
❯♣❞❛t❡s ♦♥ t❤❡ ❈♦❧✉♠❜✐❛ ♣❧♦t ❛♥❞ ✐ts
❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡ ✈❡rs✐♦♥s

❋✳ ❈✉t❡r✐✱ ❈✳ ❈③❛❜❛♥✱ ❖✳ P❤✐❧✐♣s❡♥✱ ❆✳ ❙❝✐❛rr❛

●♦❡t❤❡ ❯♥✐✈❡rs✐t② ✲ ❋r❛♥❦❢✉rt ❛♠ ▼❛✐♥

▲❛tt✐❝❡ ✷✵✶✼

●r❛♥❛❞❛ ✲ ❏✉❧② ✷✸✱ ✷✵✶✻



❖✉t❧✐♥❡

✶ ❙t❛♥❞❛r❞ ◗❈❉ ❈♦❧✉♠❜✐❛ ♣❧♦t ms ´ mu,d

❯♣❞❛t❡s ♦♥ mZ2

heavy ❛t Nf “ 2 ❛♥❞ µ “ 0

✷ ❊①t❡♥❞❡❞ ◗❈❉ ❈♦❧✉♠❜✐❛ ♣❧♦t
(

µ

T

)2

´ ms ´ mu,d

❯♣❞❛t❡s ♦♥ mtric
light{heavy ❛t Nf “ 2 ❛♥❞ µ “ µRW

i

✸ ❆❧t❡r♥❛t✐✈❡ ◗❈❉ ❈♦❧✉♠❜✐❛ P❧♦t mu,d ´ Nf

❯♣❞❛t❡s ♦♥ mZ2

lightpNf q ❛t µ “ 0

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✷ ✴ ✷✵



❖✉t❧✐♥❡

✶ ❙t❛♥❞❛r❞ ◗❈❉ ❈♦❧✉♠❜✐❛ ♣❧♦t ms ´ mu,d

❯♣❞❛t❡s ♦♥ mZ2

heavy ❛t Nf “ 2 ❛♥❞ µ “ 0

✷ ❊①t❡♥❞❡❞ ◗❈❉ ❈♦❧✉♠❜✐❛ ♣❧♦t
(

µ

T

)2

´ ms ´ mu,d

❯♣❞❛t❡s ♦♥ mtric
light{heavy ❛t Nf “ 2 ❛♥❞ µ “ µRW

i

✸ ❆❧t❡r♥❛t✐✈❡ ◗❈❉ ❈♦❧✉♠❜✐❛ P❧♦t mu,d ´ Nf

❯♣❞❛t❡s ♦♥ mZ2

lightpNf q ❛t µ “ 0

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✸ ✴ ✷✵



✷❉ ❈♦❧✉♠❜✐❛ ♣❧♦t ms ´ mu,d ❛t µ “ 0

❉❡❝♦♥✜♥❡♠❡♥t ✜rst ♦r❞❡r r❡❣✐♦♥ t♦✇❛r❞s t❤❡ ❝♦♥t✐♥✉✉♠ ❧✐♠✐t

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✹ ✴ ✷✵



✷❉ ❈♦❧✉♠❜✐❛ ♣❧♦t ms ´ mu,d ❛t µ “ 0

❉❡❝♦♥✜♥❡♠❡♥t ✜rst ♦r❞❡r r❡❣✐♦♥ t♦✇❛r❞s t❤❡ ❝♦♥t✐♥✉✉♠ ❧✐♠✐t

❙❛✐t♦ ❡t ❛❧✳ ✭✷✵✶✷✮ ✱ ❞♦✐✳♦r❣✴✶✵✳✶✶✵✸✴P❤②s❘❡✈❉✳✽✹✳✵✺✹✺✵✷✳
❋r♦♠♠ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ✶✵✳✶✵✵✼✴❏❍❊P✵✶✭✷✵✶✷✮✵✹✷✳

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✹ ✴ ✷✵
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mcrit ❦♥♦✇✐♥❣ t❤❡ ♦r❞❡r ♦❢ t❤❡ tr❛♥s✐t✐♦♥

❆♥❛❧②s✐s ♦❢ t❤❡ ♦r❞❡r ♣❛r❛♠❡t❡r O “ L■♠, ‖L‖, ψ̄ψ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♦❢ ✐ts
♠♦♠❡♥ts

Bnp〈O〉, β,m, µ, V q ” Bnpβ;m,µ,Nσq “
〈pO ´ 〈O〉qn〉

〈pO ´ 〈O〉q2〉n{2

@m,µ ✐❞❡♥t✐❢② βc ❜②

{

t❤❡ ❝♦♥❞✐t✐♦♥ B3pβ;m,µ,Nσq “ 0 @Nσ

t❤❡ ❝r♦ss✐♥❣ ♦❢ B4pβ;m,µ,Nσqvsβ ❢♦r ❞✐✛❡r❡♥t Nσ

B4pβc, Xq✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❝r✐t✐❝❛❧ ❡①♣♦♥❡♥t νpβc, Xq✱ ❞❡♣❡♥❞s ♦♥ t❤❡ ♦r❞❡r
♦❢ t❤❡ tr❛♥s✐t✐♦♥ ❛t t❤❛t ❣✐✈❡♥ X✱ ✇✐t❤ X “ β,m, µ

B4pβc, X,Nσq “
〈pO ´ 〈O〉q4〉

〈pO ´ 〈O〉q2〉2

∣

∣

∣

∣

βc

„
NσÑ8

{

1.604, 2nd♦r❞❡rZ2

2, tr✐❝r✐t✐❝❛❧

νpX,Nσq „
NσÑ8

{

0.6301, 2nd♦r❞❡rZ2

0.5, tr✐❝r✐t✐❝❛❧

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✺ ✴ ✷✵



❋✐♥✐t❡ ❙✐③❡ ❙❝❛❧✐♥❣ ✭❋❙❙✮ ❛♥❛❧②s✐s

❈r✐t✐❝❛❧ ♠❛ss ♦✉t ♦❢ ❛ ♠✉❧t✐✲❜r❛♥❝❤ ✜t ♦❢ t❤❡ ❦✉rt♦s✐s ❛t t❤❡ tr❛♥s✐t✐♦♥

V1 V2>V1 V3>V2>V1 V=¥

0

1

1.604

3

HX-XcL

B
4

B4pX,Nσq “ B4pXc,8q ` c1 x` c2 x
3 ` Opx4q

x ” pX ´XcqN1{ν
σ , X “ β, m, µ

❇❡tt❡r ♠❡t❤♦❞✿ q✉❛♥t✐t❛t✐✈❡ ❝♦❧❧❛♣s❡ ♦❢ t❤❡ r❡s❝❛❧❡❞ ❦✉rt♦s✐s ❛r♦✉♥❞ Xc

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✻ ✴ ✷✵



❋❡❛t✉r❡s ♦❢ t❤❡ ❤❡❛✈② ♠❛ss r❡❣✐♦♥

❯❱ ❝✉t♦✛ ❡✛❡❝ts✿ mπ Á Op1q ●❡❱ ✇✐t❤ amπ ą 1
◮ ❧♦❝❛t✐♦♥ ♦❢ Z2 ❜♦✉♥❞❛r② ♥♦t tr✉st✇♦rt❤② ✐♥ mπ ❛t ❝✉rr❡♥t ❧❛tt✐❝❡ s♣❛❝✐♥❣s

❋✐♥✐t❡ s✐③❡ ❡✛❡❝ts
◮ ❲❤✐❧❡ a Ñ 0 ✇❡ ♥❡❡❞ Nσ Ñ 8 t♦ ❦❡❡♣ t❤❡ s✐③❡ ♦❢ t❤❡ ❜♦① ✜①❡❞
◮ ❈✉rr❡♥t str❛t❡❣②✿ ❧♦❝❛t✐♥❣ t❤❡ Z2 ❜♦✉♥❞❛r② ✈✐❛ ❋❙❙ ❛♥❛❧②s✐s

⋆ ❛t ❧❡❛st ✸ ❞✐✛❡r❡♥t ❛♥❞ ❧❛r❣❡ ❡♥♦✉❣❤ Nσ✭♣❡r m✮

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✼ ✴ ✷✵



❋❡❛t✉r❡s ♦❢ t❤❡ ❤❡❛✈② ♠❛ss r❡❣✐♦♥

❯❱ ❝✉t♦✛ ❡✛❡❝ts✿ mπ Á Op1q ●❡❱ ✇✐t❤ amπ ą 1
◮ ❧♦❝❛t✐♦♥ ♦❢ Z2 ❜♦✉♥❞❛r② ♥♦t tr✉st✇♦rt❤② ✐♥ mπ ❛t ❝✉rr❡♥t ❧❛tt✐❝❡ s♣❛❝✐♥❣s

❋✐♥✐t❡ s✐③❡ ❡✛❡❝ts
◮ ❲❤✐❧❡ a Ñ 0 ✇❡ ♥❡❡❞ Nσ Ñ 8 t♦ ❦❡❡♣ t❤❡ s✐③❡ ♦❢ t❤❡ ❜♦① ✜①❡❞
◮ ❈✉rr❡♥t str❛t❡❣②✿ ❧♦❝❛t✐♥❣ t❤❡ Z2 ❜♦✉♥❞❛r② ✈✐❛ ❋❙❙ ❛♥❛❧②s✐s

⋆ ❛t ❧❡❛st ✸ ❞✐✛❡r❡♥t ❛♥❞ ❧❛r❣❡ ❡♥♦✉❣❤ Nσ✭♣❡r m✮

❉❡✈✐s❡❞ ❛❧t❡r♥❛t✐✈❡ ✭❝❤❡❛♣❡r✮ str❛t❡❣②✿ ❧♦❝❛t❡ t❤❡ Z2 ❜♦✉♥❞❛r② ✐♥ t✇♦ st❡♣s
✶ ✐❞❡♥t✐❢② ❛t s♦♠❡ m t❤❡ ♠✐♥✐♠❛❧ ♣❤②s✐❝❛❧ ✈♦❧✉♠❡ Vmin

◮ r❡❧✐❛❜❧❡ ❡①tr❛❝t✐♦♥ ♦❢ mc ♦✉t ♦❢ ❛ ❧✐♥❡❛r ✜t ♦❢ t❤❡ ❦✉rt♦s✐s

✷ ▲♦❝❛t❡ t❤❡ Z2 ❜♦✉♥❞❛r② ❛t ❛ ❞✐✛❡r❡♥t m,Nτ

◮ ❡✳❣✳ r❡✇❡✐❣❤t✐♥❣ t❤❡ ❡✛❡❝t✐✈❡ ♣♦t❡♥t✐❛❧ Veff ❛t ♦♥❡ ✜①❡❞ V Á Vmin

❙❛✐t♦ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ✶✵✳✶✶✵✸✴P❤②s❘❡✈❉✳✽✹✳✵✺✹✺✵✷

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✼ ✴ ✷✵
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▼✐♥✐♠❛❧ ♣❤②s✐❝❛❧ s✐③❡ ♦❢ t❤❡ ❜♦①

B4pκ,Nσq “ B4pκc,8q ` c pκ´ κcqN p1{νq
σ p1 `BNyt´yh

σ q

1

1.5

2

2.5

3

3.5

0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14

Nf “ 2

B
4
pβ

c
,κ
,N

σ
q

κ

Nσ “ ✹✵

Nσ “ ✹✽

Nσ “ ✺✻ B4pκc,8q “ 1.604

ν “ 0.6301

yt ´ yh “ ´0.894

❏✐♥ ❡t ❛❧✳ ✭✷✵✶✼✮✱ ❛r❳✐✈✿✶✼✵✻✳✵✶✶✼✽
❑❛rs❝❤ ❡t ❛❧✳ ✭✷✵✵✶✮✱

✶✵✳✶✵✶✻✴❙✵✸✼✵✲✷✻✾✸✭✵✶✮✵✶✶✶✹✲✺

❙♠❛❧❧❡r ✈♦❧✉♠❡s ❣r❛❞✉❛❧❧② ❡①❝❧✉❞❡❞ ❢r♦♠ ♠✉❧t✐✲❜r❛♥❝❤ ✜t t✐❧❧ B “ 0 ✇✐t❤✐♥ ❡rr♦rs

❋✳ ❈✉t❡r✐ ✲ ●♦❡t❤❡ ❯♥✐✈❡rs✐t② ❯♣❞❛t❡s ♦♥ t❤❡ ✭❡①t❡♥❞❡❞✴❛❧t❡r♥❛t✐✈❡✮ ❈♦❧✉♠❜✐❛ ♣❧♦t ❏✉♥ ✷✸✱ ✷✵✶✼ ✽ ✴ ✷✵

arXiv:1706.01178
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▼✐♥✐♠❛❧ ♣❤②s✐❝❛❧ s✐③❡ ♦❢ t❤❡ ❜♦①

B4pκ,Nσq “ B4pκc,8q ` c pκ´ κcqN p1{νq
σ p1 `BNyt´yh

σ q

B4pκc,8q “ 1.604

ν “ 0.6301

yt ´ yh “ ´0.894

❏✐♥ ❡t ❛❧✳ ✭✷✵✶✼✮✱ ❛r❳✐✈✿✶✼✵✻✳✵✶✶✼✽
❑❛rs❝❤ ❡t ❛❧✳ ✭✷✵✵✶✮✱

✶✵✳✶✵✶✻✴❙✵✸✼✵✲✷✻✾✸✭✵✶✮✵✶✶✶✹✲✺
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