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MG DAU

1. Tinh cap thiét ctia luan an

C6 thé néi rang, mo hinh chuan (SM) clia vat 1y hat cd ban dudc
coi la ly thuyét thanh cong nhat khi mo ta tuong tdc manh dya trén
nhém SU(3). va thong nhat dien yéu dua tréen nhém SU(2), x U(1)y.
Vi nhiéu tién doan ctia SM déu duge thiyc nghiem kiém ching. Chéng
han, sy ton tai clia cac hat boson W+, Z, quark c,t, dong trung hoa,
khéi lugng hat W, Z, ..., dac biét 1a dy doan sy ton tai clia hat Higgs.
Tuy nhién, SM van con bd ngd mot sé van dé trong thé gii vat 1y clia
chung ta.

Tt nhitng ton tai cia SM, ¢6 rat nhiéu mo hinh vat 1y méi ra doi va
chti yéu tap trung gidi thich cac sd liéu va thiyc nghiem gan day nhu:
DM, khéi Iugng neutrino, vat Iy méi. Chinh vi vay, ching toi tap trung
nghién citu 16p cac mo hinh mé rong dya trén nhém doi xting chuan
SU(3)C X SU(P)L X U(l)X X U(l)N, gQi tét la 3—P-1—1. Uu dlém
khac biét ctia 16p cac mo hinh nay 1 c6 thé tim co ché pha v& déi xting
sao cho dbi xitng tan du sé déng vai tro ddm bao tinh chat bén ving
ctia DM. Cac phién ban trudc véi lam viec véi P = 3 cho thay dbi xiing
tan du 13 mot nhém Z,. Céc tng cii vién c6 thé 13 mot trong cac trudng
c6 Zo 1é. Chiing to6i sé dé cap dén 16p mo hinh vé6i P 1a nguyén va tuy
¥, chitng minh néu mo6 hinh vé6i 4 < P thi ¢6 thé ton tai nhiéu hon mot
nhém déi xing gian doan tan du nén caAc mo hinh dy doan ting cit vién
cho DM c¢6 nhiéu thanh phan. M6 hinh don gidn nhat 14 mo6 hinh t6i
thiéu 3 —4 — 1 — 1, chita DM hai thanh phan. Do nhém déi xiing chita
hai nhém giao hoan nén vé mat nguyén tic sé chita s6 hang tron dong
nang gitta hai nhom. Chinh vi vayy, mo hinh 3—4—1—1 ¢6 mot s6 hieu
ting vat Iy mdi gin lién v6i tuong tac clia cac boson - hiéu tng tron
dong nang. Bén canh do6, nhu 1a két qua, mo hinh con cho khéi lugng
neutrino xap si theo co ché seesaw.

V6i céc 1y do trén, chiing toi chon dé tai: "Vat chat t6i va khdi lugng



neutrino trong moé hinh 3 —4 —1—1".

2. Muc dich nghién cttu cta luan an

e Nghién citu hiéu tng tron ctia cic boson chuan trong moé hinh
3—4—1—1 c6xét dén s6 hang tron dong nang.

e Gii quyét van dé vé DM nhiéu thanh phan trong mo hinh 3 —
4—1-1.

3. NGi dung nghién citu chinh caa luan an
e Tong quan vé SM.
e Nghién citu Iy thuyét vé mo hinh 3 —4 — 1 — 1.
e Khéo sat mo hinh 3 —4 — 1 — 1 v6i hiéu tng tron dong nang.

e Khio sat mo hinh 3 —4 — 1 — 1 v6i DM nhiéu thanh phan.



CHUONG 1. GIGI THIEU VE MO HINH CHUAN

1.1. Téng quan vé md hinh chuin

1.1.1. Déi xitng chuédn

SM mo t& tuong tac manh, tuong tiac dién tU va tuong tac yéu
dya trén nhém dbi xting chuan SU(3)c x SU(2)r x U(1l)y goi tét
la nhém (3 — 2 — 1). Trong d6, SU(3)c mo ta tuong tdc manh, con
SU(2)r, x U(1)y théng nhét tuong tac dien yéu.

1.1.2. Sdp xép cdic hat

Trong SM, céc fermion phan cuc trai bién déi ludng tuyén dudi
nhém SU(2), cac fermion phan cic phai bién ddi don tuyén dudi
nhém SU(2)y, toan t dien tich Q = T35 + Y/2.

Nhu vay, cac fermion gom cac lepton va cac quark duge sap xép
duéi bién ddi chuan nhu sau:

,l/}aL = ( ng ) ~ (1727_1)7
ar ~ (1,1,-2) . (1.1)

_ UqL 1
Qar = ( day ) ~ <3,2,3>7
4 2
UgR ™~ <3a173>7 daR ~ <3711_3>7 (12)

trong d6 a = 1,2, 3 la chi s6 thé he.
Ludng tuyén Higgs duge ky hieu 1a ¢ va bién doi dusi nhém doi
xting chuan nhu sau:

¢ = < 903 ) ~(1,2,1). (1.3)



1.1.3. Lagrangian
Lagrangian tai chuan hoéa tdng quat nhat duge viét nhu sau:
Ezﬁkin+£Yuk+V¢+£gf+£FPG (1.4)

Trong d6, phan tit thit nhat bao gom Lagrangian chita s6 hang dong
ning va tuong tac chuan, hai phan tit tiép theo lan lugt la: tuong tac
Yukawa, thé vo hudng, hai phan ti& cudi gom sb6 hang ¢ dinh chuén,
truong ma, tuong Ung.

1.1.4. Thé v6 hudéng va Co ché Higgs

Thé Higgs c6 dang nhu sau:

V(9) = —1266+ 3 (616)" (15)

2
Véi didu kien cye tidu clia thé: v = 4/ —%va didu kien: 52 < 0,\ > 0

, ta thu dugc hat Higgs vat 1y 1a A va hai hat khong khéi luong dude
dong nhat 13 2 hat Goldstone boson, Gz, Gy = .
Ludng tuyén ¢ khai trién theo trang thai vat 1y c6 dang nhu sau:

¢ = < & ) . (1.6)
V2
Higgs boson h, véi khéi lugng 1a:
mi = 2\ (1.7)
Thie nghiém da xac dinh khdi lugng ctia hat h:
mp = 125.00 + 0.24GeV. (1.8)

1.2. Khbi lugng ciia cac fermion trong SM
Tuong tac Yukawa dugc viét:
Lyuw = Yihpoen + Y5QLody +Y5Q (i020")ufy + Hee, (1.9)

Sau khi chéo hoa cac ma tran khéi lugng, thu dude khdi luong vat
Iy ctia cac lepton mang dién va cac quark nhu sau:

Ye Yu Yrv
= —, m, = , My = ——, 1.10
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Y T 111)
u \/57 (& \/57 \/57
Yav YsU Ypv

myg= 2=, Mg="r—, Mmp="r, 1.12

1=/ N A (1.12)

my, =my, =m,_ =0. (1.13)

Nhu vay, trong SM neutrino c¢6 khéi lugng bang khong.

1.3. Khéi lugng ctia cac boson chuan - Twong tic ctia cic
boson chuin

Trong SM, cac boson chuan bién déi dudi nhém chuan nhu sau:
GH ~ (8,1,0), Wt ~ (1,3,0),B* ~ (1,1,0) a=1,2,3. (1.14)
S6 hang dong nang clia cac truong trong SM c6 dang nhu sau:
Liin = —iG“”“Gwa - %WLW*“” — iBwBW
—iQar V" DyQar, — War Y Dytbar — i€arY*Dyear
—itgrY" Dyttar — idary* Dydar — (DF¢) T (D $)1.15)
Pho khoi lugng ctia cac hat boson chuan duge xac dinh tir s6 hang

dao ham hiép bién nhu sau:

Egaugefmass = (-D'u < Qb >)+(-D'u < ¢ >), (116)
vGi:
D, <¢>=(0,+ igTaWﬁ + ig/Bu) < ¢ >. (1.17)
Trong co s& vat 1y, (1.16) duge viét lai:

1 1
,Cgauge—mass = ZQQUQW—HLW#_ + g(QQ + g/Q)UQZ“ZH. (118)

Tit (1.18)), khéi lugng cac hat boson chuan A, Z, W+ la:

gu v

ma =0, my = myy+ = % (1.19)

- QCW’

SM tién doan p = % = 1. Tuy nhién, theo két qua thitc nghiém:
my = 80.385 + 0.015 GeV, mz = 91.1876 4+ 0.0021 GeV. Do dé, tham
s6 p xac dinh bdi thuc nghiem va SM c6 su sai lech. Nhu vay, c6 thé cé
déng gép ciia vat Iy méi vao tham sb p.
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1.4. Dong trung hoa
Lagrangian trong phuong trinh (1.15)) chita tuong tac cua cac boson

chuan trung hoa véi cac fermion. Trong d6, dong trung hoa c6 dang
nhu sau:

Lno = gsw A + ﬁjl‘jz#, (1.20)

voi J™, 3 lan lugt 1a dong mang dién va dong trung hoa tuong tng:

sz = Q(f)f’ﬁtfa
Jﬂiztfvu[95“(f)—-gi“(f)75 f, (1.21)

hing s6 g‘f/ v, gf; c6 dang:
9 =91 + 9% gh =gl — gk (1.22)

véi 91{,1% =Ts3(fr.r) — s5Q(f). Bidu thitc g{)R cla ting fermion:

v 1 v e 1 e
gL:§7 gr =0, gL:_§+S%/V>gR:3%/V7
L 12 u 2 d 1 1 d 1
9L =5~ 55%%91% = _55%/[/79L D) + gS%VagR = 552 - (1.23)

Tt cau tric cac hat clia SM va cac tuong tac clia cac hat, ta nhan
thay SM khong chita ting cit vién thod méan tinh chat ctia DM.

1.5. Két luan chuong 1

Trong chuong nay, ching toi dua ra mot s6 diém noi bat ciia SM.
Bén canh d6 cling dua ra mot sé van dé chua thé giai quyét dude trong
pham vi cia SM ¢6 lién quan dén noi dung ciia luan 4n nhu van dé ve
khdi lugng neutrino, DM va tham s6 p.



CHUONG 2. CAC THANH PHAN VAT CHAT TOI

TRONG LY THUYET KHONG GIAO
HOAN B — L

2.1. Ly thuyét khong giao hoan (B — L)

Nhém déi xting mo ta tuong tac manh dude giit nguyén, doi xiing
dién yéu ctia nhém SU(2);, md rong thanh déi xing dién yéu cao hon
SU(P)1, v6i P = 3,4,5,---.

e Cac lepton phan cyc trai duge xép vao P-tuyén ctia nhém SU(P)p:

0.1
o—1-1
E‘hﬂh

Yo = | Ebem ~ P, 2.1)

: qp—2,Mp—2
EP—2 al

Déi v6i cac quark phan cuec trai, hai thé he dau duge xép vao Phan
P-tuyén, thé he thit ba xép vao P-tuyén ctia nhém SU(P):

d—1/3,1/3
_y2/3.1/3
Jl—q1—1/3,—n1—2/3

QaL — J2—(I2—1/37_"2_2/3 ~ _F)*7 (22)

J_QP—2_1/37_7LP—2_2/3
P-2 al
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y2/3:1/3
d-1/3.1/3
JQ1+2/3,H1+4/3

Qs = | gut2/smatass ~ P, (2.3)

JqP72+2/37nP72+4/3
P-2 3L

e Cac fermion phan cyc phai duge xép vao don tuyén ctia nhéom

SU(P)L
VagRr ™~ (1)’€aR ~ (1)uEkaR ~ (1) (24
uar ~ (1),dar ~ (1), Jrar ~ (1) (2.5)
Exsr ~ (1), Jgksr ~ (1). (2.6)

C4 dien tich @Q va tich Baryon trit Lepton (B — L) déu khong giao
hoan v ciing khong déng kin dai s6 dai s6 v6i SU(P)r. Cu thé, ching
tuan theo hé thic khong giao hoan sau:

Q. Ty + iTy] = +(T} +iTh), (2.7)
(Q, Ty +iT5] = Fq1 (T4 + iT5), (2.8)
(Q, Ty +iT5] = (1 + q1)(Ts + iTh), (2.9)
[Q, Ty + iTho] = Faao(Ty + iTwo), (2.10)
(Q,Th1 £ 1T12] = F(1 + q2)(Th1 £ iT12), (2.11)
Q,T13 £ iT14] = F(g2 — q1)(T13 £ iT14), (2.12)

(Q,Tpz_3 +1Tp2 5] = F(qp—2 — qp-3)(Tp2_3 £ iTp2_»{2.13)

B~ LTy +iT5) = F(1 + n1)(Ty = iTs), (2.14)
B —L,Ts £ iT7] = F(1 4+ n)(Ts £ iT7), (2.15)
B — L, Ty + iTy) = F(1 + n2)(To £ iT10), (2.16)
B~ L, Ty +iTis) = F(1 + n2)(Thy £ iT12), (2.17)
B — L, Ti3 +iT14] = F(ng — n1)(T1s £ iT14), ( )

[B - L, Tp2_3 + iTpQ_Q] = :F(’I’Lp_g - np_3)(Tp2_3 + iTPQ(_22)79)

—_— — o —

Dé déng kin dai s6, ching toi can dua vao mo hinh hai nhém déi
xiing giao hoan. Déi xtng téng quat la:

SU(B)C X SU(P)L X U(l)X X U(l)N, (220)
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duge goi 1a nhém 3—P—1 — 1, trong d6 bao gom nhém ddi xing mau
SU(3)¢, tich X, N xéac dinh dién tich @ va tich (B — L) nhu sau:

P-2 P-2
Q=> BHy+X, B-L=) bH+N, (2.21)
k=0 k=0
trong d6 Hy, = T(k+2)2_1 =1T3,18,T15, -+ ,ITp2_1v6ik=0,1,2,--- , P—

2 1a céc vi tit Cartan cia SU(P)y.
Nhu vay, véi nhom déi xing téng quat 1a 3—P—1 — 1, cac fermion
trong mo hinh duge sip xép lai nhu sau:

1 n—2
~ (1 P 2.22
v~ (LRIZE D2, 2.22)
1 1-¢ 2 2-n
oL ™ aP*v_f 5 v o ) 2.2
Qar (3 st 3t 5 ) (2.23)
2 g—14 n-—-2
~ P, - = 2.24
Q3L <37 73+ P 3+ P )7 ( )
Var ~ (17 1707_1))6aR ~ (1> ]-7_1 _1) EkaR ~ (]—7 17%7"@725)
Uar ~ (3,1,2/3,1/3),dar ~ (3,1, —1/3,1/3), (2.26)
JkaRr ~ (37 L —qk — 1/3’ Nk — 2/3)?
Jisr ~ (3,1, qx +2/3,n, +4/3), (2.27)

trong d6 k = 1,2,3,---
ni+ne+---+np_o.

Dé pha v& déi xiing chuan va sinh khéi lugng cho cac hat, ching toi
dua vao cic vo huéng da tuyén va 1 vo huéng don tuyén:

P -2, q=qg+q@+ - +qgp2van =

900 0 S01,0
L 6,20
2
(p(h,nl-l-l q1+1 ni+1
31
q2,m2+1 QQ+1 na+1
9041 ’ 8042 ’
' qgp—2,mp_2+1 (IP—2+1JLP—2+1
P1 Pp2
—q1,—1—m
P13
—1-q1,—1-m
9083
P3

33
g2—q1,n2—n1

<P4

qp—-2—q1,Np—2—N1
P3

: (2.28)



—q2,—1—n3 —qp-2,—1-np_»

P14 i
—1—g2,—1—ng2 “l=gp—2,—l-mp_
(214 q2,m n ()OgP q n n
1—q2,m1 2 1—gp—-2,N1—MNp—2
“ith car
, gttt s g2—qp—_2,M2—Np_2 )
Paq 4P
’ qp—2—¢g2,Mp—_2—N2 0,0
P4 SOPP
¢~ (1,1,0,2). (2.29)

Dé phu hgp véi SM, chiing toi &p dat v12 < v345... p,A. So dd
pha vd déi xing duge tém tat nhu sau:

SUB)e x SU(P)L, xU(1)x xU(1)yn
SUG)e x SUG) % U1)y x P
SU(3)c xvﬁfl)Q x P
P 1a ddi xting tan du ctia pha v (B — L), duge xac dinh nhu sau:

P = (—1)MB0t2s, (2.30)

2.2. M6 hinh DM da thanh phan t6i thiéu tong quat
D6i xting chuan dude cho bai:
SUBB)e x SUM4), xU(1)x xU(1)n. (2.31)
Tich @ va (B — L) nhu sau:
Q="Ts+BTs+~T15+X, B-L=bl5+cTi5+N, (2.32)

VEVs clia cac da tuyén duge viét nhu sau:

1 (0 1 ()
_ 10 o0 1

Céc thanh phan chin 1é vat chat dugce cho béi:

P=P,® P, (2.35)
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v6i tinh chén 18 ctia P, va P,,, c6 nhiing gi4 tri hodc 1a 1 hoac P =
(—1)FC+D — 1 va PE = (—1)TGm+D) = _1 thoa diéu kien n,m =
22/3 = 0,42/3,4£4/3,42,---. Gia tri cia P chia phd hat thanh cac
16p nhu sau:

1. Cac hat thong thuong P = (+, +) bao gom cac hat trong SM.
2. Céc hat sai P = (+,—), (—,+) hodc (—, —) gom céac hat mdi.

Cac tng cit vien DM c6 thé 1a céc truong lepton méi, trudng vo
hudng vat 1y, cac trudng boson chuan.

Mo hinh (_a +) (+7 _) (_7 _)
ing cu vién ing cui vién ung cu vién
gq=p=0 Ei23, Ho, Wiz Fio3, Hs, Wia He, Wiy
q=0,p=-1 FEi23, Ha, Wi3 Hs, Way Non
q=—-1,p= Ha, Was Fio3, Hs, Wiy Non
g=p=—1 Ha, Was Hs, Way He, W34
g=p#0,—1 Non Non He, Way

Bang 2.4 : Cac tng ci vien DM thudc cic phién ban khac nhau cia
mo hinh3—-4—-1-1

Tir két qua liet ke trén bang 2.4, ching toi nhan thay, phién ban
v6i p = ¢ = 0 sé hita hen nhiéu hoat cAnh DM hai thanh phan. Chinh
vi vay, chling t6i sé nghién cttu ki phién ban nay trong phan tiép theo.

2.3. Nghién citu DM trong mé hinh 3 -4—-1—-1v8ip=¢=0

Chiing t6i khao sat phién ban DM hai thanh phan vé6i ¢ = p = 0.
Lagrangian toan phan dusi dbi xing chuan (bé qua sé hang c¢6 dinh
chuan va cac truong ma) duge xac dinh mot cach téng quat nhu sau:

_ 1
L = Fiy"D, F+(D"S)1(D,S) — 1 Aur A"+ Lycawa — Vitiggs, (2.36)

trong d6 F, S va A tinh cho céc da tuyén fermion, da tuyén vo huéng,
da tuyén boson chuan tuong tng. Tuong tac Yukawa trong Phuy luc B.
Thé vo huéng duge cho béi biéu thic sau:
Vitiges = 1300+ p3p"p + p3x X + p3ETE + M(n'n)® + Aa(pTp)?
+A3 (0% + METE)? + (') Asp’p + Aexx + AETE)
+(pTp) Asx X + MZETE) + Mo (X %) (ETE) + Ma (7 p) (0™n)
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+A2(ntx) (') + M (n'E) (2

+A15(p"E)(ETp) + M6 (XTE) (ETX)
+(A1rnpxE + H.c.) + V(9),

(2.37)

& day phan tit cudi cuing 13 thé ning clia ¢ cong véi tuong tac clia ¢
v6i n, p, x va Z nhu sau:

V($) = 29"+ A¢"0)2 + (0" d) (Msn'n+ Aop p+ Ao XX + A1 ZT2).

(2.38)
2.3.1. Hat vo6 hudng va hat boson chudn
Tém lai, cac boson chuan vat 1§ trung hoa c¢é quan hé véi trang thai
ban dau béi biéu thitc (A Z1 Zy Z3)T = U(As As A5 B)T, trong dé
ma tran U chuyén co sé dude cho bdi biéu thiic sau:

SW Bsw YSW i%
cw —Bswtw —ysywtw SVtV;W
U = 0 co/1 - B2, - s B cpBrtd, sevtx cpBtd,
Vitr2tk  1-8213, Vit92tk  tx/1-6%3,
o Swm cp _ sgpﬁ’yt%v _ certx svﬁt%V
e T e e

tX\/l—BQt%V

2.3.2. Cac tuong tac
Tuong tac chuin cho cac fermion
Trong Phu luc C, ching t61 da tinh tuong tac ctia Z; v6i cac fermion.

Tuwong tac chuin cho cic vé hudng

Trong Phu luc D, ching to6i tinh toan cho tat ca tuong tac boson
chudn va vo hudng.

2.4. Hién tugng luan DM nhiéu thanh phan

Xét mo hinh ¢ = p = 0. Trong truong hgp nay, cac hat trung hoa
bién doi bat thuong dudi vat chat chin 1é da thanh phan P = P, ® P,

la EO, FO, HY, HY, HY, Wi, WP, va WY,. thé hien 16 rang trong bang
2.4. Chiing toi chia 3 kh4 nang clia sy ton tai 2 thanh phan DM.
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2.4.1. Kich bin hai thanh phan DM la hat fermion

Gi4 stt ring F 1a (1 trong 3 loai hat vat chat nhé E?) va F' (1 trong
3 loai hat vat chat nhé F?), 1a cAc hat mang tich cac tich 18 P, (P,)
va la cac hat nhe nhat trong cac 16p hat cung loai (E,, Ha, Wi3) va
(Fa, M3, Wi4) tuong ting.

Cac ting ctt vien DM nay chii yéu huy thanh céc hat vat chat trong
SM. Céc kénh do6 la:

EE¢ — we171%,q¢% Z1Hy, (2.39)
FF¢ — w1717, qq¢%, Z1 Hy, (2.40)
Trong phién ban DM da thanh phan, trong dé cidc thanh phan DM

nang hon sé huy cac thanh phan DM nhe hon. Vi thé, c6 thém 1 trong
2 qué trinh huy sau:

EE¢ — FF¢ néu mg > mp, (2.41)

FF¢— EE° néu mp > mg. (2.42)

Su huy cap DM thanh cic hat trong SM va su chuyén déi gitta cac
DM, dugc cho trong hinh va tuong tng:

F) vl
én.mxurn Was)
ve T

E(F) V0™ vl 0. % B(
E°(F°) Ve g, I g H E°(F°)

73,75

Hinh 2.1: Déng gép chtt yéu vao viéc huy hai thanh phan DM thanh
cac hat trong SM.

E(F) F(B) E(F) F(E)
7.2
Wi
E(F°) Fe(E°) E°(F°) Fe(E°)

Hinh 2.2: Sy chuyén doi giita cac thanh phan DM.

Chiing ta c6 thé thu duge mat do tan du ciia ting thanh phan DM
nhu sau:

Q h2 = 2.752—=—Y] T oo 1 8 2.4

E 75 o E( ) x 10 ) ( 3)

Qph? = 2.752—1 Yr(reo 108 2.44
F o F(x ) X s ( )
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Mat do tan du DM dugc xéac dinh 13 téng déng gép ctia timg thanh
phan DM don:

Qpmh? = Qph? + Qph?. (2.45)
Déi v6i khao sat s, ching toi st dung cic gid tri tham so sau:

w=uvc~ 174 GeV, 3, ~0.231, g = Vira/sw, mz, = 91.187 GeV.
Cac s6 proton va s6 khéi cia Xenon duge lay: Z = 54 va A = 131.

w=5TeV,V=6TeV w=8TeV,V=9TeV

W e+ me < My,
M 0h? <012

w=11TeV.V=12TeV
Mg +mp < My,

m 0h? <0.12

W Mg+ me < My,
B 0h? <012

2000 4000 6000 8000 10000

2000 4000
mg [GeV]

6000 8000 1000 2000
me (GeV)

3000 4000
mg [GeV]

5000

Hinh 2.3: Téng mat do tan du ctia hai thanh phan DM biéu dién nhu

1a mot ham cta (mg, mp), ching toi da chon cac tham s6 w,V dam
bao tng cit vien DM la bén.

Trong hinh chiing t6i chi ra ving tham s6 thod mén c6 hai tinh

chat ctia DM 1a gidi han vé mat do tan du va diéu kien ddm bao DM
bén chinh & viing xen phti gitta hai viing mau.

w=5TeV,V=6TeV, mp=12mg

w=8TeV,V=9TeV, m=16m

w=11TeV,V=12TeV, me = 1.2mg

600 800 1000 1200 1400 1600

2000
mg (GeV]

2500

2000 2200 2400 2600 2800 3000 5200
me(GeV)

me(Gev)

Hinh 2.4: Téng mat do tan du hai thanh phan DM nhu 13 ham cta
khéi lugng DM déi véi truong hop mr > mg.

Trong hinh chiing t6i mo ta tong mat do tan du DM la ham ctia
mp khi ¢d dinh w, V va mg biéu dién theo mp.
Hinh [2.5(chting toi so sénh mat do tan du DM ciia titng thanh phan

v6i sut lwa chon cac thang vat Iy w, V va mp duge biéu bién theo mp.
Trong hinh [2.6] ching toi vé tiét dien ctia DM tuong ting véi céc
Iya chon & trén ctia tham s6 (w, V') tuong tng.
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w=5TeV,V=6TeV, mr=12me 9TeV, me = 1.6mg. w=11TeV, V= 12 TeV, me = 1.2mg

A
N

750 1000 1250 1500 1750 2000 2500

2000 225 2500 2550 3000 3250
me(GeV) mE[GeV) mE(GeV)

Hinh 2.5: Ti le déng gbp clia cdc thanh phan DM fermion véi mat do
nhu mot ham ctia khéi lugng DM trong truong hop mp > mg.

2
w=5TeV. V=6 TeV, Qpuh? = 0.12 w=5TeV.V=6TeV. Qpyh” = 0.12 w=8TeV,V=9TeV, Qoyh? = 0.12
1074
& § 10
@ @
K %
10-48| - mg>mg
— me<me
— me<me
10750 1050
50 000 50 2000 50 7000 7500 2000 1000 150 2000 2500
me (GeV) mr [GeV) me (Gev)
= - 2=
W= 8TeV, V=9 ToV, Opyh” = 0.12 w=11TeV, V= 12 TeV, Quyh? = 0.12 w=11TeV, V= 12 TeV. Quyh? = 0.12
1074
§ e
= =
— mg>mg 1048 — mg>mg
— mp<me — me<me
107 50 ool
200 100 1600 1800 2000 7200 2400 2000 7500 3000 1800 2000 2200 2400 2600 2800 3000 3200
m(Gev) mg (GeV) m(Gev)

Hinh 2.6: Tiét dién tan xa khong phu thudc spin ctia DM vé6i nucleon
duge xem nhu 1a ham cta khéi lugng DM khi ¢6 dinh (w, V) = (5,6),
(8,9) va (11,12) TeV va cac tham s6 khac chon sao cho: Qpyh? = 0.12.

2.4.2. Kich ban hai thanh phan DM la hat vé huwdng

Chiing t6i khao sat ca hai thanh phan DM la hat vo huéng, ching
13 Ho,H3. Véi kich ban nay, ching to6i da khio sat va thu duge cac két
quéd trong luan an nhu: Quéa trinh huy cac thanh phan DM thanh cac
hat trong SM va huy cac thanh phan DM v6 huéng, mat do tan du cia
hai thanh phan DM, qu4 trinh tim kiém tryc tiép cac thanh phan DM
thong qua tiét dién tan xa khong phu thudc spin ctia DM vé6i hat nhan.

2.4.3. Kich ban DM vdi 1 fermion va 1 vé hudng

Trong phan nay, ching toi xét E va Hs 1a hai thanh phan DM.
Ching t61 khéo sat tuwong ty nhu 2 kich ban trén trong luan an.
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2.5. Két luan chuong 2

Chiing toi da chi ra ring 1y thuyét chuan chita dyng doi xting isospin
yéu cao hon SU(P)r, phai dugc thu tit mot déi xing dang SU(3)¢ x
SU(P)L xU(1)x xU(1)n, trong d6 hai nhém doi xing giao hoan cudi
cung lan lugt xac dinh dign tich @ va tich (B — L). Hai tich cubi cling
thong nhat véi tich yéu theo cach lam ctia Iy thuyét thong nhat dien
yéu. Ngoai ra, cac khéi lugng neutrino duge tao ra thong qua pha vé
déi xiing chuan, céc s6 hang khéi lugng nay thod méan co ché seesaw.

Tich chin 1é P dugc xac dinh nhu 13 ddi xing tan du qua trinh pha
v dbi xiing chuan va dude phan thanh tich triyc tiép ctia tich chin 1é
thanh phan nhu sau: P = ®kP;12 Py, moi Py 1a mot Z;. Do tinh chén
18 nay tao ra (P — 2) loai hat sai nén sé tien dodn (P — 2) thanh phan
DM. Vi sy khong giao hoan cta tich (B — L) v6i cac vi tit cia nhém
SU(P)y, da cho phép cdc thanh phan ctia DM vA cac thanh phan vat
chat thong thuong théng nhat trong mot da tuyén. N6i cach khac, cac
thanh DM dugc dua vao dé hoan thanh biéu dién SU(P)y 16n hon biéu
dién ctia SM. Vi vay, cac tuong tac chuan sé chi phéi cac tin hieu quan
sat DM. ) o .

Chung t6i nghién citu chi tiét moé hinh DM da thanh phan toi thieu
tuong tng v6i P = 4, dugc goi 1a mé hinh 3 —4 — 1 — 1. Cac phién
ban khac nhau cia mo hinh 3 —4 — 1 — 1 duge dua ra do lya chon cac
tham s6 3, khac nhau. Bén phién ban, tng véi 4 sy lya chon khac
nhau ctia 3,7 dugc dé xuat. Ching toi nhan thay phién ban tng véi
B = —%,’y = —%, titc 14 p = ¢ = 0, sé tién doan nhiéu kich ban cho
ting ¢t vien DM hai thanh phan (ton tai 3 kich ban cho DM hai thanh
phan). Dé nghién citu chi tiét cac tinh chat ciia DM hai thanh phan,
chting t6i da tim kiém tat ci cac tuong tac clia fermion va vo hudng
v6i boson chuan, tim pho hat vat 1y ctia Higgs boson va cac tuong téc
ciia chiing v6i hat boson chuan. M6 hinh 3 —4—1—-1véig=p=0
tuan theo 3 kich ban ctia DM hai thanh phan bao gom: Kich ban thi
nhat 12 DM hai thanh phan 1a cac fermion (E, F), kich ban thi 2 tng
v6i DM hai thanh phéan la 2 hat vo huéng (Hz 3) va cudi cung la kich
ban ma cac thanh phan DM 13 1 hat fermion va 1 hat vo hudéng, vi du
cac ung vién (F,Hs) tuong ung. Chung toi da chi ra khong gian tham
s6 kha thi cho méi kich ban, kha nang dap tng mat do tan du va kha
nang phat hién tryc tiép. Thong thuong, khoéi lugng DM kha di trong
mdi kich ban ¢ 1 hoac vai TeV. Ngoai ra, c6 4 diém cong hudng trong
mat do tan du bdi hat Zs 3 chuan trung hod méi hoic cac kénh Higgs
trung hoa méi Hs 4.
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CHUONG 3. ANH HUGNG CUA SO HANG TRON
DONG NANG TOI MOT SO HIEU UNG
VAT LY TRONG MO HINH 3 —-4—-1-1

3.1. Anh hudng ctia tham sé tron dong nang tSi phd khdi
lugng ciia cac trudng chuan

3.1.1. Co s6 hinh thanh sé hang tron dong ndng

Lagrangian mo ta dong nang ctia truong chuan gin lién véi hai
nhém U(1) cia mo6 hinh 3 —4 —1—1 phai chita s6 hang tron dong nang
gitta hai trudng dé. Cu thé, ta co

1 2 1 2 6 v
Lyinetic D _EB[,LZ/ - ZC/U/ - iBlWCu
1 1
= (B +0Cw)* — 1(1-6°)C},, (3.1)

trong d6 B,, = 0,B, —0,B, va Cy, = 90,C, — 9,C, la cac tensor
cudng do truong. He s6 () dugce goi 1a hé s6 tron dong nang gitta hai
boson chuan B . va C),. Ching la cac truong khong tric giao nén ching
toi doi co s6 mdéi (B, Cy) — (B}, C},)

B'=B+46C, C =+/1-4C. (3.2)

Thuyc hién phép bién ddi chuyén tit co s6 B, C sang B’,C,’ chiing
toi thu duge dao ham hiép bién nhu sau:

D, D igx X B, +igyNC, = igx X Bl, +

3.1.2. Khoéi lwong cdc boson

D6i xitng chuan 3 —4 — 1 — 1 bi pha v&, dan t6i su tron clia As, Ag,
Ay, B', C'. Lagrangian khoi luong clia cac boson chuan Y o (D, (S))T(D*(S))
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tinh dugc nhu sau:

Eneutral _ 1
mass - 9

(A3 Ag A1s B' C')M? (A3 As A5 B' C')" ., (3.4)

Cudi cuing cac trang thai chinh tic ban dau lién quan dén cac trang
thai rieng khéi lugng thong qua ma tran U béi (Az Ag A5 BO)T =
U(AZy Zy Z3 Z4)T. Trong trusng hgp dau tien, w,V < A, ta c6 U =
UsUUxU3U, ~ UsU UyU,,. Trong trusng hgp thit hai, w < V, A, ta co
U = UsU UyU3U¢ >~ UsU UsUe. Con trusng hop cudi, w, A < V, hieu
tng tron thong qua ma tran U = UsU;UyU5U, nhu sau:

0100 0 10 0 00

0010 0 g1 0 00

Vi-o2 0 0 —s, ¢, O

0000 g 00 o0 ¢ 1
100 0 0
010 0 0

U = 001 0 O (3.5)
0000585
000—8565

Céc truong A, Z; c6 thé dugc dong nhat véi photon va boson chuan
trung hoa Z trong SM. Con Zs, Z3 va Z4 la nhitng truéng mdi, boson
chuan, nang. Sy tron dong nang 4nh hudng rat nhé téi cac boson chuan
trong SM nhung lai &nh huéng dang ké dén goc tron clia cac boson méi.

3.2. Tham sé p trong mo hinh 3 -4 —-1-1

Trong phan ndy, chiing toi sé nghién cttu cac déng gép cta vat Iy
m6i va anh hudng c6 tham s6 tron dong niang vao tham s6 p trong mo
hinh 3 —4 — 1 — 1. Vat Iy méi déng gép vao tham s6 p duge xac dinh
tai gan dang cay nhu sau

2

m
_ w
Ap = -5 1
Cw Mz,
2
_ mz 1
N m2—em2 —€m2 —6m2
z 1z z, 2z 7 3tz
1M, + €amy, + esmyen
- ZZ) ZZ)
my
— 0 )
= (Ap)° + (Ap)°, (3.6)
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trong do:

N 1 [Bau® + (2v/3pt5 — Ba)v*]?
(AP)O — 4[1 + (52 + ,72)25%(]2 { (u2 + Uz))(wz
{(8 + 2v29)t% (v +v*) + V3B[1 + (B2 + ) tk] (u® — v?)}?
+ 3(u? + vB)V?
+ (b6 + CV)Z\%W o) } ; (3.7)
(Ap)? 5[0+ 2(bB + ey)txtn]ty (u? +v?) (3.8)

16[1 + (82 + 72)t% 24 A2

Trong hinh chiing t6i khéo sat cac giéi han cia Ap trong mit
phéng (u,w) khi sy phan bac ctia cac VEVs tuan theo cach sip xép dau
tien. Cac hinh dugc sap xép thit tu tir trai sang phai va tit trén xudng
tuong ting v6i bon phién ban ctia mo hinh 3—4—1-1: (8 =1/v3,7y =
1/\/6)a (B = 1/\/3”7 = —ﬁ/ﬁ), (B = _1/\/37'7 = \/5/\/3) va (8 =
—1/v/3,7y = =1/V6).

B=1W3,y=1W86,w=05V <A B=1N3,y=—2ZN3,Ww=05V«<A

w[TeV]
wTeV]

0 50 100 150 200 [} 50 100 150 200
u[Gev] u[GeV]

B=-1W3,y=vV23,w=05V«A B=-1W3,y=-1"6,w=05V«<A

w(TeV]
w(TeV]

0 50 100 150 200
u(GeV] u(Gev]

Hinh 3.1: Gi4 tri (u, w) duge gi6i han béi tham s6 p cho w = 0.5V < A,
cac hinh theo thit ty tit trai sang phai, tit trén xudng tuong tng bén
phién ban khac nhau.
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3.3. Anh huéng ciia tham sb tron dong ning téi tuong tac ctia
cac boson Z; véi cac fermion

Chiing to6i sé khao sat do nhay ctia thang vat 1y méi theo tham s
tron dong nang cho truong hop (w, A < V) nhu hinh 3.7 . Ching ta
nhan thay thang vat 1y mdi thay doi khi 6 thay ddi.

B=1N3,y=1"6 B=13,y=—2N3

4 4
3 3
2 2 2
1 1? \ -
0 0
-10 -05 00 05 10 -10 05 00 05 10
5

B=-1W3,y=Vy2N3 B=-1W3,y=-16

5
4 4
3 3
2 S 2
1 ’ 1 1
0
-1.0 -05 0.0 05 10 -1.0 -05 0.0 05 10
5 5

Hinh 3.7: Gi6i han thang vat 1§ méi phu thudc vao 0 véi |eg 23] =
1073, & day cac dudong dd, xanh, den biéu dién €, €, €3 trong céc
phien ban (8 = 1/v/3,7 = 1/V6), (8 = 1/v3,7 = —v2/v3), (8 =
“1/V3y = V3/V3) v (8 = —1/v/3,7 = —1/V6).

Vi
vl

w [T
w [T

s

w[TeV]
wTeV]

3.4. Dao déng ctia cic meson trong mo hinh 3—-4—-1-1

Khéi Iugng clia cac fermion méi E,, Fy, J, va K, phu thuoc vao
thang nang lugng méi w, V va duge xac dinh nhu sau:

Vv
el = ~hiy 7, lmrle = —hi =5 (39)
w w
[mylas = —h3j3ﬁv [Mm]ap = _hiﬂﬁa (3.10)
\% Vv
[milss = —h§§,%7 [MmKlap = _hffﬁ%» (3.11)
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Khéi lugng ctia cac lepton mang dién, cac quark eq, u, va d, phu thuoc
vao thang nang lugng pha vé déi xitng dién yéu nhu sau:

[Me]ay = —hE v
elab = ab ﬂv
uw U uw U
[mu]Sa = - 3aﬁa [mu]aa = h’aaﬁa
v u
[md]i’)a = —hga%, [md]aa = _hiaﬁ, (3.12)

khéi lugng cac hat nay nam trong thang dién yéu wu,v. Doéi véi céac
neutrino v,z g, ching c6 khéi lugng Dirac va khoi lugng Majorana lan
lugt 1a [my]ay = —hiy, 75 va [mBay = —V2h4A. Vi u < A nén cic
neutrino quan sat duge (~ v,r) ¢6 khdi lugng thong qua co ché seesaw

loai I:
L~ —m,(mE) = (m,)T ~ u?/A. (3.13)

m v

Trong khi d6 neutrino (~ v,g) c6 khéi lugng (mf) nang hon cac hat
con lai.

Tham s6 tron meson dudc xac dinh thong qua Lagrangian hiéu
dung. Trong m6 hinh 3 —4 — 1 — 1 cac tuong tac clia Z; 234 s€ anh
huéng dén sy tron lan ctia cac meson, trong dé déng gép ctia Z; la
khong dang ké.

Gi6i han chit nhat ctia thang vat 1y mdi sé chi phdi béi cac thuc
nghiém vé dao dong gitta B? — BY

1
(100 TeV)?"

2 2 2
(Vi )sa(Var s (ﬂj; L5, >< (3.14)

Z, Mz, Mgz,
Ta nhan thay thang vat Iy méi thay ddi khac nhau khi 6 khéc nhau
(hinh 3.8)

3.5. Vat ly tai may gia toc

Do c6 lién két gitta cac boson chudn trung hoa véi cac lepton va
quark, ching déng gbép vao qua trinh the Drell-Yan va dijet trong cac
may gia toc.

Cac nghien citu LEPII cho ete™ — p Ty~ tuong ty nhu truong hop
cia mo6 hinh 3 —3 — 1 — 1, trong d6 Z3 34 la cac qua trinh trung gian.
Gia st 1a tat ci cac qua trinh vat 1y 1a nhu nhau, giéi han thu duge
chiing déu nam trong thang TeV.

Cac nghién cttu LHC cho céc trang thai cudi vé dijet va dilepton c6
thé dugc nghien citu. Céc thang vat 1§ méi ciing nim trong mién TeV.
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B=1W3,y=1"6 B=1W3,y=—2N3

w[TeV]
w[TeV]

Z1o ~05 0.0 05 1.0 S0 —05 0.0 05 10
5 5
B=-1W3,y=V2N3 B=-1N3,y=-1"6

w [TeV]
w(TeV]

Hinh 3.8: Gi6i han thang vat 1y mdi tir cong thiic ctia § trong FCNCs
v6i w = 0.5A < V, cac hinh tir trai sang phai va tit trén xudng tuong
ng bén mo hinh DM.

3.6. Két luan chuong 3

Chiing toi da nghién cttu 4nh huéng ctia tham s6 tron dong nang
t6i mot s6 hiéu tng vat 1y méi trong mo hinh 3 —4 — 1 — 1. Day 14 mo
hinh cung cap tng cit vien DM hai thanh phan mot cach ty nhién, mo
hinh con cung cap khéi lugng neutrino nhé thong qua co ché seesaw.

Chiing t6i nhan thiy sy &nh huéng clia tham s6 tron dong nang téi
cac qué trinh vat Iy méi 1a dang xem xét khi thang vat 1§ méi trong
mién TeV. Tuy theo ting so do phan bac clia cac tri VEVs (so do pha
vo doi xting) ma mic do dnh hudng clia tham s6 tron dong ning téi
hiéu tng vat 1y méi sé thay déi. Trong mo6 hinh 3 —4 — 1 — 1, ¢6 thé
ton tai céc hoat cach pha vé déi xting c6 thé lam méat hiéu ung tron
dong nang trong phan boson chuan méi. Ching t6i muén nhan manh,
tuong tw nhu mo6 hinh 3 —3 — 1 —1 thi mo hinh 3 —4 — 1 — 1 cling giai
quyét cau héi vé lam phat Vi tru ciing nhu van dé bat ddi xing DM
va vat chat thong thuong.
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KET LUAN CHUNG

Chiing toi da nghién ctu cac van dé sau:

e D& xuat tric hat cia mo hinh 3 — 4 — 1 — 1 dam bao khit tat ca
cac di thudng ctia nhém chudn va dam bao sau khi pha vo déi
xttng ching ta c6 ddi xitng tan du P dudc phan tich thanh tich
ctia hai d6i xting Z,. Do d6, chiing toi chi ra c¢6 thé ton tai DM
hai thanh phan trong mo hinh.

e Dé xuat bén phién ban tng v6i bon bo chon tham sé p,q khac
nhau (ttc 1a 3,7 khac nhau) va ching t6i nhan thay phién ban
ing véi p = q¢ = 0 sé dua ra syt da dang vé cdc tng cit vien DM
hai thanh phan. Cu thé, c6 thé ca hai DM la hat vo hudng, ci
hai DM c6 thé la hat fermion, hoiic mot trong hai ng cit vien
DM la v6 huéng va hat con lai l1a fermion.

e Nghién cttu céc tinh chat ctia DM cho phién ban tng véi p = ¢ =
0. Duya trén cac diéu kien ap dat cho DM nhu mat do tan du,
tiét dién tim kiém bi han ché bdi thyc nghiém, ching to6i nhan
thay néu khéi lugng ctia DM ¢ 1 dén vai TeV thi ¢6 thé khép
v6i cac dieu kien ap dat chung cho DM.

e Do c¢6 sy xuat hién clia s6 hang tron dong nang trong mo hinh
nén ching to6i sé nghién cttu 4nh huwdéng ctia tham s6 tron dong
nang dén mot sd hiéu tng vat ly. Tham s6 tron dong ning sé
anh huéng truc tiép t6i goc tron clia cac hat boson chuan trung
hoa. Chinh vi vay, né sé lam thay déi pho khéi lugng ciia céc hat
boson chuan trong moé hinh mé diéu nay anh hudéng tryc tiép t6i
tham s6 p. Bén canh d6, tham sb tron dong niang sé 4nh hudng
dén hing sb tuong tac ciia cac hat boson chuan trung hoa véi céc
hat fermion va phan fermion trong mo hinh. Mat khac dé khit di
thuong, thi s6 tit tuyén phai bang phan ti tuyén, diéu nay dan
dén sy ton tai cia FCNCs gén lién v6i cac boson chuan trung
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hod ma céic tuong tac nidy sé bi chi phdi bdi cac thiyc nghiém
vé dao dong clia cac meson. Chinh vi vay, ching toi da nghién
cttu Anh huéng ciia tham sb tron dong nang t6i cdc tham sb tron
meson. Ching to6i nhan thay, tuy theo sy phan bac clia cac tri
trung binh chan khong tham gia vao pha vé doi xing tu phat
ma tham s6 tron sé khong con anh hudng tdi cic hiéu tng vat ly
dé cap. Hay néi cach khac, hiéu ng tron dong nang bi triét tiéu
béi pha v doi xiing tu phéat.

Cac két qua méi ctia luan an:

e Ching toi da chi ra ring mo hinh 3 — 4 — 1 — 1 gidi quyét dugc
mot sd van dé ngoai SM dang duge cac nha khoa hoc quan tam
nhu van dé vé khdi lugng neutrino va van dé DM. Ching toi da
chi ra sy ton tai khdi Iugng neutrino 13 tir nhién do hé qua cla
sy pha v& déi xitng tu phat.

e Ching t6i da chi ra ring mo6 hinh 3 — 4 — 1 — 1 dugc nghién cttu
thi hiéu tng tron dong ning can phai dugc xem xét. Bdi vi mién
vat 1y méi bi thay déi khi c6 déng gép ciia tron dong ning, hing
s6 tuong tac ciia boson chuan trong SM ciing bi thay doéi béi
tham sb tron.
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