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;❤❡ ❚❖❋ ❞❛;❛ ❛$❡ ♣$♦❥❡❝;❡❞ ♦♥;♦ ;❤❡ ②✲❛①✐1✳ ❆❢;❡$ ❛ ●❛✉1 ✜; ♦❢ ;❤❡ $❡1✉❧;✐♥❣ ❤✐1;♦❣$❛♠1 ;❤❡ β✲❞✐1;$✐❜✉;✐♦♥ ✐1 ✜;

;♦ ;❤❡ ♠❡❛♥ ✈❛❧✉❡1 ♦❢ ;❤❡1❡ ❤✐1;♦❣$❛♠1✳ ❆❢;❡$ ❛ 3σ ❝✉; ❛$♦✉♥❞ ;❤❡ ✜;;❡❞ β ;❤❡ ❇❡;❤❡ ❇❧♦❝❤ ❢♦$♠✉❧❛ ✐1 ✜; ;♦ ;❤❡

❝♦$$❡1♣♦♥❞✐♥❣ ❚5❈ ❞❛;❛ ✇✐;❤ ;❤❡ 1❛♠❡ ♣$♦❝❡❞✉$❡✳ ❚❤❡ 1❛♠❡ ✐1 ❞♦♥❡ ✇✐;❤ ;❤❡

3He ❝✉$✈❡✱ ❜✉; ❞✉❡ ;♦ ;❤❡ 1♠❛❧❧
❛♠♦✉♥; ♦❢ ❛✈❛✐❧❛❜❧❡ ❞❛;❛ ♦♥❧② ❢♦✉$

p

z
❜✐♥1 ❝❛♥ ❜❡ ✉1❡❞ ❢♦$ ;❤❡ ❝❛❧✐❜$❛;✐♦♥✳ ❋$♦♠ ;❤❡ ❝❛❧✐❜$❛;❡❞ ❇❡;❤❡ ❇❧♦❝❤ ❛♥❞ β

❝✉$✈❡1 ❛ ♠❛11 1♣❡❝;$✉♠ ❢♦$ ❜♦;❤ ❞❡;❡❝;♦$1 ❝❛♥ ❜❡ ❝❛❧❝✉❧❛;❡❞✳

✷✳✷ ❚❖❋ ❛♥❞ ❚(❈✿ ▼❛,, ,♣❡❝01✉♠

❆❢;❡$ ❝❛❧✐❜$❛;✐♦♥ ;❤❡ ♠❛11 1♣❡❝;$✉♠ ❢$♦♠ ;❤❡ ❚❖❋ ❛♥❞ ;❤❡ ❚5❈ ❞❡;❡❝;♦$ ✐1 ❛✈❛✐❧❛❜❧❡✳ ❚❤❡ ♠❛11

m
z
❢$♦♠ ;❤❡ ❚❖❋

❞❡;❡❝;♦$ ✐1 ❞✐$❡❝;❧② ♦❜;❛✐♥❡❞ ❢$♦♠ ;❤❡ ♣$♦✈✐❞❡❞ ❞❛;❛✱ ;❤❡ ♠❛11

m
z2
❢$♦♠ ;❤❡ ❚5❈ ❤❛1 ;♦ ❜❡ ❝❛❧❝✉❧❛;❡❞ ✉1✐♥❣ ;❤❡

❇❡;❤❡ ❇❧♦❝❤ ❢♦$♠✉❧❛✳ ❚❤✐1 ✐1 ❞♦♥❡ ❜② ❡①♣❧♦✐;✐♥❣ ;❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ;❤❡ ❇❡;❤❡ ❇❧♦❝❤ ❢♦$♠✉❧❛ ♦♥ βγ ♦♥❧②✳ ❚❤❡

♣$❡✜❧;❡$❡❞ ❞❛;❛ ❡♥1✉$❡1 ;❤❛; ;❤❡ ❝❛❧✐❜$❛;❡❞ ❇❡;❤❡ ❇❧♦❝❤ ❢♦$♠✉❧❛ ✐1 ✈❛❧✐❞ ✐♥ ;❤❡ $❡❣✐♦♥ ✇❤❡$❡ ✐; ✐1 ♣$♦♣♦$;✐♦♥❛❧ ;♦

✷



❋✐❣✉$❡ ✷✳✷✿ ▼❛++ +♣❡❝.$✉♠ ❢$♦♠ ❛✮ ❚4❈ ❢♦$ z = 1 ❛♥❞ ❜✮ ❚❖❋ ❞❡.❡❝.♦$

1
β2 ✳ ■♥ .❤✐+ $❡❣✐♦♥ .❤❡ ❡<✉❛.✐♦♥ ✐+ ❜✐❥❡❝.✐✈❡ ❛♥❞ ❝❛♥ ❜❡ ✐♥✈❡$.❡❞✳ ❚❤❡$❡❢♦$ ❢♦$ ❛ +♣❡❝✐✜❝

dE
dx

✈❛❧✉❡ .❤❡ ✐♥✈❡$.❡❞ ❇❡.❤❡

❇❧♦❝❤ ❢♦$♠✉❧❛ $❡.✉$♥+ .❤❡ ❝♦$$❡+♣♦♥❞✐♥❣ βγ✳ ❋$♦♠ .❤✐+ .❤❡ ♠❛++ ♦❢ .❤❡ ♣❛$.✐❝❧❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛.❡❞ ✇✐.❤ βγ = p

m
✳

❚♦ ✐♥✈❡$. .❤❡ ❇❡.❤❡ ❇❧♦❝❤ ❢♦$♠✉❧❛ ❛ TGraph(n, dE
dx

, βγ) ✐+ ❝$❡❛.❡❞ ❜② ❝❛❧❝✉❧❛.✐♥❣ .❤❡ ❡♥❡$❣② ❧♦++

dE
dx

✇✐.❤

❡<✉❛.✐♦♥ ✶ ✐♥ ❛ $❛♥❞♦♠❧② ❝❤♦+❡♥ βγ $❛♥❣❡✳ ❚♦ ♣❡$❢♦$♠ .❤❡ ♥✉♠❡$✐❝❛❧ ✐♥✈❡$+✐♦♥ .❤❡ ① ❛♥❞ ② ❛$❣✉♠❡♥. ♦❢ .❤❡

❚●$❛♣❤ ❛$❡ ❡①❝❤❛♥❣❡❞✳ ❋$♦♠ .❤❡ ✐♥✈❡$.❡❞ ❚●$❛♣❤ .❤❡ βγ ❝♦$$❡+♣♦♥❞✐♥❣ .♦ ❛ dE
dx

❢$♦♠ .❤❡ ❞❛.❛ ✐+ ❝❛❧❝✉❧❛.❡❞ ❛♥❞

✇✐.❤ .❤❛. .❤❡ ♠❛++ ✐+ ♦❜.❛✐♥❡❞ ✈✐❛ m = p
βγ
✳ ❚❤❡ ♠❛++ +♣❡❝.$❛ ♦❜.❛✐♥❡❞ ❢$♦♠ ❚❖❋ ❛♥❞ ❚4❈ ❛$❡ ❞✐+♣❧❛②❡❞ ✐♥ ❋✐❣✉$❡

✷✳✷✳

■♥ .❤❡ ♠❛++ +♣❡❝.$✉♠ ❢$♦♠ ❋✐❣✉$❡ ✷✳✷❛ .❤❡ ♠❛++ ♣❡❛❦+ ❝♦$$❡+♣♦♥❞ .♦ ♣$♦.♦♥+✱ ❦❛♦♥+✱ ❞❡✉.❡$♦♥+ ❛♥❞ .$✐.♦♥+✳ ❚❤❡

♠❛++ ♦❢ .❤❡

3He ✐+ ♥♦. ✐♥❝❧✉❞❡❞ +✐♥❝❡ ✐. ❝❛$$✐❡+ .❤❡ ❝❤❛$❣❡ z = 2✳ ◆❡✈❡$.❤❡❧❡++ ✐. ✐+ ✐♥❝❧✉❞❡❞ ✐♥ .❤❡ ❚❖❋ +♣❡❝.$✉♠

✭❋✐❣✉$❡ ✷✳✷❜✮✱ ❜❡❝❛✉+❡ .❤❡ ♠❛++ ♦❢ .❤❡ ❚❖❋ ✐+ ♦❜.❛✐♥❡❞ ❞✐$❡❝.❧② ❢$♦♠ .❤❡ ❣✐✈❡♥ ❞❛.❛✳ ❆ ❝♦♠❜✐♥❡❞ ♣❧♦. ♦❢ ❜♦.❤ ♠❛++

+♣❡❝.$❛ ✐♥ ❋✐❣✉$❡ ✷✳✸ ❡♥❛❜❧❡+ ❛ ❝♦♠♣❛$✐+♦♥ ♦❢ .❤❡ .✇♦ ♦❜.❛✐♥❡❞ ♠❛++❡+✳

❋$♦♠ ❋✐❣✉$❡ ✷✳✸❛ ✐. ❝❛♥ ❜❡ +❡❡♥ .❤❛. .❤❡ ✇❡❧❧ ❦♥♦✇♥ ❦❛♦♥+✱ ♣$♦.♦♥+✱ .$✐.♦♥+ ❛♥❞ ❞❡✉.❡$♦♥+ ❛$❡ ❝♦♥❝❡♥.$❛.❡❞ ✐♥

.❤❡ ❧♦✇ ♠❛++ $❡❣✐♦♥✳ ■♥ .❤❡ ❤✐❣❤ ♠❛++ $❡❣✐♦♥ ♥♦ +✐❣♥✐✜❝❛♥. ❡✈❡♥.+ ❝❛♥ ❜❡ +❡❡♥✳ ◆❡✈❡$.❤❡❧❡++ ❛ ❢❡✇ +✐♥❣❧❡ ❡✈❡♥.+ ❧✐❡

❝❧♦+❡ .♦ .❤❡ ❜✐+❡❝.✐♥❣ ❛$❡❛ ✇❤✐❝❤ ♠❛$❦+ ❡<✉❛❧ ♠❛++❡+ ❢$♦♠ ❚❖❋ ❛♥❞ ❚4❈✱ +♦ ❢✉$.❤❡$ ❛♥❛❧②+✐+ ♦❢ .❤❡+❡ ❞❛.❛ ♣♦✐♥.+

✐+ $❡❝♦♠♠❡♥❞❡❞✳ ❯♥❢♦$.✉♥❛.❡❧② .❤✐+ ❡①❝❡❡❞+ .❤❡ +❝♦♣❡ ♦❢ .❤❡ ❙✉♠♠❡$ ❙.✉❞❡♥. 4$♦❥❡❝.✳ ❋✐❣✉$❡ ✷✳✸❜ ❞✐+♣❧❛②+ .❤❡

❝♦♠❜✐♥❡❞ +♣❡❝.$✉♠ ❢♦$

3He✳ ❆+ ❛ $❡+✉❧. ❢$♦♠ .❤❡ ❧♦✇ ❛♠♦✉♥. ♦❢ ❞❛.❛ ✐♥ .❤✐+ $❡❣✐♦♥ ♦♥❧② ❛ ❢❡✇ ❡✈❡♥.+ ❝❛♥ ❜❡ +❡❡♥✳

❆❧+♦ .❤❡ ♠❛++ +♣❡❝.$✉♠ ♦♥ .❤❡

mTPC

z2
✲❛①✐+ ✐+ +.$♦♥❣❧② +♠❡❛$❡❞ ♦✉.✳ ■. ❝❛♥ ❜❡ +❡❡♥ .❤❛. .❤❡ ❧♦✇ ❛♠♦✉♥. ♦❢ ❞❛.❛ ❧❡❛❞+

.♦ ♣♦♦$ +.❛.✐+.✐❝+ ❛♥❞ ♣$♦❤✐❜✐.+ ❛♥ ❛❝❝✉$❛.❡ ❝❛❧❝✉❧❛.✐♦♥ ♦❢ .❤❡ ♠❛++ +♣❡❝.$✉♠✳ ❈♦♥❝❧✉❞✐♥❣ ✐. ❝❛♥ ❜❡ +❛✐❞ .❤❛. ♥♦

✉♥❡①♣❡❝.❡❞ ❡✈❡♥.+ ❛$❡ ❢♦✉♥❞ ✐♥ .❤❡ ❤✐❣❤ ♠❛++ $❡❣✐♦♥ ♦❢ .❤❡ ❚4❈ ❛♥❞ ❚❖❋ ❞❡.❡❝.♦$✳

❋✐❣✉$❡ ✷✳✸✿ ❈♦♠❜✐♥❡❞ ♠❛++ +♣❡❝.$✉♠ ❚❖❋ ❛♥❞ ❚4❈ ❢♦$ ❛✮ z = 1 ❛♥❞ ❜✮ 3He (z = 2)
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S

S =
S√
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σ

S = 9.09146

dE
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S > 5
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√

S+B
S = 1

2
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√
625 + 100 · B)

3GeV

3 < βγ < 4



dE
dx

β
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