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TOM TAT

M6 hinh doi ximg Sy modular dwoc xdy dung voi co ché seesaw toi
thiéu nham lam giam bot s6 lwong cdc tham s6 tir do ciing nhir cdc
hat moi khi mo rong Mo hinh chudn. M6 hinh nghién ciru d théa
man tat ca cac div ligu thwc nghiém khu vuc lepton nhu khoi lweong
neutrino, cdc tham s6 clia ma tran tron lepton. Trén co s¢ do, mién
gid tri dhege phép ciia cdc tham s6 ciia mé hinh ciing dige xdc dinh.
M6 hinh ciing gidi thich thanh céng bat doi xirng giita vit chdt va
phan vt chdt ciia vii tru théng qua qud trinh leptogenesis.

Tir khéa: Dang modular, leptogenesis, S« modular, seesaw 16i
thiéu
ABSTRACT

An Sy modular symmetry model with a minimal seesaw mechanism
is proposed to reduce the number of free parameters and unwanted
new particles when the Standard model is expanded. The proposed
model satisfies the experimental data of the lepton sector such as
neutrino mass and the lepton mixing matrix, such that the vaulues
of the model’s parameter space are found. The leptogenesis
process of the model was studied, where the asymmetry between
matter and antimatter of the Universe is successfully generated.

Keywords:
seesaw

Modular form, leptogenesis, S+ modular, minimal

1. GIOI THIEU

Mb hinh chuén (the Standard Model - SM) 1a mo
hinh Iy thuyét thanh cong nhét ctia vat 1y hat co ban.
Bén canh nhig thanh c6ng khong thé pha nhan, mo
hinh nay van con ton tai nhiing han ché nhét dinh,
trong d6 c6 thé ké ra nhu mo hinh tién doan khoi
luong neutrino bang khong va khong c6 su tron gira
cac thé hé neutrino. Tuy nhién thuc nghiém vé dao
dong neutrino da din dén két luan rang, neutrino co
khéi luong (du rat nho, ¢& dudi eV) va giita cac thé
hé neutrino c6 sy tron, twong ty nhu sy tron giira cac
quark trong SM. Két qua thuc nghiém tir dao dong

neutrino da dn dén doi héi mot mé hinh 1y méi cho
phép giai quyét nhimg han che ciia SM. Nhimg mo
hinh méi nay déu dya trén nén tang 1y thuyet cua
SM, do d6 dugc goi chung 1a cac M6 hinh chuan m&
rong (Beyond the Standand Model, BSM). Mot
BSM don gian nhét 14 thém vao SM hai hoic ba
neutrino ndng phan cuc phai (Right Handed
Neutrino - RHN). Theo d6, khbi lugng cac neutrino
hoat dong (active neutrinos), la cac neutrino ma thi
nghiém dao ddng neutrino do dugc hi€u binh
phwong khéi lugng giita chung, dugc sinh ra tir co
ché seesaw (SS) (Minkowski, 1977). Néu mé hinh
chira hai RHN thi ¢6 dugc co ché SS tbi thiéu
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(minimal seesaw mechanism). Tuy nhién, mot md
hinh nhu vy van con quéa nhiéu tham s ty do, mang
dén rét nhiéu thach thirc cho thuc nghiém dé xac
dinh gia tri cac tham ) nay dya trén dir liéu thuc
nghiém, dic biét 1a ma tran tron khu vuc
lepton, Uppns-

Trudc ndm 2012, dir li¢u thi nghi€ém cho théy ma
tran Upyys €O cu trac tri-bimaximal (TBM),
Upuns = Urpy (Harrison et al., 2002), theo d6 goc
tron 0,3 = 45° va 8,3 = 0°. Sau d6, mot loat cac
BSM duya trén cac nhom d6i xtmg gian doan thém
vao nhom chuén cua SM duge dé xuét, ché“ing han
nhu S;(Mohapatra et al., 2006), A4 (Feruglio et al.,
2007), S4 (Bazzocchi & Morisi, 2009), ... Cac BSM
nay c6 cac dic diém chung nhu: (i) can thém cac
Higgs nang mai c6 tri trung binh chan khong rat 1on
(duogc goi la cac flavon) dé pha v& dbi xtmg cac
nhém ddi xtng nay xudng cac d6i xtmg thang du;
dan dén viéc (ii) cu trac tron Upgy, dugc tao ra mot
cach ty nhién tir ndi tai ly thuyét ciia mo hinh; va
(iii) cac d6i xung gian doan thém vo chi ton tai o
mirc ning luong rat cao. Sau nim 2012 dén nay, cdu
tric tron Urgy, khong con dung nira, do thyc nghiém
cho thiy 6,5~10°. Sau d6, cac md hinh déi xing
gian doan duoc diéu chinh dé phu hop véi dir liéu
cap nhét nay. Cac BSM véi dbi xtng gian doan van
con nhiéu tham sb tu do va tn tai thach thirc rat 16n
cho thyc nghiém 1a cac flavon khong thé quan sat
bang thyc nghiém hién nay va/hoic trong twong
lai gan.

Ngoai ra, dé khic phuc han ché cua ddi xung
gian doan, nhém déi ximg modular (déng cdu véi
dbi xtng gian doan) (Ferruccio, 2017) cho thiy la
(g vién hiéu qua cho BSM . Déi ximg modular c6
cung tinh chit voi ddi xtmg gian doan trong viéc tao
ra cau trac tron khu vuc lepton. Ngoai ra, dé ddi
xtmg modular bi pha v&, d6i xtg gian doan khong
can hodc cén rat tiét kiém céc flavon. Huéng BSM
nay da va dang thu hat kha nhéu nha vat 1y hat trong
viéc tim kiém mot mé hinh don gian va hiéu qua cho
viéc mo ta thé gidi hat co ban.

Bén canh d6, theo 1y thuyét Vu nd 16n (Big-bang
theory) (Weinberg, 1993), Vi tru dugc hinh hinh
thanh tir Vu n6 16n va ngay sau dé vat chat va phan
vét chat dan duoc sinh ra va tién trién theo ciing mot
qui cach, véi cung sb luong cho dén ngay nay. Tuy
nhién céc thi nghiém ve€ quan sat birc xa nén cia vii
try (Cosmic Microwave Background - CMB) va
tong hop hat nhan sau Vu nd 16n (Big Bang
Nucleosynthesis - BBN) cho thay, ‘ngay nay phan
vat chat hau nhu khong quan sat thy trong Vi tru,
trir & ting trén cuia khi quyén va trong cac may gia
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toc. Piéu nay dwoc goi day 1a bat d6i xtng vat chat
— phan vat chit cua vii try, hay bat d6i ximg baryon
(Baryon Asymmetry of the Universe, BAU). May
man thay, cac BSM vdi cac RHN ¢ thé giai thich
BAU bang su phan rd cua cac RHN thong qua mot
co ché dugc goi 1a leptogenesis (Fukugita &
Yanagida, 1986).

V6i dong luc tir nhém dbi ximg modular, trong
nghién ctru ndy, mo hinh Ssmodular dugc xay dung,
trong d6 nhom chuan ‘cia SM dugc mo rong bing
nhém modular ding ciu véi nhom S4. M hinh nay
¢6 hai RHN @ sinh khdi luong neutrino hoat ddng
thong qua co ché SS, do d6 dwoc goi 1a SS t6i thiéu.
Sau d6, mién gi4 tri cho phép ciia cac tham s6 khu
vuc lepton cia mé hinh dya trén dit li¢u thyc nghiém
dugc di tim. Trén mién khong gian tham s6 tim
dugc, qua trinh leptogenesis (Fukugita & Yanagida,
1986) dugc nghién ctru dé giai thich BAU.

2. PHUONG PHAP NGHIEN CUU

Ciing giéng nhu cac nghién ctru khac vé linh vuc
ly thuyét truong va vat ly hat co ban, phuong phap
st dung ly thuyet nhém va Iy thuyét truong luong tur
dugc sir dung dé phan tich va tinh toan ly thuyét. De
phuc vu tinh s va v& hinh phan mém tinh sb
Mathematica dugc str dung.

3. XAY DUNG MO HINH
3.1. Nhém modular va dang modular

O muc nay, tong quan vé nhém modular
(modular group) va dang modular (modular form)
duoc trinh bay. Nhom modular I'(N), con dugc goi
cic cac nhom con dong du chinh (principal
congruence subgroups) bac N, véi N =1,2,3, ..,
duogc dinh nghia (Ferruccio, 2017):

rav) = {(¢ Z) es122),(? Z)

¢ Yo} 0

ciing 1a cic nhém con chuén tic ciia nhom
modular déng nhat T'=T(1) = SL(2,Z). Trong do
SL(2,Z) 1a nhom cac ma trén 2 X 2 ma cac yéu t6
ma tran 14 nhimg sé nguyén va dinh thiic bang 1.
Nhém T'(V) tac dung 1én bién s6 phirc t (dugc goi la
cic modulus) ndm ¢ nira mat phang trén (Im(t) >
0) va bién d6i nhu sau:

arth ((a b,c,d) € Z,ad — bc =
1), @

trong d6 y € I'(N).

To>yYT =


https://www.sciencedirect.com/author/57204255614/rabindra-nath-mohapatra
https://www.worldscientific.com/doi/abs/10.1142/9789813238053_0012
https://vi.wikipedia.org/wiki/Steven_Weinberg
https://www.worldscientific.com/doi/abs/10.1142/9789813238053_0012
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Ham f(7) dugc goi la dang modular (modular
form) v6i trong s6 & va bac N la cac ham phure gidi
tich, bién doi doi v6i nhém modular I'(N) nhu sau:

f@ = (ct+D*f (), ©)

trong d6 k 1a cac s6 nguyén duong chin, duogc
goi 12 trong s6 modular. Cac nhom con xa anh dong
du chinh (the projective principal congruence
subgroups) dugc dinh nghia la T(N) = T(N)/+I
véi N=1,2.V6éi N > 3, taco T'(N) =T(N) boi
vi phan tir - I khong thuéc nhém T'(N). Nhom
modular T = I'/+I dugc sinh boi hai phan tir S va
T. Hai phan tir nay tac dung 1én modulus 7 lam cho
bién d6i nhur sau:

Sito -2, TitoT+1 4)
S va T thoa diéu kién
§2=(ST)3 = (TS)® =1I. (5)

Chung c6 thé dwoc biéu din boi cic ma tran
thudc PSL(2,Z) nhu sau:

0 1 11
$= (—1 0)' T= (0 1)'

Nhom I'y 1a cac nhém modular hitu han, c6 dugc
bang cac thém diéu kién TV = I vao cac diéu kién &
phuong trinh (5), trong d6 I'y = T/T(N). Duéi
phép bién ddi cia nhom Ty, cac modular form
£ (1) bién dbi nhu sau:

f@) - (ct+ D p P f(D),y €Ty,  (6)

trong do, mot lan nira, & 1a cac so6 nguyén chin
va duong.

Khi xay dung cic mé hinh d6i ximg modular cho
Iy thuyét vat 1y hat, cac siéu truong chiral ¢® bién
d6i dudi nhém I'y nhu sau:

¢ = (ct+d)*pP () ®, ™

trong d6 —k; 1a trong s6 ddng hanh véi siéu
truong ¢ Trong hai phuo‘ng trinh (6) va (7,
p(y) 1a cac ma trAn b1eu din cua phép bién doi y.
O phuong trinh (7), néu ta khong doi hoi ¢@ co
dang modular (nhu hau hét cac md hinh ung dung
nhém modular), thi —k; chi yéu ciu la cac sb
nguyén.

Céac nhom 'y duge tim thiy 1a ddng ciu véi cac
nhom gian doan S3, A4, S, , ... tuong tmg véi N =2,
3, 4,... (Ferruccio, 2017). Trong cong trinh nay,
nhom I'y = S, duoc goi 1a nhém (md hinh) dbi
xtng S, modular duoc tap trung nghién ctru. Chi tiét
vé nhom dbi xtmg gian doan S,, cing céac tinh chat
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lién quan, c6 thé tham khao cong trinh ciia Ahn (Ahn
etal., 2010). Trong nhoém do6i xung S, modular, siéu
the W(T ¢) 1a bét bién va co thé khai trién theo cac
s0 hang chira cac siéu da tuyén nhu sau:

W(r,¢) = 3

trong d6 hé sb Y., (T), xem nhu cic hing s6
(ma trén) trong tac Yukawa, dugc xem nhu c6 dang
formular va bién déi dudi nhém I'y nhu sau, phuong
trinh (6):

©)

Tinh bét bién cua siéu thé W(z, ¢) dan dén yéu
cau ky =k +-+k, va py ®p, ® ..Q pp, 3
I.

Trong truong hop cua mo hinh 'y, = S4, co65
dang modular doc 1ap tuyén tinh véi trong s6 thip
nhitlaky = 2,kyhidulaY;(r),i = 1,2, ...,5 (Dang,
2024) duoc ching minh. Cac modular form cO sO
nay duoc sap xép thanh mot ludng tuyén 2 va mot
tam tuyen 3’ dudi cac phep bién dbi cua nhom dbi
xtng S, modular. Cu thé 1a:

Y; (1)
_(h® _[y
V(7)) = (Y;(‘[))’ Yy(0) = }}}Eg . (10)
5

Biéu thirc twong minh cua cac modular form
Y;(7),i = 1,2,...,5 (Dang, 2024).

Tur 5 modular form co so nay, cac modular form
v6i trong sb cao hon c6 thé duoc xdy dung, dua vao
phép nhén cac biéu dién cua nhém déi xing S,. O
day, cac modular form lién quan dén mé hinh ly
thuyét ctia nghién ciru nay dugc trinh bay chi tiét.
Cu thé bao gém, mot don tuyén 1 va mot ludng 2
tuyén trong s6 bang 4:

v =v2+vz v = (Yz; y:Y:lz)'
Hai tam tuyén 3 va 3’ véi trong s6 bang 4:
—2Y,Y,
V3V Ys + 1Y, |,
V3V, Y, + Y, Y,
2Y, Y,
YB,(;L) = V3%¥s — 1Y, ).
V3Y,Y, — Y, Ys

Hai don tuyén 1 va 1’ v6i trong sb bang 6:

YZ).

e =

©
Yl

=Y,(3Y7 — YD), ¥ = v,(3¥2 —


https://www.worldscientific.com/doi/abs/10.1142/9789813238053_0012
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Nhj tuyén 2 va tam tuyén 3 véi trong sd bﬁng 6: Ba ludng tuyén lepton phan cyc trai hop nén tam
Y. tuyén d6i véi nhom S, modular, trong khi cac lepton

Y2(6) = (Y7 +Y5) (Yl) , mang dién phan cuc phai déu 14 cac don tuyén ddi

2 v6i ca hai nhom nay. Dé sinh khdi lugng cac hat, mo

Y, (Y2 —Y2) hinh can hai ludng tuyén Higgs, vdi tri trung binh

y3(6) =| va("Y: + V3%, |. chan khong (VEV) lan lugt 1a < hy, >= v, <

hg >= vyg. Véi v, = vsinf, vy = vcospf,

~Y; (1Y, + V3Y,Y,
3(1ats 21s) JuZ +v3 = v = 246 GeV, véiv VEV cia trudng

Cudi cung 13 hai tam tuyén 3’ véi trong s6 bang Higgs cua SM. Dai luong tanf 1a mét tham sé
N 5 ) € trong mo hinh hai ludng tuyén Higgs, dugc dinh
6la: Ypi =¥ +¥)| V), nghia tanf = 2%
Y5 Va
Y, (Y2 — Y2) Vi chu tric hat duoc cho & Bang 1, siéu thé cia
m6 hinh gdm 3 phan, W = W, + W, + W, tron
Yy = (F +¥) | —Ys(5¥s —V3RY,) | P LT T O
(%Y, — V34 Y5)
3.2. Nhom S; modular cho khu vece lepton W =a [(lLeR)3’(f€(T))3']1 he +
O muc nay, nhom déi xung moduar S, dugc ap az [(lL.uR)3 (fu (T))B] hq +
dung vao khu vue lepton cua vat 1y hat co bér}. Theo !
do, cac siéu the khu vuc lepton va cac hang so6 tuong as [(ZLTR)3 (ff (T))3]1 ha, (1)
tac twong tng 1a f,(7) (1a ham cta modulus T vala
cac modular form) dugc trinh bay & Bang 1. Cac Wp = g1 [(lLNR)S(fD (T))3]1 h, +

modular form £, (t) 1a cac don tuyén ddi v6i nhom
SU(2),, va la tam tuyén d6i voi nhém modular S,,
ngoai  trr  duy nhdt  trudng hop 1
fz(7) 1a nhi tuyén. Hai hat RHNs 1a don tuyén ddi Wy =34 [(NRNR)Z(fR (T))ZL' (13)
v6i SU(2),, va tao thanh mot ludng tuyén ddi véi
nhém S, modular. Hai hat RHN dugc thém vao
trong mo hinh dé sinh khdi lugng cho céc neutrino
hoat dong thong qua co ché SS tdi thiéu, két qua co

92 | W) (£/5@) | b 12)

Tur cac bicu thuc cia siéu thé cho ¢ cac phuong
trinh (11 — 13), ma tran khoi lugng cua cac lepton
mang dién M,, cua neutrino Dirac M, va cua céac

mot neutrino hoat dong c6 khéi luong bing khong. neutrino Majorana phan cuc phai, Mg, rut ra dugc
nhu sau:
a; Y3 —2a,Y,Y; asVi (Y7 —Y$)
Ml = % a1Y5 az (\/§Y1Y4 + Y2Y5) —CZ3Y3(Y1Y4 + \/§Y2Y5) ) (14)

Yy a,(V3NYs +1hY,)  asVs(VYs +V3YLY,)

Biéng 1. Bing cac trudong cia mo hinh va cac hing s twong tac f, () twong img. Tich cia cac trudong
doi voi nhém doi xirng chuan SU(2); va doi xing S, modular dugc liét ké chi tiet, voi —k; 1a
trong so0 modular

L €r, UR, TR Ng hy hq fe(T)'fu(T)'ﬁr(T) @), fp(@) fr(®)
1 1

SU@2), 2 1 1 2 2 1
S, 3 1,1, 1 2 1 1 3',3,3 3,3 2
-k, -5 3,1,-1 -1 0 0 Kepr = 2,4,6 kp =6 kg =2

( Y (Y7 - Y2) 0 \ ( 0 _Ys\ !
1 V3 V3 1
Mp="t1g,| FB(AYa+V3LY) TV HVELG) bt g2+ v ST 35 ||, a5)

V3 1
~In(NY +V3%Y) -2y (nY, +V3nY) By, Ly,

2 2
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_ (- Y,
MR‘A( Yl)’

Y,
voi A 1a thang khéi luong cua cac RHN, duogc
cho 1a thuc va duong. Khi d6, khoi lugng cua cac
neutrino hoat dong nhén dugc tr cong thirc SS:
m, = —MpMz'Mj ~vigi/2A = m,, (17)

trong d6 m, 1a thang khéi luong cua cac
neutrino hoat dong, c6 do 16n nhé hon eV.

(16)

Dé tim cac gia tri duogc phép (phu hop voi s6 liéu
thuc nghiém) cua cc tham s6 ciia mo hinh, can thuc
hién chép hoa cac ma tran khdi luong M; vam, dé
tim céc trang thai vat ly cua céac lepton mang dién va
cac neutrino hoat dong. Tuy nhién, dé thuan tién cho
viéc tinh toan, cac ma tran Hermite M; M ;r va mvm:ﬂ
duoc chéo hda nhu sau:

Ul (MM)U, = Diag(m2,m2,m?), ~ (18)
19)

Khi d6 ma tran tron khu vuc lepton nhan dugc la
_ gt
Upmns = U, U,

Uf (m,m})U, = Diag(m?, m%, m3).

Bang 2. Bing gia tri thwe nghiém cia khéi lwgng
neutrino va cac goc trén khu vuc lepton
cho trwong hop (Esteban et al., 2019)

Best fit 3o
sin*61 0310 0.275-0.3500
sin*613 0.02241  0.02046 — 0.02040
sin®6zs 0.558 0.427 - 0.609
5[°] 222 141 -370
Am3,[10%eV?]  7.39 6.79 - 8.01
Am3;[1075eV?] 2.523 2.432-2.618

Tir cic ma tran khdi luong M;, M, Mg ching ta
¢6 thé thdy dugc ring mé hinh c6 bay tham s6 doc
lap, d6 la ay,a5,a3,9 = 92/91'¢g = m'g(gz/
91), Re(7),Im(7). Bén canh cic tham sO A, Uy,
vy va tanf co thé dugc chon trude. Cac tham sb
a, Az, co the xem la thuc duong (vi phan 4o c6
thé xem nhw ndm hoan toan trong cac modular form
Y;(7),i = 1,2,...,5). Ba tham s6 nay hoan toan co
thé dugc xac dinh tir khdi lugng ciia cac lepton mang
dign m, = 0.511 MeV, m, = 105.7 MeV va
m; = 1776.86 MeV (Esteban et al., 2019). Nam
tham s6 con lai c6 thé duge x4c dinh tir sdu dit ligu
thyc nghiém cia cac thi nghiém vé dao dong
neutrino cho & Bang 2, véi mién gia tri dugc chon &
dd tin cay 3o, cho truong hop phan béac ty nhién
(Normal Hierearchy, NH) cua khdi luwong céc
neutrino hoat dong, tic la m; < m, < my. Cling
Iru ¥ thém ring, thang khéi lwong ciia neutrino hoat
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dong, my, c6 thé wée lwong duge tir Am2,, tic 1a
my = v2g?2/2A ~/Am?2, ~0.05eV. Bang cach
dua cac gia tri thyc nghiém & dg tin cdy 30 vo cac
phuong trinh (14-19), cac gia tri cho phép cua cac
tham s ciia mo hinh c6 thé duogc tim théy va duoc
biéu dién trén Hinh 1 va Hinh 2.

T hai hinh v&€ Hinh 1 va Hinh 2, ching ta c6
thé thay dugc cac gia tri dugc phép cua cac tham sb
g, P4, Re(t) va Im(z) lan luot 14 0.11 < Re(7) <
0.45, 1.09<Im(r) <112, 0 <g<048 va
114° < ¢4 < 140°.

114
112
E 1.10
1.08
1.06 _
0.0 0.1 0.2 0.3 0.4 0.5
Rer
Hinh 1. Mién gi4 tri cho phép ciia
Re(t) vaIm(1).
160
150
100" 1
0.0 0.2 0.4 0.6 0.8
g

Hinh 2. Mién gi4 tri cho phép ciia g va b,

Cho dén lic nay viéc xay dung mé hinh dbi ximg
S, modular da hoan thanh. M6 hinh da thanh céng
trong viéc giai thich khdi lwong va cac tham sb tron
ctia khu vuc lepton. Pong thoi qua d6, mién gia tri
cho phép cuia cac tham s6 tu do cia mé hinh ciing
dugc xéac dinh. Tiép theo, qua trinh leptogenesis cua
mo hinh dugc nghién ciru dé tim hiéu xem mé hinh
nghién ciru ¢6 giai thich duoc bat di xing BAU clia
vl tru hay khong.
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4. LEPTOGENESIS

Dé khao sat qué trinh leptogenesis do su phan ra
cia cac RHN, trude hét, ma tran khdi lugng cla
ching can dugc chéo hoa va dua cac RHN vé cac
trang thai vat ly:

UYMRU; = Diag(M;, My), (20)
trong do
_1(i i el(@1-92) 0)
UR_«/E(l —1)( 0 1)’ @D

v6i
@, = Arg[Yy (r) — iY; (1)],
@, = Arg[Yy (7) +iY; (0)]. (22)

Khéi lugng cia hai hat RHN Majorana ning
nhan duogc nhu sau:

Myz = AN @ + %02 £ Im[Y] (DY, (D)

C6 thé thay khdi lugng ciia cac RHN phu thude
chu yéu vao modulus 7, boi vi thang khéi luong
RNH A, nhu théng thuong, duge chon mét cach tuy
y. Vi leptogenesis phu thudc chii yéu vao sy phan
1 ciia RHN nhe nhat, tic 1a phu thudc vao dau cia
s6 hang Im[Yy (7)Y, (7). Do d6, leptogenesis dugc
khao st trong hai truong hop hat RHN nhe nhit 1a
M, hodc M,. Bén canh d6, khi chuyén hé co so dé
cac lepton mang dién va cac RHN vé céc trang thai
vat 1y (tirc 1a M, va My 1a chéo va thyc), thi ma trén
tuong tac Yukawa cua neutrino Dirac bién di nhu
sau: Y, — ¥, =U'Y,Up, trongdo Y, = V2M,/v,,.

Qua trinh leptogenesis bat dau véi su phan ra vi
pham CP (Charge conjugate and Parity) cua RHN
nhe nhét. Qua trinh phén rd nay tao ra bat déi ximg
(s6) lepton (lepton asymmetriy). Néu sy phan ri cta
cac RHN nhe nhat xay ra khi nhiét d¢ ctia Vii try vao
cd T > (1 + tan?B) - 102 GeV, thi sy phan ri cla
RHN ra cac thé hé lepton khac nhau 1a khong phan
biét dugc, va dugc goi 1a leptogenesis thong thudng
(conventional leptogenesis), hodc leptogenesis
khong huong vi (unflavored leptogenesis) (Ahn,
2010). Tuy nhién, néu khdi luong cia RHN vao
khoang M < (1 + tan?p) - 10'2GeV, thi dong gop
clia qua trinh ra ra cac lepton thé hé khac nhau vao
bat d6i ximg lepton 1a khac nhau va ta goi ddy 1 qua
trinh leptogenesi c6 tinh huong vi (flavored
leptogenesis). Néu truong hop nay xay ra, nhu trong
nghién ctru nay, thi bat ddi ximg CP dugc tao ra do
qua trinh rd ctia RHN thir i (1a RNH nhe nhat) duoc
cho boi (Nguyen, 2014):
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a
Si_

o o M?
[HijNieMjelg D), (23)
voii # j,va H=Y,¥,. Him g(x) duoc tinh tir
cac gian d6 mot vong dong gop vao &ff duge cho boi:

M7 1+

9(5t) = 95 @ =Vx (- ™). e
Bén canh dai luong &, dé tinh s6 bat db6i xtmg
baryon ta cdn phai tinh cic tham sb suy giam

(washout parameter) K*do sy phan rd nguoc cua
RHN thtri ralepton thé hé a (a =e, y, 7). Bi¢u thuc

tuong minh cia K& dugc cho nhu sau
(Nguyen, 2014):

a_ 1 _mf

K; =Hop = m (23)

, o~ . V2M)ia(Bia s
trong d6 m{ duge cho bai M = wia(lia | 5

M;
khéi Iuvgng hi¢u dung ciia mo hinh dugc dinh nghia
16m5/2 vﬁ Iy
m,=— = S vr—, Khoi lugng Planck

Mpianek = 1,22.10*°GeV. I;*1a d§ rong phan rd
riéng phan cua kénh N; — [%@*, H(M,) 1a hiang s6
Hubble va g, =288,75 la s0 béc ty do hiéu dung ctia
mo hinh 6 nhiét d0 c6 T = M;.

Sau khi bét ddi xtmg CP do phén rd ciia RHN
thir i 1a & va tham s6 suy giam dugc tinh toan, gia
tri cudi cung cua bat d6i ximg baryon dugc cho boi,
truong hop khoi lvgng cia RHN nhe nhat théa M <
(1 + tan?B) - 10°GeV (Nguyen, 2014):

np = —1072 ZNL[ e (%Kie) +
s”;c"( K") + €K ( EKL)] (24)
Dbi véi truong hop khdi lugng RHN nhe nhét

thoa diéu kién (1 + tan®B) - 10°GeV < M < (1 +
tan? B) - 10'%GeV la:

541 2
761 ki )

p = —1072 %y, [e2x? (25
T -,_— 494 ¢
ik (761 Ki )] (25)
Trong d6 &f =&f + ¢! and K? = Kf + K}

Trong hai phuong trinh (24) va (25), hé s6 suy giam
(washout factor) kf duge dinh nghia:
~ G+ GHUO™ o)

Cho dn luc nay, cac yéu té can thiét cho qua
trinh tinh BAU, ng, da dugc trinh bay day du. Cac
gia tri cho phep cua cac tham s6 cua mo hinh tim
duogc 6 trén (muc 3) dugce sir dung dé thuce hién tinh
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sO.

Nhu d3 dé cap O trén, leptogenesis, hay gia tri

ctia BAU, chu yéu do sy phan rd cia RHN nhe nhat,
do d6 trong qué trinh tinh sd, ta sét hai trudng hop.
Trong truong hop M; <M, (M, < M,), thi BAU
nhan déng gop chu dao ciia RHN co khdi lugng
M; (M,). Cac gia tri tién doan ctia mé hinh cho ng
tuong mg cho hai truong hop dugc biéu dién tuong
ung trén Hinh 3 va Hinh 4. Trong ca hai trudng hop
nay, thang khéi lugng ctia RHN duoc chon 1a vao
¢ 2 - 101 GeV, tham s6 tanp duoc chon la tanf =
30. Trong ca hai hinh nay, dudng dirt nét nam ngang
1a gia tri pht hop nhét (the best fit value) cia BAU,
ng = 6.2 - 1071, Cac duong dut nét ndm ngang 1a
cac gia tri cho phép cua thyuc nghiém vé gié tri cua
BAU, 2-1071% <ng <1077 (Ade et al., 2016).

Céc két qua sb biéu dién trén Hinh 3 va Hinh 4

cho thdy, mé hinh da thanh cong trong giai thich bat

déi xung vat chéat — phan vat chét cua Vil tru (BAU),

v6i thang khdi lwong cua cac RHN vao khoang
101! GeV.

qa*‘lﬁ'w

10

0.100

0.010

0.001
1.08

1.09

1.10

Imt

1.1 142 113

Hinh 3. Gia tri tién dodn ctia mo hinh cho gia tri
ciia BAU, g, nhw 1a ham cia Im(t) cho truong

hep M, < M,.
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