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Abstract5

This analysis note describes the search for photon-coupling Axion-Like Particles6

(ALPs) in the mass region of 200 to 450 MeV using Primakoff production in the Hall7

D SRC-CT photonuclear data from Carbon-12. The purpose of this note is to receive8

group approval for unblinding our data, which has thus far been limited to 10% of the9

total. The analysis procedure and statistical calculation will be described.10
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1 Introduction39

This note describes a search for Axion-Like Particles (ALPs) using the Carbon dataset of the40

Hall D SRC-CT experiment. The method used here was explored in Ref. [1], and similarly41

searches for QCD-scale ALPs in the mass region of 200 < mALP < 450 MeV with dominant42

coupling to photons. Fig. 1 shows the production mechanism for these ALP candidates,43

which is Primakoff production via t-channel photons. Fig. 2 shows the existing limits for44

this model of ALP candidates. A similar method may be obtained by performing a bump45

hunt on the invariant mass spectrum for 2-photon final states in our dataset.46
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Figure 1: Diagram of the reaction of interest in this study. The incoming beam photon interacts
with the nucleus coherently and produces two final-state photons through the mediation of an
intermediate particle.

In this note we describe the process used to obtain similar coupling limits using this47

dataset, which has thus far been blinded to 10% of the full data. We describe the event48

selection criteria used for obtaining the final invariant mass spectrum, the simulation methods49

used to estimate ALP signal properties, and the statistical methods used to determine signal50

discovery and exclusion. Finally, we show the prediction for the coupling limits the full51

dataset will afford us.52
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Figure 2: Existing limits on ALP coupling as a function of mass (grey shaded region) [1, 2, 3, 4, 5,
6], as well as predicted limits for other experiments (dashed lines). [1, 7, 8, 9, 10]
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2 Event Selection53

2.1 Reaction and Measurement54

The interaction we intend to study is the Primakoff production of scalar or pseudoscalar55

particles with subsequent decay into a pair of photons. We describe the sequence of the56

reaction and its measurement in the following paragraphs.57

The beam photon is produced via coherent bremsstrahlung of the 11 GeV CEBAF beam58

electron from the diamond radiator in the Hall D tagger hall. The scattered electron from59

the bremsstrahlung event can be measured in the Tagger Hodoscope (TAGH) or the Tagger60

Microscope (TAGM), which use a magnetic field and measurements of the electron deflection61

to determine the energy of the scattered electron. This allows inference of the energy and62

4-momentum pbeam of the corresponding beam photon incident on the target. Details of the63

Hall D tagger setup may be found in Ref. [11].64

In the reaction of interest, the beam photon interacts with the nucleus of 4-momentum pA65

coherently, producing two final-state photons via the intermediate process which may only66

be inferred. The final-state photons produce showers in the Forward and Barrel Calorimeters67

(primarily the forward calorimeter), denoted FCAL and BCAL respectively. The calorime-68

ters allow us to measure the energy of the photons via their energy deposition in the showers.69

Because the final state is measured only by two showers, no vertex information is measured,70

and must therefore be assumed to be at the center of the 12C target at (0, 0, 65) cm. This71

assumed vertex, together with the shower energies and positions in the calorimeters, allow72

for the reconstruction of the final-state photon momenta pγ1 and pγ2. Fig. 3 shows an ex-73

ample of the event display for a simulated γ12C → X12C → γγ12C event, with mX = 30074

MeV. Fig. 6 shows the distribution of shower position in the FCAL.75

Figure 3: Event display for simulated event with mX = 300 MeV. Larger-mass events result in
increased opening angle.

From this measured two-photon final state, the relevant kinematic variables of the re-76

action can be inferred assuming that Fig. 1 accurately describes the reaction process. The77
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4-momentum of the intermediate particle, denoted X, can be calculated as pX ≡ pγ1 + pγ2,78

with an invariant mass calculated m2
X = p2X = 2E1E2(1−cos θ12). The 4-momentum transfer79

to the nucleus from the beam photon may be calculated q ≡ pbeam − pX . The squared 4-80

momentum transfer t = q2 is also an important variable for separating Primakoff production81

mechanisms from competing reactions, and is always negative.82

As the opening angle of the photon pair correlates strongly with its invariant mass, pairs83

with low mass are detected almost exclusively in the FCAL; for the mass region examined84

in this study (mX < mη), only showers in the FCAL were considered.85

2.2 Trigger86

Collection of data for a given event during the experiment was contingent on satisfying one87

of several trigger conditions:88

• Start Counter Trigger:A trigger combining shower energy deposition and Start89

Counter hits was used to allow detection of minimally-ionizing final states. This trigger90

required satisfaction of the criteria 4EFCAL +5EBCAL > 1 GeV and at least one hit in91

the Start Counter.92

• Shower-Only Trigger: An additional trigger relying only on shower energy deposi-93

tion was also used, with the requirement EFCAL + 3EBCAL > 4.2 GeV.94

• PS Trigger: A trigger was also used to select events with a hit in the Pair Spectrom-95

eter; these events were used to measure the photon flux and luminosity.96

• Random Trigger: In addition to the above physics triggers depending on detector97

information, each run included a random trigger at a rate of 100 Hz. This provides98

a random sample of background during the run which helps in assessing pileup, as99

described in subsection 3.3.100

Events in this search were required to satisfy the shower-energy-only trigger, as the energy101

deposition of such high-energy photons is large and hits in the Start Counter are indicative102

of charged-particle background.103

2.3 Skimming104

Event selection was performed by running a custom plugin over the cooked REST files using105

the Hall D reconstruction software. Initial event selection criteria required an event with106

exactly two neutral showers (not associated with any charged tracks) satisfying the following107

three criteria.108

• First, the showers require a “propagated timing” within 3 nanoseconds of the RF time.109

The propagated timing is given by the time of the shower in the calorimeter minus the110

propagation time, which is calculated assuming propagation at a speed of light, c, from111

the center of the target. Figure 4 shows the distribution of propagated timing relative112

to the RF timing in all measured neutral showers. This helps to remove background113

resulting from slow-moving neutral particles.114
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Figure 4: The timing of all neutral showers in a subset of data relative to the RF time, after taking
into account propagation time d/c. Valid showers require timing coincidence within 3 ns.

• Second, the showers are required to have a measured energy greater than 0.1 GeV,115

consistent with the lower energy limits of the FCAL as specified in Rec. [11] and used116

in Ref. [12]. Figure 5 shows the distribution of measured energy in all neutral showers,117

as well as showers in selected events. The exact placement of this cut can be seen to118

have little impact on the selected event sample.119

0.0 0.5 1.0 1.5 2.0
Shower Energy [GeV]

0

1

2

3

4

5

6

Sh
ow

er
s

1e8

0 2 4 6 8 10
Shower Energy [GeV]

0

100

200

300

Se
le

ct
ed

 S
ho

we
rs

Figure 5: Left: The measured energy of all neutral showers in a subset of data. Valid showers
require energy greater than 0.1 GeV. Right: The measured energy of photon showers in events
following all selection cuts. The location of the lower energy cut may be seen to have little effect
on the final events after all selection cuts have been applied.

• Third, the center of the shower was required to be located outside the innermost layer120

of the FCAL to ensure accurately reconstructed energies, as showers near the beamline121

may leak energy out the detector and therefore have misreconstructed energy. This122

excludes the layer of scintillators in the FCAL located closest to the beamline, which123

also record high rates of background. Figure 6 shows the distribution of FCAL neutral124

shower hit positions, with the location of the inner layer outlined in red.125
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• Finally, the center of the shower was required to be within 105.5 cm of the center of126

the beamline. This serves to fiducialize the outer edge of the FCAL, as showers near127

the edge of the detector may also be subject to misreconstructed energy due to leakage128

out of the detector.129
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Figure 6: The measured hit position of all neutral showers in the FCAL in a subset of data. The
red line outlines the innermost layer of the FCAL. Valid showers require a hit position outside the
innermost layer.

These latter three criteria are standard preselection cuts used in Hall D for the identifi-130

cation of neutral showers.131

Neutral showers satisfying each of these four criteria are labelled “valid” showers. Addi-132

tional showers that did not satisfy these criteria were initially ignored in the event selection133

(though are included in later veto cuts). Figure 7 shows the total number of neutral showers134

in a given event, as well as the total number of valid neutral showers per event, where invalid135

showers are initially ignored pending event vetoing.136

Following these initial cuts, several subsequent vetoes were applied within the selection137

plugin to remove background processes using additional detector information. Details of138

veto/cut optimization are given in subsection 2.5. Signal event generation and simulation139

is detailed in subsection 3. Comparisons with simulation will be shown in the following140

description of cuts in order to demonstrate their efficacy. Background processes include141

charged-particle production and off-vertex production, the former of which is largely removed142

through the described vetos.143

• Events with a hit in the FTOF within 6.5 ns of the RF time (after subtracting time of144

propagation to the TOF hit) and within 6 cm of one neutral shower were vetoed in order145

to remove charged-particle-induced showers. Time of propagation was again calculated146

assuming speed c from the center of the target. Figure 8 shows the distribution of147

the nearest time-correlated (within 6.5 ns) TOF hits for showers in our candidate148
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Figure 7: Top left: The total number of neutral showers per event in a subset of data. Top right:
The number of neutral showers satisfying satisfying the listed requirements per event in a subset
of data. Events required exactly two such showers, with extra showers initially ignored. Bottom:
Same as top figures in simulated signal with mX = 300 MeV. Shower validity conditions may be
seen to be generally applicable for signal events.

events, in both data and simulation. Signal simulation still showed correlated TOF149

hits despite the absence of charged particles, likely indicating conversion of the photons150

in the detector. The value of this cut was optimized using simulation as described in151

subsection 2.5.152
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Figure 8: The location of the nearest time-correlated TOF hits to a neutral shower in data (left)
and simulation (right). The location of the veto is shown in the red circle; all events with a TOF
hit closer to a candidate shower were discarded.

• Events with an additional FCAL shower within 4 ns of the RF time (after subtracting153

9



for propagation) were vetoed. Figure 10 shows the distribution of extra FCAL showers154

in time relative to RF time for our candidate events, in both data and simulation.155

Signal simulation shows a clear peak at 0 ns, likely from mis-reconstructing a shower156

as multiple showers. Data shows a broader distribution in time, likely resulting from157

extra photons, neutrons, or charged particles.158
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Figure 9: The timing of extra FCAL showers with respect to the RF time in data (left) and
simulation (right), after subtracting the propagation time d/c. The location of the vetoes are
shown in the red line; events with an FCAL shower in this region were discarded.

• Events with an additional BCAL shower within 6 ns of the RF time (after subtracting159

for propagation) were vetoed. Figure 10 shows the distribution of extra BCAL showers160

in time relative to RF time for our candidate events, in both data and simulation.161

Signal simulation shows no correlation with the RF time, while data shows a clear 0162

ns peak from background processes.163

20 10 0 10 20
Propagated tshower tRF [ns]

0

2

4

6

8

BC
AL

 S
ho

we
rs

1e6

20 10 0 10 20
Propagated tshower tRF [ns]

20

40

60

80

BC
AL

 S
ho

we
rs

Figure 10: The timing of extra BCAL showers with respect to the RF time in data (left) and
simulation (right), after subtracting the propagation time d/c. The location of the vetoes are
shown in the red line; events with an BCAL shower in this region were discarded.

For each remaining event a number of candidate tagged beam photons were selected. As164

the beam photon candidates are independent of the initial event selection this may be done165

in parallel.166
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Fig. 11 shows the spectrum of tagged photon energies for all events in run 90271. As167

the Pair Spectrometer allows flux measurement only for beam photons above 6 GeV, pho-168

tons below this energy were discarded in order to allow comparison to simulation using the169

measured photon flux. The structure of the photon tagger may be observed in the energy170

distribution; efficiency is higher in the tagging microscope for photons with energies between171

7.2 and 8.3 GeV, and the hodoscope has only partial coverage at lower photon energies,172

resulting in gaps in the measured distribution.173
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Figure 11: The spectrum of tagged beam photon energies in (subset of) data. Photons below 6
GeV were discarded, as flux can only be measured for higher-energy photons.

2.4 Post Selection174

As tagger pileup in GlueX is very common, in many events multiple beam photons fall175

within the |∆t| < 2.004 ns timing window of a single bunch with respect to the beam time.176

In many analyses it is convenient to account for the systematic impact of these “accidental”177

beam photons via subtraction. However, in the case of this analysis the impact of accidental178

photons is not worth subtracting. Accidental subtraction mitigates the impact of accidental179

background on the shape and scale of measured distributions, but the distributions observed180

in this analysis are already background-dominated; the primary analysis challenge is to dis-181

tinguish any signal peak from the background, for which the uncertainties in the spectrum182

are more important than the absolute scale. This subtraction actually has the impact of183

increasing statistical uncertainties (and introducing ambiguity in the distribution of counts184

in each bin) while reducing the background impact on the shape. It was therefore determined185

that accidental subtraction would provide certain drawbacks without the usual benefits of186

such a procedure, and this was therefore not used. Instead, cuts on beam-dependent quan-187

tities such as elasticity EX

Ebeam
are considered satisfied if at least one on-time beam photon188

satisfied such a cut.189
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Figure 12: Beam photon timing with respect to the RF time.

A cut was placed on the “elasticity” of the event, which is defined as the fraction of190

the beam photon energy carried by the final-state photon pair. Simulations of the detector191

response indicated a elasticity cut of 0.95 < EX

Ebeam
< 1.05 would account for the effects of192

resolution on this measured quantity.193
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Figure 13: Accidental-subtracted elasticity distribution in data (left) and simulation with ma = 300
MeV (right).

In order to limit the events to the region dominated by Primakoff production mechanisms,194

a cut was placed on the scattering angle θX of the sum of the two final-state photon momenta195

pX = pγ1 + pγ2. This cut was chosen to be θX < 0.5◦ in comparison with Monte-Carlo196

predictions; see Fig. 14. This cut is also consistent with that proposed in Ref. [1].197

Fig. 15 shows the effect of the various vetos and cuts on the invariant mass spectrum.198

The selection may be seen to dramatically reduce the number of events, particularly at low199

masses, and to increase the proportional number of (η → γγ) and (ω → π0γ) events.200
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Figure 14: Accidental-subtracted diphoton angular distribution in data (left) and simulation with
ma = 300 MeV (right).
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Figure 15: The invariant 2-photon mass spectrum at each level of cut and veto, with cuts applied
sequentially.

2.5 Veto and Cut Optimization201

We require some optimization of the event selection cuts and vetoes in order to maximize202

our sensitivity to signal. This is done by comparing the impact of these on the data as well203

as on simulated signal at a given ALP mass. In order to properly assess the impact of vetoes204

on signal, simulation of detector response to signal events (generated as described in Section205

3.1) was superimposed with “random trigger” data. This allows us to simulate the impact206

of pileup on signal when applying vetoes.207

We define the “signal significance” as our figure-of-merit for optimizing our event selec-208

tion. A standard figure-of-merit for optimizing signal S with respect to background B is the209

product of the efficiency and the purity of the cut:210

F ∝ ϵ× p (1)

The efficiency of the cut is proportional to the number of signal events in simulation which211
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successfully pass the cut, K:212

ϵ ∝ S ∝ K (2)

The purity of the cut cannot be known in absolute terms without knowledge of the normal-213

ization of the signal, which is itself an unconstrained parameter. However, we find that the214

purity should in all cases be proportional to the ratio of simulation to number of data events215

passing the cut, N :216

p =
S

S +B
∝ K

N
(3)

We may therefore take a figure-of-merit which is proportional to our desired quantity and217

may therefore be optimized in its place:218

F =
K2

N
(4)

The absolute scale of this quantity is arbitrary but its maximum location will nonetheless219

allow optimization of our cuts.220

For the background vetoes and physics cuts applied, this figure-of-merit was calculated221

for various values of the veto/cut parameters in order to optimize the signal significance.222

As this figure-of-merit differs for different signal hypotheses, different values of ma were223

tested to verify that the cuts were optimally selected. To ensure the signal significance was224

calculated over the relevant region for a given mass hypothesis, a cut on the diphoton mass225

0.75 < mγγ

ma
< 1.25 was applied for each calculation of the figure-of-merit. Finally, the figure-226

of-merit was normalized to a maximum of 1 in each case to ensure the results could be easily227

interpreted.228

This procedure was performed iteratively. The veto parameters were first sequentially229

optimized for the TOF veto, and the extra shower vetoes. The physics cuts were then230

optimized on the data following the vetoes, in the order of the elasticity and then the θX231

cut. Then the vetoes were removed, and again sequentially optimized on the data following232

the selected physics cuts. This process was iterated until a stable set of vetoes and cuts were233

determined:234

• TOF hit veto radius of 6 cm235

• Extra FCAL shower veto window of 4 ns236

• Extra BCAL shower veto window of 6 ns237

• Elasticity cut of |1− EX

Ebeam
| < 0.05238

• Diphoton deflection angle cut of θX < 0.5◦239

Figures 16, 17 and 18 show the figure-of-merit curves for the TOF hit veto radius,240

the extra FCAL shower timing window, and the extra BCAL shower veto timing window,241

respectively, given data with the elasticity cut 0.95 < EX

Ebeam
< 1.05 and the deflection angle242

cut θX < 0.5◦ already applied.243

Figures 19 and 20 show the figure-of-merit curves for the elasticity cut and deflection244

angle θX cut, respectively, following the application of the background vetoes. In the case of245
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Figure 16: Figure-of-merit for the TOF veto hit radius after application of the physics cuts.
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Figure 17: Figure-of-merit for the extra FCAL shower veto timing window after application of the
physics cuts and TOF veto.

the θX cut the figure-of-merit different significantly between different ma values in the signal246

simulation; a cut of θX < 0.5◦ was chosen to compromise between the different regions of247

parameter space.248

2.6 Good Run Selection249

A total number of 662 runs were collected during the experiment. Their run conditions are250

stored in the run condition database (RCDB) of the Hall D software package. Production251

runs have to satisfy a set of requirements of RCDB parameters. Their calibration and data252
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Figure 18: Figure-of-merit for the extra BCAL shower veto timing window after application of the
physics cuts and TOF veto. The cut value was chosen to be somewhat conservatively to reduce
non-Primakoff η yield.

0.00 0.05 0.10 0.15 0.20
Elasticity Cut

0.0

0.2

0.4

0.6

0.8

1.0

Si
gn

al
 S

ig
ni

fic
an

ce

200 MeV
300 MeV
400 MeV
500 MeV

Figure 19: Figure-of-merit for the elasticity cut after application of the vetoes.

quality are also checked to be approved for analysis. The other runs are marked as junk and253

discarded.254

After selection, 480 runs are kept (93.43B triggers in 55988 REST files). They include255

78 runs on deuterium (16.44B triggers in 9890 REST files), 164 runs on helium-4 (29.78 B256

triggers in 17680 REST files), 232 runs on carbon-12 (47.01B triggers in 28313 REST files)257

and 6 runs on empty target (0.21B triggers in 105 REST files).258

16



0 1 2 3 4 5
 cut [degrees]

0.0

0.2

0.4

0.6

0.8

1.0

Si
gn

al
 S

ig
ni

fic
an

ce

200 MeV
300 MeV
400 MeV
500 MeV

Figure 20: Figure-of-merit for the deflection angle cut after application of the vetoes and elasticity
cut.
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3 Monte Carlo259

3.1 Generator260

The cross section for this Primakoff process was calculated as described in [1]:261

dσγA→aA

dt
= αZ2F 2

A(t)Γa→γγH(mA,ma, s, t) (5)

where262

H(mA,ma, s, t) ≡ 128π
m4

A

m3
a

m2
at (m

2
A + s)−m4

am
2
A − t

(
(s−m2

A)
2
+ st

)
t2 (s−m2

A)
2
(t− 4m2

A)
2 (6)

and263

Γa→γγ =
(cγ
Λ

)2 m3
a

64π
(7)

Here FA(t) is the nuclear electric form factor, calculated as a Fourier transform of the nuclear264

charge density:265

FA(t) =
1

Z

∫
d3r

sin (qr)

qr
ρA(r) (8)

Here the 3-momentum transfer is calculated as q =
√
t (t/4m2

A − 1) and the charge density266

ρA(r) for carbon was modelled using the 3-parameter Fermi model:267

ρA(r) = C
1 + wr2/c2

1 + exp (r − c)/z
(9)

where c = 2.355 fm, z = 0.5224 fm, and w = −0.149 are taken from [13], and C is chosen268

such that
∫
d3xρA(x) = Z.269
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Figure 21: Left: Charge density parameterization for Carbon-12. Right: Electric form factor
calculation for Carbon-12.

This cross section model was implemented into an event generator to produce pseudo-270

data for a given ALP mass hypothesis. The event generator randomly selected a beam271

photon energy according to the distribution of tagged photon energy as measured using the272

Pair Spectrometer, as described in Section 4.273
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Upon selection of the beam photon energy, the 4-momentum transfer t and the azimuthal274

ALP production angle ϕX were randomly selected from a phase-space distribution of choice275

1
2π
P (t); ϕX is the azimuthal angle of the ALP momentum pX around the beamline, and the276

value of t is defined earlier. The generated event was then assigned a weight according to277

the ratio of the cross section and the sampling distribution:278

wi =
2π

P (t)

dσγA→aA

dt
(Eγ, t,ma) (10)

This process was used to produce a large number of weighted events distributed according279

to the selected sampling distribution, with varying weights. To limit the number of events280

simulated in the detector model, these events were reservoir sampled using the A-ExpJ281

algorithm as described in Ref. [14] to produce a smaller, but unweighted, set of events282

distributed according to the cross section model. This maximized the statistical power of283

events passed through the detector model.284

3.2 GEANT285

In order to assess the experimental effects of the GlueX detector on signal diphoton events,286

simulated events were run through a full GEANT4 model of Hall D and the GlueX detector.287

Details of the simulated geometry and detector response are given in Section 14 of Ref. [11].288

The output of this simulation and smearing are formatted in the same manner as raw data,289

and therefore are subjected to the same reconstruction and event selection steps as described290

in Section 2.291

3.3 Random Trigger Event Mixing292

It is necessary to assess the additional impact of pileup on signal events. Accidental coinci-293

dence of additional tracks, showers, and other detector hits can impact the efficiency of the294

event selection criteria for signal events, and this effect must be quantified.295

As described in subsection 2.2, a random-trigger event sample was taken during each296

run in order to assess pileup impact. This random data sample was superimposed onto the297

simulation, with the detector response for a given simulated event being mixed with the298

detector response from a random trigger event. This simulates the pileup impact due to299

random coincidence, allowing for a realistic calculation of cut and veto efficiencies for signal300

events.301

3.4 Efficiency and Resolution Determination302

The output of the signal simulation allows us to examine the impact of the detector and303

our cuts on the desired signal events. The yield of signal events was taken at various stages304

of analysis to determine the impact of various analysis steps on the acceptance. Figure 22305

shows this impact for different ALP mass hypothesis, showing the fraction of events accepted306

in initial preselection criteria, satisfying trigger conditions, passing the selection vetoes and307

finally satisfying the selection cuts. The final line, which shows the compounded impact of308
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Figure 22: Cut efficiencies.

all selection criteria on the final acceptance, is a necessary factor in converting measured309

yield limits to coupling limits.310

The shape of the signal for ALP events was examined in order to determine our resolution311

on the reconstructed diphoton mass. The signal (assuming no measurable decay width) was312

found to be well-described by a Gaussian distribution. The extraction of the measured313

resolution on the diphoton mass is shown in Figure 23, both for simulation of a ma =314

300 MeV ALP and for the data at the η resonance (where the latter assumed a constant315

background). Figure 24 shows the diphoton resolution as a function of the diphoton mass,
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Figure 23: Left: The distribution of the measured diphoton mass in simulation with an ALP mass
of ma = 300 MeV, together with a Gaussian fit used to extract the mass resolution. Right: The
same fit for the η in measured data.

316

including simulation for different values of ma and the measured η in data. The resolution is317

found to be 3− 4% of the true diphoton mass for our signal after all selection criteria were318

applied. This was found to agree with the data for the η within statistical uncertainties.319
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Figure 24: Left: The measured resolution of the diphoton as a function of the diphoton mass for
the simulation of different ALP masses (blue) and the η in data (orange), where the latter has
significant statistical uncertainty.
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4 Flux/Luminosity320

One of the important tasks of the Hall D pair spectrometer (PS) is to determine a flux of colli-321

mated beam photons incident on the GlueX target, which is needed to measure cross sections322

of various physics processes. The photon flux is obtained by reconstructing electron-positron323

pairs produced by beam photons during the physics run. The PS was integrated into the324

GlueX trigger system and allowed to record e+e− candidates in parallel with taking experi-325

mental data. The number of beam photons (Nγ) is related to the number of electron-positron326

pairs, (Ne+e−), detected by the pair spectrometer according to the following expression:327

Nγ =
Ne+e−

Nconv σe+e− ϵ A
, (11)

where Nconv is the number of atoms in the pair spectrometer converter, σe+e− is the pair328

production cross section, ϵ is the efficiency of detecting leptons in the PS counters, and A is329

the PS acceptance. The denominator in Eq. 11, K = Nconvσe+e− ϵ A, was obtained during PS330

calibration runs, where we simultaneously measured the number of electromagnetic pairs and331

the number of photons in the beam . For the calibration, we used a small electromagnetic332

calorimeter, which was inserted into the photon beam and allowed us to directly count the333

number of beam photons.334

The number of beam photons is determined for each tagger counter by requiring a hit335

coincidence between the PS and tagging detectors. Each tagger counter corresponds to the336

specific beam energy, so a hit in the tagging detectors is required to define the energy of a337

beam photon. An example of the tagged beam photon energy distribution is presented in338

Fig. 25. Holes in the distribution correspond to gaps between tagging counters. The tagger339

hodoscope counters are sampled below about 7.2 GeV. An enhancement in the distribution340

around 8.5 GeV corresponds to the coherent peak in the photon beam energy spectrum.341

The shape of the energy distribution depends on the type of the beam radiator (diamond or342

amorphous) and orientation of the diamond radiator, and varied from run to run.343

The tagged photon energy distribution is used in the event generator by randomly se-344

lecting a beam photon energy according to this distribution. The tagged energy spectra345

are determined from the PS data for every run in the SRC experiment and are stored in346

the calibration database. The Hall D simulation framework allows to generate MC samples347

according to realistic run-by-run dependent distributions of tagged photon energy spectra348

and electron beam energies.349
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Figure 25: Tagged beam photon energy distribution for run 90271 as measured using the Pair
Spectrometer.
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5 Results350

5.1 Blinding Procedures351

We performed a blinded analysis on the data by initially only analyzing 10% of the data.352

We compared our 10% sample with simulation and tested our bump hunt procedure by353

inserting a fake signal into our data (see results in Section 5.3.2). We also analyzed the η354

channel resolution in this sample with the expected mass resolution from simulation in order355

to validate our understanding of the mass resolution in our data. We made predictions using356

the 10% sample to estimate the reach that would be obtained with the same results in the357

full 100% data sample. We changed no data cuts in event selection, vetoes, and analysis358

for the full data sample. It is the objective of this document to obtain approval for the full359

unblinding of our data.360

The diphoton mass spectrum of the blinded subset of data is shown in Figure 40. Peaks361

resulting from η → γγ and ω → π0γ decay may be clearly seen, and limit searches in the362

higher-mass region. Below the η mass is a smooth background; this remaining background363

is presumed to result from η and ω production in air downstream from the target. The364

assumed vertex results in a lower reconstructed mass due to an underestimated opening365

angle, and the lack of vertexing in a neutral-only final-state limits our ability to remove such366

backgrounds.367
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Figure 26: 2-photon mass spectrum after event selection in blinded subset of data.

5.2 Statistical Analysis368

We performed a bump-hunt on the 2-photon mass spectrum using the statistical procedure
outlined in Ref. [15]. The distribution of 2-photon resonance signal was seen in simulation
to follow a Gaussian shape, and the resolution of this Gaussian σm(mX) was taken from
simulation for a given mX hypothesis (see Fig. 24). This signal distribution function shall
be denoted

SmX
(m) =

1√
2πσ2

m

exp

(
−(m−mX)

2

2σ2
m

)
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clearly normalized to
∫
SmX

(m) dm = 1, where m is the measured 2-photon mass and mX is
the truth-level mass of the hypothesized resonance. (The normalization of this signal level
will be later introduced as a parameter.) The smooth, non-resonant 2-photon background
was modeled as a polynomial distribution, denoted

BmX
(m|a) =

l∑
i=0

ai(m−mX)
i

where a = {ai} is the set of coefficients defining the polynomial. (The overall normaliza-369

tion of this background is ultimately a nuisance parameter and therefore given no special370

attention.) Ref. [16] shows that a relationship exists between the size of the fitting window371

relative to the resolution of the signal and the appropriate order of polynomial fit to the372

background to avoid signal bias. We selected a fit window width of ∆m = 20σm; that is,373

for a given mass hypothesis mX the 2-photon mass spectrum was considered in the window374

of mX − 10σm(mX) < m < mX + 10σm(mX). This was somewhat altered in the upper375

mass region, where the presence of the η → γγ peak presented a non-smooth background;376

in this region, a boundary at 500 MeV was implemented, and the window was instead377

500 MeV− 20σm(mX) < m < 500 MeV. Similarly, 180 MeV was taken as a low-mass limit378

due to the lack of data below that. In each window the number of bins was selected as 400,379

giving a bin width of σm/20. (The effect of different choice of binning is shown later.) To380

pair with this a polynomial order of l = 4 was considered.381

Combining these distributions for signal and background, the overall distribution for
the 2-photon mass spectrum is parameterized as BmX

(m|a) + µSmX
(m), where we have

introduced the signal strength parameter µ, equivalent to the number of signal counts in
the distribution. In a given bin j, we may integrate over the mass range to determine the
normalized number of signal counts

sj =

∫
m∈bin j

SmX
(m) dm

and the number of background counts

bj(a) =

∫
m∈bin j

BmX
(m|a) dm

where we have suppressed the mX index, but each mass hypothesis is considered separately.
We denote the observed number of counts in the bin as nj, which will naturally be a sum of
signal and background events. The likelihood of observing that number of counts assuming
the underlying distribution defined by µ and a is given by a Poisson distribution:

Lj(µ, a) =
(bj(a) + µsj)

nj

nj!
e−(bj(a)+µsj)

Taking all bins into consideration, the overall likelihood function is the product of each bin’s
individual Poisson likelihood:

L(µ, a) =
∏

j∈bins

(bj(a) + µsj)
nj

nj!
e−(bj(a)+µsj)
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For a frequentist statistical analysis, we must consider maximization of this likelihood func-382

tion of the fit parameters µ, a. We define the parameters that globally maximize this likeli-383

hood over the full parameter space µ̂, â.384

As signal strength µ is our parameter of interest, we can also consider maximizing this385

likelihood at a fixed value of µ. The background parameters which maximize L at a fixed386

value of µ are defined ˆ̂a = ˆ̂a(µ). This may be used to quantify the goodness-of-fit of a signal387

strength parameter µ through the profile likelihood ratio:388

λ(µ) =
L(µ, ˆ̂a)

L(µ̂, â)
, (12)

where we compare our best estimator µ̂ against the alternatives. We will use the profile389

likelihood ratio both in test of discovery as well as test of exclusion.390

5.3 Tests of Discovery391

We first wish to determine if these data allow us to identify any statistically significant signal392

at a given value of mX . To this end we define our first test statistic q0393

q0 = −2 lnλ(0) = −2 ln
L(0, ˆ̂a)

L(µ̂, â)
(13)

This statistic quantifies the difference in goodness-of-fit between the null (background-only)394

hypothesis, and the global best fit to the data, in which µ may be nonzero. In the Wald395

approximation [17], this quantity is equivalent to the squared Z-score of the null hypothesis:396

397

q0 = Z2
0 (14)

This means that we may directly calculate the p-value of the null hypothesis using this398

quantity:399

p0 =

{
1− Φ(+

√
q0) µ̂ > 0

1− Φ(−√
q0) µ̂ < 0

(15)

Here we have defined Φ as the cumulative distribution function for the standard Gaussian400

with a mean of 0 and a standard deviation of 1.401

By performing the global minimization for L(µ̂, â) and the background-only minimization402

for L(0, ˆ̂a), we may calculate the value of q0 and therefore p0 for each considered hypothesis403

mX . Figure 27 shows the local p-value for signal discovery over the examined mass range404

between 200 MeV and 450 MeV. The largest observed excess is seen at ma ≈ 210 MeV,405

showing a 2σ significance for signal over the background hypothesis.406

5.3.1 Look-Elsewhere Effect407

The global p-value for signal discovery must be calculated accounting for the Look-Elsewhere408

Effect, which states that the probability of observing a statistically significant signal some-409

where in our search range is larger than the local probability of any specific signal obser-410

vation. The probability of a signal observation must therefore be modified using a “trial411
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Figure 27: Local p-value for signal discovery over the examined mass range. The largest excess is
observed at ma ≈ 440 MeV, with 2σ significance.

factor”, which accounts for this probability by quantifying the size of the search region and412

accounting for the fact that such a search is effectively performing multiple quasi-independent413

searches.414

We use the asymptotic formula given in Ref. [18] to calculate the trial factor at a given415

local significance Zlocal:416

trial# ≡ pglobal
plocal

≈ 1 +

√
π

2
NZlocal (16)

Here N denotes the “effective number” of independent search regions within our spec-417

trum. This value can be estimated using the “upcrossing” approximation of Ref. [18], which418

relates it to the number of upcrossings N(qref ) of q0 = Z2
0 as a function of mass above some419

theshold value qref :420

N = ⟨N(qref )⟩eqref/2 (17)

This value may be taken from data. Setting qref = 0 allows us to examine the number421

of upcrossings of the p-value above the 0σ line; looking at Fig. 27 we may see that we have422

N = ⟨N(qref = 0)⟩ = 3 ± 1.7. For a maximum value of Zlocal = 2.08 and a minimum value423

of plocal = 1.88× 10−2, we calculate a trial factor of424

trial# ≈ 8.8± 4.5

a global p-value of
pglobal ≈ 1.7± 0.84× 10−1

and a global significance of
Zglobal = 0.97± 0.34

We therefore do not observe any excess with a larger global significance than 1σ.425
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Figure 28: Local p-value for signal discovery over the examined mass range. The black curve shows
the p-value for the existing datast, while the colored curves show the p-value after random signal
injection.

5.3.2 Signal Injection Tests426

In order to confirm the ability of our method to successfully identify signals in data, we427

performed tests by injecting randomly generated signal event samples in the data and again428

using the test of discover. The mass of the signal was randomly generated between 200 and429

450 MeV, with the resolution being taken from simulation. The significance of the signal430

was randomly generated between 0 and 5, where the signal significance was defined as the431

ratio between the inserted signal and the uncertainty on the data integral within 2σ of the432

signal peak:433

S =
Ninjected√∫

±2σ
Ndata(m)dm

(18)

Fig. 28 shows the results in the case of 4 randomly generated signals compared with434

that for the existing dataset. The measured p-value was smaller than the significance of the435

injected signal, largely due to the ability of the background model to absorb some portion436

of the signal strength, but the signals clearly resulted in decreases at the appropriate masses437

of the p-value.438

5.3.3 η Discovery Test439

The ability of the algorithm to positively identify the signal of the η → γγ decays in data440

was examined to verify the discovery test. Fig. 28 shows the local p-value evaluated near the441

mass of the η meson mη = 548 MeV. The p-value shows an extreme dip in the vicinity of the442

known η mass, clearly identifying the peak seen in Fig. 40 as highly statistically significant.443
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Figure 29: Local p-value for signal discovery over the mass range near the mass of the η meson.
The signal of the η production and decay may be clearly seen to be highly significant.
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Figure 30: Local p-value for signal discovery over the examined mass range. Different colors
correspond to different background polynomial orders.

5.3.4 Polynomial Order Examination444

The effect of the order of polynomial used to fit the background was also examined. Fig. 30445

shows the local-pvalue for different background models using polynomial order l = 3, 4, 5, 6.446

The specifics of the obtained p-value differ as a function of the polynomial order, but the447

qualitative features of the local p-value as a function of the mass remain the same. With448

the exception of the l = 3 polynomial, which is clearly insufficiently flexible to describe the449

mass spectrum shoulder near 450 MeV, no background model suggests a significant signal450

in the data.451
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Figure 31: 95% exclusion range on µ as a function of ma.

5.4 Tests of Exclusion452

We also wish to use the data to place upper limits on the signal strength µ, in order to453

translate these to limits on the coupling cγ/Λ. This requires us to compare fits at fixed µ454

with the best fit hypothesis to determine a specific shift in the likelihood. However, we should455

account for the fact that fits with µ < 0 are nonphysical when performing this comparison.456

Assuming the background-only hypothesis of the underlying data distribution is accurate, we457

expect roughly half the time to observe µ̂ < 0 due to statistical fluctuations. In these cases458

we wish to instead compare to the background-only null hypothesis, to avoid the possibility459

of having a negative upper limit. We therefore define a truncated version of the profile460

likelihood ratio:461

λ(µ) =


L(µ,ˆ̂a)
L(µ̂,â)

µ̂ > 0
L(µ,ˆ̂a)

L(0,ˆ̂a(0))
µ̂ < 0

(19)

Using this we may define our second test statistic q̃µ:462

q̃µ =

{
−2 ln λ̃(µ) µ > µ̂

0 µ < µ̂
(20)

This quantity is equivalent to the squared Z-score of the hypothesis at fixed µ as compared463

to the best-fit hypothesis for a given mass. To 95% confidence, we find that hypotheses with464

q̃µ > (1.64)2 are excluded, giving us our range of excluded values of µ for a given mass.465

Fig. 31 shows the limits extracted on the value of µ over our search range to 95% confidence.466

5.4.1 Normalization467

Conversion of the limit on µ, equivalent to the observed signal yield, requires that we take into468

account the overall normalization of the measured data. A precise method for doing so was469

proposed in Ref. [1]; in normalizing against the primakoff production of known resonances470
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Figure 32: Left: Primakoff photoproduction cross section as a function of diphoton resonance mass
ma at fixed coupling cγ/Λ = 1 TeV−1, averaged over the tagged beam photon flux with Eγ > 6
GeV. Right: Efficiency for Primakoff diphoton signal detection with Eγ > 6 GeV.

such as the π0 or the η, we may reduce the systematics involved with the experiment and471

with the modelling of nuclear structure effects, and achieve higher precision than the use of472

luminosity measurements would allow.473

The yield Y for some signal process is equal to the product of the luminosity L, the cross474

section σ, and the efficiency of detection ϵ for the process (as well as the branching ratio in475

the case of the η):476

Y = L × σ × ϵ× B(X → γγ) (21)

Here the luminosity is integrated above a threhold of Eγ > 6 GeV, the cross section is av-477

eraged over the tagged photon flux, and the efficiency is averaged over final-state kinematics478

as described in Section 3.4.479

The equal luminosity between the ALP and η Primakoff production measurements leads480

to the following equality:481

Ya
σaϵa

=
Yη

σηϵηB(η → γγ)
(22)

As the yield Y is equal to the signal strength µ, the ratio between the ALP and η482

production cross sections is proportional to the ratio of the signal strengths:483

σa
ση

=
ϵη
ϵa

µa

µη

B(η → γγ) (23)

As shown in Eqs. 5 and 7, the cross section is proportional to the square of the coupling484

ratio cγ/Λ; this may be factorized out, with both cross sections being calculable at a fixed485

reference coupling ratio (cγ/Λ))ref :486

(cγ/Λ)
2
a

(cγ/Λ)2η

σref (m = ma)

σref (m = mη)
=
ϵη
ϵa

µa

µη

B(η → γγ) (24)

The ratio of the squares of the coupling constants may be given by a correction factor F487

to the ratio of the signal strengths:488
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Figure 33: Correction factor F as a function of ma to the yield ratio to calculate the squared
coupling ratio (relative to the η meson).

(cγ/Λ)
2
a

(cγ/Λ)2η
=
σref (m = mη)ϵη
σref (m = ma)ϵa

× µa

µη

× B(η → γγ) = F(ma)×
µa

µη

× B(η → γγ) (25)

Fig. 32 shows the value of the fixed-coupling cross section and the signal efficiency, each489

as a function of resonance mass. Fig. 33 shows the value of the correction factor of Eq. 25.490

The coupling of the ALP may from here be calculated relative to the η−γ coupling using491

the measured signal strength η. Specifically, we are interest in the 95%-confidence limit on492

the ALP coupling, which is similarly related to the 95% limit on µ:493 (cγ
Λ

)
95%

=

√
F(ma)×

µ95%

µη

× B(η → γγ)
(cγ
Λ

)
η

(26)

We may calculate the absolute value of this quantity using the known properties of the494

η meson. Using Eq. 7, we may determine the η− γ coupling from its partial decay width to495

γγ:496

(cγ
Λ

)
η
=

√
64π

m3
η

Γη→γγ =

√
64π

m3
η

ΓηB(η → γγ) (27)

Using the values of Ref. [19], we calculate this coupling to be (cγ/Λ)η = 25.1 ± 0.48497

TeV−1.498

We use the same fitting procedure previously described to extract the signal strength499

of the η peak in our mass spectrum. In this case we use a 10σm mass window to fit the500

spectrum, due to the complexity of the background shape around the η mass, along with a501

4th-order polynomial background, a Gaussian signal of known mean mη and width σm(mη),502

and 400 bins. This fit is shown in Fig. 34, with a reduced number of bins in aid in viewing503

the data. This fit, as well as examination of the test statistic q̃µ to quantify uncertainties,504

provides us with a measured signal strength of µη = 1200± 100.505

These values together allow us to use the limits extracted in Fig. 31 along with Eq. 26 to506

place exclusion limits on the ALP coupling. Fig. 35 shows the exclusion as a function of ma507
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Figure 34: Fit to the mass spectrum around the mass of the η meson. The dashed red line shows
the full best-fit to the data, while the solid magenta line shows the background component of this
fit.
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Figure 35: 95% exclusion range on cγ/Λ as a function of ma.

over the examined range. We observed that the current sample of data places upper limits508

on the coupling around cγ/Λ ≲ 5 TeV−1 for most of the range.509

5.4.2 Expected Exclusion Range510

As an extension of this, we would like to determine the expected exclusion limit on µ given511

the background-only hypothesis. That is, in the event that the best-fit background-only512

hypothesis for the underlying distribution is accurate, we would like to calculate what level513

of exclusion we would expect given our number of statistics, as well as the expected level of514

deviation in this. The benefits of this calculations are twofold. First, this allows us to verify515

that the fluctuations observed in the limits set by the data are within expectations for the516

quantity of data used. Second, this allows us to project the limits we expect to set when517

using the full set of data, allowing us to verify that the unblinded results are consistent with518
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Figure 36: Left: The best-fit background-only (blue, solid) and signal-allowed (red, dashed) fits to
the data when testing the ma = 300 MeV hypothesis. Right: The Asimov dataset for this mass
range under the null hypothesis.
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Figure 37: 95% exclusion range on µ as a function of ma. The black line and shaded region show
the exclusion limits set by the current subset of the data. The red band shows the range of expected
exclusion of the current dataset given the background-only hypothesis.

the blinded predictions.519

This may be calculated using what we call the “Asimov dataset”, as described in Ref. [15].520

The Asimov dataset defines the set of data in which each bin takes on precisely its expectation521

value as its contents (under some hypothesis). This has the effect of smoothing out local522

statistical fluctuations. In our case, we may take the best background-only fit (the null523

hypothesis) as the basis for our Asimov dataset at each mass point, with one such example524

shown in Fig. 36.525

This pseudo-dataset may be used to perform the same exclusion test as described previ-526

ously in order to calculate the 95% limit on µ as set by q̃µ = (1.64)2. We may additionally527

calculate the expected variation in this bound by changing this equality; the ±1σ range on528

the exclusion is calculated using
√
q̃µ = 1.64 ± 1, giving us a band of expected exclusion529

limits, as shown in Fig. 37.530

Repeating the same normalization procedure as described in Section 5.4.1, we may convert531

this exclusion range on µ to the expected range of exclusion on the coupling. The red band in532
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Figure 38: 95% exclusion range on the ALP-photon coupling as a function of ma. The black line
and shaded region show the exclusion limits set by the current subset of the data. The red band
shows the range of expected exclusion of the current dataset given the background-only hypothesis.
The blue band shows the projections for the limits set by the full dataset.

Fig. 38 shows the 1σ range of expected exclusion on the ALP-photon coupling as a function533

of the mass.534

Finally, we may use this exclusion expectation to estimate the limits set by the full535

(unblinded) dataset. As the limits on the cross section will scale as 1/
√
N and the cross536

section scales as a square of the coupling (cγ/Λ)
2, this projection may be performed by537

multiplying the expected exclusion band by a factor of f−1/4, where f ≈ 10% is the fraction538

of data used in this blinded analysis. The blue band in Fig. 38 shows the projected exclusion539

for the full dataset.540

Fig. 39 shows the limits set by the current data and the projected full data limits com-541

pared with existing limits set by data, as well as projections for future studies. The limits542

set by the full data are unlikely to be world-leading over most of the range except in the543

case of a favorable fluctuation in the spectrum. In most cases the limits set by the Belle and544

BESIII experiments supersede those set by this data. A higher-statistics set of data with a545

target such as 208-Pb would clearly provide more stringent limits in our mass range.546
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Figure 39: 95% exclusion range on the ALP-photon coupling as a function of ma. The black line
and shaded blue region show the exclusion limits set by the current subset of the data and the
projected dataset, respectively. The grey region shows limits set by existing analysis. The dashed
lines show the limits projected for other experiments.
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6 Reference Channel Normalization Check547

In order to verify that the absolute normalization of the limits set by this work are accurate,548

a check was performed of the absolute yield of measured Primakoff η → γγ events.549

The total number of photon-tagged events produced per unit photon energy is given by550

the product of the cross section (evaluated at a given Eγ) and the differential luminosity:551

dNproduced

dEγ

=
dL
dEγ

× σ(Eγ) (28)

For beam photons with an energy greater than our threshold of 6 GeV, the differen-552

tial luminosity may be expressed as the product of the total luminosity mathcalL and the553

normalized tagged photon energy distribution P (Eγ):554

dL
dEγ

= L× P (Eγ) (29)

The total number of produced events may be determined by integrating over the beam555

photon energy above our threshold:556

Nproduced =

∫
dEγ

dNproduced

dEγ

= L ×
∫
dEγP (Eγ)σ(Eγ) = L × ⟨σ⟩ (30)

Here we have defined ⟨σ⟩ as the flux-averaged total cross section. The number of events557

resulting a 2-photon final-state requires us to factor in the branching fraction to γγ558

Nγγ = L × ⟨σ⟩ × B(η → γγ) (31)

Finally, the efficiency ϵ for detection of Primakoff 2-photon final-states must be factored559

in to calculate the total measured yield:560

Nmeas = L × ⟨σ⟩ × B(η → γγ)× ϵ (32)

The total tagged luminosity for photons with energy above 6 GeV was measured to be561

8.21 pb−1·nucleus. The cross section model and event generator described in Section 3.1562

was used to calculate a total flux-averaged cross section of 20.58 nb/nucleus. The branching563

fraction for (η → γγ) was taken from Ref. [19] to be 39.41%. Finally, the efficiency was564

calculated using the event generator output as described in Section 3.4 to be 25%.565

Combining these factors and the data fraction 10% currently being used, we estimate:566

• 169,000 Primakoff η events in data567

• 16,900 Primakoff η events in the blinded subset of data568

• 6,660 Primakoff (η → γγ) events in the blinded subset of data569

• 1,660 detected Primakoff (η → γγ) events in the blinded subset of data570
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As described in Section 5 and shown in Fig. 34, the measured number of (η → γγ) events571

in our mass spectrum was found to be 1200±100. Given the difficulty in modelling absolute572

detector efficiency, as well as the model-dependency of Primakoff calculations on the nuclear573

form factors, this level of agreement is assessed to be sufficient to validate the use of the η574

meson yield to normalization. The listed factors of detector response and nuclear effects in575

large part cancel in the ratio of Primakoff yields.576
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A Comments from SRC-CT Group646

1. Introduction needs more materials justifying this search and this particle647

candidate.648

649

Further details on the motivation and theoretical basis will be added in the final650

paper in consultation with theorists.651

652

2. Impact of selection criteria on background should be shown individually.653

654

Fig. 15 has bee added to show the effects of the cuts.655

656

3. TOF-RF veto timing window should be reduced from 6.5 ns to 0.5 ns.657

658

As this cut does not impact the accuracy of the normalization of the η yield and only659

results in a somewhat lower efficiency for signal events, the more conservative timing660

window has been kept.661

662

4. RF-FCAL and RF-BCAL timing vetoes should be different, and particularly663

the BCAL veto should be wide enough to remove potential incoherent contribu-664

tions to the η peak.665

666

The RF-BCAL cut was widened to 6 ns at Igal’s suggestion to avoid overestimating667

the η Primakoff yield.668

669

5. Show elasticity vs. diphoton mass for the mass range and polar angle consid-670

ered for the search.671

672

See below:673
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Figure 40: Elasticity vs Diphoton Mass.
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674

6. Elasticity may be used to improve 2-photon mass resolution by correcting for675

photon energy smearing.676

677

It is true that the assumption of perfect elasticity enables an improvement in the678

invariant mass resolution for the 2-photon combinations, compensating for energy679

resolution effects in the FCAL. However, this introduces some complications in proper680

handing of the statistics of beam-event combinations, particularly in calculation of681

the uncertainties of low-count bins, and the improvement in the reach is assessed682

to be insufficient to change the non-world-leading result. As such, the traditional683

calculation of the invariant mass is sufficient for this analysis.684

685

7. A validation channel should be used to confirm that the normalization of this686

method is accurate.687

688

A comparison of the η yield to theory calculations based on the measured luminosity689

has been added; see Section 6. The agreement between the luminosity-based estimates690

and the measured yield was found to be good.691

692

8. Mass regions closer to the η peak may be reached by including the η in the693

background fit.694

695

Expansion of the current mass region is not within the current scope of the work,696

and including the eta peak results in a more complex background fit, introducing697

convergence issues.698

699

9. Check the sensitivity of the result to the width of the mass windows around700

the candidate mass.701

702

Following-up with Yotam about this.703

704

10. The definition of µ should be positive definite, but this is not taken into705

account in the calculation of the p-value.706

707

µ was allowed to be below 0 for the purposed of calculating the p-value (in order708

to observe symmetry of the fluctuations around µ = 0) but was defined as positive709

definite for the purposes of calculating the limits.710

711

11. Do you have a plot of µ0/(the expected 1 sigma bound) as a function of ma?712

713

Still need clarification on what this is asking for714

715

12. The relation of Eq. 21 is true for fixed photon energy, but the photon energy716

in the experiment varies.717

718
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Clarifying text was added after Eq. 21 that the cross section is averaged over the719

tagged flux, at which point the relation is exactly correct.720

721

13. Could you describe how the detection efficiency is determined in Fig. 32?722

723

Clarifying text was added after Eq. 21 pointing to Sec. 3.4, which describes the724

calculation of efficiency for signal events.725

726

14. Check if the sharp features in the Asimov bands are accurate.727

728

Recalculation of the band removes the feature, which was a result of non-convergence.729

730

15. How sensitive is the mass to the assumed vertex? Does the finite length of731

the target impact the analysis?732

733

The impact of the finite target length is much smaller than energy resolution effects,734

and may be safely neglected. (This was resolved in Dec. 12 meeting discussion.)735

736

16. The possible production of η mesons from dense material downstream of the737

target may introduce false resonances when statistics are increased. The impact738

of this should be estimated.739

740

This has been looked into and is a valid concern. Any possible “discovery” must be741

carefully examined and simulation may be used to check consistency with resulting742

from downstream material at a particular location.743

744

17. Is is a possibility that the “number of upcrossings” may severely fluctuate745

after the unblinding of the data, causing the Look-Elsewhere Effect to have a746

large impact on the final p-value?747

748

The number of upcrossings should not vary largely as a function of our statistics, but749

only as a function of our resolution. While the total impact of the LEE may differ750

such a difference should be small.751
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