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TOM TAT

Nhém gian doan Ay modular trong mé hinh siéu doi xvmg t6i thiéu,
Voi co ché seesaw logi I t6i gian dé sinh khéi lirong cdc neutrino
duoe dé xudt nham han ché sé lwong cac tham 50 tir do va cdc
truong mdi khi mo rong mo hinh chudn. Két qua tinh $6 cho thay,
mé hinh dé xudt di gidi thich théa déng tat ca cdc so liéu thi
nghiém cac lepton ¢ do chinh xdc 30. Dua trén cac 56 liéu thuc
nghiém, cac gia tri dugc phép cua cac tham 6 ciia mé hinh ciing
dwgc tim thay Qua trinh leptogenesis ciing da duoc tinh todn, ket
qud tinh s6 chi ra rang, bat doi ximg giita vit chat v 1 phan vat chat
cia Vil try da dwoc gidi thich théa dang béi mé hinh dé xudt trong
nghién curu nay.

Tir’kho'a: A4 modular, dang modular, leptogenesis, seesaw 16i
thiéu

ABSTRACT

An A4 modular discrete group is researched in a minimal
supersymmetric context with the type I minimal seesaw mechanism
in order to produce neutrino mass and to lower the number of free
parameters and unexpected new particles when the Standard
model is expanded. The researched model can explain all the data
of the leptons from experiments, at the 30 confidence level. The
values of the parameters of the model are also found. The
baryogenesis generation through leptogenesis is calculated
numerically. Our results show that the asymmetry between baryon
number and anti-baryon number of the Universe is properly
generated by our research model.

Keywords:
form

A4 modular, leptogenesis, minimal seesaw, modular

1. GIOI THIEU

Thyc nghi¢m vé dao dong neutrino da xac nhan
rang neutrino c6 khdi lugng. Cac tham s6 dao dong
neutrino nhu hi¢u binh phwong khdi lugng neutrino,
cac goc tron lepton va cac pha vi pham CP (Charge
and Parity) (Esteban et al., 2020) va cac quan sat vii

tru hoc (Aghanim et al., 2020) chi ra rang, khoi
lwong neutrino ¢6 d¢ 16n nho hon nhiéu bac so véi
khéi lugng cta cac fermion khac trong Mo hinh
chuén (Standard model, SM). Do d6, mot s6 mo
hinh m&i can vuot ra ngoai SM dé giai thich nhiing
khéi lwong nhé nhu vay, duoc goi 1a cac Mo hinh
chuin mé rong (Beyond the Standard model, BSM).
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Khi nghién ctu vé vii tru hoc, c6 thém nhiing
dong lyc manh mé dé xem xét vat ly méi vuot ra
ngoai SM. Mdt la, khong c6 ung ctr vién thich hop
cho vat chit téi trong SM. Hai 13, quéa trinh sinh
baryon (bayongenesis) khong hoat ddng trong SM,
vi qua trinh sinh baryon trong 1y thuyét dién yéu doi
hoi khéi lugng boson Higgs nhé hon khdi lwong
boson Higgs dd quan sat duoc bang thuc nghiém.
Ciing nén nhic lai & day 13, theo 1y thuyét Big-bang
(Weinberg, 1993), Vii tru dugc sinh ra sau mot vu
n 16n (Big-bang), sau d6 cac baryon va phan phan
baryon dan dugc tao ra va bién ddi theo thoi gian
v6i cing mot hinh thirc, v6i s6 lugng nhu nhau cho
dén tai. Céac dir lidu vé do dac birc xa nén cua Vil tru
(Cosmic Microwave Background - CMB) va sy hinh
thanh cac hat nhan nhe sau Big-bang (Big Bang
Nucleosynthesis - BBN) cho thay rang, hién tai phan
baryon hau nhu khong tim thay trong Vii try, ngoai
tri & 16p ngoai ciing cua khi quyén va trong cac thi
nghiém gia tdc hat. Nguoi ta goi day 1a bat d6i xing
baryon — phan baryon cia Vii try (Baryon
Asymmetry of the Universe, BAU). Nhu vay co
nghia 14 vt chét duoc sinh ra nhiéu hon phan vat
chat khi Vii try tién héa, hay goi don gian la qua
trinh sinh baryon nhu dé cap & trén. May mén thay,
c4c BSM voéi ché seesaw (Seesaw mechanism, SS)
(Minkowski, 1977) c¢6 thé giai thich BAU hay qua
trinh sinh baryon, bé‘mg mot co ché duoc goi la
leptogenesis (Fukugita & Yanagida, 1986).

Co che SS 1a mot y tuéng don gian dé giai quyet
ngudn gbc ciia khdi lugng neutrino, trong d6 khdi
luong neutrino (rat nhe) dugc tao ra bdi khéi lwong
neutrino phan cuc phai (right handed neutrino,
RHN) rit ning. Néu mé hinh chira hai RHN thi ta
¢6 co ché SS t6i thiéu (minimal seesaw mechanism),
khi d6 mét (trong ba) neutrino ¢6 khdi lugng bing
khong. Trong cac mo hinh nhu vdy, leptogenesis
hoat dong nhu mot co ché clia baryogenesis, trong
do phan ra vi pham CP (Charge conjugate and
Parity) cua cac RHN tao ra bat dbi xtng lepton. Bét
d6i ximg lepton lai dugc chuyén d6i mot phan thanh
bat dbi xtmg baryon thong qua qua trinh sphaleron
(Fukugita & Yanagida, 1986). Cung voi co ché SS,
néu cac d6i xing thé hé (flavor/generation
symmetries) dugc thém vao nhém chudn cia SM
cling dan dén mot hé BSM c¢6 kha nang tha vi dé giai
thich ciu trac tron cia khu vuc lepton. Theo dinh
huéng nay, cac nhom ddi xtimg gian doan khong
giao hoan nhu S3; (Mohapatra et al., 2006), A4
(Feruglio et al., 2007), S4 (Bazzocchi & Morisi,
2009),... da dugc sir dung mot cach rong rai.

Trong s6 cac nhém gian doan khong giao hoan,
A4 1a nhom tiét kiém nhat. Day 1a nhom cac hoan vi

100

Tap 62, S6 14 (2026): 99-108

chin cta bén phin tir, c6 ba biéu didn mot chiéu
khong twong duong (1, 1’ va 1) va mot biéu dién ba
chiéu (3). Piéu thi vi cia md hinh nay 14 ba thé hé
clia cac don tuyén lepton phan cuc phai c6 thé dugc
biéu didn mot cach tu nhién twong tng cho ba biéu
dién mot chiéu; trong khi ba ludng tuyén lepton
phan cuc trai duoc biéu dién boi tam tuyén cua
nhoém Ag. Céc k¥ thuét tinh toan lién quan dén nhom
A4 co thé tham khao cong trinh cia Le et al. (2019)
va cua Nguyen et al. (2020). Mdt tinh chét chung
cua cac BSM véi nhom A4 noéi riéng va cdc nhém
dbi xung gian doan noéi chung, d6 1a cac ddi xtmg
nay chi ton tai & mirc nang lugng rit cao, sau d6 bi
pha v& boi cac truong Higgs méi (duge goi la cac
flavon) dé sinh céu trac tron cho khu vuc lepton, va
cing véi pha v& ddi xtng dién yéu dé sinh khdi
lugng cac lepton ctia md hinh. Viéc thém nhiéu
flavon rat nang 1am cho cac mé hinh loai nay khong
thé kiém chung bang thuc nghiém ciing nhu xuét
hién nhiéu sd hang tuong tac khong mong mudn va
nhiéu tham sb tu do. Didu nay lam cho cac BSM
theo huéng nay 1a kém hap dan.

Khoang 10 nam gén day, ngudi ta tim thiy cac
c4c BSM véi nhom d6i xang modular (Ferruccio,
2017) 1a g vién hiéu qué, c6 kha nang khic phuc
dugc nhitng han ché ciia BSM véi dbi xtmg gian
doan. Cac mo hinh d6i xtng modular hitu han 1a
ddng cdu v6i md hinh dbi xting gian doan, do dé
chung sinh ra ma tran tron céc lepton la giéng nhu
phuong thirc ctia cac mo hinh ddi xtmg gian doan.
Dic trung nbi bat nhat cia mé hinh modular la dé
dbi xung modular bi pha v&, d01 xtng nay khong
yéu cau c6 thém hodc co thém rat han ché cac truong
vb huéng méi. Xay dung cac BSM bang dbi ximg
modular, do d6, mé ra mot phuong hudéng nghién
ciru mai cua ly vat 1y hat, d6 viéc tim kiém mot ly
thuyét toi vu dé mo ta hoan chinh vat 1y hat co ban.

Véi cac uu diém ciia md hinh dbi xtimg modular
va md hinh d6i xtng gian doan, trong bai bao nay,
dbi ximg A4 modular cho cac hat lepton duoc sir
dung, cu thé 1a modular dang ciu véi nhom dbi xtmg
A4 modular dugc thém vao nhom SU(2);, XU(1)y,
1a nhém chuan SM. Trong mé hinh nghién ctru nay,
khu vuc lepton trung hoa c6 hai RHN méi dugce
thém vao. Khi do, thong qua cong thuc SS loai I,
khdi lugng cho céac neutrino nhe dugc sinh ra, vi vy
ngudi goi day 1a co ché SS tdi thiéu. Sau d6 khong
gian tham s6 ctia mo hinh & khu vuc lepton duogc
tinh toan dua vao $6 li¢u thi nghiém hién nay. Dya
trén cac gia tri cho phép cua cac tham sb cua mo
hinh, s6 bat ddi xtimg baryogenesis thong qua Iy
thuyét leptogenesis dugc tinh toan dé gii thich su


https://vi.wikipedia.org/wiki/Steven_Weinberg
https://www.sciencedirect.com/author/57204255614/rabindra-nath-mohapatra
https://www.worldscientific.com/doi/abs/10.1142/9789813238053_0012
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bat dbi ximg giita vat chét va phan vat chit cua
Vii tru.

2. PHUONG PHAP NGHIEN CUU

O bai bao nay, ching toi st dung 1y thuyét
truong luong tir va 1y thuyét nhom dé thuc hién phan
tich va tinh toan giai tich. Phin mém Mathematica
dugc sir dung dé hd tro tinh giai tich, thuc hién tinh
sO va biéu dién hinh cac cac két qua tinh sd.

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

O muc nay, Iy thuyét vé nhom dbi ximg modular
(modular group) va vé dang modular (modular
form) dugc gidi thiéu mot cach khai quat. Theo do,
nhom d6i xtmg modular T(N), ¢ tén goi khac la
nhém con déng du chinh (principal congruence
subgroups) bac N, véi N =1,2,3,.., dugc dinh
nghia nhu sau (Ferruccio, 2017):

T(N) = {(a Z) € SL(2,7), (a Z)

((1) (1))(modN)}, )

['(N) con dugc goi 1a nhom con chuén tic cua
nhém modular ddng nhit I'=T'(1) = SL(2,Z). O
day SL(2,Z) 1a nhom cac ma trdn bac 2 X 2, vGi cac
phan tir ciia n6 1a cac s6 nguyén va dinh thic cia
chung bang don vi. Khi tac dung I'(N) 1én bién sd
phirc z (con duoc goi 1a modulus) & nira mit phang
trén (Im(z) > 0) va 1am né bién d6i nhu dudi day:

z—>yz=%,((a,b,c,d)EZ,ad—bc=1),

trong do y € T(N).

Modular form dugc dinh, nghja nhu sau, cho ham
phtic f(z) 1a giai tich va bién doi dudi tac dyng ctia
['(N) nhu duéi day:

f@) - (cz+ D f(2), €)

trong d6: k 1a cac s6 nguyén duong chin, duoc
goi 1a trong s6 modular (modular weight). Khi d6
f(z) duge goi 1a mot dang modular form (c6 trong
s6 kvabac N) .

Ngoai ra, ngudi ta dinh nghia cac nhém con xa
anh dong du chinh T(N) (the projective principal
congruence subgroups) nhu sau: [(N) = T(N)/+I
v6i N =1, 2. C6 thé nhan thay, khi N > 3 thi
[(N) = I'(N), do lac nay phan tir - 7 khong thude
nhém T'(NV). Nhéom modular T = I'/+I dugc sinh
bdi hai vi t&r S va 7. Tac dung hai vi tir nay lén
modulus z s& 1am z bién d6i nhu dudi day:
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5:z—>—§; Tiz-z+1. @)
S va T thoa diéu kién
$2 = (ST)3 = (TS)3 =1. (5)

Céc vi tir S va T c6 thé dugc biéu dién bang hai
ma thugc nhom PSL (2, Z) nhu dudi day:

0 1 1 1
$= (—1 0)‘ T= (0 1)'

Nhom Ty néu thém diéu kién TV = I vao cac
diéu kién & phuong trinh (5), thi tré thanh la cac
nhém modular hitu han, trong d6 T'y = T/T(N).
Khi d6, duéi tac dung ctia nhém I'y, cac modular
form f(z) s& bién d6i nhu duéi day:

f@) = (cz+ D pPf (2, y €Ty,  (6)

o day, tuong tu nhu trén, k£ 1a cac ) nguyén
duong chan.

Khi ap dung cic d6i xtmg modular cho cac mo
hinh 1y thuyét cho vat 1y hat co ban, chung ta giéi
thiéu va yéu cau cac siéu truong ¢ bién dbi ddi
v6inhom Iy theo biéu thirc:

¢@ = (cz+ )1 pP P, ()

& day —k; 1a trong s6 gin véi truong ¢ . O hai
cong thirc (6) va (7), p(y) la todn tir (ma tran) biéu
d1en cho phép blen d6i y. Trong phuong trinh (7),
neu khong yéu cau qS(’ ) 1a cac modular form (nhu da
s cac md ly thuyét sir dung ddi xtimg modular) thi
—k; chi can 1a nhitng sb nguyén.

Céc nhom dbi xung 'y voi N=2,3,4,... 42 duoc
chimg minh 13 ding cdu voi cac nhom ddi ximg gian
doan S3,A,,S, (Ferruccio, 2017). Trong bai bao
nay, chung toi chi gii han nghién ciru nhom ddi
xtng I'; = A,, cho don gian, goi la mo hinh A,
modular. Trong mé hinh A, modular & nghién ciru
nay, siéu thé W(z, ¢) dugc yéu ciu bit bién ddi véi
mo hinh nghién ctru va c6 thé biéu dién thanh cac s6
hang chira cac siéu da tuyén nhu du6i day:

®)

trong d6 cac hé sb Yi,,.1,(2) 1a cac tham sd
tuong tac Yukawa, duoc yéu cau co dang modular
form va chung bién ddi theo cac phép bién dbi cua
nhém I'y nhu dudi ddy, phuong trinh (6):

)

Yéu cdu bét bién cua s6 hang siéu thé W(z, ¢)
dﬁ.n dén d(‘)l hdl ky = kl + -+ ané Py ® pll ®
@ py, 31, v6illa ma tran don vi.

..... In-

.....
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D6i v6i mo hinh I'; = A, cua nghién ctru nay,
nguoi ta chi ra duoc rang, bat ddu véi trong s6 thap
nhit 1a ky = 2, chi ¢6 03 modular form 14 thoa diéu
kién doc lap tuyén tinh, dugc ky hiéu béi Y2 (2),i =
1,2,3 (Nguyen, 2025):

i@ n(@+D/3) n(E@+2)/3)

Y12 (2) =
2w |n(z/3)  n(z+1)/3) n((z+2)/3)
27n'(3z2)
n(3z)
20 — —i[n'@/3) 21'((z+1)/3)

o =7 [77(2/3) O )
TI’((Z+2)/3)] YZ( ) =—_i n'(z/3) 7'((z+1)/3)
n(z+2)/3) | 73 n(z/3) n((z+1)/3)

27 ((z+2)/3)]
w n((z+2)/3) ( 0)

trong do6 chi s trén dé chi trong sb (bang 2) va
w = e'"™/3 Trong phuong trinh (10), 1 dugc goi la
ham Dedekind eta, la ham phirc tac dong 1én nira
mit phang trén, thuong dugc xay dung san (built-in)
trong cac phan mém tinh sd, dugc cho boi:

n(2) = q"**[Ip-,(1 —q™), q=e™™, (11)

thoa man diéu kién: n ( ) V—iz n(z),

n(z +1) = e™2 y(2).

Céc modular form Y2(2) (i= 1,2,3) ligtké o
(10) c6 thé ’h(_)p thanh mot tam tuyén (3) modular
(voi trong so bang 2) nhu sau:

= (le ’ Yzz' Y32)T-

Tir cac modular form co s ¥;?(2), cac modular
form véi trong 6 cao hon c6 thé duoc xdy dung,
dwa trén cac phép nhan cac biéu dién tdi gian cia
nhom gian doan A,. Trong bai bao nay, ching toi
chi quan tim dén cac modular form c6 lién lién quan
cho myc dich nghién ctru. Cu thé d6 1a: hai don
tuyén 1, 1’ va mot tam tuyén 3 véi trong sé bang 4:

Y14 = ((Y)? + 2v7Y¢
o= () +2v7Y7),

(YP)? = Y2Y$
Y= (vH? - Y2Yy?
(YF)? = Y2Y$

Mot biéu dién mot chidu 1 va hai biéu dién ba
chiéu 3, véi trong s6 bang 6:

YY = (Y2)3 + (Y2)3 + (Y2 — 3Y72YFYZ,
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Y;f’l = ((Y2)?% + 2Y2YP)

Y36,2 = ((Y9)? + 2Y7Y5)

Ba biéu dién mot chiéu 1, 1’ va 1”’ véi trong so
bang 8:

v$ = ((Y2)? + 2Y7Y$)?,
o= ((Y12)2 + 2 2Y) ()2 + 2Y2Y5),
= ((YH)? + 2 Y2YH)2

Va cuél cfmg 12 hai biéu dién mét chiéu 1, 1° voi
trong so bang 10:

10 = ((Y12)2 + 2Y22Y32((Y12)3 + (Y22)3 + (Y32)3
- 3Y12Y22Y2),

= ((¥)? + 22 ((P)° + (¥7)° + (¥9)°
- 3Y1 YZ Y32).
3.2. Nhém A, modular cho khu vue lepton

Sau khi tong quan vé nhém ddi ximg moduar 4,
dugc trinh bay 6 trén, ¢ day ching t6i ap dung nhém
d6i ximg nay vao cac phd hat lepton ctia mé hinh.
Trong dé, cac siéu truong lepton va cac hing sb
tuong tic Yukawa tuong ung, Y (la cac modular
form v&i trong s6 7 va s6 chidu biéu dién 14 m, ciing
la ham cta modulus z), dugc trinh bay 6 Bang 1 va
Béng 2. Trong md hinh nay, tit ca cac trudng va cac
modular form Y déu 1a cac don tuyén 1, 1’ hoac
1’’ cta nhém A, modular, ké ca cac ludng tuyén
lepton phén cuc tréi l,,1,, [;. M6 hinh chira hai
ludng tuyén Higgs, v6i tri trung binh chan khong
(VEV) lan luot 1a < h, >= v, /V2, <hy >=
vg/N2. Véi v, = vsing, vy = vcosp,
JUZ +v3 = v = 246GeV, trongdo v la VEV cia
truong Higgs cia SM. Hai ludng tuyén Higgs nay
la du dé sinh khéi lugng cho tat ca cac hat cia mo
hinh. O trén, dai lugng tanf 1a mét trong cac tham
sO siéu dbi xung, duge cho boi biéu thic tanf =
Z—Z. Ngoai ra, dé sinh khéi lugng cho cac hat RHN
nang, mé hinh can mot flavon véi VEV la
< ¢ > = U¢.

Trong mo6 hinh nay, cAu tric hat va cac modular
form tuong ung dugc thiét 1ap sao cho ma tran khéi
luong cta cac lepton mang dién va cia RHN la chéo.
biéu nay lam cho vi¢c tinh toan dugc don gian hoa,
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ngoai ra, khi d6 ma tran tron lepton ddng nhét voi a¥f 0 0
ma tran tron neutrino. _Ya 0 BYS 0
V(')’i’ cAu t}'ﬁc hat dugc cho nhu trén, siéu thé lién ¥ 0 0 yY16
quan dén khoi lugng cua cac lepton mang dién duoc 1 0 0
cho boi:
] i =m, (0 X1M, 0 ) (13)
W, = a(l.Haeg Y) + B(1,Hapg YY) 0 0 x,m,

+y(L Hytg Y) voi m, = %alYf‘l, cac hing S(A:) tuong tac

ars o 0 er a, B,y dugc xem la thyc duong. Khoi lugng céc

=H, @ m W[ 0o prs o (#R>' (12) lepton mang dién la m, = 0,511 MeV, m, =
0 0 yre) \ 105,7 MeV and m,; = 1776,86 MeV (Esteban et

al., 2020) duoc sir dung vao phuong trinh (13), tur

Tur phuong trinh (12), sau khi thyc hién cac phép d6 c6 thé ude lugng duge gia tri cta hai tham sb x;
tinh véi trung binh chan khong cua céc? Higgss, ma vd x, nhu sau x; =m,/m, =207 va x, =
tr@n khoi lugng cua céc lepton mang dién dugc tim m,/m, ~ 3,477.
thay c6 dang chéo nhu sau:

a¥? 0 0
M, =(Hg){ 0 pBY? 0O
0 0 yY?

Bang 1. Pho hat ciia mé hinh, cac tich twong véi cac nhém SU(2),, U(1)y, A, modular va cic trong sb
modular twong rng

Poi xirng l, L L, er Ur TR N, N, H, Hy ¢

SU(2), 2 2 2 1 1 1 1 1 2 2 1
1 1 1 1 1

U1 - - = 1 1 1 0 0 N
(D 2 2 2 ) 2 2

A, 1 1 1 1 1 1 1 1 1 1 1

ki 2 -5 -5 -1 -1 -1 -1 -3 0 0 -2

Bing 2. Bing cic ma trin twong tic Yukawa, déu la cic biéu dién m@t chiéu cia ddi xing
A, modular va twong wng la cac trong s6 modular ky

Y Yy Yy Ye e Yy & Yo Y,
Ay 1 1 1 1 1 1 1 1
ky 4 4 6 8 8 8 10 10
Siéu thé lién quan dén khu vuc neutrino 1a aYe g.Y}
—tu 8
T T mp = — B 15
W) = gy (LHN, V) + ga(THLN, Y2) e W (1
_ - 9alh
+95(1,H,N, Y1) + g, (LH,N, YF) omatt 0 o
4 8 _ [YerVe 1 (Y
+Yp1 PNy Ny Yi° + yg20N, N, Y5 Mg = < 0 Yorvs ) =M ( 0 Yﬁ) (16)
6 8 2, 2 .y
(e gZYIE;- N O day, dé cho don gian, ta cho y, vy = yg,vs =
=Hy(le L )| 0 gs¥y NZC) (14) M 1a thang khdi luong ctua RHN, vi cac mudular
0 ga¥? form v c6 d6 16n ¢& don vi. Dén ddy, ma tran khéi
VorVpVit 0 N, luong cta cic neutrino nhe tinh dugc tir co ché SS:
+(v, N,) 8 _ —1,.T
0 Y2V Yy ) \N, m,, = —mpMp " mp

Trong d6 g;(i = 1,2,3,4), 9¢i(i =1,2) la cac
hing sb tuong tac. Tir phuong trinh (14), ta tinh
dugc ma tran khdi lugng neutrino Dirac m;, va ma
tran khéi lwong Majorana ciia cac RHN M, nhu sau:
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8 8 8 g
(91752 (gzyl..)z 92Y,g3Y1 92Y1"94Y18
v + v8 y8 Y8
1 1/ Y 1/
8 8 8 g
92Y2 93} (9:¥,*  g3¥194¥7
m, 5 8 8
Y Y Y
0 1/ 1!
s 8
92} gaY{ gsY;194Y1 (9a¥D)?
Y18/ Y18’ Y18’
(17)

2
,o v N K. . ’ A
véim, = j la thang khoi lwgng neutrino, c6 thé

duoc uoc lugng my = w/Am§1 ~ 0,05 eV. Ma trin
khéi lugng neutrino & (17) ¢ cot (dong) thr hai va
thir ba ti 18 nhau véi hé s6 g5 /g4 . Véi ciu trac nhu
vy dan dén goc tron 6,5 = 0°, do do khong phu
hop véi thue nghiém duge thé hlen ¢ Bang 3. Do d¢,

cAu triic ma tran khéi lugng trén can dugc phave dé
sinh ma tran trén phu hop thuc nghiém. Dé dat duoc
muc tiéu ndy, md hinh toan tir Weinberg 5 chiéu
(Weinberg dimension-5 operator) dugc bo sung vao
dé sinh khdi luong neutrino, xuat phat tir siéu thé:

1 _ _ - —
W' =< [a, YOl H Hyle + ay Yy (L Hy Hy L,

+ LH,H,L,) + asY,°l,H,H,L,
+a,Y{° (I, H, H,l, + [ H,H,1)]

a ¥ 0 @V’ /1,
=H2(. L, L)l 0 as¥p® a0 ||k
@Y} a0 L

Tir déy ta rat ra dong gop vao ma tran khdi lwong
neutrino tir toan tr Weinberg 5 chiéu nhu sau:

a, Y{° 0 a, Vi’
_ vk 10 10
mvz —_ X 0 a3Y11 a4Y1
a ¥’ a0
a, Y{° 0 a Vi’
=me| 0  a¥i° a0 | (18)
a ¥’ a Y’ 0

Mot lan nita, m, 1a thang khdi lugng neutrino,
gidng nhu trén. Cha y ring, & hai phwong trinh (17)
va (18), cac tham s6 a;, g; va v;" c6 gia tri ¢ don
vi, do d6 hé 6 ctia ma tran khéi luong m,,4, m,,, cé
thé 14y x4p xi thang khéi lwong neutrino nhe, my.
Véi sy dong gop nay, ma tran khdi lwong neutrino
toan phan luc nay la:

m, = m, + my. (19)

Dé tim cac mién gia trj cla cac tham sb ciia mo
hinh (& hai phuong trinh (17) va (18)), sao cho céac
gia tri tién dodn cho khu vuc neutrino phu hgp véi
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dit lidu thi nghiém, trude hét cin thyc hién chéo hoa
ma trin m, dé rit ra cac trang thai riéng vat ly cua
c4c neutrino. Tuy nhién, dé don gian hoa viéc tinh
toan, ma tran Hermite mvm:ﬂ duoc chéo hda nhu
sau:

Ul (m,m})U, = Diag. (m?,m,m3).  (20)

Tu day, ta nhan dugc ma tran trdn lepton la

Upuns = Uy.

Bing 3. Bang sb li¢u thi nghiém vé khdi luong
neutrino va cac goéc tron lepton cho
truwdmg hgp phan bic ty nhién cia khéi
lwgng cic neutrino

Best fit 30
sin’B12 0,304 0,269 — 0,343
sin013 0,02219  0,02032 - 0,02410
sin023 0,573 0,415-0,616
5[°] 197 120 - 369
Ami,[1075eV?] 7,42 6,82 — 8,04
Am3,[1073eV?] 2,517 2,435 2,598

(Ngu&n.’ Esteban et al., 2019)

Ma trén khéi lwong neutrino & phuong trinh (19),
phu thuéc va 10 tham s (thyc dwong) la
9:(i=1,273,4), a;(i=1,2,3,4) va
Re(z], Im[z]. St dung dit li¢u thi nghiém d9 tin cay
30 cho & Bang 3 vao biéu thuc (19), cu thé 1a cac
biéu thirc (17) va (18), taco thé tinh dwoc cac mién
gia tri ciia cac tham s6 ctia md hinh (ctia khu vyc
neutrino) va dugc trinh bay ¢ cac hinh vé bén dudi.

Két qua thé hién ¢ Hinh 1 cho thay cac mién gia
tri cua hai tham s6 Re(t) vaIm(z),d61a—0,12 <
Re(z) <0,12,1,05<Im(2) <1,12.

1.14

=01

0.0
Re(z)
Hinh 1. Mién gia tri ciia Re(z) va Im(z), 1a

phin thye va phén 40 cia modulus z

0.1 0.2
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Hinh 2. Mién gi4 tri ciia hai tham sb a,va a,
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Hinh 3. Mién gia tri ciia hai tham so a; va a,

0.30 " : I e e , 4
0.25

S 0.20

0.3

0.2

0.0 0.1 0.4

g1
Hinh 4. Mién gi4 tri ciia hai tham s6 g,va g,

Két qua dugc thé hién & Hinh 2 dén Hinh 5 cho
thdy mién gia tri cho phép ciia a; va g;. CO thé thiy
dugc mién gia tri cho phép cta cac tham s6 a; va
g: luot 1a: 0,09 < a; < 0,51, 0,10 < a, < 0,65,
0,18 <a; <055 050<a,<088, 015<
g1 <035, 0,13< g, <0,24, 0,60 < g; <0,94
va 0,65 < g, < 0,95.
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O-SL L L L L L L L L L L TR
0.7 0.8 0.9 1.0

g3
Hinh 5. Mién gia tri ciia hai tham s6 g5 va g,

Nhu véy, dén ddy mo hinh ddi xtg A, modular
da dugc xay dung thanh cong. Thong qua viéc tinh
s0, chung t6i thy ring mo hinh nghién ciru da giai
thich thoa dang cac dir liéu thuc nghiém, bao gém
khdi lugng cac lepton mang dién; khdi luong va cac
tham s tron cua cac neutrino. Ciing thong qua tinh
sbi, cac mién gia tri cua cac tham s6 ctia md hinh
cling duoc tim thdy. Tiép theo sau day, qua trinh
leptogenesis s& dugc khao sat dé danh gia kha ning
ctia mo hinh trong giai thich s6 liéu quan sat thuc
nghiém vé bat ddi ximg vat chat — phan vat chat cia
Vi tru.

4. LEPTOGENESIS

Dé nghién ciru qua trinh sinh s6 lepton (con goi
la qué trinh) leptogenesis do qua trinh phéan rd vi
pham CP cua cac RHN, trudc tién, ma tran khéi
luong My can duge chéo hoa dé dwa cac RHN vé
cac trang thai riéng vat ly:

UiMRU}; = Diag. (M3, M),  (21)
trong do
ilpz—01)/2
Up = (" ) 22
R 0 1 (22)
v6i My = M|Y|, M, = M|Y8| va 0=

Arg[Y], ¢, = Arg[Y8] . Tu day, d& dang nhan
théy cac khoi luong M,, M, phu thudc chu dao vao
tham s6 z, bdi vi bac khéi luong cua cac neutrino
nang phan cyc phai, A, dugc chon theo muc dich vat
ly khi xay dung mo hinh. Ngoai ra, gia st raing M; ~
M,, din dén leptogenesis nhan dong gop tir phan ra
cua ca hai thé hé RHN. Ngoai, khi lam viéc trong hé
co s& dé ma cac lepton mang dién va cac neutrino
nang phan cuc phai ¢ cac trang thai vat ly (tic 1a
M,and My la chéo va thyc) thi ma trén tuong tac
Yukawa ctia neutrino Dirac bién d6i nhu sau: Y, —
v, = UY,Uz, trong d6 Y, = V2Zmp/u, va &
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nghién ctru nay, nhu da chi ra bén trén, U; 1a ma
tran don vi.

Qua trinh sinh lepton (leptogenesis) khoi phat
bang qua trinh phan ra bat ddi ximg CP cua cac
neutrino nang phan cuc phai. Théng qua d6, sb
lepton va sb phan lepton dugc sinh ra 1a khong bang
nhau, ta ni bat d6i xing lepton (lepton asymmetry)
dugc hinh thanh. Néu qua trinh rd cua cic neutrino
phan cuc phai dién ra khi Vil tru ¢6 nhiét do vao c&
T~M > (1 + tan?p) - 10'2 GeV thi san phim phan
1d ra cac thé hé lepton khac nhau 1a nhu nhau, nguoi
ta goi truong hop nay la leptogenesis phd quat
(conventional leptogenesis) (Ahn, 2010). Néu khoi
luong cua cac neutrino phan cuc phai thoa M <
(1 + tan?p) - 10*2GeV thi qué trinh ri ra c4c lepton
thé hé khac nhau s& cho dong gop khac nhau vao bat
d6i xtmg lepton, khi d6 ta co leptogenesi c6 tinh
huong vi (flavored leptogenesis). Néu diéu kién nay
xay ra, nhu trong bai bao nay, thi bat ddi ximg CP
duogc tao ra do qua trinh ra ctia neutrino phan cuc
phai thir i dugc cho nhu sau (Nguyen, 2014):

a 1 7av e M]g

& = Elm[Hij(Y)ia(Y)ja]g(M_iz)s (23)

voii # j,va H = Y1¥,. Ham g(x) duoc la cac
dong gop tir cac gian dd mot vong vao €9, tinh dugc
nhu sau:

(1) = 0400 = V¥(% - n'2)

Bén canh bit ddi xing CP ef, dé tim duoc bat
d6i xtmg vat chat — phan vat chat, chiing ta can phai
quan tdm dén cac tac dong suy giam &ff tir sy phan
rd nguoc cua cac neutrino phan cuc phai thu i ra
lepton thé hé a (o=, u, 7). Sw dong gop nay dugc
dic trung tham s6 suy giam (washout
parameter) K&. Tham s K& tinh dugc dugc nhu
dudi day (Nguyen, 2014):

24

ry g
a _ L
i H(Ml) m. ’ (23)
trong d6: Mm§ duoc dinh nghia M =
BV iaWia . e A
o véi m, l1a khoi luong hiéu dung duoc
L
b q s R , _ 16m5/2 vf,
cho bdi bieu thirc m, = 35 T
Mpignek = 1,22.10"GeV  1a  khdi  luong
Planck.

I;*1a tbc d6 ra riéng cua kénh rd N; - %1,
H(M;) dugc goi la hang s6 Hubble va cudi cung, g.
=288,75 la $6 bac tu do hi€u dung ctia mo hinh khi
nhié¢t d¢ Viitru vao c6 T = M;.
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Pén day, bat dbéi ximg CP do phan ra cua
neutrino phén cyc phai N; 1a £ va tham s6 suy giam
K da dugc chi ra. Tir day gia tri tién doan ciia mo
hinh cho bat ddi xtng baryon cho truong hop khéi
luong cua RHN théa M < (1 + tan?p) - 10°GeV
dugc tinh bang cong thirc (Nguyen, 2014):

g = —10" ZZNL[ (19130 Kie) +

i () en (2] o0

E K
Con trong truong M thoa didu kién (1 +
tan? B) - 10°GeV < M < (1 + tan?B) -
102 GeV thi:

=105y 40

e (1K) 09

Trong phuong trinh (25), cdc tham s dugc cho
bai

ki) +

e? =g + & and K? = K¢ + K¥. O hai cong
thirc (24) va (25), h¢ s6 k& dugc dinh nghia:

K = “5+( Kyraeys, (26)

X % & % X
A |

0 1\ Il
-0.15 -0.10 -0.05

0.00

Re(z)

Hinh 6. Gia tri ciia BAU, ng, tinh toan béi moé
hinh biéu dién theo phén thwc Re(2)

0.10 0.15

Dén day, cac dir kién phuc vu cho tinh sb bat déi
xung baryon BAU, ng, da dugc chudn bi day di.
Mién gi4 tri ciia cac tham s6 ciia mod hinh da tinh tim
muc 3 s& dugc van dung cho viéc tinh $6. Nhu trinh
bay ¢ trén, bat d6i xing baryon, hay néi cach khac
la cia BAU trong nghién ctru nay, c6 sy gop phan
ctia ca hai thé hé neutrino phan cyc phai, N; va N,.
Céc gia tri cua Mg tinh toan tir mo6 hinh duogc trinh
bay trén Hinh 6 va Hinh 7, tuong ung theo Re(z) va
Im(z), 1a phan thyc va o ctia z. Trong d6 thang khoi
lugng cua cac neutrino phéan cuc phai da chon la
M = 10'° GeV, tham s siéu ddi xung di dung la
tanp = 30. Trong cac hinh v& nay, duong nim
ngang, dat nét 1a gidi han cia s6 liéu thuc nghiém
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vé do 16n cua BAU, 2:1071° <nz<107°
(Fields et al., 2020). Puong mau xanh lién nét la gia
tri trung binh thdng ké (the best fit value) cuia BAU,
Ng =6.2-10710,

1.04 1.06 1.08 1.10 1.12

Im(z)

Hinh 7. Gia tri cia BAU, ng, tinh toan béi md
hinh biéu dién theo phan 40 Im(z)

V6i cac két qua sb biéu dién trén Hinh 6 va Hinh
7, co thé nhan dinh duoc ré“lng, md hinh nghién curu,
thong qua qua trinh leptogenesis cua sy phan ra cua
cac neutrino phan cuc phai, da giai thich thanh cong
bat d6i xing bayon ciia Vii try. Trong do, cac
neutrino phan cyc phai c6 khdi lugng vao khoang
101% GeV hoic 16n hon.
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5. KET LUAN
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