the past several years ($790 per crystal module compared to $250 quoted in the original

proposal [1]). An update on the crystal insertion cost is summarized in Table II. We expect

that the infrastructure costs (such as support structure, cables and panels) will be provided

by JLab so that these items are not included in this estimate.

As pointed out in our original proposal [1], FCAL-II is similar to a larger version of the state-

of-the-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.
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Magnetic Shield Test Result
•  A Hamamatsu R4125HA PMT 

wrapped with two layers of 0.1mm 
thick μ-metal 

•  Helmholtz coils to produce B field 
along the axis of PMT up to 76.5 G

•  PMT was placed inside of the inner 
hole (Φ=20.5 mm)  of a rectangular 
soft iron and was ~16 mm receding 
from the  entrance of the hole.  

 
 

The graph shows the comparison of the PMT signal 
amplitude at both 0 Gauss and 76.5 Gauss the percent 

difference in this graph is an average of 9.0 ±4.3
7.2 % and a 

minimum of 4.7%.  

Blue: B=0 
Red: B=76.5 G 
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Initial Testing 

• Initial testing showed that the 
PMT was severely effected by 
the magnetic field and it was 
effectively disabled at 20 
Gauss.  Cylindrical shielding 
was initially used, and after a 
rectangular shield was 
machined. 
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Blue: Unshielded 
Red: Shielded 



Magnetic Shield Continue 
 
•  Our recent test result looks encouraging.

•  A full calorimeter assembly with a soft iron array will
     further improve the effect on the  magnetic field 
     shielding.

•  Double-layer shield (the outer soft iron and the inner  μ-Metal) was used for 
the Lead glass counter (4x4x45 cm3) in the current FCAL. It was proving to 
work for magnetic field up to 200 G.

•  The same technique is planned for future PWO counter (2x2x18 cm3):  
annealed soft iron,  μ-metal,  and ~2 cm long light guide between PMT and 
crystal. It should provide sufficient shielding for PMTs under the 
environment of the maximum field of GlueX solenoid magnet. 

 



Estimated Cost for FCAL-II 
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Item Channels Unit Cost Cost

PWO crystal 2464 $790 $1.95M

PMT+base+house 2464 $450 $1.11M

Flash ADC 2464-616=1848 $378 $0.70M

HV 2464 $300 $0.74M

Total $4.50M

TABLE II: The estimated cost for FCAL-II. Note: About 616 lead glass modules in the existing

FCAL will be replaced by the PWO counters. The flash ADCs for these lead glass detectors will

be recycled for use with the PWO counters.

The estimated total cost for 2464 PWO crystal modules, including the crystal, PMT/base,

flash ADC and HV, is about $4.5M. Our Chinese collaborators, leading by prof. X. Chen,

will apply for funds (⇠ $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 program (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. The other co-spokespersons are JLab sta↵ members

and will help coordinate design and construction. We would like the power supplies, cabling,

possibly the Flash ADCs, and other readout support to come from JLab. We will need design

and engineering support for infrastructure (e.g. frame, support structure, cooling system,

etc.), as well as support from the Physics Division electronics group in designing low power

PMT bases.

This experiment has the potential to add new manpower to the Hall-D e↵ort, in particular

from groups that historically had little activity at Je↵erson Lab. During the detector de-

velopment and construction period, the Chinese team will be responsible for procuring and

testing the PWO 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.

25



Estimated Cost for FCAL-II Infrastructure
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Items Cost ($)

Frame 300k

7 VXS crates with server 300K

1848 signal & HV cables 300K

FCAL platform modification 100k

Total 1M



Estimated Schedule for FCAL-II Installation  
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Activities time (month)

Disconnect cables, disassemble FCAL and inspect lead glass counters 2

Install additional 2000 channels of cable and electronics 1

Stack FCAL-II counters, refurbish some bad lead glass counters 6

Connect cables, monitoring system, cooling system 1

Final check-out 2

Total 12

TABLE III: The estimated schedule for FCAL-II installation in Hall D.

VIII. SIMULATION OF THE ⌘ ! ⇡0�� SIGNAL

The geometry for a 1⇥ 1 m2 insert within the FCAL was implemented into the simulation

of the GlueX detector; a visual representation of a single 4� event is shown in Fig. 4. Signal

events for the reaction �p ! p⌘ were produced using a generator based on a Reggeon-

exchange model by Laget [71], which also includes Primako↵ production. We used phase

space for the decay of the ⌘. We modeled the running conditions for GlueX Phase-IV

(see Table VI in [2]). The incident beam photons were generated according to a coherent

bremsstrahlung spectrum with the coherent peak at 9 GeV and an endpoint energy of 12

GeV; the spectrum is shown in Fig. 5. We assumed that the lower-photon-energy part of the

tagger for high-intensity running would be turned o↵ and applied a minimum beam energy

of 6 GeV. The generated events were passed through a full Geant3-based Monte Carlo of the

GlueX detector, including the material and geometry for the insert. The material for the

DIRC was also included. The proton tracks mostly head into the CDC but must first pass

through the target matter, the target scattering chamber (composed of low-density foam)

and the start counter; this leads to an e↵ective cut-o↵ in the proton momentum at about

250 MeV/c. Protons are identified via a combination of energy loss in the chambers and

time-of-flight to the Barrel Calorimeter. The acceptance for the proton is shown in Fig 6.

The e�ciency rises sharply from the threshold of about 250 MeV/c and exceeds 95% above

about 350 MeV/c. The overall e�ciency for proton detection is about 67%. Photons were

reconstructed in the BCAL (with a shower threshold of 30 MeV) and the hybrid FCAL (with
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Filter Background with η Energy Boost (η→π0γγ) 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   Major Background
Ø  η →π0π0π0→6γ
Ø  π-p→ π0π0 + neutron

GAMS Experiment
   π-p→η p  ( Eπ= 30 GeV )

Jlab: γp→ηp (Eγ = 9-11.7 GeV)
CB-AGS Experiment
 π-p→η p (Eπ=730 MeV)

η →π0π0π0 



  Invariant Mass: η → γ γ  
All reconstructed η  γ γ in FCAL 

γ γ in FCAL and  
        BCAL 

γ γ in BCAL 

σ FCAL / σ FCAL II   ~ 1.3 σ FCAL / σ FCAL II   ~ 1.6 

σ FCAL / σ FCAL II   ~ 1.2 
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  Invariant Mass: π0→ γ γ  

σ FCAL / σ FCAL II   ~ 1.6 σ FCAL / σ FCAL II   ~ 1.9 

σ FCAL / σ FCAL II   ~ 1.1 

All reconstructed π0  γ γ in FCAL 

γ γ in FCAL and  
        BCAL γ γ in BCAL 
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p + γ →  p + X(1400), X(1400) → η π0 

 
                       

π0 η 
FCAL FCAL 

II 
FCAL FCAL 

II 
Overall  γγ  mass resolution, MeV 6.6 4.1 22.3 17 

Both photons in Forward Calorimeter 

Fraction of events 52 % 32 % 

γγ mass resolution, MeV 6.2 3.2 19 12 

One photon in  Forward Calorimeter and one in  BCAL 

Fraction of events 19.8 % 55 % 

γγ mass resolution, MeV 7.0 6.2 22.9 19.5 
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