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Summary of experiment (do not exceed this space):

We propose to conduct a search for the 3He-η bound state by the energy scan at the final states ppNπ, 3He6γ and 
3He2γ measuring excitation functions of its production cross section in proton-deuteron reactions for processes 

corresponding to two anticipated mechanisms:(i) absorption of the  η meson by one of the nucleons,  which 

subsequently decays into N-π pair e.g.: pd-> (3He-η)bound ->pppπ−, and (ii) decay of the η-meson while it is still 

"orbiting" around a nucleus e.g.: pd-> (3He-η)bound -> 3He6γ reactions. In the first case we estimate a cross section 

for the bound state formation in the order of 80 nb, and from the previous experiments we estimate a background 
to about 2500 nb. In the case of the second considered mechanism, we expect a cross section for the signal in the 
order 0.4 nb and background in the order of 16 nb. Recent theoretical investigations show, independent of the 

model, that the binding energy of the possible η-mesic helium is small (in the order of 1 MeV). Therefore, we 

assume that the pole is very close to the threshold, in the range of few MeV. The predicted value of the width of 
the mesic nucleus is strongly model-dependent and varies from about 1 MeV to about 20 MeV. Therefore, we 

intend to scan the excess energy range around the 3He-η threshold from -50 to 20 MeV. In order to decrease the 

systematic uncertainties we plan to change beam momentum continuously for each measurement cycle. In order to 
reach a sensitivity for a width in the order of MeV, we need to collect statistics, that will permit the binning into 
intervals of 1 MeV. Taking into account the expected background cross section, we can reach a sensitivity of 10 

nb for the measurement of the pd-> (3He-η)bound ->pppπ− reaction and a sensitivity of 0.5 nb for the pd-> (3He-

η)bound -> 3He6γ reaction within 10 days of continous measurement with an average luminosity of 5x1030cm-2s-1. 

In the most pessimistic case the measurement will permit to lower the upper bound for the cross section of 

the production of the 3He-η nucleus in the case of the pd-> (3He-η)bound ->pppπ− reaction from the present limit of 

270 nb down to a value of 10 nb and to put the first  limits on the pd-> (3He-η)bound ->  3He6γ reaction. It is 

important to stress that such a sensitivity will permit to reach the range of values of the cross section expected for  

the creation of the η-mesic 3He. The normalisation will be determined based on the simultaneous measurement of 

the reactions pd->  3Heη,  pd->  3Heπ0,  and proton-deuteron elastic scattering, and the absolute value of excess 

energy will be determined via missing mass method using the pd-> 3He-η reaction. 

In order to realize the proposed studies we would like to ask for two weeks of the proton beamtime in the 
slow ramping mode.

Attach scientific justification and a description of the experiment providing the following information:
For proposals:
Total beam time (or number of particles) needed; specification of all necessary resources
For beam requests:
Remaining beam time (allocations minus time already taken)

Scientific justification:
What are you trying to learn?
What is the relation to theory?
Why is this experiment unique?

Details of experiment:
Description of apparatus.
What is the status of the apparatus?
What targets will be used and who will supply them?
What parameters are to be measured and how are they measured?
Estimates of solid angle, counting rate, background, etc., and assumptions used to make these estimates.
Details which determine the time requested.
How will the analysis be performed and where?

General information:
Status of data taken in previous studies.
What makes COSY suitable for the experiment?
Other considerations relevant to the review of the proposal by the PAC.

EC-Support:
The European Commission supports access of new users from member and associated states to COSY. Travel and 
subsistence costs can be granted in the frame of the program Access to Large Scale Facilities (LSF).
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❆❜str❛❝t

❲❡ ♣r♦♣♦s❡ t♦ ❝♦♥❞✉❝t ❛ s❡❛r❝❤ ❢♦r t❤❡ 3❍❡✲η ❜♦✉♥❞ st❛t❡ ❜② ♠❡❛s✉r✐♥❣ ❡①❝✐t❛t✐♦♥
❢✉♥❝t✐♦♥s ♦❢ ✐ts ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥s ✐♥ ♣r♦t♦♥✲❞❡✉t❡r♦♥ r❡❛❝t✐♦♥s ❢♦r ♣r♦❝❡ss❡s
❝♦rr❡s♣♦♥❞✐♥❣ t♦ t✇♦ ❛♥t✐❝✐♣❛t❡❞ ♠❡❝❤❛♥✐s♠s✿ ✭✐✮ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ η ♠❡s♦♥ ❜② ♦♥❡ ♦❢
t❤❡ ♥✉❝❧❡♦♥s✱ ✇❤✐❝❤ s✉❜s❡q✉❡♥t❧② ❞❡❝❛②s ✐♥t♦ N − π ♣❛✐r ❡✳❣✳✿ pd → (3❍❡✲η)bound →
pppπ−✱ ❛♥❞ ✭✐✐✮ ❞❡❝❛② ♦❢ t❤❡ η✲♠❡s♦♥ ✇❤✐❧❡ ✐t ✐s st✐❧❧ ✧♦r❜✐t✐♥❣✧ ❛r♦✉♥❞ ❛ ♥✉❝❧❡✉s
❡✳❣✳✿ pd → (3❍❡✲η)bound → 3❍❡ 6γ r❡❛❝t✐♦♥s✳ ■♥ t❤❡ ✜rst ❝❛s❡ ✇❡ ❡st✐♠❛t❡ ❛ ❝r♦ss
s❡❝t✐♦♥ ❢♦r t❤❡ ❜♦✉♥❞ st❛t❡ ❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✽✵ ♥❜✱ ❛♥❞ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s
❡①♣❡r✐♠❡♥ts ✇❡ ❡st✐♠❛t❡ ❛ ❜❛❝❦❣r♦✉♥❞ t♦ ❛❜♦✉t ✷✺✵✵ ♥❜✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s❡❝♦♥❞
❝♦♥s✐❞❡r❡❞ ♠❡❝❤❛♥✐s♠✱ ✇❡ ❡①♣❡❝t ❛ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡ s✐❣♥❛❧ ✐♥ t❤❡ ♦r❞❡r ✵✳✹ ♥❜ ❛♥❞
❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✶✻ ♥❜✳ ❘❡❝❡♥t t❤❡♦r❡t✐❝❛❧ ✐♥✈❡st✐❣❛t✐♦♥s s❤♦✇✱ ✐♥❞❡♣❡♥❞❡♥t
♦❢ t❤❡ ♠♦❞❡❧✱ t❤❛t t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ t❤❡ ♣♦ss✐❜❧❡ η✲♠❡s✐❝ ❤❡❧✐✉♠ ✐s s♠❛❧❧ ✭✐♥ t❤❡
♦r❞❡r ♦❢ ✶ ▼❡❱✮✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❛ss✉♠❡ t❤❛t ❛ ♣♦❧❡ ✐s ✈❡r② ❝❧♦s❡ t♦ t❤❡ t❤r❡s❤♦❧❞✱ ✐♥ t❤❡
r❛♥❣❡ ♦❢ ❢❡✇ ▼❡❱✳ ❚❤❡ ♣r❡❞✐❝t❡❞ ✈❛❧✉❡ ♦❢ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ♠❡s✐❝ ♥✉❝❧❡✉s ✐s str♦♥❣❧②
♠♦❞❡❧✲❞❡♣❡♥❞❡♥t ❛♥❞ ✈❛r✐❡s ❢r♦♠ ❛❜♦✉t ✶ ▼❡❱ t♦ ❛❜♦✉t ✷✵ ▼❡❱✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ✐♥t❡♥❞
t♦ s❝❛♥ t❤❡ ❡①❝❡ss ❡♥❡r❣② r❛♥❣❡ ❛r♦✉♥❞ t❤❡ 3❍❡ − η t❤r❡s❤♦❧❞ ❢r♦♠ ✲✺✵ t♦ ✷✵ ▼❡❱✳
■♥ ♦r❞❡r t♦ ❞❡❝r❡❛s❡ t❤❡ s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ✇❡ ♣❧❛♥ t♦ ❝❤❛♥❣❡ ❜❡❛♠ ♠♦♠❡♥t✉♠
❝♦♥t✐♥✉♦✉s❧② ❢♦r ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ❝②❝❧❡✳ ■♥ ♦r❞❡r t♦ r❡❛❝❤ ❛ s❡♥s✐t✐✈✐t② ❢♦r ❛ ✇✐❞t❤
✐♥ t❤❡ ♦r❞❡r ♦❢ ▼❡❱✱ ✇❡ ♥❡❡❞ t♦ ❝♦❧❧❡❝t st❛t✐st✐❝s✱ t❤❛t ✇✐❧❧ ♣❡r♠✐t t❤❡ ❜✐♥♥✐♥❣ ✐♥t♦
✐♥t❡r✈❛❧s ♦❢ ✶ ▼❡❱✳ ❚❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ❝r♦ss s❡❝t✐♦♥✱ ✇❡ ❝❛♥
r❡❛❝❤ ❛ s❡♥s✐t✐✈✐t② ♦❢ ✶✵ ♥❜ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ pd → (3❍❡✲η)bound → pppπ−

r❡❛❝t✐♦♥ ❛♥❞ ❛ s❡♥s✐t✐✈✐t② ♦❢ ✵✳✺ ♥❜ ❢♦r t❤❡ pd → (3❍❡✲η)bound → 3❍❡ 6γ r❡❛❝t✐♦♥
✇✐t❤✐♥ t✇♦ ✇❡❡❦s ♦❢ ♠❡❛s✉r❡♠❡♥t ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ❧✉♠✐♥♦s✐t② ♦❢ 5 · 1030 cm−2s−1✳

■♥ t❤❡ ♠♦st ♣❡ss✐♠✐st✐❝ s❝❡♥❛r✐♦ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇✐❧❧ ♣❡r♠✐t t♦ ❧♦✇❡r t❤❡ ✉♣♣❡r
❜♦✉♥❞ ❢♦r t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ η✕3❍❡ ♥✉❝❧❡✉s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡
pd → (3❍❡η)bound → pppπ− r❡❛❝t✐♦♥ ❢r♦♠ t❤❡ ♣r❡s❡♥t ❧✐♠✐t ♦❢ ✷✼✵ ♥❜ ❞♦✇♥ t♦ ❛ ✈❛❧✉❡
♦❢ ✶✵ ♥❜ ❛♥❞ t♦ ♣✉t t❤❡ ✜rst ❧✐♠✐ts ♦♥ t❤❡ pd → (3❍❡✲η)bound → 3❍❡ 6γ r❡❛❝t✐♦♥✳ ■t ✐s
✐♠♣♦rt❛♥t t♦ str❡ss t❤❛t s✉❝❤ ❛ s❡♥s✐t✐✈✐t② ✇✐❧❧ ♣❡r♠✐t t♦ r❡❛❝❤ t❤❡ r❛♥❣❡ ♦❢ ✈❛❧✉❡s ♦❢
t❤❡ ❝r♦ss s❡❝t✐♦♥ ❡①♣❡❝t❡❞ ❢♦r t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❡ η✲♠❡s✐❝ 3He✳ ❚❤❡ ♥♦r♠❛❧✐s❛t✐♦♥ ✇✐❧❧
❜❡ ❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ s✐♠✉❧t❛♥❡♦✉s ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ r❡❛❝t✐♦♥s pd → 3❍❡η✱
pd → 3❍❡π0✱ ❛s ✇❡❧❧ ❛s ♣r♦t♦♥✲❞❡✉t❡r♦♥ ❡❧❛st✐❝ s❝❛tt❡r✐♥❣✱ ❛♥❞ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡
♦❢ ❡①❝❡ss ❡♥❡r❣② ✇✐❧❧ ❜❡ ❞❡t❡r♠✐♥❡❞ ✈✐❛ ♠✐ss✐♥❣ ♠❛ss ♠❡t❤♦❞ ✉s✐♥❣ t❤❡ pd → 3❍❡η
r❡❛❝t✐♦♥✳

■♥ ♦r❞❡r t♦ r❡❛❧✐③❡ t❤❡ ♣r♦♣♦s❡❞ st✉❞✐❡s ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❛s❦ ❢♦r t✇♦

✇❡❡❦s ♦❢ t❤❡ ♣r♦t♦♥ ❜❡❛♠t✐♠❡ ✐♥ t❤❡ s❧♦✇ r❛♠♣✐♥❣ ♠♦❞❡✳

✶ ■♥tr♦❞✉❝t✐♦♥

■♥ ✷✵✵✽ ✇❡ ❤❛✈❡ ♣r❡s❡♥t❡❞ ❛ ♣r♦♣♦s❛❧ ❢♦r t❤❡ s❡❛r❝❤ ♦❢ t❤❡ ♠❡s✐❝ ♥✉❝❧❡✉s ✐♥
3❍❡✲η ❛♥❞ 4❍❡✲η s②st❡♠s ✇✐t❤ t❤❡ ❲❆❙❆ ❞❡t❡❝t♦r ❛t ❈❖❙❨ ✭s❡❡ ✶✽✻✳✶ ❛♥❞ ✶✽✻✳✷ ❛t
❤tt♣✿✴✴❞♦♥❛❧❞✳❝❝✳❦❢❛✲❥✉❡❧✐❝❤✳❞❡✴✇♦❝❤❡♥♣❧❛♥✴▲✐st❴♦❢❴❛❧❧❴❈❖❙❨✲Pr♦♣♦s❛❧s✳s❤t♠❧✮

✶



❚❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❛ ❜♦✉♥❞ st❛t❡ ♦❢ ♠❡s♦♥ ❛♥❞ ♥✉❝❧❡✉s ✇♦✉❧❞ ❜❡ ✐♥t❡r❡st✐♥❣ ✐♥ ✐ts ♦✇♥
❛❝❝♦✉♥t✱ ❛♥❞ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✐ts ♣r♦♣❡rt✐❡s ✇♦✉❧❞ ❜❡ ✈❛❧✉❛❜❧❡ ❢♦r t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢
t❤❡ ❡t❛✲♥✉❝❧❡♦♥ ✐♥t❡r❛❝t✐♦♥✱ ❢♦r st✉❞✐❡s ♦❢ t❤❡ ◆∗(1535) ♣r♦♣❡rt✐❡s ✐♥ ♥✉❝❧❡❛r ♠❛tt❡r ❬✶✱ ✷❪✱
t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ η ♠❡s♦♥ ✐♥ t❤❡ ♥✉❝❧❡❛r ♠❡❞✐✉♠ ❬✸✱ ✹✱ ✺❪✱ ❢♦r t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡
✢❛✈♦✉r s✐♥❣❧❡t ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ η ♠❡s♦♥ ❬✻❪✱ ❛♥❞ ✐♥ ❣❡♥❡r❛❧ ❢♦r st✉❞✐❡s ♦❢ t❤❡ ❝❤✐r❛❧ ❛♥❞
❛①✐❛❧ ❯✭✶✮ s②♠♠❡tr② ❜r❡❛❦✐♥❣ ✐♥ ❧♦✇ ❡♥❡r❣② ◗❈❉ ❬✷✱ ✻✱ ✼❪✳

❆❝❝♦r❞✐♥❣ t♦ t❤❡ r❡❝♦♠♠❡♥❞❛t✐♦♥ ♦❢ t❤❡ P❆❈✸✻ ❛♥❞ ♥❡①t P❆❈✸✼ ✭❜❡❛♠ r❡q✉❡st✮ ✇❡
❤❛✈❡ ❝♦♥❞✉❝t❡❞ ❛ s❡❛r❝❤ ❢♦r t❤❡ 4He − η ❜♦✉♥❞ st❛t❡ ♠❡❛s✉r✐♥❣ t❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥s
❢♦r t❤❡ dd → 3❍❡ pπ− ❛♥❞ dd → 3❍❡nπ0 r❡❛❝t✐♦♥s✳ ❚❤❡ ♠❛✐♥ ❡①♣❡r✐♠❡♥t❛❧ ❝❛♠♣❛✐❣♥
✇❛s ❝♦♠♣❧❡t❡❞ ✐♥ ◆♦✈❡♠❜❡r ✷✵✶✵ ❛♥❞ ❛s ♣r♦♠✐s❡❞ ✐♥ t❤❡ ♣r♦♣♦s❛❧ ✇❡ ❤❛✈❡ r❡❛❝❤❡❞ t❤❡
s❡♥s✐t✐✈✐t② ♦♥ t❤❡ ❧❡✈❡❧ ♦❢ ❢❡✇ ♥❜✳ ❘❡s✉❧ts ❜❛s❡❞ ♦♥ t❤❡ ✜rst ❞❛t❛ s❛♠♣❧❡ ✇❡r❡ ♣✉❜❧✐s❤❡❞
r❡❝❡♥t❧② ❬✽❪✱ ❛♥❞ t❤❡ st❛t✉s ♦❢ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❢✉❧❧ s❛♠♣❧❡ ✇✐t❤ ✷✵✲t✐♠❡s ❧❛r❣❡r st❛t✐st✐❝s
✐s ❞❡s❝r✐❜❡❞ ❜❡❧♦✇ ✐♥ s❡❝t✐♦♥ ✷✳

❉✉❡ t♦ t❤❡ ❧✐♠✐t❛t✐♦♥s ✐♥ t❤❡ ❛✈❛✐❧❛❜❧❡ ❜❡❛♠✲t✐♠❡ t❤❡ P❆❈ ❤❛s r❡❝♦♠♠❡♥❞❡❞ t♦ ❝♦♥✲
❝❡♥tr❛t❡ ♦♥ t❤❡ st✉❞✐❡s ♦❢ ♦♥❧② ♦♥❡ ♦✉t ♦❢ t❤❡ 3❍❡✲η ❛♥❞ 4❍❡✲η st❛t❡s✳ ❲❡ ❞❡❝✐❞❡❞ t♦
✐♥✈❡st✐❣❛t❡ t❤❡ 4❍❡✲η s②st❡♠ ✈✐❛ t❤❡ dd → (4❍❡− η)bound →3❍❡Nπ r❡❛❝t✐♦♥s✳ ❚❤❡ ❝❤♦✐❝❡
✇❛s r❛t❤❡r ❛r❜✐tr❛r② ❛♥❞ ✇❛s ❜❛s❡❞ ♠❛✐♥❧② ♦♥ t❤❡ ❢❛❝t t❤❛t 3❍❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✇✐t❤ t❤❡
❲❆❙❆ ❞❡t❡❝t♦r ❛❧❧♦✇s ❢♦r ❛ ❧❡ss ✐♥✈♦❧✈❡❞ ❛♥❛❧②s✐s ❛♥❞ ❝❧❡❛♥❡r tr✐❣❣❡r✐♥❣ ❝♦♠♣❛r❡❞ t♦ t❤❡
❝❛s❡ ♦❢ t❤❡ pd → (3❍❡− η)bound → ppNπ r❡❛❝t✐♦♥s✳

◆♦✇ ❡♥❝♦✉r❛❣❡❞ ❜② t❤❡ st❛t❡♠❡♥ts ❜② t❤❡ ♣r❡✈✐♦✉s P❆❈ ♠❡❡t✐♥❣s t❤❛t
✧t❤❡ ♣♦ss✐❜❧❡ ❡①✐st❡♥❝❡ ♦❢ t❤❡ ♠❡s♦♥✲♥✉❝❧❡✉s ❜♦✉♥❞ st❛t❡s ✐s ♦♥❡ ♦❢ t❤❡ ❝✉rr❡♥t
✐ss✉❡s ✐♥ ❤❛❞r♦♥ ❛♥❞ ♥✉❝❧❡❛r ♣❤②s✐❝s ✇❤✐❝❤ ✐s ♦❢ ❤✐❣❤ ♣❤②s✐❝s ✐♥t❡r❡st✧✱ ❛♥❞ ❜②
t❤❡ r❡❝❡♥t t❤❡♦r❡t✐❝❛❧ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❬✹✱ ✾✱ ✶✵✱ ✶✶✱ ✶✷✱ ✶✸✱ ✶✹✱ ✶✺✱ ✶✻❪
✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❝♦♠♣❧❡t❡ t❤❡ st✉❞✐❡s ♣r♦♣♦s❡❞ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♣r♦♣♦s❛❧ ❛♥❞
t♦ ♠❡❛s✉r❡ t❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥ ❢♦r t❤❡ pd → (3❍❡✲η)bound → pppπ−✱ pd →
(3❍❡✲η)bound → ppnπ0✱ pd → (3❍❡✲η)bound → dpπ0✱ pd → (3❍❡✲η)bound → 3❍❡ 2γ ❛♥❞
pd → (3❍❡✲η)bound → 3❍❡ 6γ s②st❡♠s ✐♥ t❤❡ ❡①❝❡ss ❡♥❡r❣② r❛♥❣❡ ♥❡❛r t❤r❡s❤♦❧❞
✭❜❡❧♦✇ ❛♥❞ ❛❜♦✈❡ t❤r❡s❤♦❧❞ ❢♦r 3❍❡✲η ♣r♦❞✉❝t✐♦♥✮✳

❲✐t❤ r❡s♣❡❝t t♦ t❤❡ st❛t❡ ♦❢ t❤❡ ❦♥♦✇❧❡❞❣❡ ✐♥ t❤❡ ②❡❛r ✷✵✵✽ ✇❡ ❤❛✈❡ ♥♦✇ ♥❡✇ ❛♥❞
str♦♥❣❡r ❛r❣✉♠❡♥ts ✐♥ ❢❛✈♦✉r ♦❢ ❝❛rr②✐♥❣ ♦✉t t❤❡ s❡❛r❝❤ ❢♦r t❤❡ 3❍❡✲η ❜♦✉♥❞ st❛t❡✳ ▼♦r❡✲
♦✈❡r✱ t❤❛♥❦s t♦ ❛rt✐❝❧❡s ❬✹✱ ✼✱ ✾✱ ✶✶✱ ✶✻✱ ✶✼❪ ❛♥❞ ✈✐❣♦r♦✉s ❞✐s❝✉ss✐♦♥s ❝❛rr✐❡❞ ♦✉t ❛t t❤❡
s②♠♣♦s✐✉♠ ❞❡❞✐❝❛t❡❞ t♦ t❤❡ η✲♠❡s✐❝ ♥✉❝❧❡✐ ❤tt♣✿✴✴❦♦③❛✳✐❢✳✉❥✳❡❞✉✳♣❧✴♠❡s✐❝✲♥✉❝❧❡✐✲✷✵✶✸✴ ✇❡
❤❛✈❡ ❡❧❛❜♦r❛t❡❞ ❛ ♥❡✇ ❡①♣❡r✐♠❡♥t❛❧ ❛♣♣r♦❛❝❤ ❝♦♠♣❧❡♠❡♥t❛r② t♦ t❤❡ ♦♥❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡
♦r✐❣✐♥❛❧ ♣r♦♣♦s❛❧✳

❚❤❡ ♠❛✐♥ ❛r❣✉♠❡♥ts ✐♥ ❢❛✈♦✉r ♦❢ t❤❡ s❡❛r❝❤ ❢♦r t❤❡ η✲♠❡s✐❝✲3❍❡ s②st❡♠s ❛r❡✿

✶✳ ❚❤❡ ❡①tr❡♠❡❧② st❡❡♣ r✐s❡ ♦❢ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡ pd → 3❍❡η r❡❛❝t✐♦♥ ✐♥
t❤❡ ✈❡r② ❝❧♦s❡✲t♦✲t❤r❡s❤♦❧❞ r❡❣✐♦♥ ❢♦❧❧♦✇❡❞ ❜② ❛ ♣❧❛t❡❛✉ ♠❛② ♦r✐❣✐♥❛t❡ ❢r♦♠ ❛ ♣♦❧❡ ♦❢
t❤❡ η3❍❡ → η3❍❡ s❝❛tt❡r✐♥❣ ❛♠♣❧✐t✉❞❡ ✐♥ t❤❡ ❝♦♠♣❧❡① ❡①❝❡ss ❡♥❡r❣② ♣❧❛♥❡ Q ✇✐t❤
Im(Q) < 0 ❬✶✽❪ ✭s❡❡ ❧❡❢t ♣❛♥❡❧ ♦❢ ❋✐❣ ✶✮✳

✷✳ ❆ st❡❡♣ ✐♥❝r❡❛s❡ ♦❢ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❢♦r 3❍❡✲η ♣❤♦t♦✲♣r♦❞✉❝t✐♦♥ ❛t t❤r❡s❤♦❧❞
✈✐❛ t❤❡ γ3He → η3He r❡❛❝t✐♦♥ ❬✶✻✱ ✶✾❪ ✭s❡❡ ❋✐❣✳ ✷✮ s❤♦✇s t❤❛t t❤❡ r✐s❡ ♦❢ t❤❡ ❝r♦ss
s❡❝t✐♦♥ ❛❜♦✈❡ t❤r❡s❤♦❧❞ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ✐♥✐t✐❛❧ ❝❤❛♥♥❡❧ ❛♥❞ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡
❛ss✐❣♥❡❞ t♦ t❤❡ 3He − η ✐♥t❡r❛❝t✐♦♥✳

✸✳ ❚❤❡ r❡❝❡♥t ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ t❡♥s♦r ❛♥❛❧②s✐♥❣ ♣♦✇❡r t20
❜② t❤❡ ❆◆❑❊ ❝♦❧❧❛❜♦r❛t✐♦♥ ❝♦♥✜r♠❡❞ t❤❛t t❤❡ s✲✇❛✈❡ ♣r♦❞✉❝t✐♦♥ ❛♠♣❧✐t✉❞❡ ✐♥ t❤❡
pd → 3❍❡ η r❡❛❝t✐♦♥ ✐s ❢❛✐r❧② ❡♥❡r❣② ✐♥❞❡♣❡♥❞❡♥t ❬✷✵❪ ✭s❡❡ ❋✐❣ ✸✮❀ ❛❣❛✐♥ ✐♥❞✐❝❛t✐♥❣
t❤❛t t❤❡ st❡❡♣ t❤r❡s❤♦❧❞ ❡♥❤❛♥❝❡♠❡♥t ✐s ❞✉❡ t♦ t❤❡ 3He − η ✐♥t❡r❛❝t✐♦♥✳

✷



✹✳ ❚❤❡ ❛s②♠♠❡tr② ✐♥ t❤❡ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ η ♠❡s♦♥ ❡♠✐ss✐♦♥ ❬✷✶✱ ✷✷❪ ✐♥❞✐❝❛t❡s
str♦♥❣ ❝❤❛♥❣❡s ♦❢ t❤❡ ♣❤❛s❡ ♦❢ t❤❡ s✲✇❛✈❡ ♣r♦❞✉❝t✐♦♥ ❛♠♣❧✐t✉❞❡ ✇✐t❤ ❡♥❡r❣②✱ ❛s
❡①♣❡❝t❡❞ ❢r♦♠ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ t❤❡ ❜♦✉♥❞ ♦r ✈✐rt✉❛❧ η3❍❡ st❛t❡ ❬✶✽❪ ✭s❡❡ r✐❣❤t ♣❛♥❡❧
♦❢ ❋✐❣✳ ✶✮✳

✺✳ ❚❤❡ ❡✈♦❧✉t✐♦♥ ✇✐t❤ ❡♥❡r❣② ♦❢ t❤❡ ❛♥❣✉❧❛r ❞❡♣❡♥❞❡♥❝❡ ♦❢ γ3He → η3He ❬✶✾❪ ✐s ✧s✐♠✐❧❛r
t♦ t❤❛t ♦❢ t❤❡ pd → 3❍❡η r❡❛❝t✐♦♥ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ❝❤❛♥❣✐♥❣ ♦❢ s✲✇❛✈❡ ❛♠♣❧✐t✉❞❡
❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ η3❍❡ ♣♦❧❡✧ ❬✾❪✳

✻✳ ❆♥ ♦❢t❡♥ st❛t❡❞ ❛r❣✉♠❡♥t t❤❛t t❤❡ ❡①tr❛❝t❡❞ ηN s❝❛tt❡r✐♥❣ ❧❡♥❣t❤ ✐s t♦♦ ❧♦✇ ❢♦r
t❤❡ η✲❤❡❧✐✉♠ ❜✐♥❞✐♥❣ ✐s ✇❡❛❦❡♥❡❞ ✐♥ ✈✐❡✇ ♦❢ ♥❡✇ t❤❡♦r❡t✐❝❛❧ r❡s✉❧ts✳ ❊st✐♠❛t❡s ♦❢
s✉❜✲t❤r❡s❤♦❧❞ ❛♠♣❧✐t✉❞❡s ❛r❡ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥t ❛♥❞ r❡❝❡♥t❧② ●❛❧ ❡t ❛❧✳✱ ❤❛s ❝♦♥❝❧✉❞❡❞
t❤❛t✿ ✧❈❛❧❝✉❧❛t✐♦♥s ♦❢ η✲♥✉❝❧❡❛r ❜♦✉♥❞ st❛t❡s s❤♦✇✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ t❤❛t t❤❡ η✲◆ s❝❛t✲
t❡r✐♥❣ ❧❡♥❣t❤ ✐s ♥♦t ❛ ✉s❡❢✉❧ ✐♥❞✐❝❛t♦r ♦❢ ✇❤❡t❤❡r ♦r ♥♦t η ♠❡s♦♥ ❜✐♥❞ ✐♥ ♥✉❝❧❡✐✧❬✶✶❪✳
▼♦r❡♦✈❡r✱ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ ηN s❝❛tt❡r✐♥❣ ❧❡♥❣t❤s ♦❜t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t ❛♥❛❧✲
②s❡s ❛r❡ ❛t ❧❡❛st t♦ s♦♠❡ ❡①t❡♥t ❡①♣❧❛✐♥❡❞ ❜② t❤❡ r❡❝❡♥t ♦❜s❡r✈❛t✐♦♥ t❤❛t t❤❡ ✢❛✈♦✉r
s✐♥❣❧❡t ❝♦♠♣♦♥❡♥t ✐♥❞✉❝❡s ❣r❡❛t❡r ❜✐♥❞✐♥❣ t❤❛♥ t❤❡ ✢❛✈♦✉r✲♦❝t❡t ♦♥❡✳ ❚❤❡r❡❢♦r❡✱
t❤❡ η − η′ ♠✐①✐♥❣✱ ✇❤✐❝❤ ✐s ♥❡❣❧❡❝t❡❞ ✐♥ ♠❛♥② ♦❢ t❤❡ ❢♦r♠❡r ❛♥❛❧②s❡s✱ ✐♥❝r❡❛s❡ t❤❡
η✲♥✉❝❧❡♦♥ s❝❛tt❡r✐♥❣ ❧❡♥❣t❤ r❡❧❛t✐✈❡ t♦ t❤❡ ♣✉r❡ ♦❝t❡t η ❜② ❛ ❢❛❝t♦r ♦❢ ❛❜♦✉t ✷ ❬✼❪✳
❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ η − η′ ♠✐①✐♥❣ ✐s ❛❧s♦ str❡ss❡❞ ❬✷✸❪✳

❉❡s♣✐t❡ t❤❡ r❛♣✐❞ ✐♥❝r❡❛s❡ ♦❢ t❤❡♦r❡t✐❝❛❧ ❡✛♦rts ✐♥ r❡❝❡♥t ②❡❛rs t❤❡r❡ ❛r❡ st✐❧❧ ♥♦ ♠♦❞❡❧
✐♥❞❡♣❡♥❞❡♥t ❝❛❧❝✉❧❛t✐♦♥s ✇❤✐❝❤ ✇♦✉❧❞ r❡❛❧❧② ❤❡❧♣ t♦ ❥✉❞❣❡ ✇❤✐❝❤ ♦✉t ♦❢ t❤❡ 4❍❡✲η ❛♥❞
3❍❡✲η s②st❡♠s ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❢♦r♠ ❛ ❜♦✉♥❞ st❛t❡✳ ❍♦✇❡✈❡r✱ ✐♥❞✐❝❛t✐♦♥s ❛♥❞ ❝❧❛✐♠s ❡①✐st
✐♥ ❢❛✈♦✉r ♦❢ t❤❡ 3❍❡✲η s②st❡♠✳ ❋♦r ❡①❛♠♣❧❡ t❤❡ r✐s❡ ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛t t❤r❡s❤♦❧❞ ❛♥❞
❤❡♥❝❡ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❡t❛✲♥✉❝❧❡✉s ✐♥t❡r❛❝t✐♦♥ ✐s ♠✉❝❤ str♦♥❣❡r ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ 3❍❡✲η
s②st❡♠ t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ 4❍❡✲η ♦♥❡✳ ❚❤✐s ✐s ❝❧❡❛r❧② s❡❡♥ ✐♥ ❋✐❣ ✸✳ ❋✉rt❤❡r♠♦r❡✱
❈♦❧✐♥ ❲✐❧❦✐♥ ❝♦♥❝❧✉❞❡s ✐♥ ❛ r❡❝❡♥t ❛rt✐❝❧❡✿ ✧❚❤❡r❡ ✐s ✈❡r② ❣♦♦❞ ❡①♣❡r✐♠❡♥t❛❧ ❡✈✐❞❡♥❝❡ t❤❛t
t❤❡ str♦♥❣ ✜♥❛❧ st❛t❡ ✐♥t❡r❛❝t✐♦♥ s❡❡♥ ✐♥ t❤❡ ~dd → 3❍❡η ❛♥❞ γ3❍❡ → η3❍❡ r❡❛❝t✐♦♥s ♥❡❛r
t❤r❡s❤♦❧❞ ♠✉st ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ♣♦❧❡ ✐♥ t❤❡ ❡①❝❡ss ❡♥❡r❣② ♣❧❛♥❡ ❢♦r ⑤◗⑤❁✶▼❡❱✳ ■♥
❝♦♥tr❛st✱ ❛♥② ❋❙■ ✐♥ 4Heη s②st❡♠ ✐s ❧❡ss ♦❜✈✐♦✉s✧❬✾❪✳

■♥ t❤❡ ♣r♦♣♦s❡❞ ❡①♣❡r✐♠❡♥t ✇❡ ♣❧❛♥ t♦ s❡❛r❝❤ ❢♦r t❤❡ ❞❡❝❛② ♦❢ t❤❡ η✲♠❡s✐❝ ❤❡❧✐✉♠ ✈✐❛
t✇♦ ♠❡❝❤❛♥✐s♠s✿

✶✳ ❆s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♣r♦♣♦s❛❧✿ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ ❡t❛ ♠❡s♦♥ ❛♥❞ ❡①❝✐t❛t✐♦♥ ♦❢
♦♥❡ ♦❢ t❤❡ ♥✉❝❧❡♦♥s t♦ ❛♥ ◆✯ r❡s♦♥❛♥❝❡✱ ✇❤✐❝❤ s✉❜s❡q✉❡♥t❧② ❞❡❝❛②s ✐♥t♦ ❛♥ N − π
♣❛✐r✿

pd → (3❍❡✲η)bound → pppπ−✱

pd → (3❍❡✲η)bound → ppnπ0✱

pd → (3❍❡✲η)bound → dpπ0✱

✷✳ ❉❡❝❛② ♦❢ t❤❡ η✲♠❡s♦♥ ✇❤✐❧❡ ✧♦r❜✐t✐♥❣✧ ❛r♦✉♥❞ ❛ ♥✉❝❧❡✉s ❬✾❪ ✈✐❛✿

pd → (3❍❡✲η)bound → 3❍❡ 2γ ❛♥❞ pd → (3❍❡✲η)bound → 3❍❡ 6γ✳

❋♦r t❤❡ ✜rst r❡❛❝t✐♦♥ ✇❡ ❡st✐♠❛t❡ ❛ ❝r♦ss s❡❝t✐♦♥ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✽✵ ♥❜ ❛♥❞ t❤❡ ❜❛❝❦✲
❣r♦✉♥❞ ♦❢ ❛❜♦✉t ✷✺✵✵ ♥❜✱ ❛♥❞ ❢♦r t❤❡ s❡❝♦♥❞ ❞❡❝❛② ♠❡❝❤❛♥✐s♠ ✇❡ ❡st✐♠❛t❡ t❤❡ ❝r♦ss s❡❝t✐♦♥
✐♥ t❤❡ ♦r❞❡r ♦❢ ✵✳✹ ♥❜ ✇✐t❤ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❛❜♦✉t ✶✻ ♥❜✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❛r❡ ❝r✉❞❡ ❡st✐♠❛t❡s
✭s❡❡ ❙❡❝t✐♦♥ ✸✮✳

❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ st✉❞✐❡s ♦❢ ♠❡s✐❝ ♥✉❝❧❡✐ ✐s r❡✢❡❝t❡❞ ❛❧s♦ ✐♥ t❤❡ ♦♥❣♦✐♥❣ r❡s❡❛r❝❤
♣r♦❣r❛♠s ♦♥ t❤❡ η ❛♥❞ η′✲♠❡s✐❝ ♥✉❝❧❡✐ ✐♥ ♠❛♥② ❧❛❜♦r❛t♦r✐❡s ❛s ❡✳❣✳✿ ❊▲❙❆ ❬✷✹❪✱ ▼❆▼■ ❬✶✺❪✱
●❙■ ❬✷✺✱ ✷✻❪✱ ❏■◆❘ ❛♥❞ ▲P■ ❬✷✼❪✱ ❛♥❞ ❏P❆❘❈ ❬✷✽✱ ✷✾❪✳
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■t ✐s ✇♦rt❤ t♦ ♣♦✐♥t ♦✉t t❤❛t t❤✐s ♣r♦♣♦s❛❧ ✐s ❝♦♠♣❧❡♠❡♥t❛r② t♦ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞
♣r♦❣r❛♠s ❛♥❞ t❤❛t ❲❆❙❆ ❞❡t❡❝t♦r ❛t ❈❖❙❨ ❣✐✈❡s ✉♥✐q✉❡ ♣♦ss✐❜✐❧✐t✐❡s t♦ ❝♦♥❞✉❝t t❤❡
♣r♦♣♦s❡❞ st✉❞✐❡s ♦❢ t❤❡ ❤❛❞r♦♥✐❝ ♣r♦❞✉❝t✐♦♥ ♦❢ 3❍❡✲η s②st❡♠ ✇✐t❤ t❤❡ ❝♦♥t✐♥✉♦✉s ❝❤❛♥❣❡
♦❢ t❤❡ ❜❡❛♠ ♠♦♠❡♥t✉♠ ❛♥❞ t❤❡ ❡①❝❧✉s✐✈❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ❛❧❧ ❡❥❡❝t✐❧❡s✳

❋✐❣✉r❡ ✶✿ ▲❡❢t✿ ❈❧♦s❡✲t♦✲t❤r❡s❤♦❧❞ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥ ❢♦r t❤❡ dp → 3❍❡η r❡❛❝t✐♦♥ ♣❧♦tt❡❞
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡①❝❡ss ❡♥❡r❣② ◗✳ ❙❤♦✇♥ ❛r❡ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❜② ❆◆❑❊
❝♦❧❧❛❜♦r❛t✐♦♥ ❬✸✵❪ ✭♦♣❡♥ ❝✐r❝❧❡s✮ ❛♥❞ ❈❖❙❨✲✶✶ ❣r♦✉♣✿ ❬✸✶❪ ✭❢✉❧❧ ❞♦ts✮ ❛♥❞ ❬✸✷❪ ✭tr✐❛♥❣❧❡s✮✳
❚❤❡ s♦❧✐❞ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ s❝❛tt❡r✐♥❣ ❧❡♥❣t❤ ✜t t♦ t❤❡ ❈❖❙❨✲✶✶ ❞❛t❛ ❬✸✶❪✱ ✇❤✐❧❡ t❤❡
❞❛s❤❡❞ ❧✐♥❡ ✐s t❤❡ ❛♥❛❧♦❣♦✉s ✜t t♦ t❤❡ ❞❛t❛ s❡t ♦❢ ❘❡❢✳ ❬✸✵❪✳ ❘✐❣❤t✿ ❆♥❣✉❧❛r ❛s②♠♠❡tr②
♣❛r❛♠❡t❡r α ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❈▼ ♠♦♠❡♥t✉♠✳ ❋✐❧❧❡❞ ❝✐r❝❧❡s ❛r❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
❞❛t❛ ❢r♦♠ ❆◆❑❊ ❬✸✵❪✱ ✇❤❡r❡❛s ♦♣❡♥ ❝✐r❝❧❡s r❡♣r❡s❡♥t t❤❡ ❞❛t❛ s❡t ♦❢ ❈❖❙❨✲✶✶ ❣r♦✉♣ ❬✸✶❪✳
❚❤❡ s♦❧✐❞ ❛♥❞ ❞❛s❤❡❞ ❧✐♥❡s ❝♦rr❡s♣♦♥❞ r❡s♣❡❝t✐✈❡❧② t♦ ✜t t♦ t❤❡ ❆◆❑❊ ❛♥❞ ❈❖❙❨✲✶✶ ❞❛t❛✱
✐♥❝❧✉❞✐♥❣ t❤❡ ♣❤❛s❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ s✲✇❛✈❡ s❝❛tt❡r✐♥❣ ❛♠♣❧✐t✉❞❡✱ ✇❤❡r❡❛s t❤❡ ❞♦tt❡❞ ❧✐♥❡
✐s ♦❜t❛✐♥❡❞ ♥❡❣❧❡❝t✐♥❣ t❤❡ ♣❤❛s❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❛♠♣❧✐t✉❞❡✳ ❚❤❡ ❋✐❣✉r❡ ✐s ❛❞♦♣t❡❞ ❢r♦♠
❘❡❢✳ ❬✶✽❪ ✳
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❋✐❣✉r❡ ✷✿ ❚♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡ γ3❍❡ → η3❍❡ ❝♦❤❡r❡♥t η✲♣r♦❞✉❝t✐♦♥ r❡❛❝t✐♦♥s ❬✶✾✱ ✸✸❪✳
❚❤❡ ❝✉r✈❡s ❛r❡ ❢r♦♠ P❲■❆ ♠♦❞❡❧❧✐♥❣✳ ❚❤❡ ❞♦tt❡❞ ❧✐♥❡s ✐♥❞✐❝❛t❡ ❝♦❤❡r❡♥t ❛♥❞ ❜r❡❛❦✉♣
t❤r❡s❤♦❧❞s✳ ❚❤❡ ✐♥s❡rts s❤♦✇ t❤❡ r❛t✐♦ ♦❢ ❞❛t❛ ❛♥❞ P❲■❆ ♣r❡❞✐❝t✐♦♥ ✭✜❣✉r❡ ❢r♦♠ ❬✶✻❪✮✳
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❋✐❣✉r❡ ✸✿ ❚♦♣✿ ❊♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❞❡✉t❡r♦♥ t❡♥s♦r ❛♥❛❧②s✐♥❣ ♣♦✇❡r t20 ❝❧♦s❡ t♦
t❤❡ ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ ❛ ✜t t♦ t❤❡ ❞❛t❛ ❛ss✉♠✐♥❣ ❛
❝♦♥st❛♥t ❛♥❛❧②s✐♥❣ ♣♦✇❡r ✇❤✐❧❡ t❤❡ ✜t ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❛❧❧♦✇s ❢♦r ❛ ❧✐♥❡❛r
❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ✭✜❣✉r❡ ❢r♦♠ ❬✷✵❪✮✳ ❇♦tt♦♠✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r
t❤❡ dp → 3❍❡η ❛♥❞ dd →4Heη✳ ❚❤❡ ❞❞ ❞❛t❛ ❤❛✈❡ ❜❡❡♥ s❝❛❧❡❞ ❜② ❛ ❢❛❝t♦r ♦❢ ✷✺✳ ❚❤❡ s♦❧✐❞
❝✉r✈❡s ❛r❡ t♦ ❣✉✐❞❡ t❤❡ ❡②❡ ✭✜❣✉r❡ ❢r♦♠ ❬✸✹❪✮✳

✷ ❙t❛t✉s ♦❢ t❤❡ s❡❛r❝❤ ❢♦r t❤❡ s✐❣♥❛❧ ❢r♦♠ t❤❡ 4He − η ❜♦✉♥❞

st❛t❡ ✐♥ t❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ dd → 3❍❡pπ− ❛♥❞

dd → 3❍❡nπ0 r❡❛❝t✐♦♥s

❚✇♦ ❡①♣❡r✐♠❡♥ts ❞❡❞✐❝❛t❡❞ t♦ t❤❡ s❡❛r❝❤ ♦❢ η✲♠❡s✐❝ ❤❡❧✐✉♠ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✉♣ t♦ ♥♦✇
✉s✐♥❣ t❤❡ ❲❆❙❆✲❛t✲❈❖❙❨ ❞❡t❡❝t♦r✳ ❇♦t❤ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ❢♦❝✉s❡❞ ♦♥ t❤❡ ❜♦✉♥❞ st❛t❡
❞❡❝❛② ✐♥t♦ t❤❡ 3❍❡ ❛♥❞ ❛ ♥✉❝❧❡♦♥✲ ♣✐♦♥ ♣❛✐r✳

❚❤❡ ✜rst ❡①♣❡r✐♠❡♥t ✇❛s ♣❡r❢♦r♠❡❞ ✐♥ ❏✉♥❡ ✷✵✵✽ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥✲
❝t✐♦♥ ♦❢ t❤❡ dd → 3❍❡pπ− r❡❛❝t✐♦♥ ♥❡❛r t❤❡ η ♠❡s♦♥ ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞ ❬✽❪✳ ❉✉r✐♥❣
t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r✉♥ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❞❡✉t❡r♦♥ ❜❡❛♠ ✇❛s ✈❛r✐❡❞ ❝♦♥t✐♥✉♦✉s❧② ✇✐t❤✐♥
❡❛❝❤ ❛❝❝❡❧❡r❛t✐♦♥ ❝②❝❧❡ ❢r♦♠ ✷✳✶✽✺ ●❡❱✴❝ t♦ ✷✳✹✵✵ ●❡❱✴❝✱ ❝r♦ss✐♥❣ t❤❡ ❦✐♥❡♠❛t✐❝ t❤r❡s❤♦❧❞
❢♦r η ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ dd →4❍❡ η r❡❛❝t✐♦♥ ❛t ✷✳✸✸✻ ●❡❱✴❝✳ ❚❤✐s r❛♥❣❡ ♦❢ ❜❡❛♠ ♠♦♠❡♥t❛
❝♦rr❡s♣♦♥❞s t♦ ❛ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ 4❍❡− η ❡①❝❡ss ❡♥❡r❣② ❢r♦♠ ✲✺✶✳✹ ▼❡❱ t♦ ✷✷ ▼❡❱✳

❯♥❢♦rt✉♥❛t❡❧② ♦✉t ♦❢ ♥✐♥❡ ❛❧❧♦❝❛t❡❞ ❞❛②s✱ ❞✉❡ t♦ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ♣❡❧❧❡t t❛r❣❡t ❛♥❞

✺



t❤❡ ❈❖❙❨ ❜❡❛♠ ✇❡ ❝♦✉❧❞ ❝♦❧❧❡❝t ❞❛t❛ ♦♥❧② ❢♦r ♦♥❡ ❞❛② ✇❤✐❝❤ ✐♥ ♣❛rt ❤❛❞ t♦ ❜❡ ✉s❡❞ t♦
❛❞❥✉st ❛♥❞ ♦♣t✐♠✐③❡ t❤❡ tr✐❣❣❡r ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ t♦t❛❧ t✐♠❡ ♦❢ ❡✛❡❝t✐✈❡ ❞❛t❛ t❛❦✐♥❣ ✇❛s
✶✻✳✺ ❤♦✉rs✳ ❲❡ r❡❛❝❤❡❞ ❛♥ ❛✈❡r❛❣❡❞ ❧✉♠✐♥♦s✐t② ♦❢ ❛❜♦✉t ✷·✶✵30s−1cm−2✳ ❆t t❤❡ t✐♠❡ ♦❢
t❤❡ ❡①♣❡r✐♠❡♥t t❤❡ ❝♦♦❧✐♥❣ ♦❢ t❤❡ s♦❧❡♥♦✐❞ ✇❛s ❜r♦❦❡♥ ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❝❛rr✐❡❞
♦✉t ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❛t ❢❛❝t ❡①❝❧✉❞❡❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ ❞✐r❡❝t ♠♦♠❡♥t✉♠
❞❡t❡r♠✐♥❛t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ✉s❛❣❡ ♦❢ t❤❡ st❛♥❞❛r❞ ✐❞❡♥t✐✜❝❛t✐♦♥ ♠❡t❤♦❞ ❢♦r t❤❡ ❝❤❛r❣❡❞
♣❛rt✐❝❧❡s r❡❣✐st❡r❡❞ ✐♥ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r✳ ■♥st❡❛❞✱ ♠♦♠❡♥t❛ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✇✐t❤ ✇♦rs❡
❛❝❝✉r❛❝② ✉s✐♥❣ t❤❡ ♠❡❛s✉r❡❞ tr❛❝❦ ❛♥❣❧❡s ❛♥❞ t❤❡ ❍❡ ♠♦♠❡♥t✉♠✳ ■♥ s♣✐t❡ ♦❢ t❤❡ ♠❡♥t✐♦♥❡❞
❞✐✣❝✉❧t✐❡s✱ t❤❡ ♣❡r❢♦r♠❡❞ ♠❡❛s✉r❡♠❡♥t ♣r♦✈✐❞❡❞ ❛ ❞❛t❛ s❛♠♣❧❡ ❡♥❛❜❧✐♥❣ ✉s t♦ ❝❤❡❝❦ ❛♥❞
♦♣t✐♠✐③❡ t❤❡ tr✐❣❣❡r s❡tt✐♥❣s✳ ❚❤❡ ❛♥❛❧②s✐s ♦❢ t❤✐s t❡st ❞❛t❛ ❛❧s♦ ♣❡r♠✐tt❡❞ t♦ ❞❡t❡r♠✐♥❡ ❛♥
✉♣♣❡r ❧✐♠✐t ♦❢ ❛❜♦✉t ✷✺ ♥❜ ❢♦r t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ❛♥❞ ❞❡❝❛② ♦❢ t❤❡ ❜♦✉♥❞
st❛t❡ ✐♥ t❤❡ ♣r♦❝❡ss dd → (4❍❡✲η)bound → 3❍❡pπ− ❛t t❤❡ ✾✵✪ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ✭s❡❡ ❜❡❧♦✇✮✳

❚❤❡ s♦ ❢❛r ♣❡r❢♦r♠❡❞ ❛♥❛❧②s✐s ❡①❤✐❜✐ts ♥♦ str✉❝t✉r❡ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛
r❡s♦♥❛♥❝❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❞❡❝❛② ♦❢ t❤❡ η✲♠❡s✐❝ 4❍❡✳ ❚❤❡ ✜♥❛❧ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥
♦❜t❛✐♥❡❞ ❛❢t❡r t❤❡ ❝♦rr❡❝t✐♦♥ ❢♦r t❤❡ ❡✣❝✐❡♥❝② ❛♥❞ t❤❡ ♥♦r♠❛❧✐③❛t✐♦♥ t♦ t❤❡ ❧✉♠✐♥♦s✐t②
✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳ ■t ❝❛♥ ❜❡ ✇❡❧❧ ❞❡s❝r✐❜❡❞ ❜② ❛ s❡❝♦♥❞ ♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ✭❞❛s❤❡❞
❧✐♥❡✮ r❡s✉❧t✐♥❣ ✐♥ ❛ ❝❤✐✲sq✉❛r❡❞ ✈❛❧✉❡ ♣❡r ❞❡❣r❡❡ ♦❢ ❢r❡❡❞♦♠ ♦❢ ✵✳✾✽ ❛♥❞ s❧✐❣❤t❧② ✇♦rs❡ ❜② ❛
str❛✐❣❤t ❧✐♥❡ ✭s♦❧✐❞ ❧✐♥❡✮✳

❚❤❡ ❞❛t❛ s❤♦✇ ♥♦ s✐❣♥❛❧ ♦❢ t❤❡ 4❍❡✲η ❜♦✉♥❞ st❛t❡ ✐♥ t❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥✳ ❚❤❡
r❡s✉❧ts ✇❡r❡ ♣✉❜❧✐s❤❡❞ ✐♥ ❬✽❪✳ ❚❤❡ ✉♣♣❡r ❧✐♠✐t ❢♦r t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❢♦r t❤❡ ❜♦✉♥❞ st❛t❡
❢♦r♠❛t✐♦♥ ❛♥❞ ❞❡❝❛② ✐♥ t❤❡ ♣r♦❝❡ss dd → (4❍❡✲η)bound →3❍❡pπ− ✇❛s ❞❡t❡r♠✐♥❡❞ ❛t t❤❡
✾✵ ✪ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ❛♥❞ ✐t ✈❛r✐❡s ❢r♦♠ ✷✵ ♥❜ t♦ ✷✼ ♥❜ ❢♦r t❤❡ ❜♦✉♥❞ st❛t❡ ✇✐❞t❤ r❛♥❣✐♥❣
❢r♦♠ ✺ ▼❡❱ t♦ ✸✺ ▼❡❱✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ✉♣♣❡r ❧✐♠✐ts ❞❡♣❡♥❞ ♠❛✐♥❧② ♦♥ t❤❡ ✇✐❞t❤ ♦❢ t❤❡
❜♦✉♥❞ st❛t❡ ❛♥❞ ♦♥❧② s❧✐❣❤t❧② ♦♥ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣②✳

❉✉r✐♥❣ t❤❡ s❡❝♦♥❞ ❡①♣❡r✐♠❡♥t✱ ✐♥ ◆♦✈❡♠❜❡r ✷✵✶✵✱ t✇♦ ❝❤❛♥♥❡❧s ♦❢ t❤❡ η✲♠❡s✐❝ ❤❡✲
❧✐✉♠ ❞❡❝❛② ✇❡r❡ s❡❛r❝❤❡❞ ❢♦r✿ dd → (4❍❡✲η)bound → 3❍❡pπ− ❛♥❞ dd → (4❍❡✲η)bound →
3❍❡nπ0 → 3❍❡nγγ ❬✸✺❪✳ ❉✉r✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r✉♥ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❞❡✉t❡r♦♥
❜❡❛♠ ✇❛s ✈❛r✐❡❞ ❝♦♥t✐♥✉♦✉s❧② ✇✐t❤✐♥ ❡❛❝❤ ❛❝❝❡❧❡r❛t✐♦♥ ❝②❝❧❡ ❢r♦♠ ✷✳✶✷✼ ●❡❱✴❝ t♦
✷✳✹✷✷ ●❡❱✴❝✱ ❝r♦ss✐♥❣ t❤❡ ❦✐♥❡♠❛t✐❝ t❤r❡s❤♦❧❞ ❢♦r η ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ dd →4❍❡ η r❡❛❝✲
t✐♦♥ ❛t ✷✳✸✸✻ ●❡❱✴❝✳ ❚❤✐s r❛♥❣❡ ♦❢ ❜❡❛♠ ♠♦♠❡♥t❛ ❝♦rr❡s♣♦♥❞s t♦ ❛ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ 4❍❡✲η
❡①❝❡ss ❡♥❡r❣② ❢r♦♠ ✲✼✵ ▼❡❱ t♦ ✸✵ ▼❡❱✳

❉❛t❛ ✇❡r❡ t❛❦❡♥ ❢♦r ❛❜♦✉t ✶✺✺ ❤♦✉rs✳ ❚❤❡ ❛✈❡r❛❣❡ ❧✉♠✐♥♦s✐t② ✇❛s ❡st✐♠❛t❡❞ ❜❛s❡❞
♦♥ t❤❡ tr✐❣❣❡r r❛t❡ ❢♦r t❤❡ ❡❧❛st✐❝ ♣r♦t♦♥✲♣r♦t♦♥ s❝❛tt❡r✐♥❣ ✭▲❂✽✳✶✺·1030cm−2s−1✮✳ ❚❛❦✐♥❣
✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❢❛❝t t❤❛t t✇♦ r❡❛❝t✐♦♥s ✇❡r❡ ♠❡❛s✉r❡❞✱ ✐♥ t♦t❛❧ ♠♦r❡ t❤❛♥ ✷✵ t✐♠❡s ❤✐❣❤❡r
st❛t✐st✐❝s ✇❡r❡ ❝♦❧❧❡❝t❡❞ t❤❛♥ ✐♥ t❤❡ ✷✵✵✽ r✉♥✳

■♥❞❡♣❡♥❞❡♥t ❛♥❛❧②s❡s ❢♦r t❤❡ dd → 3❍❡nπ0 → 3❍❡nγγ ❛♥❞ dd → 3❍❡pπ− r❡❛❝t✐♦♥s
✇❡r❡ ❝❛rr✐❡❞ ♦✉t✳ ❚❤❡ 3❍❡ ❢♦r ❜♦t❤ ❝❛s❡s ✇❛s ✐❞❡♥t✐✜❡❞ ✐♥ t❤❡ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ❜❛s❡❞ ♦♥
t❤❡ ∆❊✲❊ ♠❡t❤♦❞✳ ❚❤❡ π0 ✇❛s r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ❢r♦♠ t❤❡ ✐♥✈❛r✐❛♥t
♠❛ss ♦❢ t✇♦ ❞❡❝❛② ♣❤♦t♦♥s ✇❤✐❧❡ t❤❡ π− ✐❞❡♥t✐✜❝❛t✐♦♥ ✐♥ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ✇❛s ❜❛s❡❞ ♦♥
t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❡♥❡r❣② ❧♦ss ✐♥ t❤❡ P❧❛st✐❝ ❙❝✐♥t✐❧❧❛t♦r ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ❡♥❡r❣②
❞❡♣♦s✐t❡❞ ✐♥ t❤❡ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❈❛❧♦r✐♠❡t❡r✳ ◆❡✉tr♦♥s ❛♥❞ ♣r♦t♦♥s ✇❡r❡ ✐❞❡♥t✐✜❡❞ ✈✐❛
t❤❡ ♠✐ss✐♥❣ ♠❛ss t❡❝❤♥✐q✉❡✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❝✉ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳ ✺✳

✻



Q [MeV]
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❋✐❣✉r❡ ✹✿ ❚♦♣✿ ●❡♦♠❡tr✐❝❛❧ ❛❝❝❡♣t❛♥❝❡ ✭❢✉❧❧ ❜❧❛❝❦ sq✉❛r❡s✮✱ ♦✈❡r❛❧❧ ❡✣❝✐❡♥❝② ✭♦♣❡♥ r❡❞ ❝✐r✲
❝❧❡s✮ ❛♥❞ ❧✉♠✐♥♦s✐t② ✭❢✉❧❧ ❜❧✉❡ tr✐❛♥❣❧❡s✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡①❝❡ss ❡♥❡r❣②✳ ❚❤❡ r✐❣❤t ❛①✐s
❞❡♥♦t❡s t❤❡ ❧✉♠✐♥♦s✐t②✳ ❇♦tt♦♠✿ ❊①♣❡r✐♠❡♥t❛❧ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥ ❢♦r t❤❡ dd →3❍❡pπ−

r❡❛❝t✐♦♥ ♦❜t❛✐♥❡❞ ❛❢t❡r t❤❡ ♥♦r♠❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❡✈❡♥ts s❡❧❡❝t❡❞ ✐♥ ✐♥❞✐✈✐❞✉❛❧ ❡①❝❡ss ❡♥❡r❣②
✐♥t❡r✈❛❧s ❜② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥t❡❣r❛t❡❞ ❧✉♠✐♥♦s✐t✐❡s✳ ❚❤❡ ❞♦tt❡❞ ❛♥❞ s♦❧✐❞ ❧✐♥❡s ❝♦rr❡✲
s♣♦♥❞ t♦ t❤❡ s❡❝♦♥❞ ❛♥❞ t❤❡ ✜rst ♦r❞❡r ♣♦❧②♥♦♠✐❛❧s ✜tt❡❞ t♦ t❤❡ ❞❛t❛✳ ❚❤❡ ✜❣✉r❡s ❛r❡
❛❞♦♣t❡❞ ❢r♦♠ ❘❡❢✳ ❬✽❪✳

✼



❋✐❣✉r❡ ✺✿ π0 ❛♥❞ π− ✐❞❡♥t✐✜❝❛t✐♦♥ ✭✉♣♣❡r ♣❛♥❡❧✮✳ Pr♦t♦♥ ❛♥❞ ♥❡✉tr♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥ ✭❧♦✇❡r
♣❛♥❡❧✮✳ ❚❤❡ ❞❛t❛ ❛r❡ s❤♦✇♥ ❛s r❡❞ ❛♥❞ ❜❧✉❡ ❤✐st♦❣r❛♠s✱ t❤❡ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ♦❢
t❤❡ s✐❣♥❛❧ ❛r❡ ♠❛r❦❡❞ ✇✐t❤ t❤❡ ❜❧❛❝❦ ❧✐♥❡✱ ✇❤✐❧❡ t❤❡ ❛♣♣❧✐❡❞ ❝✉ts ❛r❡ ♠❛r❦❡❞ ✐♥ ❣r❡❡♥✳ mx

❞❡♥♦t❡s t❤❡ ♠✐ss✐♥❣ ♠❛ss ❢♦r t❤❡ dd → 3❍❡X r❡❛❝t✐♦♥✳

❋✐❣✉r❡ ✻✿ ▼✐ss✐♥❣ ♠❛ss mx ✈s✳ ♠✐ss✐♥❣ ❡♥❡r❣② Ex ❢♦r dd → 3❍❡X r❡❛❝t✐♦♥✳ ❉❛t❛ ✐s
♣r❡s❡♥t❡❞ ✐♥ ❧❡❢t ♣❛♥❡❧ ✇❤✐❧❡ ▼♦♥t❡ ❈❛r❧♦ ✐♥ r✐❣❤t ♣❛♥❡❧✳ ❚❤❡ ❛♣♣❧✐❡❞ ❝✉t ✐s ♠❛r❦❡❞ ✐♥
❜❧❛❝❦✳

■♥ ❝❛s❡ ♦❢ t❤❡ dd → 3❍❡nπ0 r❡❛❝t✐♦♥✱ ❜❡❢♦r❡ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝✉t
♦♥ t❤❡ mx(Ex) s♣❡❝tr✉♠ ✇❛s ❛♣♣❧✐❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻ ✭❧❡❢t✮✳ ❚❤❡ ❝✉t ✐s ❜❛s❡❞ ♦♥ ▼♦♥t❡
❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ❛♥❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✻ ✭r✐❣❤t✮✳

■♥ ❝❛s❡ ♦❢ t❤❡ dd → 3❍❡pπ− r❡❛❝t✐♦♥ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♣❧❛♥❛r✐t② ❝✉t ✇❛s ❛♣♣❧✐❡❞✳ ❆s
❛ ♠❡❛s✉r❡ ♦❢ t❤❡ ❝♦♣❧❛♥❛r✐t② t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ✈❡❝t♦r ~pbeam − ~p3He ❛♥❞ t❤❡ ❝r♦ss

✽



♣r♦❞✉❝t ♦❢ t❤❡ ✈❡❝t♦rs ~p1 ❛♥❞ ~p2✿ θk,1x2 = ∠(~pbeam−~p3He, ~p1×~p2) ✇❛s ❞❡✜♥❡❞✳ ■♥ t❤❡ ❝❛s❡
♦❢ ❝♦♣❧❛♥❛r✐t② θk,1x2❂90◦✳ ■♥ ❞❛t❛ ✇❡ ❛♣♣❧✐❡❞ ❛ ❝✉t θk,1x2 ∈ (90 ± 5)◦ ✇❤✐❝❤ ✐s ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✼✳

❋✐❣✉r❡ ✼✿ ❉✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❝♦♣❧❛♥❛r✐t② ♦❜s❡r✈❛❜❧❡ ❞❡t❡r♠✐♥❡❞ ❢♦r s✐♠✉❧❛t✐♦♥s ♦❢ dd →
3❍❡pπ− ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ❢♦r ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭❜❧✉❡ ❧✐♥❡✮✳ ❚❤❡ ❝✉t ❛♣♣❧✐❡❞ t♦ t❤❡ ❞❛t❛ ✲
θk,1x2 ∈ (90 ± 5)◦ ✲ ✐s ♠❛r❦❡❞ ❜② t❤❡ ✈❡rt✐❝❛❧ ❞♦tt❡❞ r❡❞ ❧✐♥❡s✳

■♥ ♦r❞❡r t♦ s❡❧❡❝t ❡✈❡♥ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❜♦✉♥❞ st❛t❡s✱ ❝✉ts ✐♥ t❤❡
3❍❡ ❈▼ ♠♦♠❡♥t✉♠✱ ♥✉❝❧❡♦♥ ❈▼ ❦✐♥❡t✐❝ ❡♥❡r❣②✱ ♣✐♦♥ ❈▼ ❦✐♥❡t✐❝ ❡♥❡r❣② ❛♥❞ t❤❡ ♦♣❡♥✐♥❣
❛♥❣❧❡ ❜❡t✇❡❡♥ ♥✉❝❧❡♦♥✲♣✐♦♥ ♣❛✐r ✐♥ t❤❡ ❈▼ ✇❡r❡ ❛♣♣❧✐❡❞ ❜❛s❡❞ ♦♥ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s✳
❚❤❡s❡ ❝✉ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✽✳

❚❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r ❜♦t❤ r❡❛❝t✐♦♥s ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❢♦r ❛ ✧s✐❣♥❛❧ r✐❝❤✧ r❡❣✐♦♥
❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♠♦♠❡♥t❛ ♦❢ t❤❡ 3❍❡ ✐♥ t❤❡ ❈▼ s②st❡♠ ✇✐t❤ pcm

3He
∈ (0.1, 0.2)●❡❱✴❝ ❛♥❞

❢♦r ❛ ✧s✐❣♥❛❧ ♣♦♦r✧ r❡❣✐♦♥ ✇✐t❤ pcm
3He

∈ (0.2, 0.23)●❡❱✴❝ ✇❤✐❝❤ ❛r❡ ♠❛r❦❡❞ ✇✐t❤ ✭❆✮ ❛♥❞
✭❇✮ ✐♥ t❤❡ ❧❡❢t ✉♣♣❡r ♣❛♥❡❧ ✐♥ ❋✐❣✳ ✽✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r t❤❡ dd → 3❍❡nπ0 ❛♥❞ dd → 3❍❡pπ− r❡❛❝t✐♦♥s ❛r❡ ♣r❡✲
s❡♥t❡❞ ✐♥ ❋✐❣✳ ✾✳

✾



❋✐❣✉r❡ ✽✿ ❙♣❡❝tr✉♠ ♦❢ pcm
3He

✭❧❡❢t ✉♣♣❡r ♣❛♥❡❧✮✱ Ecm
kinnucl

✭r✐❣❤t ✉♣♣❡r ♣❛♥❡❧✮✱ Ecm
kinπ

✭❧❡❢t
❧♦✇❡r ♣❛♥❡❧✮ ❛♥❞ θcm

nucl,π ✭r✐❣❤t ❧♦✇❡r ♣❛♥❡❧✮✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ✐♥ r❡❞ ❛♥❞ ❜❧✉❡ ❢♦r dd →
3❍❡nπ0 ❛♥❞ dd → 3❍❡pπ− r❡❛❝t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ♦❢ s✐❣♥❛❧ ❛r❡
s❤♦✇♥ ✐♥ ❜❧❛❝❦✱ ✇❤✐❧❡ t❤❡ ❛♣♣❧✐❡❞ ❝✉ts ❛r❡ ♠❛r❦❡❞ ✇✐t❤ t❤❡ ❣r❡❡♥ ❧✐♥❡s✳

❋✐❣✉r❡ ✾✿ ❊①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥ ❢♦r t❤❡ dd → 3❍❡nπ0 r❡❛❝t✐♦♥ ✭❧❡❢t ♣❛♥❡❧✮ ❛♥❞ t❤❡
dd → 3❍❡pπ− r❡❛❝t✐♦♥ ✭r✐❣❤t ♣❛♥❡❧✮✳ ❚❤❡ ✧s✐❣♥❛❧ r✐❝❤✧ r❡❣✐♦♥ ✐s s❤♦✇♥ ✐♥ ❜❧✉❡ ✇❤✐❧❡
t❤❡ ✧s✐❣♥❛❧ ♣♦♦r✧ r❡❣✐♦♥ ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ ✜rst ❜✐♥ ♦❢ t❤❡ ✧s✐❣♥❛❧ r✐❝❤✧ r❡❣✐♦♥ ✐s s❤♦✇♥ ✐♥
❜❧❛❝❦✳ ❚❤❡ ❛♥❛❧②s✐s ✐s ❜❛s❡❞ ♦♥ t❤❡ ✇❤♦❧❡ ❞❛t❛ s❛♠♣❧❡✳

❚❤❡ ❡①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r ❞❛t❛ ♦❢ dd → (4❍❡✲η)bound → 3❍❡nπ0 r❡❛❝t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥
t❤❡ ✉♣♣❡r ♣❛♥❡❧ ✐♥ ❋✐❣✳ ✶✵ ✇❤✐❧❡ ❢♦r ❲▼❈ s✐♠✉❧❛t✐♦♥s ♦❢ ❜❛❝❦❣r♦✉♥❞ dd → 3❍❡nπ0 ❛♥❞
dd → 3❍❡N∗ → 3❍❡nπ0 r❡❛❝t✐♦♥s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❧❡❢t ❛♥❞ r✐❣❤t ❧♦✇❡r ♣❛♥❡❧ ✐♥ ❋✐❣ ✶✵✱

✶✵



❋✐❣✉r❡ ✶✵✿ ❊①❝✐t❛t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r ❙✐❣♥❛❧ ❘✐❝❤✱ ❙✐❣♥❛❧ P♦♦r ❘❡❣✐♦♥s ❛♥❞ t❤❡ ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡♠ ❢♦r ❉❆❚❆ ✭✉♣♣❡r ♣❛♥❡❧✮✱ ❢♦r dd → 3❍❡nπ0 ✭❧❡❢t ❧♦✇❡r ♣❛♥❡❧✮ ❛♥❞ ❢♦r dd →
3❍❡N∗ → 3❍❡nπ0 r❡❛❝t✐♦♥s ✭r✐❣❤t ❧♦✇❡r ♣❛♥❡❧✮✳ ❚❤❡ ✧❙✐❣♥❛❧ P♦♦r✧ r❡❣✐♦♥ ✭❜❧❛❝❦✮ ✐s ♥♦r♠❛❧✲
✐③❡❞ t♦ t❤❡ ✜rst ❜✐♥ ♦❢ ✧❙✐❣♥❛❧ ❘✐❝❤✧ r❡❣✐♦♥ ✭❜❧✉❡✮✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❡①❝✐t❛t✐♦♥
❢✉♥❝t✐♦♥s ✐s ♠❛r❦❡❞ ✇✐t❤ r❡❞✱ ♠❛❣❡♥t❛ ❛♥❞ ❣r❡❡♥ ❧✐♥❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❛♥❛❧②s✐s ✐s ❜❛s❡❞
♦♥ ❲▼❈ s✐♠✉❧❛t✐♦♥s ❢♦r ✶✵ ♠✐❧❧✐♦♥ ♦❢ ❣❡♥❡r❛t❡❞ ❡✈❡♥ts✳

r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❛♥❛❧②s✐s ✐s st✐❧❧ ✐♥ ♣r♦❣r❡ss✳ ❍♦✇❡✈❡r✱ ❛❧r❡❛❞② ♥♦✇ ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t ❛ ❝♦❧❧❡❝t❡❞
❞❛t❛ ❛r❡ ♦❢ ❛ ✈❡r② ❣♦♦❞ q✉❛❧✐t② ❛♥❞ t❤❛t ✇❡ ❤❛✈❡ ❛❝❤✐❡✈❡❞ ❛ ♣r♦♠✐s❡❞ s❡♥s✐t✐✈✐t② ♦❢ t❤❡
❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ ♦r❞❡r ♦❢ ❢❡✇ ♥❜ ❢♦r t❤❡ ❜♦✉♥❞ st❛t❡ ♣r♦❞✉❝t✐♦♥ ✐♥ dd → (4❍❡✲η)bound →
3❍❡nπ0 ❛♥❞ dd → (4❍❡✲η)bound → 3❍❡pπ− r❡❛❝t✐♦♥s✳

✸ ❊st✐♠❛t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ❢♦r t❤❡ s❡❛r❝❤ ♦❢

t❤❡ 3❍❡✲η ❜♦✉♥❞ st❛t❡ ✐♥ t❤❡ ♣r♦t♦♥✲❞❡✉t❡r♦♥ r❡❛❝t✐♦♥ ✇✐t❤

❲❆❙❆✲❛t✲❈❖❙❨

✸✳✶ ❊st✐♠❛t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧

■t ✐s ❛ ♣r✐♦r✐ ✐♠♣♦ss✐❜❧❡ t♦ ♣r❡❞✐❝t ✐♥ ❛ ♠♦❞❡❧ ✐♥❞❡♣❡♥❞❡♥t ✇❛② ❛ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡
❝r❡❛t✐♦♥ ♦❢ t❤❡ η✲♠❡s✐❝ ♥✉❝❧❡✉s✳ ❚❤✐s ❞❡♣❡♥❞s str♦♥❣❧② ♦♥ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ r❡❧❛t✐✈❡❧②
♣♦♦r❧② ❦♥♦✇♥ η✲◆✉❝❧❡♦♥ ✐♥t❡r❛❝t✐♦♥ ❜❡❧♦✇ t❤r❡s❤♦❧❞✱ ❛♥❞ ✐♥✈♦❧✈❡s ❝♦♠♣✉t❛t✐♦♥s ♦❢ t❤❡
❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ♠❛♥②✲❜♦❞② s②st❡♠✳ ❍♦✇❡✈❡r✱ r❡❝❡♥t❧② ❢♦r t❤❡ ✜rst t✐♠❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥s
❢♦r t❤❡ ❞❞ ❛♥❞ ♣❞ r❡❛❝t✐♦♥ ❛t t❤❡ η✲♠❡s✐❝ ♣♦❧❡ ✇❛s ❡st✐♠❛t❡❞ ❬✾✱ ✶✼❪✿ ■t ❛♠♦✉♥t t♦ ❛❜♦✉t
✽✵ ♥❜ ❢♦r t❤❡ pd → (3❍❡ − η)bound → Xpπ− ❬✾❪ ❛♥❞ ✐s ✐♥ t❤❡ r❛♥❣❡ ❢r♦♠ ✹✳✺ ♥❜ ❬✶✼❪ t♦

✶✶



✸✵♥❜ ❢♦r t❤❡ dd → (4He − eta)bound → Xpπ− r❡❛❝t✐♦♥ ❬✾❪✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ✐♥ t❤❡ r❛♥❣❡
♦❢ ❡①♣❡❝t❛t✐♦♥s ♣r❡s❡♥t❡❞ ❜② ✉s ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♣r♦♣♦s❛❧✳ ❚❤❡s❡ ❡st✐♠❛t❡s ❜❛s❡❞ ♦♥ t❤❡
❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❤❡❧✐✉♠✲η s❝❛tt❡r✐♥❣ ❧❡♥❣t❤ ❛r❡ ❛❧♠♦st
t❤❡ s❛♠❡ ❛♥❞ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ η ♠❡s♦♥ ✐♥
❝♦♥t✐♥✉✉♠ ❛♥❞ ✐ts ❛❜s♦r♣t✐♦♥ ♦♥ t❤❡ ❤❡❧✐✉♠ ♥✉❝❧❡✉s ✐s ♦❢ t❤❡ s❛♠❡ ♦r❞❡r✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡
❤②♣♦t❤❡s✐s t❤❛t t❤❡ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞ st❛t❡ ❜❡❧♦✇ t❤❡ t❤r❡s❤♦❧❞
✭✇❤✐❝❤ ✐s t❤❛♥ ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ η ♠❡s♦♥ ♦♥ t❤❡ ❤❡❧✐✉♠ ♥✉❝❧❡✉s✮ ✐s
t♦ ✜rst ♦r❞❡r t❤❡ s❛♠❡ ❛s t❤❡ ❝❧♦s❡ t♦ t❤r❡s❤♦❧❞ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡ η ♠❡s♦♥ ♣r♦❞✉❝t✐♦♥✳
❚❤✐s ❧❡❛❞s t♦ t❤❡ ❛ss✉♠♣t✐♦♥✱ t❤❛t t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛t t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥
❢♦r t❤❡ pd → (3❍❡✲η)bound ♣r♦❞✉❝t✐♦♥ ✐s ❛❜♦✉t ✹✵✵ ♥❜✳ ❚❤❡ ❞♦♠✐♥❛♥t ❞❡❝❛② ❝❤❛♥♥❡❧s ♦❢ t❤❡
(3❍❡✲η)bound st❛t❡ ❛r❡ ❞✉❡ t♦ t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ ❡t❛ ♠❡s♦♥ ❜② ❛ ♥✉❝❧❡♦♥✱ ✐ts ❡①❝✐t❛t✐♦♥
t♦ t❤❡ ◆✯✭✶✺✸✺✮ r❡s♦♥❛♥❝❡✱ ❛♥❞ ❛ s✉❜s❡q✉❡♥t ❞❡❝❛② ♦❢ t❤❡ ◆✯ ✐♥t♦ π − N ♣❛✐r✿
pd → (3❍❡✲η)bound → pppπ−✱
pd → (3❍❡✲η)bound → ppnπ0✱
pd → (3❍❡✲η)bound → pnnπ+✱
pd → (3❍❡✲η)bound → dpπ0✱
pd → (3❍❡✲η)bound → dnπ+✱
❚❤✉s t❤❡ ❝r♦ss s❡❝t✐♦♥s ❡①♣❡❝t❡❞ ❢♦r t❤❡ ❛❜♦✈❡ ❧✐st❡❞ ❝❤❛♥♥❡❧s ♦♥ t❤❡ ❛✈❡r❛❣❡ ❛♠♦✉♥ts t♦
❛❜♦✉t ✽✵ ♥❜ ♣❡r ❝❤❛♥♥❡❧ ✭❛s ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❡st✐♠❛t❡✮✳

❚❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ♥♦♥✲Nπ ❞❡❝❛②s ♦❢ t❤❡ ♠❡s✐❝✲❤❡❧✐✉♠ ✇❛s ♣♦✐♥t❡❞ ♦✉t ❜② ❲②❝❡❝❤ ❬✶✼❪
❛♥❞ ❲✐❧❦✐♥ ❬✾❪✳ ■♥ t❤✐s ❝❛s❡ t❤❡ r❡❛❝t✐♦♥ ♠❛② ♣r♦❝❡❡❞ ❡✳❣✳ ❛s ❢♦❧❧♦✇s✿

pd → (3❍❡✲η)bound → ppn✱

pd → (3❍❡✲η)bound → pd✳

❙✉❝❤ ♣r♦❝❡ss❡s ❝♦✉❧❞ ❜❡ ❞✉❡ t♦ t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ η✲♠❡s♦♥ ✈✐❛ ❡✳❣✳ ηd → pn r❡❛❝t✐♦♥✳
❍♦✇❡✈❡r✱ ❲✐❧❦✐♥ ❬✾❪ ❡st✐♠❛t❡❞ ✐♥ t❤❡ ✜rst ❛♣♣r♦①✐♠❛t✐♦♥ t❤❛t t❤❡ t✇♦✲♥✉❝❧❡♦♥ ❛❜s♦r♣t✐♦♥
❝♦♥st✐t✉t❡s ❛t ♠♦st ✺✪ ♦❢ t❤❡ t♦t❛❧ ❞❡❝❛② r❛t❡ ❬✾❪✱ ❛♥❞ ✐♥ ❛❞❞✐t✐♦♥ t❤❡s❡ ❝❤❛♥♥❡❧s ❛r❡ ❜✉r✐❡❞
✐♥ ❛ ❧❛r❣❡ ❜❛❝❦❣r♦✉♥❞✳

❚❤❡ ❞❡❝❛② ♦❢ t❤❡ ❡t❛ ♠❡s♦♥ ✇❤❡♥ ✐t ✐s st✐❧❧ ♦r❜✐t✐♥❣ ❛r♦✉♥❞ t❤❡ ♥✉❝❧❡✉s s❡❡♠s t♦ ❜❡
♠♦r❡ ♣r♦♠✐s✐♥❣ ❡①♣❡r✐♠❡♥t❛❧❧② ❞✉❡ t♦ t❤❡ ✈❡r② ❧♦✇ ❜❛❝❦❣r♦✉♥❞✳ ●❛❧ ❡t ❛❧✳ ♣♦✐♥t❡❞ ♦✉t✱
❛s ❛ ♠♦❞❡❧ ✐♥❞❡♣❡♥❞❡♥t ❢❡❛t✉r❡✱ t❤❛t ✧✐♥✲♠❡❞✐✉♠ s✉❜t❤r❡s❤♦❧❞ ❛♠♣❧✐t✉❞❡s ❡♥❝♦✉♥t❡r❡❞
✐♥ ❡t❛✲♥✉❝❧❡❛r ❜♦✉♥❞✲st❛t❡ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ s✉❜st❛♥t✐❛❧❧② ✇❡❛❦❡r ❜♦t❤ ✐♥ t❤❡✐r r❡❛❧ ♣❛rt ❛s
✇❡❧❧ ❛s ✐♥ t❤❡✐r ✐♠❛❣✐♥❛r② ♣❛rt t❤❛♥ t❤❡ η − N s❝❛tt❡r✐♥❣ ❧❡♥❣t❤✧❬✶✶❪✳ ❚❤✐s ❞❡❝r❡❛s❡s t❤❡
r❛t❡ ❢♦r t❤❡ ♣r♦❝❡ss t❤r♦✉❣❤ t❤❡ ◆✯ ❛♥❞ ✐ts ❞❡❝❛② ✐♥t♦ N − π ❜✉t ✐t ✐♥❝r❡❛s❡s t❤❡ r❛t❡ ❢♦r
t❤❡ ❞❡❝❛② ♦❢ t❤❡ η ✇❤❡♥ st✐❧❧ ♦r❜✐t✐♥❣ ❛r♦✉♥❞ t❤❡ ♥✉❝❧❡✉s✳ ❆s ❛ ✈❡r② r♦✉❣❤ ❛♣♣r♦①✐♠❛t✐♦♥
✇❡ ♠❛② ❡st✐♠❛t❡ t❤❡ ❝r♦ss s❡❝t✐♦♥s ❢♦r t❤❡ ♣r♦❝❡ss❡s✿ pd → (3❍❡✲η)bound → 3❍❡ 2γ✱ ❛♥❞
pd → (3❍❡✲η)bound → 3❍❡ 6γ t♦ ❜❡ ❛❜♦✉t ✵✳✹ ♥❜
❚❤✐s ✈❛❧✉❡ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❛t t❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ t❤❡ ❡t❛ ♠❡s♦♥ ✐s
❛❜♦✉t ✶✳✸ ❦❡❱✱ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ✭3❍❡✲η✮ ✐s ❧❡ss t❤❛♥ ❛❜♦✉t ✺✵✵ ❦❡❱✱ ❛♥❞ t❤❡ 2γ ❛♥❞ 6γ
❜r❛♥❝❤✐♥❣ r❛t✐♦s ❛♠♦✉♥ts t♦ ❛❜♦✉t ✸✾✪ ❛♥❞ ✸✸✪✱ r❡s♣❡❝t✐✈❡❧② ❬✾❪✳

✸✳✶✳✶ ❊st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞

❋r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❈❖❙❨✲✶✶ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ ❞❡✉t❡r♦♥ ❜❡❛♠ ❛♥❞ ❛ ♣r♦t♦♥
t❛r❣❡t ❬✸✻❪ ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ✇✐t❤ ❲❆❙❆ ✇❡ ❡st✐♠❛t❡ ❛ ❜❛❝❦❣r♦✉♥❞ ❢♦r
t❤❡ pd → (3❍❡✲η)bound → pppπ−✱ r❡❛❝t✐♦♥s t♦ ❛❜♦✉t ✷✺✵✵ ♥❜✳ ❆t t❤❡ ❈❖❙❨✲✶✶ ❡①♣❡r✐♠❡♥t
t❤❡ ♦❜s❡r✈❡❞ ❜❛❝❦❣r♦✉♥❞ ❝♦rr❡s♣♦♥❞ t♦ ❛❜♦✉t ✺✵✵✵ ♥❜✳ ❚❤✐s ✇❛s ❤♦✇❡✈❡r ♠❡❛s✉r❡❞ ❢♦r
t❤❡ ❝❛s❡ t❤❛t ♦♥❧② ♣r♦t♦♥s ✇❡r❡ r❡❣✐st❡r❡❞ ❛♥❞ ♣✐♦♥s ✇❡r❡ ✐❞❡♥t✐✜❡❞ ✈✐❛ ♠✐ss✐♥❣ ♠❛ss✳ ■♥
t❤❡ ❲❆❙❆ ❡①♣❡r✐♠❡♥t ✇❡ ❝❛♥ r❡❣✐st❡r ❛❧❧ ❡❥❡❝t✐❧❡s ❛♥❞ ❝❛♥ ❞❡❝r❡❛s❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❜② ❛t
❧❡❛st ❛ ❢❛❝t♦r ♦❢ t✇♦ ❜② t❤❡ ❝♦♥❞✐t✐♦♥ t❤❛t t❤❡ ❝❡♥t❡r✲♦❢✲♠❛ss r❡❧❛t✐✈❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ ♣r♦t♦♥
❛♥❞ ♣✐♦♥ r❡❣✐st❡r❡❞ ✐♥ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r s❤♦✉❧❞ ❜❡ ❛r♦✉♥❞ ✶✽✵ ❞❡❣r❡❡✳

✶✷



❆s r❡❣❛r❞s r❡❛❝t✐♦♥s ✇✐t❤ 3❍❡ ✐♦♥s ✐♥ t❤❡ ✜♥❛❧ st❛t❡✱ t❤❡✐r ✐❞❡♥t✐✜❝❛t✐♦♥ ✇♦r❦s ✈❡r②
✇❡❧❧ ❛t t❤❡ ❲❆❙❆ ❞❡t❡❝t♦r ❛s ✐t ✇❛s ♣r♦✈❡♥ ✐♥ ♠❛♥② ♣r❡✈✐♦✉s ❡①♣❡r✐♠❡♥ts ❛♥❞ ✇❡ ❡①♣❡❝t
t❤❡ s❛♠❡ ♦r ❡✈❡♥ ❜❡tt❡r ❝♦♥❞✐t✐♦♥s ✇✐t❤♦✉t t❤❡ ❋❘❍ ❞❡t❡❝t♦rs ❜✉t ✇✐t❤ t❤❡ ♣♦ss✐❜✐❧✐t②
♦❢ t❤❡ t✐♠❡✲♦❢✲✢✐❣❤t ❛♣♣❧✐❝❛t✐♦♥✳ ■♥ t❤✐s ❝❛s❡ ❛ ❝♦✐♥❝✐❞❡♥t ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ 3❍❡ ✐♦♥s
✐♥ t❤❡ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ❛♥❞ ❣❛♠♠❛ q✉❛♥t❛ ✐♥ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ✇✐❧❧ ❛❧❧♦✇ ❢♦r ❛♥
✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ pd → 3❍❡ 2γ ❛♥❞ pd → 3❍❡ 6γ r❡❛❝t✐♦♥s✳ ❲❡ ❡①♣❡❝t t❤❛t ✐♥ t❤✐s
❝❛s❡ ♣❤②s✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ❜❡❧♦✇ t❤r❡s❤♦❧❞ ❢♦r 3❍❡✲η ♣r♦❞✉❝t✐♦♥ ✇✐❧❧ ❜❡ ♠✉❝❤ s♠❛❧❧❡r t❤❛♥
t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❜❛❝❦❣r♦✉♥❞ ✇✐t❤ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ s♣❧✐tt✐♥❣ ❛♥❞
♠❡r❣✐♥❣ ♦❢ ❝❧✉st❡rs ✐♥ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r✳

❚❤❡ r❡❛❝t✐♦♥s ✇❤✐❝❤ ❝❛♥ ❤❛✈❡ ❞♦♠✐♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❛r❡ ♣r❡s❡♥t❡❞
✐♥ ❚❛❜❧❡s ✶ ❛♥❞ ✷ ✐♥ ❆♣♣❡♥❞✐① ✶✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❲❆❙❆✲▼♦♥t❡✲❈❛r❧♦
s✐♠✉❧❛t✐♦♥s ❝❛rr✐❡❞ ♦✉t ❢♦r ❡❛❝❤ ♦❢ t❤❡ r❡❛❝t✐♦♥ s❡♣❛r❛t❡❧②✳ ❆s ❝❛♥ ❜❡ ✐♥❢❡rr❡❞ ❢r♦♠ t❤❡
r❡s✉❧t ♦❢ s✐♠✉❧❛t✐♦♥s t❤❡ ♠❛✐♥ ❜❛❝❦❣r♦✉♥❞ ❡✳❣✳ ❢♦r t❤❡ pd → 3❍❡ 6γ ✇✐❧❧ ♦r✐❣✐♥❛t❡ ❢r♦♠
t❤❡ ❞✐r❡❝t ♣r♦❞✉❝t✐♦♥ ♦❢ ✸π0 ❛♥❞ ✷π0 ✈✐❛ r❡❛❝t✐♦♥s pd → 3❍❡ 3π0 ❛♥❞ pd → 3❍❡ 2π0✳ ❚❤❡
❜❛❝❦❣r♦✉♥❞ ❢r♦♠ ♦t❤❡r r❡❛❝t✐♦♥ ❝❛♥ ❜❡ s✉♣♣r❡ss❡❞ t♦ ❛ ♥❡❣❧✐❣✐❜❧❡ ❧❡✈❡❧ ❜② t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥
♦❢ 3❍❡ ✐♦♥ ✐♥ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ❛♥❞ ❛t ❧❡❛st s✐① ❝❧✉st❡rs ✐♥ ❈❡♥tr❛❧ ❞❡t❡❝t♦r✳ ■♥ ❛❞❞✐t✐♦♥ t❤❡
✈❛❧✉❡s ❣✐✈❡♥ ✐♥ t❤❡ ❧❛st ❝♦❧✉♠♥ ♦❢ t❛❜❧❡ ✷ ❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② ✉s✐♥❣ ♠✐ss✐♥❣ ♠❛ss ❞✐str✐❜✉t✐♦♥
❢♦r ❢✉rt❤❡r s✉♣♣r❡ss✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞✳ ❆❧t♦❣❡t❤❡r ❢♦r t❤✐s r❡❛❝t✐♦♥ ❜❡❧♦✇ t❤❡ t❤r❡s❤♦❧❞
✇❡ ❡①♣❡❝t ❛ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✶♥❜ ✐♥ t❤❡ ❝❛s❡ ✐❢ 3❍❡ ✐♦♥ ✐s r❡❣✐st❡r❡❞ ✐♥ t❤❡
❋♦r✇❛r❞ ❉❡t❡❝t♦r ❛♥❞ ✻✹♥❜ ✐❢ t❤❡ 3❍❡ ❡s❝❛♣❡s ❞❡t❡❝t✐♦♥ ✐♥ t❤❡ ❜❡❛♠✲♣✐♣❡✳ ■♥ t❤❡ ❧❛tt❡r
❝❛s❡ t❤❡ ♠❛✐♥ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ♦r✐❣✐♥❛t❡s ❢r♦♠ t❤❡ pn → pn2π0 r❡❛❝t✐♦♥s ❛♥❞ t❤✐s ♠❛②
❜❡ ❢✉rt❤❡r s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ ✭✇❡ ❛ss✉♠❡ t♦ ✶✻ ♥❜✮ ❜② t❤❡ ❦✐♥❡♠❛t✐❝❛❧ ✜tt✐♥❣ ✇✐t❤ t❤❡
r❡q✉✐r❡♠❡♥t t❤❛t t❤❡ ♥♦ ♦❜s❡r✈❡❞ ✐♦♥ ❤❛s ❛ ♠❛ss ♦❢ 3❍❡✱ ❛♥❞ t❤❛t t❤❡ r❡❣✐st❡r❡❞ ❝❧✉st❡rs
✇♦✉❧❞ ❝♦♠❜✐♥❡ ✐♥t♦ ✸ ♣❛✐rs ♦❢ ❣❛♠♠❛ q✉❛♥t❛ ❢r♦♠ t❤❡ π0 ♠❡s♦♥ ❞❡❝❛② ❛♥❞ ❛❞❞✐t✐♦♥❛❧
❢✉rt❤❡r r❡❞✉❝t✐♦♥ ♦❢ t❤❡ s♣❧✐tt✐♥❣s ❜② ♦♣t✐♠✐③❛t✐♦♥ ♦❢ r❡q✉✐r❡♠❡♥ts ♦♥ ♠✐♥✐♠❛❧ ❝❧✉st❡r
❡♥❡r❣② ❛♥❞ ♦♥ ♠✐♥✐♠❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❝❧✉st❡rs✳

■♥ s✉♠♠❛r②✿ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♠❡❝❤❛♥✐s♠ ✇❤❡♥ t❤❡ η ♠❡s♦♥ ✐s ❛❜s♦r❜❡❞ ❜② ♦♥❡ ♦❢
t❤❡ ♥✉❝❧❡♦♥s ✇❤✐❝❤ s✉❜s❡q✉❡♥t❧② ❞❡❝❛②s ✐♥t♦ N−π ✜♥❛❧ st❛t❡ ❢♦r ♠♦st ❢❛✈♦✉r❛❜❧❡ ❝❤❛♥♥❡❧s✿
pd → (3❍❡✲η)bound → pppπ−✱ pd → (3❍❡✲η)bound → ppnπ0 ✇❡ ❡①♣❡❝t ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡
❜♦✉♥❞ st❛t❡ ❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✽✵ ♥❜✱ ❛♥❞ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s ❡①♣❡r✐♠❡♥ts ✇❡ ❡st✐♠❛t❡
❛ ❜❛❝❦❣r♦✉♥❞ t♦ ❛❜♦✉t ✷✺✵✵ ♥❜✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s❡❝♦♥❞ ❝♦♥s✐❞❡r❡❞ ♠❡❝❤❛♥✐s♠✱ ✇❤❡♥
t❤❡ η ♠❡s♦♥ ❞❡❝❛②s ✇❤✐❧❡ ♦r❜✐t✐♥❣ ❛r♦✉♥❞ t❤❡ 3He ♥✉❝❧❡✉s ✇❡ ❡①♣❡❝t ❛ ❝r♦ss s❡❝t✐♦♥ ❢♦r
t❤❡ pd → 3❍❡ 6γ r❡❛❝t✐♦♥s ✐♥ t❤❡ ♦r❞❡r ✵✳✹♥❜ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✶✻♥❜✳

✸✳✷ ❈♦✉♥t✐♥❣ r❛t❡ ❡st✐♠❛t❡

❋♦r t❤❡ r❡❛❝t✐♦♥s pd → (3❍❡✲η)bound → pppπ−✱ pd → (3❍❡✲η)bound → ppnπ0 ❛♥❞
pd → (3❍❡✲η)bound → pdπ0✱ ✇❡ ✇✐❧❧ s❡t t❤❡ tr✐❣❣❡r ❝♦♥❞✐t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ♦♥❡ ♦r
♠♦r❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ❝♦♠❜✐♥❡❞ ✇✐t❤ ❝♦♥❞✐t✐♦♥s ♦♥ t❤❡ ♣❛rt✐❝❧❡s
❣♦✐♥❣ ✐♥t♦ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r✳ ■♥ ❝❛s❡ ♦❢ t❤❡ r❡❛❝t✐♦♥ pd → (3❍❡✲η)bound → pppπ−✿
❛t ❧❡❛st ✷ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s✱ ❛♥❞ ✐♥ ❝❛s❡ ♦❢ t❤❡ r❡❛❝t✐♦♥ pd → (3❍❡✲η)bound → ppnπ0 ❛t
❧❡❛st t✇♦ ♥❡✉tr❛❧ ♣❛rt✐❝❧❡s ✇✐❧❧ ❜❡ r❡q✉✐r❡❞ ✐♥ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r✳ ❚❤❡ ♥❡✉tr♦♥ ✇✐❧❧
❜❡ r❡❝♦♥str✉❝t❡❞ ♦✤✐♥❡ ✉s✐♥❣ st❛♥❞❛r❞ ♠✐ss✐♥❣ ♠❛ss t❡❝❤♥✐q✉❡s✳ ■♥ ❝❛s❡ ♦❢ t❤❡ r❡❛❝t✐♦♥
pd → (3❍❡✲η)bound → pdπ0✱ ❛t ❧❡❛st t✇♦ ♥❡✉tr❛❧ ♣❛rt✐❝❧❡s ✐♥ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ❛♥❞ ❛t ❧❡❛st
♦♥❡ ❝❤❛r❣❡❞ ✐♥ t❤❡ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ✇✐❧❧ ❜❡ r❡q✉✐r❡❞✳

❋♦r t❤❡ r❡❛❝t✐♦♥s ✇✐t❤ pd → 3❍❡✕η t❤❡ ♠♦st ❡✛❡❝t✐✈❡ tr✐❣❣❡r ✇✐❧❧ ❝♦♥t❛✐♥ t❤❡ ❝♦♥❞✐t✐♦♥s
♦♥ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ♦♥❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✇✐t❤ ♦♣t✐♠✐③❡❞ t❤r❡s❤♦❧❞s ✭3❍❡✮ ✐♥ t❤❡ ❋♦r✇❛r❞
❉❡t❡❝t♦r✳ ❍♦✇❡✈❡r✱ ✐♥ ❝❛s❡ ♦❢ t❤❡ ♣❞ t♦ 3❍❡ η ✐♥ t❤❡ ❧♦✇ ❡①❝❡ss ❡♥❡r❣② r❡❣✐♦♥ ❝❧♦s❡ ♦r
❜❡❧♦✇ t❤❡ t❤r❡s❤♦❧❞ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❛❝❝❡♣t❛♥❝❡ ♦❢ 3❍❡ ✐♦♥s ❞❡t❡❝t✐♦♥ ✐s ✈❡r② ❧✐♠✐t❡❞✳ ▼♦st
♦❢ t❤❡ 3❍❡ ✇✐❧❧ ❣♦ ✐♥t♦ ❛ ❜❡❛♠♣✐♣❡✳ ■♥ ♦r❞❡r t♦ ❝♦✈❡r ❛❧s♦ t❤✐s r❡❣✐♦♥ ✇❡ ✇✐❧❧ ✉s❡ ❛♥
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❛❞❞✐t✐♦♥❛❧ tr✐❣❣❡r ✇❤✐❝❤ ✇✐❧❧ ♠❛t❝❤ t❤❡ η ❞❡❝❛② r❡❣✐st❡r❡❞ ✐♥ t❤❡ ❈❡♥tr❛❧ ❉❡t❡❝t♦r✳ ❲❡
❢♦❝✉s ♦♥ t❤❡ η → π0π0π0 → 6γ ❞❡❝❛②✱ ✐♠♣♦s✐♥❣ t❤❡ ❝♦♥❞✐t✐♦♥ ♦❢ ❛t ❧❡❛st ✻ ♥❡✉tr❛❧ ❝❧✉st❡rs
✐♥ t❤❡ ❈❛❧♦r✐♠❡t❡r ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ✈❡t♦ ♦♥ t❤❡ ❋♦r✇❛r❞ ♣❛rt✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡
3❍❡ ❣♦✐♥❣ ✐♥t♦ t❤❡ ❜❡❛♠♣✐♣❡✳ ❚❤❡ ♠♦r❡ ❧♦♦s❡ ❝♦♥❞✐t✐♦♥✱ ❛t ❧❡❛st ✷ ♥❡✉tr❛❧ ❝❧✉st❡rs ✐♥ t❤❡
❈❛❧♦r✐♠❡t❡r ✇♦✉❧❞ ❝♦✈❡r ❛❧s♦ t❤❡ η → γγ r❡❛❝t✐♦♥✱ ❤♦✇❡✈❡r ✐t ✇♦✉❧❞ ❜❡ ✐♠♣♦ss✐❜❧❡ t♦ ✉s❡
✇✐t❤♦✉t ❛ ✈❡r② ❤✐❣❤ tr✐❣❣❡r ♣r❡s❝❛❧✐♥❣ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ❡①♣❡❝t❡❞ tr✐❣❣❡r r❛t❡✳

■♥ ♦r❞❡r t♦ ❡st✐♠❛t❡ t❤❡ ❡①♣❡❝t❡❞ ❝♦✉♥t✐♥❣ r❛t❡ ✇❡ ❝❤❡❝❦❡❞ t❤❡ s✐♠✐❧❛r tr✐❣❣❡r s❡tt✐♥❣
❢r♦♠ ❛✈❛✐❧❛❜❧❡ ❞❛t❛ ❢r♦♠ ✷✵✵✽ ❢♦r t✇♦ tr✐❣❣❡rs✿

✶✳ tr✐❣❣❡r ✷✷✿ ❆t ❧❡❛st ❢♦✉r ♥❡✉tr❛❧ ❝❧✉st❡rs ✐♥ t❤❡ ❝❛❧♦r✐♠❡t❡r ✇✐t❤ t❤❡ ✈❡t♦ ✐♥ t❤❡
❢♦r✇❛r❞ ♣❛rt✳ ❚❤❡ ♣r❡s❝❛❧✐♥❣ ❢❛❝t♦r ✇❛s s❡t t♦ ✶✵✳

✷✳ tr✐❣❣❡r ✷✻✿ ❆t ❧❡❛st t✇♦ ♥❡✉tr❛❧ ❝❧✉st❡rs ✐♥ t❤❡ ❝❛❧♦r✐♠❡t❡r ✇✐t❤ t❤❡ ✈❡t♦ ✐♥ t❤❡
❢♦r✇❛r❞ ♣❛rt✳ ❚❤❡ ♣r❡s❝❛❧✐♥❣ ❢❛❝t♦r ✇❛s s❡t t♦ ✷✵✵✳

■♥ ❋✐❣✳ ✶✶ ✇❡ s❤♦✇ t❤❡ ♠✉❧t✐♣❧✐❝✐t② ♦❢ ♥❡✉tr❛❧ ❝❧✉st❡rs r❡❝♦♥str✉❝t❡❞ ❢♦r ❜♦t❤ tr✐❣❣❡rs
✭r❡❞ ❧✐♥❡ ❛♥❞ ❜❧✉❡ ❧✐♥❡s✮✳ ❖♥❡ ♥❡❡❞s t♦ ❦❡❡♣ ✐♥ ♠✐♥❞ t❤❛t t❤❡ ♣r❡s❝❛❧✐♥❣ ❢❛❝t♦rs ✇❡r❡
❞✐✛❡r❡♥t ❢♦r ❡❛❝❤ tr✐❣❣❡r✳

❋✐❣✉r❡ ✶✶✿ ❈❧✉st❡r ♠✉❧t✐♣❧✐❝✐t② ✐♥ t❤❡ ❈❛❧♦r✐♠❡t❡r ❢♦r t✇♦ tr✐❣❣❡rs✳ ❚r✐❣❣❡r ✷✻ ✭❜❧✉❡✱ tr✐❣❣❡r
♣r❡s❝❛❧✐♥❣ ✷✵✵✮ ❛♥❞ tr✐❣❣❡r ✷✷ ✭r❡❞✱ tr✐❣❣❡r ♣r❡s❝❛❧✐♥❣ ✶✵✮✳ ❚❤❡ ♣❧♦t ✐s ❜❛s❡❞ ♦♥ t❤❡ s❛♠♣❧❡
♦❢ ❛❜♦✉t ✽✪ ❢r♦♠ ✷✵✵✽ ❞❛t❛ s❡t✳

❋r♦♠ t❤❡ ♦❜t❛✐♥❡❞ ❝❧✉st❡r ♠✉❧t✐♣❧✐❝✐t✐❡s ✭s❡❡ ❋✐❣ ✶✶✮ ✇❡ ❝❛♥ ❡st✐♠❛t❡ t❤❛t ✐❢ ✇❡ ❛♣♣❧② t❤❡
❝♦♥❞✐t✐♦♥ ❛t ❧❡❛st ✻ ♥❡✉tr❛❧ ❝❧✉st❡rs✱ t❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ r❡❣✐st❡r❡❞ ❡✈❡♥ts ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞
t♦ ❛❜♦✉t ✶✽✪ ♦❢ ❡✈❡♥ts r❡❣✐st❡r❡❞ ❜② t❤❡ tr✐❣❣❡r ✷✷ ❛♥❞ t♦ ❛❜♦✉t ✺ ✪ ♦❢ ❡✈❡♥ts r❡❣✐st❡r❡❞
❜② t❤❡ tr✐❣❣❡r ✷✻✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝♦✉♥t✐♥❣ r❛t❡ ♦❢ ❛t ♠♦st ✶✷✵✵ ❡✈❡♥ts✴s ✇✐t❤ t❤❡
❛✈❡r❛❣❡❞ ❧✉♠✐♥♦s✐t② ♦❢ ✷·✶✵30s−1cm−2✳ ❚❤✐s r❡s✉❧t s❤♦✉❧❞ s❝❛❧❡ r♦✉❣❤❧② ❧✐♥❡❛r❧② ✇✐t❤ t❤❡
❧✉♠✐♥♦s✐t②✱ t❤❡r❡❢♦r❡ ❢♦r t❤❡ ❡①♣❡❝t❡❞ 5·✶✵30s−1cm−2✱ ✇❡ ❝❛♥ ❛ss✉♠❡ ❛❜♦✉t ✸✵✵✵ ❡✈❡♥ts✴s✳
❚❤✐s r❛t❡ ❝❛♥ ❜❡ ❤❛♥❞❧❡❞ ❜② t❤❡ ❲❆❙❆ ❉❆◗✳
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✹ ❇❡❛♠ ❚✐♠❡ ❡st✐♠❛t❡

❋r♦♠ t❤❡ r❡❝❡♥t ❛rt✐❝❧❡s ✐♥ ✇❤✐❝❤ η✲♠❡s✐❝ st❛t❡s ✇✐❞t❤s ❛♥❞ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ✇❡r❡
❝❛❧❝✉❧❛t❡❞ ❢♦r ✈❛r✐♦✉s ♠♦❞❡❧s ❬✹✱ ✶✶❪ ✇❡ ❝❛♥ ❧❡❛r♥ t❤❛t✱ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♠♦❞❡❧✱ t❤❡
❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ t❤❡ ♣♦ss✐❜❧❡ η✲♠❡s✐❝ ❤❡❧✐✉♠ ✐s s♠❛❧❧✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ❡st✐♠❛t❡s ♦❢
❲✐❧❦✐♥ ❬✾❪✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ ♣♦❧❡ ✐s ✈❡r② ❝❧♦s❡ t♦ t❤r❡s❤♦❧❞✱ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ❢❡✇
▼❡❱✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r❡❞✐❝t❡❞ ✇✐❞t❤ ♦❢ t❤❡ ♠❡s✐❝✲♥✉❝❧❡✉s ❞❡♣❡♥❞s str♦♥❣❧② ♦♥ t❤❡ ♠♦❞❡❧
❛♥❞ ✐t ✈❛r✐❡s ❢r♦♠ ▼❡❱ t♦ ❛❜♦✉t ✷✵ ▼❡❱✳ ❚❤❡r❡❢♦r❡ ✇❡ ✐♥t❡♥❞ t♦ s❝❛♥ t❤❡ ❡①❝❡ss ❡♥❡r❣②
r❛♥❣❡ ❛r♦✉♥❞ t❤❡ 3❍❡✲η t❤r❡s❤♦❧❞ ❢r♦♠ ✲✺✵ t♦ ✷✵ ▼❡❱✳ ■♥ ♦r❞❡r t♦ ❞❡❝r❡❛s❡ t❤❡ s②st❡♠❛t✐❝
✉♥❝❡rt❛✐♥t✐❡s ✇❡ ✇❛♥t t♦ r❛♠♣ t❤❡ ❜❡❛♠ ♠♦♠❡♥t✉♠ ❢♦r ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ❝②❝❧❡✳ ■♥ ♦r❞❡r
t♦ ❜❡ ♣r❡♣❛r❡❞ ❢♦r ❛ s♠❛❧❧ ✇✐❞t❤ ✐♥ t❤❡ ♦r❞❡r ♦❢ ▼❡❱ ✇❡ ♥❡❡❞ t♦ ❝♦❧❧❡❝t st❛t✐st✐❝s ❧❛r❣❡
❡♥♦✉❣❤ ❢♦r t❤❡ ❜✐♥♥✐♥❣ ✐♥t♦ ✶ ▼❡❱ ✐♥t❡r✈❛❧s✳

❋♦r t❤❡ ✜rst ❞✐s❝✉ss❡❞ ♠❡❝❤❛♥✐s♠ ✇✐t❤ t❤❡ ❡♠✐ss✐♦♥ ♦❢ t❤❡ N − π ♣❛✐r ✇❡ ❡st✐♠❛t❡ t❤❡
❝r♦ss s❡❝t✐♦♥ ♦❢ ✽✵ ♥❜ ❛t t❤❡ ❡①❝❡ss ❡♥❡r❣② ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♣♦❧❡ ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥
❢♦r t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦❢ ✷✺✵✵ ♥❜✳ ❙✐♥❝❡ ✽✵ ♥❜ ✐s ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❡st✐♠❛t❡❞
❝r♦ss s❡❝t✐♦♥ ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ r❡❛❝❤ ❛ s❡♥s✐t✐✈✐t② ♦❢ ✶✵ ♥❜✳ ❚♦ ❡st✐♠❛t❡ t❤❡ t✐♠❡ ♦❢ t❤❡
♠❡❛s✉r❡♠❡♥t ✭❜❛s❡❞ ♦♥ t❤❡ ❡①♣❡r✐❡♥❝❡ ♦❢ t❤❡ 4❍❡✲η st❛t❡ s❡❛r❝❤✮ ✇❡ ❛ss✉♠❡ t❤❛t ♥✉♠❜❡r ♦❢
❡✈❡♥ts ❢r♦♠ t❤❡ ✬s✐❣♥❛❧✬ r❡❣✐♦♥ ❛♥❞ ❢r♦♠ t❤❡ ✬❜❛❝❦❣r♦✉♥❞✬ r❡❣✐♦♥ ❛r❡ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧✳
❚❤✐s ❧❡❛❞s t♦ ❛♥ ❛♣♣r♦①✐♠❛t❡ ❢♦r♠✉❧❛ ❢♦r t❤❡ t✐♠❡ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ♥❡❡❞❡❞ ❢♦r ❡❛❝❤
❜✐♥✿

t = σbcg/(L · ǫ · δ2(σ)) ✭✶✮

✇❤❡r❡✿ σbcg ✲ ❜❛❝❦❣r♦✉♥❞ ❝r♦ss s❡❝t✐♦♥✱
L ✲ ❧✉♠✐♥♦s✐t②✱
ǫ ✲ ❡✣❝✐❡♥❝②✱
δ(σ) ✲ ❝r♦ss s❡❝t✐♦♥ s❡♥s✐t✐✈✐t②✱

❚❤✉s ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ✶✵♥❜ ❢♦r ✼✵ ❜✐♥s ✐♥ t❤❡ r❛♥❣❡ ❢r♦♠ ✲✺✵▼❡❱ t♦
✷✵▼❡❱ ✇❡ ♥❡❡❞ t✇♦ ✇❡❡❦s ♦❢ ♠❡❛s✉r❡♠❡♥t ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ❧✉♠✐♥♦s✐t② ♦❢ 5 ·1030 cm−2s−1✳
❆t t❤❡ s❛♠❡ t✐♠❡ s✉❝❤ ♠❡❛s✉r❡♠❡♥t ✇♦✉❧❞ ❛❧❧♦✇ t♦ ❛❝❤✐❡✈❡ ❛ s❡♥s✐t✐✈✐t② ♦❢ ❛❜♦✉t ✵✳✺ ♥❜
❢♦r t❤❡ ♠❡❝❤❛♥✐s♠ ✇✐t❤ t❤❡ ❞❡❝❛② ♦❢ t❤❡ ❡t❛ ♠❡s♦♥ ✇❤✐❧❡ ♦r❜✐t✐♥❣ ❛r♦✉♥❞ t❤❡ ♥✉❝❧❡✉s✳

■♥ ♦r❞❡r t♦ r❡❛❧✐③❡ t❤❡ ♣r♦♣♦s❡❞ st✉❞✐❡s ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❛s❦ ❢♦r t✇♦ ✇❡❡❦s
♦❢ t❤❡ ♣r♦t♦♥ ❜❡❛♠t✐♠❡ ✐♥ t❤❡ s❧♦✇ r❛♠♣✐♥❣ ♠♦❞❡✳

❚❤❡ ♣r♦✜❧❡ ♦❢ t❤❡ ❡①❝✐t❛t✐♦♥ ❝✉r✈❡s ✇✐❧❧ ❛❧❧♦✇✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ ♣❡❛❦✱
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❛♥❞ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ η − 3❍❡ ❜♦✉♥❞ st❛t❡✳ ❖t❤❡r✇✐s❡ t❤❡
♠❡❛s✉r❡♠❡♥t ✇✐❧❧ ♣❡r♠✐t t♦ ❧♦✇❡r t❤❡ ✉♣♣❡r ❜♦✉♥❞ ❢♦r t❤❡ ❝r♦ss s❡❝t✐♦♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡
pd → (3❍❡η)bound → pppπ− r❡❛❝t✐♦♥ ❢r♦♠ t❤❡ ♣r❡s❡♥t ❧✐♠✐t ♦❢ ✷✼✵♥❜ ❬✸✻❪ ❞♦✇♥ t♦ t❤❡
✈❛❧✉❡ ♦❢ ✶✵♥❜✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ str❡ss t❤❛t s✉❝❤ s❡♥s✐t✐✈✐t② ✇✐❧❧ ♣❡r♠✐t t♦ r❡❛❝❤ t❤❡
r❛♥❣❡ ♦❢ ✈❛❧✉❡s ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥ ♣r❡❞✐❝t❡❞ ❢♦r t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❡ η✲♠❡s✐❝ 3He✳
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❬✸✽❪ ▼✳ ❇❛s❤❦❛♥♦✈✱ ❡t ❛❧✳✱ P❤②s✳ ▲❡tt✳ ❇✻✸✼✱ ✷✷✸ ✭✷✵✵✻✮✳

❬✸✾❪ ❑✳ ❙❝❤ö♥♥✐♥❣✱ ❉♦❝t♦r❛❧ ❚❤❡s✐s✱ ❯♣♣s❛❧❛ ❯♥✐✈❡rs✐t② ✭✷✵✵✾✮✳

❬✹✵❪ ❚✳ ❇❡❞♥❛rs❦✐✱ ❉✐♣❧♦♠❛ ❚❤❡s✐s✱ ❏❛❣✐❡❧❧♦♥✐❛♥ ❯♥✐✈❡rs✐t②✱ ❛r❳✐✈✿✶✶✶✶✳✺✷✹✵ ✭✷✵✶✶✮✳

❬✹✶❪ ❏✳ ❇②str✐❝❦②✱ ❡t ❛❧✳✱ ❏✳ P❤②s✐q✉❡ ✹✽✱ ✶✾✵✶ ✭✶✾✽✼✮✳

❬✹✷❪ ❘✳ ❇✐❧❣❡r ❡t ❛❧✳✱ P❤②s✳ ❘❡✈✳ ❈✻✾✱ ✵✶✹✵✵✸ ✭✷✵✵✹✮✳

❬✹✸❪ ❋✳ ❍✐❜♦✉ ❡t ❛❧✳✱ ❊✉r✳ P❤②s✳ ❏✳ ❆✼✱ ✺✸✼ ✭✷✵✵✵✮✳

❬✹✹❪ ❱✳ ❋❧❛♠✐♥✐♦ ❡t ❛❧✳✱ ❈♦♠♣✐❧❛t✐♦♥ ♦❢ ❝r♦ss s❡❝t✐♦♥s ■■■✿ ♣♣ ✐♥❞✉❝❡❞ r❡❛❝t✐♦♥✱ ❈❊❘◆✲
❍❊❘❆ ❘❡♣♦rt ✽✹✲✵✶ ✭✶✾✽✹✮ ✸✳

✶✼



✺ ❆PP❊◆❉■❳ ✶

❆s ❛♥ ❡①❛♠♣❧❡ ❢♦r t❤❡ ♠♦st ♣r♦♠✐s✐♥❣ ❝❤❛♥♥❡❧ ✐♥ ❋✐❣✳ ✶✷ ✇❡ ♣r❡s❡♥t t❤❡ ❛❝❝❡♣t❛♥❝❡
♦❢ t❤❡ ❲❆❙❆✲❛t✲❈❖❙❨ s❡t✉♣ ❢♦r t❤❡ s✐♠✉❧t❛♥❡♦✉s r❡❣✐str❛t✐♦♥ ♦❢ ❛❧❧ ❡❥❡❝t✐❧❡s✳ ■t ❛♠♦✉♥ts
t♦ ❛❜♦✉t ✹✺✪ ❢♦r t❤❡ r❡❣✐str❛t✐♦♥ ♦❢ t❤❡ pd → (3❍❡η)bound → pppπ− r❡❛❝t✐♦♥✳ ■t ✐s ✇♦rt❤
♥♦t✐♥❣ t❤❛t t❤❡ ❛❝❝❡♣t❛♥❝❡ ✐s ❧❛r❣❡ ❛♥❞ ❡✈❡♥ ♠♦r❡ ✐♠♣♦rt❛♥t❧② ✐t ✐s ✢❛t ✐♥ t❤❡ ✇❤♦❧❡ r❛♥❣❡
♦❢ t❤❡ ❡①❝❡ss ❡♥❡r❣✐❡s ✐♥t❡r❡st✐♥❣ ❢♦r t❤❡ ♣r♦♣♦s❡❞ st✉❞✐❡s✳

Q [MeV]
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FD(p,p) CD(p,pi-) acceptance as a function of Q [MeV]

FD(p,p,p) CD(pi-) acceptance as a function of Q [MeV]

❋✐❣✉r❡ ✶✷✿ ❆❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ❲❆❙❆✲❛t✲❈❖❙❨ ❞❡t❡❝t♦r ❢♦r t❤❡ pd → (3❍❡η)bound → pppπ−

r❡❛❝t✐♦♥s s❤♦✇♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❡①❝❡ss ❡♥❡r❣②✳

❇❡❧♦✇ ✇❡ ♣r❡s❡♥t r❡s✉❧ts ♦❢ s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ❡st✐♠❛t❡ ❛♥ ❡①♣❡r✐♠❡♥t❛❧
❜❛❝❦❣r♦✉♥❞ ❢♦r t❤❡ st✉❞✐❡s ♦❢ t❤❡ r❡❛❝t✐♦♥s✿ pd → (3❍❡ − η)bound →3 ❍❡2γ ❛♥❞ pd →
(3❍❡− η)bound →3 ❍❡6γ✳

❚❤❡ ❞❡t❛✐❧❡❞ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ✉s❡❞ ❛❜❜r❡✈✐❛t✐♦♥s ✐s ❣✐✈❡♥ ✐♥ t❤❡ t❡①t ❜❡❧♦✇ t❤❡ t❛❜❧❡s✳

✶✽



◆♦✳ ❘❡❛❝t✐♦♥ pthr
beam[GeV/c] Ethr

beam[GeV ] Athr
(0,3)[%] Athr

(3,18)[%]

✶ pd → 3❍❡η → 3❍❡3π0 ✶✳✺✼✸ ✵✳✽✾✸ ✻✵ ✵
✷ pd → pdη → pd3π0 ✶✳✺✽✸ ✵✳✾✵✷ ✵ ✭✺✮ ✵ ✭✸✵✮
✸ pd → 3❍❡η → 3❍❡2γ ✶✳✺✼✸ ✵✳✽✾✸ ✽✺ ✵
✹ pd → pdη → pd2γ ✶✳✺✽✸ ✵✳✾✵✷ ✵ ✭✶✷✮ ✵ ✭✹✷✮
✺ pd → 3❍❡3π0 ✶✳✷✼✸ ✵✳✻✹✸ ✽ ✺✸
✻ pd → 3❍❡2π0 ✵✳✾✼✼ ✵✳✹✶✻ ✸ ✻✽
✼ pd → pd3π0 ✶✳✷✽✸ ✵✳✻✺✶ ✵✳✵✼ ✷✸
✽ pd → pd2π0 ✵✳✾✽✽ ✵✳✹✷✹ ✵✳✵✶ ✾
✾ pp → pp3π0 ✶✳✺✼✽ ✵✳✽✾✽ ✵ ✭✷✺✮ ✵ ✭✾✮
✶✵ pp → pp2π0 ✶✳✶✾✷ ✵✳✺✼✾ ✵✳✵✽ ✸✵
✶✶ pn → pn3π0 ✶✳✺✼✼ ✵✳✽✾✼ ✵ ✭✷✽✮ ✵ ✭✶✺✮
✶✷ pn → pn2π0 ✶✳✶✾✶✺ ✵✳✺✼✽ ✷ ✹✷

❚❛❜❧❡ ✶✿ ▼❛✐♥ ❜❛❝❦❣r♦✉♥❞ r❡❛❝t✐♦♥s✱ t❤❡✐r t❤r❡s❤♦❧❞ ❜❡❛♠ ♠♦♠❡♥t❛✱ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s✱
❣❡♦♠❡tr✐❝❛❧ ❛❝❝❡♣t❛♥❝❡s✳ ❚❤❡ ❞❡t❛✐❧❡❞ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❛❜❜r❡✈✐❛t✐♦♥s ✐s ✐♥ t❡①t ❜❡❧♦✇ t❤❡
t❛❜❧❡s✳

◆♦✳ ❘❡❛❝t✐♦♥ ǫ(0,3)[%] ǫ(3,18)[%] σ[µb] ǫ(0,3) · σ[µb] ǫ(3,18) · σ[µb]
✶ pd → 3❍❡η → 3❍❡3π0 ✺✳✸ ✶✻ ✵✳✶✸ ✵✳✵✵✼ ✵✳✵✷✶
✷ pd → pdη → pd3π0 ✵✳✾ ✶✸ ✵✳✵✺ ✵✳✵✵✵✹ ✵✳✵✵✻
✸ pd → 3❍❡η → 3❍❡2γ ✶✳✽ ✺✳✹ ✵✳✶✺✼ ✵✳✵✵✸ ✵✳✵✵✽
✹ pd → pdη → pd2γ ✵✳✾ ✶✸ ✵✳✵✺ ✵✳✵✵✵✹ ✵✳✵✵✻
✺ pd → 3❍❡3π0 ✸ ✶✽ ✵✳✵✷✼ ✵✳✵✵✵✽ ✵✳✵✵✺
✻ pd → 3❍❡2π0 ✵✳✵✵✵✼ ✵✳✵✽ ✷✳✽ ✷·✶✵−5 ✵✳✵✵✷
✼ pd → pd3π0 ✵✳✵✷ ✼✳✷ ✵✳✵✻✽ ✶✳✹·✶✵−5 ✵✳✵✵✺
✽ pd → pd2π0 ✵✳✵✵✵✶ ✵✳✵✵✸ ✶✳✷✻ ✶✳✸·✶✵−6 ✹·✶✵−5

✾ pp → pp3π0 ✹✳✸ ✽✳✹ ✷✳✽·✶✵−8 ✶✳✷·✶✵−9 ✷✳✹·✶✵−9

✶✵ pp → pp2π0 ✵✳✵✵✵✶ ✵✳✵✷✶ ✵✳✽✹✾ ✽✳✺·✶✵−7 ✶✳✽·✶✵−4

✶✶ pn → pn3π0 ✺✳✹ ✾ ✽✳✹·✶✵−8 ✹✳✺·✶✵−9 ✼✳✺·✶✵−9

✶✷ pn → pn2π0 ✷✳✺ ✷✶✳✽ ✷✳✺✺ ✵✳✵✻✹ ✵✳✺✻

❚❛❜❧❡ ✷✿ ▼❛✐♥ ❜❛❝❦❣r♦✉♥❞ r❡❛❝t✐♦♥s✱ t❤❡✐r r❡❧❛t✐✈❡ ❡①❝❡ss ❡♥❡r❣✐❡s✱ r❡❝♦♥str✉❝t✐♦♥ ❡✣❝✐❡♥✲
❝✐❡s ❛♥❞ ❝r♦ss s❡❝t✐♦♥s✳ ❚❤❡ ❞❡t❛✐❧❡❞ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❛❜❜r❡✈✐❛t✐♦♥s ✐s ✐♥ t❡①t ❜❡❧♦✇✳

❚❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛❜❜r❡✈✐❛t✐♦♥s ✉s❡❞ ✐♥ ❚❛❜❧❡ ✶ ❛♥❞ ✷✿

pthr
beam ✲ t❤r❡s❤♦❧❞ ❜❡❛♠ ♠♦♠❡♥t✉♠✱

Ethr
beam ✲ t❤r❡s❤♦❧❞ ❜❡❛♠ ❦✐♥❡t✐❝ ❡♥❡r❣②✱

Athr
(0,3) ✲ ❣❡♦♠❡tr✐❝❛❧ ❛❝❝❡♣t❛♥❝❡ ❢♦r ❝♦♥❞✐t✐♦♥s✿ ❛❧❧ ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s ✭3❍❡✱❞✱♣✮ ❣♦✐♥❣ ✐♥t♦

❜❡❛♠✲♣✐♣❡ ✲ θ ∈ (0, 3)◦ ❛♥❞ ❛❧❧ ❣❛♠♠❛ q✉❛♥t❛ r❡❣✐st❡r❡❞ ✐♥ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ✭❙❊❈✮ ❢♦r

r❡❝♦♥str✉❝t❡❞ ❡①❝❡ss ❡♥❡r❣② ◗❂✵ ✭◗❂
√

spd→3Heη −
√

sthr
pd→3Heη

✮✱ ✐♥ ❝❛s❡ ♦❢ r❡❛❝t✐♦♥s ✭✷✮✱

✭✹✮✱ ✭✾✮ ❛♥❞ ✭✶✶✮ t✇♦ ✈❛❧✉❡s ❢♦r ◗❂✵ ▼❡❱ ❛♥❞ ✐♥ ♣❛r❛♥t❤❡s✐s ❢♦r ◗❂✶✵ ▼❡❱ ❛r❡ ❣✐✈❡♥✳

Athr
(3,18) ✲ ❣❡♦♠❡tr✐❝❛❧ ❛❝❝❡♣t❛♥❝❡ ❢♦r r❡❣✐str❛t✐♦♥ ♦❢ ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s ✭3❍❡✱❞✱♣✮ ✐♥ ❋♦r✇❛r❞

❉❡t❡❝t♦r ✲ θ ∈ (3, 18)◦ ❛♥❞ ❛❧❧ ❣❛♠♠❛ q✉❛♥t❛ ✐♥ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ✭❙❊❈✮ ❢♦r r❡❝♦♥str✉❝t❡❞
❡①❝❡ss ❡♥❡r❣② ◗❂✵✱ ✐♥ ❝❛s❡ ♦❢ r❡❛❝t✐♦♥s ✭✷✮✱ ✭✹✮✱ ✭✾✮ ❛♥❞ ✭✶✶✮ t✇♦ ✈❛❧✉❡s ❛r❡ ✐♥❝❧✉❞❡❞ ❢♦r

✶✾



◗❂✵ ▼❡❱ ❛♥❞ ✐♥ ♣❛r❛♥t❤❡s✐s ❢♦r ◗❂✶✵ ▼❡❱✱
●❡♦♠❡tr✐❝❛❧ ❛❝❝❡♣t❛♥❝❡s Athr

(0,3) ❛♥❞ Athr
(3,18) ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❧❡❢t ❛♥❞ r✐❣❤t ♣❛♥❡❧ ♦❢ ❋✐❣✳ ✶✸✱

r❡s♣❡❝t✐✈❡❧②✳

ǫ(0,3) ✲ r❡❝♦♥str✉❝t✐♦♥ ❡✣❝✐❡♥❝② ❢♦r ❞❡t❡❝t✐♦♥ ♦❢ ❛t ❧❡❛st ✻ ♥❡✉tr❛❧ ❝❧✉st❡rs ✐♥ ❈❉ ✭❙❊❈✮
❛♥❞ ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s ✭3❍❡✱❞✱♣✮ ✐♥ ♣✐♣❡✳

ǫ(3,18) ✲ r❡❝♦♥str✉❝t✐♦♥ ❡✣❝✐❡♥❝② ❢♦r ❞❡t❡❝t✐♦♥ ♦❢ ❛t ❧❡❛st ✻ ♥❡✉tr❛❧ ❝❧✉st❡rs ✐♥ ❈❉ ✭❙❊❈✮
❛♥❞ ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s ✭3❍❡✱❞✱♣✮ ✐♥ ❋♦r✇❛r❞ ❉❡t❡❝t♦r✳
❉✐str✐❜✉t✐♦♥s ♦❢ ♥✉♠❜❡r ♦❢ ♥❡✉tr❛❧ ❝❧✉st❡rs ❢♦r ❡❛❝❤ ♦❢ st✉❞✐❡❞ r❡❛❝t✐♦♥ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳ ✶✹✳

σ ✲ ❝r♦ss s❡❝t✐♦♥✳

❚❤❡ ▼♦♥t❡ ❈❛r❧♦ ❙✐♠✉❧❛t✐♦♥s ❢♦r ❡❛❝❤ ♦❢ r❡❛❝t✐♦♥s ❛r❡ ❝❛rr✐❡❞ ♦✉t ✈❛r②✐♥❣ ❡①❝❡ss ❡♥❡r❣② ◗
✐♥ t❤❡ r❛♥❣❡ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✺✵ ▼❡❱✳ ■♥ t❤❡ ❛♥❛❧②s✐s t❤❡ ♠✐♥✐♠❛❧ ❡♥❡r❣② ♦❢ ♥❡✉tr❛❧ ❝❧✉st❡r
✇❛s s❡t t♦ ✷✵ ▼❡❱✳

❋✐❣✉r❡ ✶✸✿ ❆❝❝❡♣t❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ r❡❝♦♥str✉❝t❡❞ ❡①❝❡ss ❡♥❡r❣② ✭◗❂
√

s−
√

sthr
pd→3Heη

✮

❢♦r ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s ✭3❍❡✱❞✱♣✮ ❣♦✐♥❣ t♦ ❜❡❛♠✲♣✐♣❡ ✭❧❡❢t✮ ❛♥❞ ❢♦r ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s r❡❣✐st❡r❡❞
✐♥ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ✭r✐❣❤t✮✳ ❚❤❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ❢♦r ❝♦♥❞✐t✐♦♥✿ ❛❧❧ ♥❡✉tr❛❧
♣❛rt✐❝❧❡s r❡❣✐st❡r❡❞ ✐♥ ❈❡♥tr❛❧ ❉❡t❡❝t♦r ✭❙❊❈✮✳ ❚❤❡ ❧❡❣❡♥❞ ❢♦r ❜♦t❤ ❤✐st♦❣r❛♠s ✐s ♣r❡s❡♥t❡❞
✐♥ t❤❡ ❧♦✇❡r ♣❛♥❡❧✳

❚❤❡ ❝r♦ss s❡❝t✐♦♥ ❢♦r pd → 3❍❡η → 3❍❡3π0 ❛♥❞ pd → 3❍❡η → 3❍❡2γ r❡❛❝t✐♦♥s ✇❡r❡

✷✵



❋✐❣✉r❡ ✶✹✿ ◆✉♠❜❡r ♦❢ ♥❡✉tr❛❧ ❝❧✉st❡rs ❢♦r ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s ✭3❍❡✱❞✱♣✮ ❣♦✐♥❣ ✐♥t♦ ❜❡❛♠✲♣✐♣❡
✭❧❡❢t✮ ❛♥❞ ❢♦r ❝❤❛r❣❡❞ ❡❥❡❝t✐❧❡s r❡❣✐st❡r❡❞ ✐♥ ❋♦r✇❛r❞ ❉❡t❡❝t♦r ✭r✐❣❤t✮✳ ❚❤❡ ❧❡❣❡♥❞ ❢♦r ❜♦t❤
❤✐st♦❣r❛♠s ✐s ♣r❡s❡♥t❡❞ ✐♥ ❧♦✇❡r ♣❛♥❡❧✳

❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❝❛rr✐❡❞ ♦✉t ✇✐t❤ ❈❖❙❨✲✶✶ ❛♥❞ ❈❖❙❨✲❆◆❑❊
❝♦❧❧❛❜♦r❛t✐♦♥s ✭❋✐❣✳ ✶✮✳ ❲❡ t❛❦❡ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❥✉st ❛❜♦✈❡ η ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞ ✲
σ❂✹✵✵♥❜ ❛♥❞ ❇❘✭η → 3π0✮❂✸✷✳✺✼✪ ❛♥❞ ❇❘✭η → 2γ✮❂✸✾✳✸✶✪✱ r❡s♣❡❝t✐✈❡❧②✳

■♥ ❝❛s❡ ♦❢ pd → pdη → pd3π0 ❛♥❞ pd → pdη → pd2γ ❝r♦ss s❡❝t✐♦♥s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞
❜❛s❡❞ ♦♥ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✺ ❛❞♦♣t❡❞ ❢r♦♠ ❘❡❢✳ ❬✸✼❪✳ ❲❡ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ✈❛❧✉❡
σ❂✵✳✶✺µb ❛s ✇❡❧❧ ❛s ❇r❛♥❝❤✐♥❣ ❘❛t✐♦s ❡q✉❛❧ t♦ ✸✷✳✺✼✪ ❛♥❞ ✸✾✳✸✶✪✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❝r♦ss s❡❝t✐♦♥ ❢♦r pd →3 ❍❡3π0 ✇❛s ❝❛❧❝✉❧❛t❡❞ ❜❛s❡❞ ♦♥ ❘❡❢✳ ❬✸✽❪ ❛♥❞ ❢♦r♠✉❧❛ ✭✹✳✹✮
✐♥❝❧✉❞❡❞ ✐♥ ❘❡❢✳ ❬✹✵❪✳ pd →3 ❍❡2π0 r❡❛❝t✐♦♥s ✇❛s ❛❞♦♣t❡❞ ❢r♦♠ ❘❡❢✳ ❬✸✾❪ ✇❤✐❧❡ ❢♦r

pd →3 ❍❡2γ r❡❛❝t✐♦♥ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❡st✐♠❛t❡❞ σ(pd→3Heη→3He2γ)
σ(pd→3Heη)

✳

❋♦r pd → pd3π0 ❛♥❞ pd → pd2π0 r❡❛❝t✐♦♥s ❝r♦ss s❡❝t✐♦♥ ✈❛❧✉❡ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛s

σ(pd → pd2(3)π0)❂σ(pd→3He2(3)π0)σ(pd→pdη)
σ(pd→3Heη)

✳

❚❤❡ ❝r♦ss s❡❝t✐♦♥ ✈❛❧✉❡s ❛t η ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞ ❢♦r pp → pp2π0 ❛♥❞ pp → pp3π0

r❡❛❝t✐♦♥s ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ ❋✐❣✳ ✶✺✭r✐❣❤t✮ ❛❞♦♣t❡❞ ❢r♦♠ ❘❡❢✳ ❬✹✵❪✳ ❋♦r t❤❡ ✜rst
r❡❛❝t✐♦♥ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r pbeam❂✶✳✺✼✸ ●❡❱✴❝ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡
t❤r❡s❤♦❧❞ ❜❡❛♠ ♠♦♠❡♥t✉♠ ❢♦r r❡❛❝t✐♦♥ pd → 3❍❡η ✇❤✐❧❡ ❢♦r s❡❝♦♥❞ r❡❛❝t✐♦♥ ❝❛❧❝✉❧❛t✐♦♥s
✇❡r❡ ♣❡r❢♦r♠❡❞ ❢♦r pbeam❂✶✳✺✾✹ ●❡❱✴❝ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ◗❂✶✵ ▼❡❱ ♦❢ pd → 3❍❡η r❡❛❝t✐♦♥✳

✷✶



■♥ ❝❛s❡ ♦❢ pn → pn2π0 ❛♥❞ pn → pn3π0 r❡❛❝t✐♦♥s ❜❛s❡❞ ♦♥ t❤❡ ❬✹✶❪ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡
❝r♦ss s❡❝t✐♦♥s ❛r❡ ✸ t✐♠❡s ❤✐❣❤❡r t❤❛t ✐♥ ❝❛s❡ ❢♦r pp → pp2π0 ❛♥❞ pp → pp3π0 r❡❛❝t✐♦♥s✳

❋✐❣✉r❡ ✶✺✿ ✭❧❡❢t✮ ❉❡♣❡♥❞❡♥❝❡ ♦❢ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥ ♦♥ t❤❡ ❡①❝❡ss ❡♥❡r❣②✳ ❚❤❡ ❧✐♥❡ ✐♥❞✐❝❛t❡s
t❤r❡❡ ❜♦❞② ♣❤❛s❡✲s♣❛❝❡ ✈♦❧✉♠❡ ♥♦r♠❛❧✐s❡❞ t♦ t❤❡ P❘❖▼■❈❊✴❲❆❙❆ ♣♦✐♥t ❬✹✷❪✳ ❖♣❡♥
❝✐r❝❧❡s s❤♦✇ ❞❛t❛ ❢r♦♠ r❡❢❡r❡♥❝❡ ❬✹✸❪✱ ❛♥❞ st❛rs ❞❡♥♦t❡ r❡s✉❧ts ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❈❖❙❨✲
✶✶ ❣r♦✉♣ ❬✸✼❪✳ ✭r✐❣❤t✮ ❊①♣❡r✐♠❡♥t❛❧ ❝r♦ss s❡❝t✐♦♥ ❢♦r ❞✐r❡❝t ♣✐♦♥s ♣r♦❞✉❝t✐♦♥ ✐♥ ♣r♦t♦♥✲
♣r♦t♦♥ ❝♦❧❧✐s✐♦♥ ✭♣♦✐♥ts✮✳ ❙✉♣❡r✐♠♣♦s❡❞ ❧✐♥❡s ❞❡♥♦t❡s r❡s✉❧t ♦❢ t❤❡ ✜t t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
♣♦✐♥ts ❬✹✹❪✳ ❚❤❡ ✜❣✉r❡ ✐s ❛❞♦♣t❡❞ ❢r♦♠ ❬✹✵❪✳

✷✷


