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Òÿæ¼ëûå íåéòðàëüíûå ëåïòîíû (Heavy Neutral Leptons,
HNL)

L = iN̄Iγ
µ

∂µNI−
(1

2
MNN̄c

I NI + ŶαIL̄αH̃NI +h.c.
)

(1)

• Äàþò îáúÿñíåíèå ìàñøòàáîâ ìàññ àêòèâíûõ íåéòðèíî.
• Ìîãóò áûòü ýêñïåðèìåíòàëüíî îáíàðóæåíû.
• Òåîðèþ ìîæíî ïåðåíîðìèðîâàòü.
• ×èñëî ñâîáîäíûõ ïàðàìåòðîâ ïîçâîëÿåò îáúÿñíèòü äðóãèå

àêòóàëüíûå êîñìîëîãè÷åñêèå çàäà÷è: ãåíåðàöèÿ áàðèîííîé

àñèììåòðèè Âñåëåííîé, ò¼ìíàÿ ìàòåðèÿ...
• Óäîáíû ôåíîìåíîëîãè÷åñêè: ïîòåíöèàëüíî èçìåðÿåìûå ìàññà MN

è òðè óãëà ñìåøèâàíèÿ ïîëíîñòüþ îïðåäåëÿþò âçàèìîäåéñòâèå

äëÿ êàæäîãî òÿæ¼ëîãî íåéòðàëüíîãî ëåïòîíà.

U =
v√
2

M−1
N Y = iM−

1
2

N Rm
1
2
ν U†

PMNS
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Ìîòèâàöèÿ

Ðèñ. 1: Ref. 2305.01715.

Â ñëîæèâøåéñÿ ïðàêòèêå ãðàôèêè ñìåøèâàíèÿ HNL ïðèâîäÿò äëÿ

ñëó÷àåâ Ue : Uµ : Uτ = 1 : 0 : 0, Ue : Uµ : Uτ = 0 : 1 : 0 è

Ue : Uµ : Uτ = 0 : 0 : 1. Ëèíèÿ seesaw � îöåíêà
√

∆m2
atm/MN .

Êðàñíîâ È.Â. (ÈßÈ ÐÀÍ) HNL seesaw 21.02.2025 4 / 34



2HNL

U = i×

(
1√
M1

Γ11
1√
M1

Γ12
1√
M1

Γ13
1√
M2

Γ21
1√
M2

Γ22
1√
M2

Γ23

)
, (2)

ãäå

Γ1i ≡λ1i cos(z)−λ2ieiψ sin(z) (3)

Γ2i ≡λ1i sin(z)+λ2ieiψ cos(z) (4)

Íîðìàëüíàÿ èåðàðõèÿ: m1 = 0; Îáðàòíàÿ èåðàðõèÿ: m3 = 0;
λ1i ≡

√
m2U†

PMNS2i
; λ1i ≡

√
m1U†

PMNS1i
;

λ2i ≡
√

m3U†
PMNS3i

; λ2i ≡
√

m2U†
PMNS2i

;

eiψ =±e−i α2
2 eiψ =±ei α2−α1

2

Â àêòèâíîì ñåêòîðå ïîêà ïëîõî îïðåäåëåíû CP-íàðóøàþùèå ôàçû

δ , ψ . Â ñòåðèëüíîì � êîìïëåêñíûé óãîë z.
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2HNL: ìèíèìàëüíîå ñìåøèâàíèå
Ìîæíî óâèäåòü, ÷òî ñëó÷àé ìèíèìàëüíîãî ñìåøèâàíèÿ HNL ñ

îïðåäåë¼ííûì ôëýéâîðîì U2
sum,α = 1

M1
|Γ1α |2 + 1

M2
|Γ2α |2 â ñëó÷àå

îòñóòñòâèÿ âûðîæäåíèÿ ïî ìàññå äîñòèãàåòñÿ êîãäà ëèøü îäèí HNL

ñìåøèâàåòñÿ ñ ýòèì ôëýéâîðîì:

∂U2
sum,α

∂ z
=− 1

M1
Γ
∗
1αΓ2α +

1
M2

Γ
∗
2αΓ1α = 0 (5)

Ò.å.:

Γ1α = 0 (6)

Γ2α = 0 (7)

M1 = M2, |Γ1α | 6= 0, |Γ2α | 6= 0,Γ∗1αΓ2α −Γ1αΓ
∗
2α = 0 (8)

Âñå òðè ñëó÷àÿ ïðèâîäÿò ê îäíîìó è òîìó æå âûðàæåíèþ îò δ ,ψ äëÿ

ìèíèìàëüíîãî çíà÷åíèÿ óãëà ñìåøèâàíèÿ:

U2
min,α =

|m1U†2

PMNS1α
eiα1 +m2U†2

PMNS2α
eiα2 +m3U†2

PMNS3α
|

Mmax
≡ |mαα |

Mmax
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2HNL: ìèíèìàëüíîå ñìåøèâàíèå

Ðèñ. 2: Òåêóùèå ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ íà âåëè÷èíó MN |UeN |2 è
ðàçáðîñ çíà÷åíèÿ |mee| êàê ôóíêöèè CP-íàðóøàþùèõ ôàç.
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Çàìåòèì, ÷òî âåëè÷èíû M1α = |Γ1α |2 è M2α = |Γ2α |2 ñâÿçàíû ìåæäó

ñîáîé:

M1α +M2α =|Γ1α |2 + |Γ2α |2 = |mαα |cosh(2(y− yα)), (9)

M2α −M1α =|Γ1α |2−|Γ2α |2 = |mαα |cos(2(x− xα)), (10)

Â òî æå âðåìÿ ïî îïðåäåëåíèþ: Miα = Mi|Uiα |2. Äëÿ âñåõ x,y:

|M2α −M1α | ≤|mαα | (11)

M1α +M2α ≥|mαα | (12)

Òàêèì îáðàçîì âåëè÷èíà |mαα | ÿâëÿåòñÿ õàðàêòåðíûì ìàñøòàáîì,

ñâÿçûâàþùèì çíà÷åíèÿ ìàññ HNL è ñìåøèâàíèÿ ñ ôëýéâîðîì α .
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 3: Äîïóñòèìûé ðåãèîí çíà÷åíèé âåëè÷èí M1α è M2α .
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå
Âååä¼ì ïîíÿòèå ïñåâîäîâûðîæäåííîãî ñîñòîÿíèÿ:

|M2α −M1α | �M1α +M2α (13)

Äëÿ òàêîãî ñîñòîÿíèå ñïðàâåäëèâî: M1α ≈M2α . Äëÿ áîëüøèõ

çíà÷åíèé Miα óñëîâèå âûïîëíÿåòñÿ àâòîìàòè÷åñêè:

M1α +M2α � |mαα | ≥ |M2α −M1α | (14)

Â ýòîì ïðåäåëå:

|Ui,α |2

|Utot,i|2
=

(
|λ1α |2 + |λ2α |2∓2ℑ

[
λ ∗1α

λ2αeiψ
])

∑
3
j=1

(
|λ1 j|2 + |λ2 j|2∓2ℑ

[
λ ∗1 jλ2 jeiψ

]) (15)

Òàêèì îáðàçîì çíà÷åíèÿ ñìåøèâàíèÿ ñ ðàçëè÷íûìè ôëýéâîðàìè

îêàçûâàåòñÿ ñâÿçàííû ìåæäó ñîáîé è ìîæíî íàðèñîâàòü õàðàêòåðíûå

òðåóãîëüíûå êîîðäèíàòíûå êàðòû |Ui,α |2/|Utot,i|2, ãäå
|Utot,i|2 = |Uei|2 + |Uµi|2 + |Uτi|2.
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Â ëèòåðàòóðå (ñì., íàïðèìåð, Ref. 1801.04207 è Ref. 2207.02742)

èçó÷àëñÿ �ñèììåòðè÷íûé ïðåäåë�: M1 = M2, |Uα1|2 = |Uα2|2. Ñðàâíèâàÿ
ôîðìóëû, ìîæíî óáåäèòüñÿ ÷òî îíè ïîâòîðÿþò äðóã äðóãà.

Îòëè÷èå ïñâåäîâûðîæäåííîãî ñîñòîÿíèÿ îò ñèììåòðè÷íîãî ïðåäåëà

çàêëþ÷àåòñÿ â ïàðàìåòðå κi =

√
1− |mee|2

4M 2
ie
. Çíà÷åíèå κ = 1

ñîîòâåòñòâóåò ïðåäåëó (14)). Ìîæíî ïîëó÷èòü çíà÷åíèÿ |Uiα |2
|Utot,i|2 . Õîòÿ

îíè ñòàíîâÿòñÿ áîëåå ãðîìîçäêèìè, ìîæíî óáåäèòüñÿ ÷òî ïðè

óìåíüøåíèè ïàðàìåòðà κi îáëàñòü äîïóñòèìûõ çíà÷åíèé óìåíüøàåòñÿ,

à çíà÷èò ïðåäåë (14) ïîëíîñòüþ îïèñûâàåò îáëàñòü äîïóñòèìûõ

çíà÷åíèé óãëîâ ñìåøèâàíèÿ.
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 4: Ref. 2305.01715 ññûëàþùååñÿ íà Ref. 2207.02742.
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 5: Äîïóñòèìûå îáëàñòè (|Ue|2, |Uµ |2, |Uτ |2) â ïðåäåëå
|Me2−Me1| �Me1 +Me2 äëÿ íîðìàëüíîé èåðàðõèè.
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2HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 6: Äîïóñòèìûå îáëàñòè (|Ue|2, |Uµ |2, |Uτ |2) â ïðåäåëå
|Me2−Me1| �Me1 +Me2 äëÿ îáðàòíîé èåðàðõèè.
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3HNL

Ñèòóàöèÿ ñ òðåìÿ HNL àíàëîãè÷íà ñèòóàöèè ñ äâóìÿ HNL. Íî òåïåðü â

àêòèâíîì ñåêòîðå äâà íîâûõ ïàðàìåòðà: ìàññà ëåã÷àéøåãî íåéòðèíî è

âòîðàÿ ìàéîðàíîâñêàÿ CP-íàðóøàþùàÿ ôàçà. Â ñòåðèëüíîì ñåêòîðå

ñòàíîâèòñÿ òðè êîìïëåêñíîãî óãëà âìåñòî îäíîãî.

Ìîæíî óáåäèòüñÿ, ÷òî ïî ôîðìå îòâåò ïî÷òè íå ìåíÿåòñÿ:

U2
sum,α ≡|U1α |2 + |U2α |2 + |U3α |2 =

1
M1
|Γ1α |2 +

1
M2
|Γ2α |2 +

1
M3
|Γ3α |2 (16)

U2
min,α =

|m1A2
1α

+m2A2
2α

+m3A2
3α
|

Mmax
≡ |mαα |

Mmax
(17)

Íî òåïåðü âåëè÷èíà |mαα | ñóùåñòâåííî çàâèñèò îò �íîâîãî� ïàðàìåòðà

mlightest !
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3HNL: ìèíèìàëüíîå ñìåøèâàíèå

Ðèñ. 7: Äîïóñòèìûå çíà÷åíèÿ âåëè÷èíû |mee| êàê ôóíêöèè mlightest .
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3HNL: ìèíèìàëüíîå ñìåøèâàíèå

Ðèñ. 8: Äîïóñòèìûå çíà÷åíèÿ âåëè÷èíû |mµµ | êàê ôóíêöèè mlightest .
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3HNL: ìèíèìàëüíîå ñìåøèâàíèå

Ðèñ. 9: Äîïóñòèìûå çíà÷åíèÿ âåëè÷èíû |mττ | êàê ôóíêöèè mlightest .
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3HNL: ìèíèìàëüíîå ñìåøèâàíèå

|U
e
|2

MN, GeV

normal hierarchy, mlightest=0.01 meV
normal hierarchy, mlightest=0.08 eV

normal hierarchy, 2 HNL lmit
inverted hierarchy, mlightest=0.01 meV

inverted hierarchy, mlightest=0.08 eV
inverted hierarchy, 2 HNL limit

standard limit  0.05 eV / MN

 1x10
-14

 1x10
-12

 1x10
-10

 1x10
-8

 1x10
-6

 0.0001

 0.01

 0.1  1  10

Ðèñ. 10: Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ è íàøà îöåíêà çíà÷åíèÿ
ìèíèìàëüíîãî ñìåøèâàíèÿ â êà÷åëüíîì ìåõàíèçìå äëÿ ðàçíûõ çíà÷åíèé
mlightest . Ñìåøèâàíèå ñ ýëåêòðîííûì íåéòðèíî. Êîðè÷íåâàÿ ëèíèÿ

îòâå÷àåò ñòàíäàðòíîìó ïðåäåëó 0.05eV
MN

.
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3HNL: ìèíèìàëüíîå ñìåøèâàíèå

|U
µ
|2

MN, GeV

normal hierarchy, mlightest=0.01 meV
normal hierarchy, mlightest=0.08 eV

normal hierarchy, 2 HNL limit
inverted hierarchy, mlightest=0.01 meV

inverted hierarchy, mlightest=0.08 eV
inverted hierarchy, 2 HNL limit

standard limit  0.05 eV / MN

 1x10
-14

 1x10
-12

 1x10
-10

 1x10
-8

 1x10
-6

 0.0001

 0.01

 0.1  1  10

Ðèñ. 11: Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ è íàøà îöåíêà çíà÷åíèÿ
ìèíèìàëüíîãî ñìåøèâàíèÿ â êà÷åëüíîì ìåõàíèçìå äëÿ ðàçíûõ çíà÷åíèé
mlightest . Ñìåøèâàíèå ñ ìþîííûì íåéòðèíî. Êîðè÷íåâàÿ ëèíèÿ

îòâå÷àåò ñòàíäàðòíîìó ïðåäåëó 0.05eV
MN

.
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3HNL: ìèíèìàëüíîå ñìåøèâàíèå

|U
τ
|2

MN, GeV

normal hierarchy, mlightest=0.01 meV
normal hierarchy, 2 HNL limit

inverted hierarchy, mlightest=0.01 meV
inverted hierarchy, 2 HNL limit

standard limit  0.05 eV / MN

 1x10
-14

 1x10
-12

 1x10
-10

 1x10
-8

 1x10
-6

 0.0001

 0.01

 0.1  1  10

Ðèñ. 12: Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ è íàøà îöåíêà çíà÷åíèÿ
ìèíèìàëüíîãî ñìåøèâàíèÿ â êà÷åëüíîì ìåõàíèçìå äëÿ ðàçíûõ çíà÷åíèé
mlightest . Ñìåøèâàíèå ñ òàó-íåéòðèíî. Êîðè÷íåâàÿ ëèíèÿ îòâå÷àåò

ñòàíäàðòíîìó ïðåäåëó 0.05eV
MN

.
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3HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå
Ìîæíî çàìåòèòü:

M3α +M2α =|Γ2
1α −mαα |cosh(2(y3− ŷα)), (18)

M3α −M2α =|Γ2
1α −mαα |cos(2(x3− x̂α)), (19)

|M1α −|mαα || ≤|Γ2
1α −mαα | ≤ M1α + |mαα |, (20)

Ðèñ. 13: Äîïóñòèìûå ðåãèîíû âåëè÷èí M2α and M3α .
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3HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå
Ïñåâäîâûðîæäåííîå ñîñòîÿíèå:

|M3α −M2α | �M2α +M3α (21)

Ýòî àâòîìàòè÷åñêè âûïîëíÿåòñÿ åñëè cosh(2(y3− ŷα))� 1 èëè

cos(2(x3− x̂α))� 1:

M1α �M3α +M2α ,|mαα | �M2α +M3α (22)

M1α � |M3α −M2α |,|mαα | �M2α +M3α (23)

Èçó÷èì îòíîøåíèå |Ue|2 : |Uµ |2 : |Uτ |2. Òåïåðü îíî çàâèñèò íå òîëüêî îò

ïàðàìåòðîâ àêòèâíîãî ñåêòîðà, òàêèõ êàê δ ,α1α2, íî òàêæå è îò

êîìïëåêñíûõ óãëîâ z1,z2 ñâÿçàííûõ ñî çíà÷åíèåì M1α :

|Uiα |2

|Ui tot |2
=

(
|λ3α |2 + |Γ4α |2∓2ℑ [λ ∗3α

Γ4α ]
)

∑
3
j=1

(
|λ3 j|2 + |Γ4 j|2∓2ℑ

[
λ ∗3 jΓ4 j

]) (24)
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3HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 14: Ref. 1908.02302.
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3HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 15: Äîïóñòèìûå ðåãèîíû (|Ue|2, |Uµ |2, |Uτ |2) â ïñåâäîâûðîæäåííîì
ñîñòîÿíèè äëÿ íîðìàëüíîé èåðàðõèè.
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3HNL: ïñåâäîâûðîæäåííîå ñîñòîÿíèå

Ðèñ. 16: Äîïóñòèìûå ðåãèîíû (|Ue|2, |Uµ |2, |Uτ |2) â ïñåâäîâûðîæäåííîì
ñîñòîÿíèè äëÿ îáðàòíîé èåðàðõèè.
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Çàêëþ÷åíèå

• Áûë íàéäåíî ìèíèìàëüíîå çíà÷åíèå óãëà ñìåøèâàíèÿ

Uαimin =
|mαα |

Mi
äëÿ ñëó÷àÿ äâóõ è òð¼õ òÿæ¼ëûõ íåéòðàëüíûõ

ëåïòîíîâ. Ïîëó÷åííûå çíà÷åíèÿ, êàê è îæèäàëîñü, ëåæàò

çíà÷èòåëüíî íèæå ïðèìåðíîé îöåíêè ïðèíÿòîé â ëèòåðàòóðå.

• Åñëè çíà÷åíèÿ ñìåøèâàíèÿ ëåæàò çíà÷èòåëüíî âûøå ýòîãî

ïðåäåëà, òî ðåàëèçóåòñÿ ïñåâäîâûðîæäåííîå ñîñòîÿíèå â êîòîðîì

çíà÷åíèÿ ìàññ è óãëîâ ñìåøèâàíèÿ ñèëüíî ñâÿçàíû äðóã ñ äðóãîì.

• Ýòî ñâÿçü âûðàæàåòñÿ ôîðìóëàìè óæå ïîëó÷åííûìè â ëèòåðàòóðå

äëÿ ñèììåòðè÷íîãî ïðåäåëà, ÿâëÿþùåãîñÿ ÷àñòíûì ñëó÷àåì

ïñåâäîâûðîæäåííîãî ñîñòîÿíèÿ. Ìíîãèå ðåçóëüòàòû ïîëó÷åííûå

äëÿ ñèììåòðè÷íîãî ïðåäåëà ìîãóò áûòü áåçáîëåçíåííî ïåðåíåñåíû

íà äîëåå îáùèé ñëó÷àé ïñåâäîâûðîæäåííîãî ñîñòîÿíèÿ.

• Êàæäûé òÿæ¼ëûé íåéòðàëüíûé ìåçîí ñ áîëüøîé äîëåé

âåðîÿòíîñòè áóäåò èìåòü õîòü íåìíîãî, íî îòëè÷íîå îò íóëÿ

çíà÷åíèå ñìåøèâàíèÿ õîòÿ áû ñ äâóìÿ ôëýéâîðàìè.
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Ñïàñèáî çà âíèìàíèå!
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Mass hierarchy

For the normal hierarchy we have:

m1 = mlightest

m2 =
√

m2
lightest +∆m2

21

m3 =
√

m2
lightest +∆m2

21 + |∆m2
32|,

and for the inverted hierarchy:

m3 = mlightest

m1 =
√

m2
lightest −∆m2

21 + |∆m2
32|

m2 =
√

m2
lightest + |∆m2

32|.
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UPMNS

Of utmost importance is mixing angle that describes the relation of �avour

basis to mass basis described using Pontecorvo-Maki-Nakagawa-Sakata

matrix UPMNS: ν1
ν2
ν3

=

 ei α1
2 0 0

0 ei α2
2 0

0 0 1

U†
PMNS

 νe

νµ

ντ

 , (25)

U†
PMNS = c13c12 −c23s12− s23s13c12e−iδ s23s12− c23s13c12e−iδ

c13s12 c23c12− s23s13s12e−iδ −s23c12− c23s13s12e−iδ

s13eiδ s23c13 c23c13

 , (26)

where ci j and si j stand for cosθi j and sinθi j, with i, j = 1,2,3, i < j.
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3 HNLs

U = i×diag{±1,±1,±1}×


1√
M1

Γ11
1√
M1

Γ12
1√
M1

Γ13
1√
M2

Γ21
1√
M2

Γ22
1√
M2

Γ23
1√
M3

Γ31
1√
M3

Γ32
1√
M3

Γ33

 (27)

A≡ diag{ei α1
2 ;ei α2

2 ;1}×U†
PMNS (28)

λ1i ≡
√

m1A1ic1 +
√

m2A2is1 (29)

λ2i ≡
√

m3A3i (30)

λ3i ≡−
√

m1A1is1 +
√

m2A2ic1 (31)

Γ1i ≡λ1ic2 +λ2is2 (32)

Γ4i ≡λ2ic2−λ1is2 (33)

Γ2i ≡λ3ic3 +Γ4s3 (34)

Γ3i ≡Γ4c3−λ3is3 (35)

Overall, we have 10 unknown real parameters.
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Ðèñ. 17: Ref. 2305.01715.
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Ðèñ. 18: Ref. 2305.01715.
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Ðèñ. 19: Ref. 2305.01715.
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