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What and Where is Jlab? 
 Jefferson Laboratory is a multi-GeV electron accelerator  

located in Newport News, Virginia, USA.         

Exploiting the intensity and precision frontiers  
with state-of-the-art spectrometers and targets 

has made JLab a productive facility.  3 



The completion of the  

12 GeV Upgrade of CEBAF 

was ranked the highest 

priority in the 2007  

Nuclear Sciences Advisory 

Committee (NSAC)  

Long Range Plan. 

Jefferson Laboratory 
12 GeV Upgrade Project 

Scope of the project includes:  

• Doubling the accelerator beam energy 

• New experimental Hall and beamline 

• Upgrades to existing Experimental Halls 

$338M DOE project (FY09-17) 

Currently ~91% complete 

Beam Commissioning in progress 

 

Maintain capability to 

deliver lower pass beam 

energies: 2.2, 4.4, 6.6…. 

New Hall 

Add arc 

Enhanced capabilities 

in existing Halls 

Add 5 

cryomodules 

Add 5 

cryomodules 

20 cryomodules 

20 cryomodules 

Upgrade arc magnets  

and supplies 

CHL 

upgrade 

Jlab has a 1 Mwatt electron beam accelerator. 
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The well understood interactions of 
point-like electrons (QED)  make 

them ideal for studying charge and 
magnetization distributions of 

hadrons and nuclei. 
 
 
 
 
 
 
 

Single photon exchange 
 

The wavelength and energy transfer 
of the virtual photon can be varied. 

 
q2 = (e-e’)2 = -4EeEe’sin2(θ/2) 
 
ν = Ee - Ee’ 

Interactions of Electrons 

Because of the different isospin 
coupling of the γ and Z0,  parity 

violating electron scattering provides 
an additional window on flavor 
(strange quark form factors,  

neutron radius of Pb, etc.) 
 
 

 
 
 
 

Single Z exchange 
 

Precision measurements of the weak 
charges of the e and p access 

potential new physics at TeV-scales.  

And we can make photon beams! 
But electron facilities have no beams of  

neutrinos, muons, neutrons, nor ions. 5 



Hall D – exploring origin of confinement  

by studying exotic mesons 

Hall B – understanding nucleon structure  

via generalized parton distributions 

Hall C – precision determination 

of  valence quark properties 

 in nucleons and nuclei 

  

Hall A –form factors 

See J. Gilfoyle talk http://hadron2014.csp.escience.cn/dct/page/65580 

 JLab Scientific Capabilities and Status April 2015 

commissioning 

Still under construction 

Still under construction 

Now running experiments 6 

http://hadron2014.csp.escience.cn/dct/page/65580


Additional Experimental Equipment for Hall A 
(non-12 GeV Project Funding Required)  

 
•  Super Big-Bite Spectrometer 
    (under construction) 
 -    High Q2 form factors  
 -    Semi-inclusive DIS 
 

•  MOLLER e+e PV experiment  
    (requesting funding FY17-19?) 

 -    sin2θW measurement 
 -    Standard Model Test 
 -    Successful Science Review 

 
•  SoLID  

- Semi-inclusive DIS 
- Parity-violating DIS 
- Chinese collaboration 
- CLEO Solenoid 
- Recent Director’s Review 
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The Jlab Program is Broad 
 

(Time to Focus Hall D!) 
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New features for the field of meson spectroscopy: 
• Intense beam of 3-12 GeV photons of known energy  
• High linear polarization in the coherent peak near 9 GeV. 

Sparse bubble chamber data from SLAC are all that exist for photons of this energy.!  9 



• Bremsstrahlung beam photons are produced by a  
  12 GeV electron beam incident on a  20 m thick    
  diamond crystal      (Tagger Area) 

• Pass bremsstrahlung photons through the collimator 
   - increase the fraction of  linearly polarized photons   
   - main coherent bremsstrahlung peak is 8.4<E<9.0 GeV. 
     Photon flux 108 /sec in the peak   (Collimator CAVE) 

e- 

75 m 

Tagger Area 

Electron beam dump 

Coherent Bremsstrahlung 
photon beam 

Collimator Cave 

Photon 
Beam dump Radiator 

Experimental 
Hall D 

GlueX detector 

collimated 

before collimator   Photon 
 Spectrum 

     40 % 
polarization 

GeV 

fl
u

x 

Photon Beam for Hall-D 

                                                                                                                                                                                                 7 



JPC’s of Quark-Gluon Hybrid Mesons 

Quarks 
Excited  

Gluon Field 
Hybrid Meson 
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Exotic 

Gluonic excitation (and parallel quark spins) lead to exotic JPC 
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Progression of GlueX Program 

Once we are calibrated: 
Hall D/GlueX  begins a search for 

heavy (~1.5-2.5 GeV/c2)  
gluon-quark hybrid mesons 
predicted to exist but not 

definitively observed. 
 

 These broad states overlap with 
stronger, known states. But  
the use of linearly polarized, 

~9 GeV photons should optimize 
the chance for discovery. 

Ongoing! 
These meson decays are useful  

for calibration. 
 

ρ π+π- 
 

 π0  2γ , etc 
 

Given a large quantity of such mesons 
produced with low backgrounds,  

they can also be used for  
precision decay studies  
(the focus of this talk).  See Jlab proposal http://argus.phys.uregina.ca/cgi-

bin/public/DocDB/ShowDocument?docid=1226 12 

http://argus.phys.uregina.ca/cgi-bin/public/DocDB/ShowDocument?docid=1226
http://argus.phys.uregina.ca/cgi-bin/public/DocDB/ShowDocument?docid=1226
http://argus.phys.uregina.ca/cgi-bin/public/DocDB/ShowDocument?docid=1226


Done! 

Soon! Beam energy presently 5.5 GeV 
due to refrigerator issues.   
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Even the Core Hall D Program is Broad  
(Time to Focus on Eta Meson Decays!) 

14 



Building an η Factory 
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Why Eta Meson Decays? 
 (henceforth η) 

• Due to its quantum numbers ( IG = 0+ ,JPC = 0-+ ) and light mass,  
the η(548) must violate  isospin-conservation when it decays. 
 
• It is straightforward to produce η mesons in quantity in Hall D (~20% of the 

π0 rate)  making measurements with statistical precision < 0.1% possible. 
 

• The η intrinsic peak width is only 0.0013 MeV, so it appears as a narrow, 
instrument-limited peak above background. 

 
       From the uncertainty relation, ΔEΔt ≥ hbar/2, the lifetime of the η is 4 orders of 
magnitude longer than that of the ω(770)!   
  
 

These features make the η a natural laboratory for  
 

1) precision studies of isospin violation, and 
 

2) searches for rare processes  
 

which might otherwise be swamped by strong decay backgrounds.  
16 



Forward η Photo-production 

η 

p 

Hall D, a high energy photon beam facility designed to efficiently produce 
~1.5-2.5 GeV/c2 mesons by t-channel exchange,  is also a factory for light 
mesons!  
 
While the GlueX detector was not optimized for fast, light mesons near 0°, 
the acceptance is respectable for most η(548)  decay branches.  

γ, ρ, ω 

17 



Yield vs –t or θLAB 

• Photon-photon fusion is only O(1)% of the 
integral forward production.    

(Ma Lingling’s thesis project.) 
 

• The yield peaks at –t ~ 0.3 (or 3 degrees).  
(Beam hole is 1 degree radius.) 
 

• The yield has a long tail, but the majority 
of forward production is below –t ~ 1 GeV2 
(or 7 degrees).  
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Xsect or Yield vs ThetaLab 
Eγ = 8.5 GeV 

dsigma/domega 

2pi*sin(theta)*dsigma/dOmega*scalefactor 

S. Taylor. 
Modeling Eta and Eta’ Cross Sections, 
Feb 10, 2014, JEF tech note.  
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Forward η Photo-production Rates 

23 24 20.0708 30
6.022 10 1.28 10  p/cm

1
p A

L
N N

A

 
     

• and the +p→η+p cross section ~70 nb (θη=1-6o). 

 

• and the tagged photon intensity is Nγ~4x107 Hz  (for Eγ~9-11.7 GeV). 
 

7 24 33

5

4 10 1.28 10 70 10

3.6 Hz

 3.1 10  ( 's/day)

pN N N  



      



 

For reference: 
KLOE-I η production was ~1 Hz. 

• For an LH2 target length 30 cm,  ρ = 0.0708 g/cm3  

 
 
 
 

Hall D is an η 
factory! 
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Light Meson Program Facts of Life 

   A light meson program with GlueX base equipment has the advantage of big signals 
with 0.1%-1% of the total hadronic xsect. 
 
    However,  the decay products are boosted to small angles and high energies  
where solenoid momentum resolutions are modest.   

  

D. Lawrence, et. al, Track Fitting in GlueX: Development Report IV.   
Technical report, GlueX  Document, 2008. GlueX -doc-1004. 

Note that 2% of 10 GeV is 
more than enough energy 

to make an extra  π0.  
 

Good calibrations, recoil 
proton detection, and 
kinematic fitting are 

essential.  

20 



The Common η Decay Modes 

Final State Branching Ratio 
(decreasing order) 

Physics 
Interest 

2γ 0.39 η, η’, π0 mixing, 
normalization for mu – md 

3π0 0.33 mu – md 

π+π-π0 0.23 mu – md 

π+π-γ 0.046 

Particle Data Group 2012 

The light blue sliver 
represents BR = 0.7%.  
All other η rare decays  

would be invisible on 
this pie chart.  

21 

A new program should 
start with common decays.  



Physics with η Decays 
common modes with base equipment,  

rare decays with a PWO upgrade 

22 



The Standard Model 
(a great achievement, but not yet a theory of everything) 

Too many free parameters (masses, mixing angles, etc.). 

No explanation for the 3 generations of leptons, etc.  

Not enough CP violation to get from the Big Bang to today’s world 

No gravity. (dominates dynamics at planetary scales)  

No dark matter. (essential for understanding galactic-scale dynamics) 

No dark energy. (essential for understanding expansion of the universe) 

+gravity 

+dark matter 

+dark energy 

 What we call the SM must 
only be part of a larger 

model.       

Searching for physics beyond the 
SM is well motivated and important. 

23 



BSM physics with the Common Decay ηπ+π-π0  
 

searches for new sources of C and CP violation 
 

24 



Charge Conjugation and Parity Symmetries 
(assuming CPT) 

P P 

C C, P, CP 
Strong, EM   

  
 
 
 

 

C, P, CP 
Weak (loop-level) 

 
  

C C, P, CP 
Weak (loop-level) 

 
  

C, P, CP 
Weak 
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Charge Conjugation and Parity Symmetries 
(assuming CPT) 

P P 

C C, P, CP 
Strong, EM   

 
Big SM background  

(one does a “bump hunt”) 

 

C, P, CP 
Weak (loop-level) 

 
  

C C, P, CP 
Weak (loop-level) 

 
  

C, P, CP 
Weak 
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Charge Conjugation and Parity Symmetries 
(assuming CPT) 

P P 

C C, P, CP 
Strong, EM   

 
Big SM background  

(one does a “bump hunt”) 

 

C, P, CP 
Weak (loop-level) 

 
  
  

C C, P, CP 
Weak (loop-level) 

 
  

C, P, CP 
Weak 

 
Big SM background 

(one does a “precision EW test”) 

 

27 



Charge Conjugation and Parity Symmetries 
(assuming CPT) 

P P 

C C, P, CP 
Strong, EM   

 
Big SM background  

(one does a “bump hunt”) 

 

C, P, CP 
Weak (loop-level) 

 
Small SM background 

(one does an EDM search)  
  

C C, P, CP 
Weak (loop-level) 

  

C, P, CP 
Weak 

 
Big SM background 

(one does a “precision EW test”) 
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Charge Conjugation and Parity Symmetries 
(assuming CPT) 

P P 

C C, P, CP 
Strong, EM   

 
Big SM background  

(one does a “bump hunt”) 

 

C, P, CP 
Weak (loop-level) 

 
Small SM background 

(one does an EDM search)  
  

C C, P, CP 
Weak (loop-level) 

 
Small SM background.  

(less constrained by EDM  
Searches)  

C, P, CP 
Weak 

 
Big SM background 

(one does a “precision EW test”) 
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 C Violation and 𝜂π+π-π0 

Figure from M. Amaryan,  
Future Directions in Spectroscopy Analysis 

    After acceptance and phase space 
corrections, the data can be expanded about 
(X,Y) = 0,0 in a polynomial series.  
 
 
     If the physics were symmetric wrt 
exchange of π+

π-, the coefficients for 
terms containing X1, XY, X3, etc. would vanish. 
 
 
    Terms like X1, XY, X3, etc. thus constrain C 
violation.  

See S. Gardner, New CP tests in Low Energy QCD,  
http://www.physics.umass.edu/acfi/seminars-and- 
workshops/hadronic-probes-of-fundamental-
symmetries 
 

Charge conjugation symmetry ( C ) holds if matter and antimatter  
feel exactly the same forces.  

Subtle asymmetries in the η3π distribution would indicate C violation.  

30 
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Current Limits on C Violation in η  π+π-π0 
 
 

 The most precise published  
results are from KLOE using  
1.3x106 events and consistent  
with zero. 

JHEP 0805:006,2008 
http://arxiv.org/abs/0801.2642  

Asymmetry Result +- Stat. Error 
(%) 

Systematic Error  
(%) 

ALeftRight 
ΔI = ambiguous 

+0.09  ± 0.10 +0.09−0.14 

Aquadrant 
ΔI = 2 

−0.05  ± 0.10   +0.03−0.05 

Asextant 
ΔI = 1 

+0.08  ± 0.10   +0.08−0.13 

Figure from M. Zielinski, thesis 
http://arxiv.org/abs/1301.0098 

From the Dalitz distribution, 
one can define various C 
violating asymmetries.  

31 

Current limits for this amplitude 
are at the 0.1% level by KLOE-I. 



JEF Systematics Potential: 𝜂→3π acceptance  

GlueX 

KLOE 
JHEP 0805 (2008) 006 

Q

TT
X   3

Dalitz plot variables 

1
3 0 

Q

T
Y 022  mmmQn  
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High Statistics η  π+π-π0 Datasets  
 
 Experiment Number of 

Events 

KLOE 
(published) 

1.3 x 106 

KLOE  
(under analysis [130]) 

4.5 x 106 

Hall D projection 
(JEF proposal) 

 

16.5 x 106 
https://cnidlamp.jlab.org/RareEtaDecay/JDocDB/node/40) 
 

JHEP 0805:006,2008 
http://arxiv.org/abs/0801.2642 

  

This reaction was extensively reviewed at the Fall 2014 MesonNet conference  by  
Li Paula Caldeira Balkestahl (Uppsala University) and others  
https://agenda.infn.it/conferenceOtherViews.py?view=standard&confId=8209 
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 The Glorious Complexity of the SM 

 Science isn’t all about looking for fundamental new forces. Many non-obvious and  
fascinating complex phenomena result from interactions we supposedly understand:  
• Life and evolution,  
• superconductivity,  
• the braiding and spokes of Saturn’s rings,  
• Non-perturbative QCD (the baryon spectrum, Ay in p+3He scattering, large PV in Σ+

p + γ, etc.) 

Surprisingly, BSM searches can be compatible with studies of complexity.  
During our Q-weak experiment (Jlab’s first large SM test) it was clear that an experiment with 
sufficient figure of merit to challenge the SM can precisely address non-perturbative QCD 
questions as well.   

That is also true of the eta decay program I’ll discuss today.  

34 



SM physics with the Common Decay η 3π: 
  

the light quark mass ratio 

35 



The Light Quark Masses and η3π 
The masses of quarks are basic input parameters of the Standard Model/QCD.  
 

But how to determine the masses if we cannot isolate quarks? 
 
From the QCD Lagrangian, isospin violation is proportional to mu – md.    
 
A precise measurement of a well-understood, isospin-violating reaction could thus 
determine mu – md  since the amplitude would be 

My theory slides are based  heavily on  E. Passemar,  
http://www.physics.umass.edu/acfi/seminars-and-workshops/hadronic-probes-of-fundamental-symmetries 

Thus η3π may be the best way to constrain the light quark masses 
and the source term for isospin violation,  mu – md  . 

The decay η3π   
1. proceeds through isospin violation,  
2. the A1 can be accurately determined from other sources, and  
3. the EM contributions are very small.  

36 
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The Quark Mass Ratio 

   In practice, one works not with  
    mu – md but with the quantity  

so that an O(mq) correction can be cancelled.   

However, this determination based on particle masses has  
non-cancelling, model-dependent EM corrections of scale e2ms. 

Thus the motivation for a method like η3π . 

 Worst notation ever? 
This has nothing to do 

with momentum  transfer! 

37 

<m> = ( mu + md )/2  

Decades ago, it was shown how to estimate Q2  from the π±,0 and k ±,0 masses:  



Dispersion Analysis of η3π 

Writing the amplitude in terms of Q2: 

The fit to KLOE-I data reduced the assigned 
error on Q but moved the central value ~5%, 
almost twice its original error bar.  
 
. 

38 

•The M(s,t,u) must come from theory. 
 

•Theory must describe the Dalitz plot. 
 

•ChPT was poorly convergent, which  
motivated Colangelo et al. to use 
dispersion theory.  
 
 
 
 



How ηπ+π-π0 in Hall D Will Reduce  
Uncertainty on the Quark Mass Ratio 

Dalitz 
plot  

 Preliminary error pie chart  
for dispersion analysis: 

39 

Dalitz plot coefficients  
 

   As a by-product of our precision C violation 
search, improve determination of the Dalitz 
plot “shape parameters” . 

 
   Systematics are probably more important 

than statistics here. The GlueX acceptance is 
quite flat. 

 
 

Γ(η3π)  
 

   Not just the shapes, but the absolute decay 
width is critical.  
 
   Improved η2γ measurements  from the 
PrimEx program will reduce the uncertainty on 
this normalization  reaction.   

Γ(η3π) 



BSM physics with the Rare Decay η ”4γ”: 
  

Searching for the Dark (or Hidden) Sector 
Particles with η  γ + B 

40 



But could be due to a neutron  
star hiding nearby … 

Pretty exciting motivation …  
5 years ago. Searches have 
recently excluded most of the 
relevant parameter space. 

41 



Galactic Dynamics Says Dark Matter Exists 
But What the Heck Is It? 

Rotation curves of spiral galaxies. 

Many direct searches for dark 

matter interacting with sensitive 

detectors (hints, no established 
signal yet…) 

42 



Searches for Dark B Boson in ηγ+B4γ 
 

Dark electron-loving photon A’ 
Kinetic mixing with EM interaction   

Dark electron-phobic B boson 
Gauged baryon symmetry   

A.E. Nelson, N. Tetradis, Phys. Lett., B221, 80 (1989) 

The GeV-mass domain is not well constrained.  
Features theorists appreciate: 
 
• explanation for stability of dark matter 
• unified genesis of baryonic and dark matter  
• natural framework for “Strong CP problem”  

Searches for the A’ have used A’  e+e- .  
 
Detection of e+e- is straightforward.  
 
    The potential phase space for such an 
electron loving particle has been dramatically 
reduced in the last half decade.  

Sean Tulin  MesonNet14 talk 

Ifdark matter exists, how can we study it in the lab?  
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B-boson Decay Products 
 
 

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

  

 

  

B0 for 140-600 MeV range 
 
B π+π-π0 for 600-900 MeV range.  

Early workers thought decay 
of the B would be swamped by 
ρππ. 
 
Tulin realized that the 2π 
decay of the B is suppressed 
by isospin conservation.  
 
The B has the quantum 
numbers of the ω, so is also 
called a “dark omega”. 
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JEF Projected Constraints  from B(0)  

With the calorimeter 
upgrade:  

 

• The SM background is 
very small in the 
ηπ02γ channel 
(Γ~0.3eV). 

 

(bump hunt in Dalitz plot)  

 

• η decay would provide  
stringent constraints in 
the 140-550 MeV range. 

 

• Indirectly sensitive to 
TeV-scale physics: a 
positive signal would 
imply a new fermion with 
a mass  up to a few TeV 
due to electro-weak 
anomaly cancellation. 
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SM physics with the Rare Decay η ”4γ”: 
  

beyond VMD – axial meson contributions to the 
decay η π02γ 

46 



Impact  of 0 measurements on ChPT 

47 

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

ρ, ω 
a0, a2 

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

 Unique probe for the high order ChPT: the major contributions to  →0 are  
      two O(p6)  counter-terms in the chiral Lagrangian  

  Study contribution of scalar resonances in calculation of O(p6) LECs in the  
     chiral Lagrangian  

Higher order LEC’s are dominated  
by resonances  
Gasser, Leutwyler 84; Ecler, Gasser, Pich, de 
Rafael1989; Donoghue, Ramirez, Valencia 1989 

  



η→0:  Partial Decay Width  

0.33 0.08

Experiments After 1980 

PTh by Oset  et al., Phys. Rev. D77, 07300  (2008) 
                                                   arXiv:08801 (2013) 
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Prakhov  et al., Phys. Rev. C78, 015206 (2008) 

 η→0:  Dalitz Distribution 

Projected JEF 

CB-AGS 

A2 at MAMI arXiv:1405.4904, 2014 
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The Upgrade Needed for η”4γ” 
Channels to Search for Dark B Boson and  

Axial Meson Contributions   

50 



The “Missing Photon” Problem in  
All-Neutral Rare Decays of the Eta 

The eta has a big decay branch to η3π0
6γ.  

 
Photons can become “missing” due to  
 

•going down the beam-pipe, thus becoming truly lost, 
 

or only apparently becoming lost due to   
 

•falling below energy threshold, or  
 

•the merging of photon  showers in the EM calorimeter.  
 

Rare, all-neutral decays of the eta to 4-5 photons  
are usually severely impacted by this. 

 

Eg: possible ηγ+B4γ from previous slides. 
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Calorimeter Upgrade: FCAL  FCAL-II 

 FCAL-II (PbWO4) vs. FCAL (Pb glass) 

Property Improvement 
factor 

Energy σ 2 

Position σ 2 

Granularity 4 

Radiation-
resistance 

 
10 

 Mass(4γ) Signal/Bkg comparison 
(signal is ηπ02γ, background is η3π0 ) 

FCAL-II (PbWO4) 

FCAL  (Pb glass) 

FCAL-II  

(PWO insert) 

S/Bkg = 10 

FCAL  

(Pb Glass) 

S/Bkg = 0.1 

Add PWO insert to existing FCAL : 
 
• 118x118 cm2  (3445 PWO modules) 

 
• 2cm x 2cm x 18cm per module  

See Jlab proposal 
https://cnidlamp.jlab.org/RareEtaDecay/JDocDB/node/40 
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https://cnidlamp.jlab.org/RareEtaDecay/JDocDB/node/40
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Hall D Commissioning Status 
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GlueX Detector   

Simon Taylor, HDlog 3309416 55 



Fall 2014 Commissioning 
CH2 target/ 10 GeV / 1200 Amps 

 
 ρ  π+π- is useful for checking charged particle reconstruction.   
 
 

Data figures by J. Stevens 
56 



Fall 2014 Commissioning 
CH2 target/ 10 GeV / 1200 Amps 

Data figures by J. Stevens 

Completed calibrations 
and recoil proton 

detection will result in 
much cleaner ω peak. 
See simulation inset.) 

Simulated  
ω peak 

57 

ω π+π- π0  combines charged  particle and photon reconstruction.  
Calibrations are incomplete for the 1000’s  

of EM calorimeter channels needed to reconstruct π0
2γ.  



Ongoing Spring 2015 Commissioning 
LH2 Target/ 11 GeV  5.5 GeV / 1300 Amps 

A problem in the South Linac refrigerator means Spring 
2015 running will be at ½ full energy.  

 
 
All of the Spring run priorities can still be carried out: 
 
• Commission the 30cm LH2 target.  

 
• Take more π0

2γ events for calibration.  
 

• Data acquisition to > 10 KHz event rate with <20% 
dead-time. 
 

• Run the solenoid at 1300 Amps for better resolution. 
 

• Commission a diamond radiator.  
 

With completed calibrations and recoil 
proton detection, some of us look forward 

to seeing our first eta mesons! 
(Simulations below by R. Mitchell.) 

ω 

η φ 

η 

58 



Summary and Outlook 

 
• The GlueX experiment in Jefferson Lab’s Hall D is commissioning.   
 
• The η decay program in Hall D/GlueX will start by exploring common decays 

with the base-equipment: 
 

   ηπ+π-π0  (C violation  search, quark mass ratio) 
   η2γ (related to normalization of data for the quark mass ratio) 

 
   plus a couple of ideas for dark matter searches involving the η’ (958). 

Students wanted!  
 
• With the addition of a Lead Tungstate core to FCAL to suppress the 

“missing photon problem”,  rare or forbidden all-neutral decay 
measurements with revolutionary sensitivity become feasible: 
 

   ηγ+B (lepto-phobic dark boson search) 
  ηπ02γ (studies of axial meson contributions to this rare decay) 
 
  as well as C violation search channels  η3γ, η2π0 γ, etc.   59 



Collaboration 
(GlueX Collaboration and Other Participants, 33 institutes) 

60 



Extras 
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Ultimate Goal 
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Simulated M3π  near η Peak 
LH2 Target/ 11 GeV 

A clean η signal is expected with the 
LH2 target and recoil proton 
detection. 
 
 
 
 
 
 
 
 
Without proton detection, there 
would be large backgrounds.  

Figures by R. Mitchell 
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Simulated M3π  near ω Peak 
LH2 Target/ 11 GeV  

A clean  ω is a necessary condition 
for a clean η. 

 
(Due to the limited momentum 

resolution of the solenoid, 
background is due to an extra π0 or 

even an extra π+π- pair).  
 
 
 
 

Recoil proton detection will 
dramatically reduce background.  

 
  

 

 no proton used in reconstruction. 

proton used in reconstruction. 

Figures by R. Mitchell 

65 



Jefferson Lab 3 Year Schedule 
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tagging 
interval 

Rates based on: 

• 12 GeV endpoint 

• 20 m diamond crystal 

• 2.2 A electron beam 

 

Leads to 108 /s on target 

(after the collimator) 

 

Design goal is to build a photon 
source with 108 /s in the range 8.4 
– 9.0 GeV and peak linear 
polarization 40%. 

III. Beam Rates and Polarization 
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Exotic Mesons 

Normal Mesons 

J    =  L + S 
P    =  ( -1 ) L + 1 

C   =   ( -1 ) L + S 

flux tube in 
ground state 
     m = 0 

Hybrid Mesons 

flux tube in 
excited state 
    m = 1 

JPC: 

 Quantum Numbers of the exited flux tube 
 is combined with that of quarks resulting in  
conventional and exotic JPC 

q q 

 0        0      0      0 

 1           1         1      1 

 2           2         2         2 

q q 

              0                 0 

 1                         1      1 

 2           2                       2 

                                                                                                                                                                                                 4 



  Mass Predictions of Hybrid Mesons 
The mass of JPC = 1 exotic hybrid predicted by  
                       lattice calculations 

arXiv:1004.551, 2010 

Predicted hybrid meson mass region for experimental search: 1.5 GeV – 2.9 GeV 

 Various model calculations for  hybrid meson masses 
 
 The lightest hybrid meson nonet predicted by lattice QCD is JPC = 1  

arXiv:1004.930, 2010 

Mass spectrum of exotic meson predicted by lattice QCD  

                                                                                                                                                                                                 5 



Central  & Forward Drift Chambers 

• Angular coverage 6 <  < 155 
•  3522 straw tubes, r = 8 mm  (FADC125) 
 
• 12 axial layers, 16 stereo layers  +/- 6 
 
•  De/dx for p < 450 MeV/c 
•   ~ 150 m,  z ~ 1.5 mm    

Assembling: stereo tubes 

                                                                                                                                                                                                 9 

 
• Angular coverage 1 <  < 30 
• Gas mixture 40/60 Ar/CO2  
• 4 packages,  6 cathode – wire - cathode  
  chambers in each package 
 
•  2300 anode wires   (F1TDC) 
• 10200 cathode strips  (FADC-125) 
 
• Resolution xy ~ 200 m  for wires and strips 



Barrel Calorimeter (BCAL) 

• Angular coverage 11 <  < 120  
 
• 191 layers Pb:ScFib:Glue (37:49:14%) 
 
• Double side readout, 3840 SiPMs 
     1536   FADC250 channels 
     1152   F1TDC     channels 
 
• E / E (%) = 5.5/E    1.6 
 
• Z = 5 mm / E 
 
• t =  74 ps / E  33 ps 

12 mm 

BCAL module 
SiPM 

University of Regina, USM 
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Forward Calorimeter 
             Lead Glass Calorimeter 
• Angular coverage 2 <  < 11  
 
• 2800  lead-glass F8-00 blocks:  4 x 4 x 45 cm3 
 
• FEU84-3 PMTs and Cockroft-Walton bases 

 
• E / E (%)  =  5.7/E  2.0 
 
• xy = 6.4 mm / E 

 
     Prototype test at Hall-B in 2012 
     E / E ~ 20 % for 100 MeV electrons 
 

Calorimeter assembled in Hall-D 

PMT 

 Light Guide 

Base 

Indiana University 
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PID Detectors 

252 cm 

PMT’s 

Scintillator 
bars 

12 cm square 
opening 

Split paddles 

Forward Time-of-Flight  

• Time resolution: ~70 ps 
• 4σ K/π separation up to 2 GeV 
• 184 readout channels 
     FADC250 and CAEN 1290 TDCs 
 
Florida State University 

Start Counter  

• Use to identify beam bunches 
• Thirty 2 mm thick scintillator paddles 
• Readout by SiPMs (four per paddle) 
     FADC250 and F1TDC 
 
Florida International University 
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Searches for Dark Sector in “Vector Portal  

Dark photon A’  

-
1

2
eFmnF

mn

' Kinetic mixing and U(1)’ 

Dark lepto-phobic B-boson 
    (dark ω, γB , or Z’): 1

3
gBqg

mqBm

 Gauged baryon symmetry U(1)B 

Features theorists appreciate: 
• explanation for the stability of dark matter 
• unified genesis of baryonic and dark matter  
• a natural framework for “Strong CP problem”  

 
Experimentally,  
• the  mB < mπ region is strongly constrained by 

long-range forces searches.  
• the  mB > 50 GeV region is constrained by 

collider experiments.   
 
• which leaves the GeV-scale domain less 

explored. 
  Assuming a lepto-phillic A’, most 

searches have been thru A’  e+e-.   

Early studies by Lee and Yang, Phys.Rev.,98 
(1955) 1501; Okun, Yad.Fiz., 10 (1969) 358,   
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Measuring 𝜂π+π-π0 

 
• JEF will provide an increase in statistics 

and hopefully reduced systematic errors. 
 

• We are less sensitive to detection 
threshold than other experiments, and 
our acceptance is auite flat.  
 

• (But I’m sure we’ll have new systematics 
to worry about.) GlueX 

KLOE 
JHEP 0805 (2008) 006 

76 



0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 2 4 6 8 10 12 

P
ro

to
n

 L
ab

 A
n

gl
e

 (
d

e
gr

e
e

s)
 

Meson Lab Angle (degrees) 

Proton Lab Angle vs Meson Lab Angle  
Eγ = 8.5 GeV 

eta eta (proton detected) pi0 eta' 

  
     Recoil proton detection is  
important to exclude  backgrounds.    
 
     Efficiency is ~75% to get a 
proton of interest out of the target 
and tracked in CDC. 
 
     The most useful proton angles 
are 58-78 degrees.  

 
  

 

Angle Correlation in Forward Direction 
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Early Science of 12 GeV Era in Halls A and B 

DVCS: A High impact experiment for 3D nucleon imaging  

• Deeply Virtual Compton Scattering (DVCS) provides 

access to Generalized Parton Distributions (GPDs) 

• Demonstration of scaling critical to full JLab 12 GeV GPD 

program 

Runs concurrently with a high Q2 Form Factor GM
p 

experiment  

• Enabling experiment for High Impact Super BigBite 

program 

7 graduate thesis students on site taking data 

DVCS 
Heavy Photon Search (HPS) 

HPS: High impact experiment to search for the proposed 

carrier of Dark Matter interacting with Light Matter.   

Test Run in December 2014 successfully completed.  

Commissioned beam line and the e.m. calorimeter 

              

   Funded by DOE HEP and NP. 

The peak from elastic 
electron-platinum 
scattering is used to 
calibrate the response of  
the 420 lead-tungstate 
crystals. 

Count rate in individual 
crystals located near the 
beam (below) shows the 
experiment can achieve 
its objective to run at 
high luminosity. 
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Yield vs –t or θLAB 

• Primakov production is only O(1)% of the integral forward production.    
• The yield peaks at –t ~ 0.3 (or 3 degrees).  (Beam hole is 1 degree radius.) 
• The yield has a long tail, but the majority of forward production is below –t ~ 1 GeV2 (or 7 degrees).  
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S. Taylor. 
Modeling Eta and Eta’ Cross Sections, 
Feb 10, 2014, JEF tech note.  
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3pi Statistics Projections 

80 



All Neutral Channels Obscured by 
η3π0

6γ 

Neutral Channels Charged Channels 

η2γ 
(39%) 

η3π0
6γ 

(33%) 
ηπ+π-π0 

(23%) 

ηπ+π-γ 

(5%) 

ηγ l+l- 

ηπ+π-π0 γ 
 

ηπ02γ 
η2π0 2γ 

(C:  η2π0γ, 3γ) 
(CP:  η2π0) 

obscured by loss or 
 merging of photons  

from η3π0 

Backgrounds from the splitting of 
photons from η2γ 

 (e.g., in an :  η3γ search)  
are probably easily removed.   
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 Possibilities for ’B(π+π-0)  
Hall D will be one of the 
world’s best η’ factories. 

 

(Same quantum numbers at 
the η, but we are generally 
less interested because 
strong decays are allowed.)   

 

HOWEVER, without any 
upgrades, the η’ allows 
improved constraints up to 1 
GeV using ’  γ+B   

 

(In this case it’s useful to 
remember another name for 
the B is the “dark ω”.) 

 

We will look for a coherent 
enhancement in the tails of 
the ω resonance. 

 

Possible serious competition 
in BES-III.   
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Partially Visible Eta Decays: η γ + γ 

Signal: 
 
γ + p  p + η’ 
 
                  η’ π+ π- η    (43.4%) 
 
                                 η   γ + γ 
 
Net:     γ + p   p π+ π- γ  γ 

 
Under the hypothesis that the 
detected γ is from ηγ + γ, we 
must search for the second γ.  
(The relevant part of the 
calorimeter must be ~100% 
efficient.)  
 

Background 1: 
γ + p  p + η’ 
 
                  η’ π+ π- γ    (29.3%) 
 
Net:      γ + p   p π+ π- γ   

 
This background is excluded by the lack of 
missing energy/momentum. 
 
Background 2:  
γ + p  p + η’ 
 
                  η’ π+ π- γ + γrad (29.3% x α) 
 
Net:      γ + p   p π+ π- γ γrad 
 
This background will have to be suppressed 
by rejecting events with two detected 
photons, or with one photon which is soft or 
co-linear with the pions, or events with too 
high a probability of meeting the η’ π+ π- γ 
hypothesis. 

This is the one that needs study! 

If recoil proton detection does not 
provide a sufficiently clean η tag, we 
might employ an η’ decay cascade.  
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Neutral η Decays Testing C Violation 

Gammas 
in Final 
State 

Channel Branching 
Ratio  

upper limit 

3                       3γ < 1.6•10-5 

“π0γ” < 9•10-5 

5                       2π0γ < 5•10-4 

3γπ0 Nothing published 

7                        3π0γ < 6•10-5 

3γ2π0 Nothing published 

PDG 2012 

We expect to make the biggest improvements in η  3γ , 2π0γ , and  3γπ0 
 
( ηπ0γ violates angular momentum conservation so we consider it a control.)  
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Jlab’s Projected Sensitivity for η3γ 

BR


N

f
bkg

This is a graphical presentation of the relationship between the BR upper 
limit and two key experimental parameter: Nηε and fbkg.  
It allows us to compare  experiments and understand how to do better.  

Ref: JEF proposal 2012 










 N

f

N

Nf

N

N bkgbkgbkg
BR 222 

Main reason 
for 

improvement 
will be bkg 
reduction.  
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Reducing Background in ηπ02γ 
  

Jlab:  
p→ηp (E = 9-11.7 GeV) 

A2 at MAMI (arXiv:1405.4904, 2014):  γp→ηp (Eγ=1.5 GeV) 

η →000 

p→ 00 + p 
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    All detectable 
recoil protons are at 
fairly large angles, 48-
77 degrees here. 
 
Requiring the recoil 
proton reduces the 
eta rate by 25%, but 
is  
 
•essential for a rare 
decay program  
 

•Useful for precision 
measurements, 
 

However, see comment 
below about Primakov.   
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Dark Matter Outlook for GlueX/Hall D 

 The η and η’ provide a means to search for lepto-phobic dark matter over a wide mass 
range. This possibility is increasingly interesting given improving constraints on A’  l+l-.  
 
Starting now –  
 
• Commission/calibrate the GlueX detectors including FCAL.  
  

• Begin 1st generation GlueX analysis of η’  γ + B  π+π-π0 + γ.  
 

(the non-rare control channel and background is η’ ωγ  π+π-π0 + γ).  
  

• Study backgrounds for ηγ + B  γ + π0γ .  
 

Note: placing the best constraints on a lepto-phobic dark matter in the η mass range also leads to the best dataset to 
constrain axial meson contributions in the rare decay ηπ02γ.   
 
• Update JEF proposal which justifies calorimeter upgrade: FCAL (lead glass)  FCAL-II (PbWO4) 

Future (same as on previous slide) -    
 
• Following JEF proposal approval, prepare NSF MRI proposal for new PbWO4 calorimeter.  
• Build and install new calorimeter.  
• Commission and begin forbidden decay program on η γ + B.   (FCAL-II is ESSENTIAL for this.) 
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C Violation Outlook for GlueX/Hall D 
The η provides a unique laboratory to directly constrain new sources of C and CP violation. 

GlueX/Hall D can make significant advances with its high η and η’ production and/or 
potentially lower backgrounds (the latter requires hardware upgrades).  

 
Starting now –  
 
• Commission/calibrate the GlueX detectors including FCAL.  

 

• Begin 1st generation GlueX analysis of the non-rare decay ηπ+π-π0 .  
 

Note: placing the best direct constraints on a C violating asymmetry will also best determine the quark mass ratio. 
 
• Study backgrounds for C forbidden decays η3γ,  η2π0γ . 

 
(… and backgrounds for C forbidden decays η π0 γ*,  η’ η γ*,  η’ π0 γ*.) 

 
• Update JEF proposal which justifies calorimeter upgrade: FCAL (lead glass)  FCAL-II (PbWO4) 

Future -    
 
• Following JEF proposal approval, prepare NSF MRI proposal for new PbWO4 calorimeter.  
• Build and install new calorimeter.  
• Commission and begin forbidden decay program on η3γ, η2π0γ.   (FCAL-II is ESSENTIAL.) 

 
(Reactions like η π0 γ* will also benefit from DIRC and muon filter upgrades.)  
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PAC42 Results 
“In particular, the PAC sees the determination (iv) of Q 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 (which is approved 
to measure the η → 2γ decay width via the Primakoff effect). This part of the proposal can be performed with the existing calorimeter 
(FCAL) used by GlueX.” 

 
Probable action on our part:  

i. Proceed with η → 3π program.  
ii. Drop this topic from next proposal except for 1 page on the C violating asymmetry in η → π+π-π0 . 

 
“Of course, the impact of a discovery in the proposed [leptophobic dark boson and CVPC] channels would be enormous; so as not to 
prevent these studies from running in the near future, we therefore ask that FCAL-II and the associated JEF physics program be fully 
incorporated to run in parallel with GlueX. 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. We ask 
that the experimenters include all approved phases of GlueX in their simulations, including JEF compatibility with the newly approved 
DIRC detector.  …   
… We approve these parts of the proposal under the conditions that (i) it is demonstrated that they can run simultaneously with the 
approved GlueX program (this should in particular include an estimate of the background due to the higher coincidence rate) even when 
the expected DIRC bars will be installed, and (ii) that the theory motivation is sharpened further.” 

 
Probable action on our part:  

i. Study impact of random coincidences on the rare decay program (tagger, Compton gammas, etc.)    
ii. Incorporate hybrid FCAL-II into simulation.  
iii. Estimate sensitivity of rare decay program during all phases of GlueX running. 
iv. Continue to sharpen the theory motivation for CVPC (and ChPTh in doubly radiative decay?) 

 
“The PAC would also like to see more details on the envisioned program on η’ decays.” 

 
Probable action on our part: 
           i. Focus on improving dark leptophobic boson limits in the omega mass range via η’γ + B γ+π+π-π0.  
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C-violating η Decays to π’s and γ’s 

ηX 0π 1π 2π 3π 4π 

0γ P, CP P, CP 

1γ C, CP C C C 

2γ 

3γ C C C C C 

4γ 

Gamma Column 
implicitly 
includes 
γ*e+e- 

Key: 
C and P 
allowed, 

observed 

Forbidden by 
energy and 
momentum 

conservation. 

C and P 
allowed, 

upper limits 
only 

C violating, 
CP 

conserving, 
etc.   

L = 0 
 
 

L = 1 
 
 

L = even or 
odd (no parity 

constraint) 
. 
. 
. 
. 
. 

C, CP 

Most of the explicitly C violating channels could be CP-violating or –conserving.  
If observed, one would have to extract L from the angular distribution to 
determine whether P is conserved or not. 91 



     Highlight of η decays in the proposal  
Main physics goals: 
 
1.Search for a 
leptophobic dark 
boson (B). 

 
2.Directly constrain 
CVPC  new physics 

 
3. Probe interplay of 
VMD & scalar resonances 
in ChPT to calculate  
O(p6) LEC’s in the chiral 
Lagrangian. 

 
4.Constrain the light 
quark mass ratio  
  

Note: FCAL-II is required 
for the rare decays  92 



Detection of Recoil Proton with GlueX 
(needed for cut establishing η-proton coplanarity) 

    Recoil proton kinematics 
 Polar angle ~55o-80o 
 Momentum ~200-1200 

MeV/c 
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 Selection Rules for ηNπ 

What is observed? The η decays into 3π about 56% of the time due to isospin violating 
strong interactions. Parity conservation blocks the otherwise G parity-allowed strong 
decay to 2π0. 
 
The hypothetical P violating decay η2π0  would imply CP violation since C is conserved.  

η:  IG (JPC) = 0+ (0-+)               π0:  IG (JPC) = 1- (0-+) 
  Mη = 547.9 MeV/c2             Mπ0 = 135.0 MeV/c2 

 
Momentum/Energy  Only N = 2,3,4 allowed 
 
G parity   Gη = GNπ  
   +1 = (-1)N    
   hence N = 2,4. Possible decays are η2π, 4π 

   
Parity:    Pη = PNπ    
   -1 = (-1)N (-1)L 

    (J = 0 in initial and final states demands L=0) 

   hence N = 3. Possible decay is η3π 
 
C parity:   Cη = CNπ 

   +1 = (+1)N    No constraints from C parity 

v2 
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