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LOI CAM ON

TruGe tién, toi xin chan thanh cam on GS.TS. Hoang Ngoc Long, ngusi
thay luon nghiém khic trong chuyén mon, than thién trong doi séng, va hét
long thuong yéu hoc tro. Thay 13 cau ndi dua toi dén véi Ly thuyét truong,
mot linh vye kho ctia Vat Iy nhung ciing rat nhiéu tha vi. Toi hanh dién vi
dugce 1am hoc tro ctia thay. Kinh chic thay luon luén manh khée.

To6i xin cdm on cac thanh vién trong Nhom Ly thuyét truong va Hat co
ban - Trung tam Vat 1y 1y thuyét - Vien Vat 1y - Hoc vien Khoa hoc va Cong
nghé da tao nhiéu diéu kién thuan lgi gitip dé toi trong sudt thoi gian toi lam
nghién citu sinh. D#c biét, t6i xin cAm on TS. Phiing Van Dong, TS. D6 Thi
Huong, TS. Lé Tho Hue, va mot s6 dong nghiép da cong tac, dong y cho toi
st dung cac cong bo chita cac két qua lien quan dén noi dung luan an.

T6i xin cAm on cac dong chi lanh dao va cac dong nghiép tai Truong Dai
hoc Tay Béc da c6 nhitng ho trg, dong vién can thiét trong thsi gian toi lam
nghién citu sinh.

To6i xin cdm on cidc dong chi lanh dao va cac nhan vién Vien Vat 1y -
Hoc vién Khoa hoc va Cong nghé da gitip dé to6i hoan thanh cac thu tuc hanh
chinh trong qua trinh hoc tap, nghién cttu, va bao vé luan an.

Cudi cung, toi xin danh sy biét on té6i gia dinh da luon dong vién, ung
ho, va hd trg vo didu kién vé moi mit dé t6i c6 thé yén tam nghién citu va

hoan thanh luan an nay.



LOI CAM DOAN

Luan an nay dudc t6i hoan thanh dudi sy huéng dan cua GS.TS. Hoang
Ngoc Long. Toi xin cam doan nhiing két qua trinh bay trong luan an la do
ban than t6i da thuc hién trong thoi gian lam nghién citu sinh. Cu thé, chuong
1 1a phan tong quan gidi thieu nhitng van dé co sé c6 lien quan dén luan an.
Trong chuong 2, toi sit dung cac két qua nghién citu ma toi da thyc hién cling
v6i TS. Phung Van Dong, TS. D6 Thi Huong, NCS Nguyén Thi Nhuan, va
NCS Nguyén Thi Kim Ngan. Trong chuong 3, toi sit dung cac két qua nghién
cttu ma t6i da thyc hién cting v6i thay huéng dan va TS. Lé Tho Hue. Cudi
cling, t6i xin khang dinh cac két qua c6 trong luan an "Mot sb6 hiéu tng vat
Iy méi trong mo hinh 3—2—3—1va 3 —4—1" 1a két qua mdi, khong tring
lap véi két qua clia cac luan an va cong trinh da cé.

Tac gia luan an

Duong Van Lgi
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MO DAU

Ly do chon dé tai

Mo hinh chuan (SM) 1a Iy thuyét mo ta rat t6t ba loai tuong tac co ban
va da dude thuc nghiem kiém ching. Tuy nhién, SM van chua giai thich dugc
mot s6 van dé nhu s6 thé he fermion bang 3, khdi luong nhé clia neutrino, st
ton tai ctia vat chat t6i. Dong thoi, mot s6 két qua trong SM lién quan tdi
tham s6 p, cac hiéu khdi lugng meson trung hoa, bé rong ra ciia W boson, ...

1H6]. Nhiéu dau

chua trung khép vé6i thue nghiem, tuy su sai khac 1a rat nho
hiéu khac ciing chi ra ring SM chi 1a 1y thuyét hieu dung cia mot 1y thuyét
maé rong tong quat hon. Do dé, viec xay dung cac 1y thuyét mé rong nhim
gidi quyét cac van dé dang ton tai 1a rat ti nhién va can thiét.

Trong cac huéng mé rong SM, huéng md rong nhém ddi xing chuan
phan dién yéu dudc rat nhiéu nha khoa hoc quan tam. Theo d6, nhiéu mo
hinh mé rong da duge xay dung nhu mé hinh déi xiing trai-phai téi thiéu
(M3221) [71[14], cac mo hinh 3 — 3 — 1 {15/22]. M3221 13 mot trong cac hudng
md rong thu hit nhat ctia SM. M3221 déng vai trdo quan trong trong viéc phat
trién 1y thuyét vé khéi lugng neutrino va sém chi ra khéi lugng neutrino khéc
khong trude khi thyc nghiém x4c nhan. Thé nhung, gidong nhu SM, han ché
16n nhat ctia M3221 13 khong gidi thich duge su ton tai ciia vat chat toi - luong
vat chat chiém t6i khoang 23% trong Vi tru [23,24]. Cac mo hinh 3 —3 — 1
vita gidi quyét tot van dé sé thé hé fermion, vira gidi quyét dugc cd van de
khéi lugng neutrino va vat chat toi nhung phai thém cac doéi xing gian doan
ho#c cac truong, diéu nay 1a khong tu nhien [25-27).

Ciing theo huéng mé rong nhém déi xing chuan phan dién yéu, mo hinh



xay dung dya trén co s nhém chuan SU(3)c ® SU(2)r ® SUB)r @ U(1)x
(md hinh 3 —2 — 3 — 1) vita méi duge dé xuat [28]. Mo hinh 3 —2—-3—1 ¢6
thé gidi quyét tdt cac van dé ngoai pham vi SM néu ra & trén. Déi xtng chuan
méi clia mo hinh cho phép giai thich s6 thé hé fermion 1a 3, va dong trung
hoa thay déi vi (FCNCs) & gan ding cay xuat hién trong cd phan gauge vi
phan vo huéng. Day cé thé la nguon méi dé gidi quyét cac di thuong vat 1y
va cac van dé khac. Hon nita, mo hinh ciing cho khéi lugng nhé ciia neutrino
cling nhu cac dng cit vién vat chat t6i mot cach ty nhiéen.

Bén canh d6, mé hinh mdé rong xay dung dua trén co s nhém chuan
SUBB)c ® SU(4)L @ U(1)x (md hinh 3 —4 — 1) cing 1a mot sy mé rong ty
nhién va hop 1y [20,29,(30]. M6 hinh 3 — 4 — 1 ¢6 thé c6 hai thang pha v& tai
ning luong cao gitp n6 dé dang dap tng cac yéu cau ciia thuc nghiém, ching
han nhu gia tri thuc nghiém ctia di thuong moment tit muon (g — 2),, doi héi
thang vat 1y méi ¢& vai tram GeV, trong khi FCNCs lai yéu cau mot thang
nang lugng ¢ vai TeV. Hon nita, trong mot sé moé hinh 3 — 4 — 1 cu thé, da
tuyén lepton c6 chita tat ci cac lepton (trai, phai) cia SM va neutrino phan
cuc phai - thanh phan quan trong dé gidi quyét van dé khoi lugng neutrino.
Day 1& mot sy sap xép hgp 1y va chi c¢6 trong cac mo hinh 3 — 4 — 1. Ngoai
ra, phan Higgs vat 1y - mot phan rat quan trong ctia mo hinh nhung lai chua
dugc nghién cttu day da va chi tiét.

Do vay, chiing t6i da tap trung nghién citu hai m6 hinh mé rong & trén.
Mo hinh 3 — 4 — 1 cu thé dugc ching toi nghién citu c6 thé xem la sy két
hgp clia mo hinh 3 — 3 — 1 t&i thiéu (M331) [16/18] v& md hinh 3 — 3 — 1 véi
neutrino phan cuc phai (¢331) [15,19-22] nén duge goi 1l mo6 hinh 3 —4 — 1
t6i thidu v6i neutrino phan cuc phai. Ngoai viec khéo sat cac phan co ban
clia hai mo6 hinh nhu sy sip xép cac fermion dusi nhém déi xing chuan, phan
gauge, phan vo huéng, cic dong, ... nham tim lai cic hat va cac tuong tac
ctia SM, dong thai du doan cac hat méi va cac tuong tdc mdi, ching toi cling
xem xét cac déng gép ciia vat 1y mdi vao cdc qué trinh da biét nhu sy tron
ciia cac meson trung hoa hay cac kénh ra ctia muon, tit dé chiing to6i tim gidi

han cho mot vai tham s6 trong hai mo hinh.



Véi cac 1y do trén, ching toi chon dé tai "Mot s6 hiéu tng vat 1y mdi

trong m6 hinh 3—2—-3—-1va3—-4—-1".

Muc dich nghién citu

e Khio siat phan vo huéng, phan gauge, va cidc dong trong mo hinh 3 —
2 —3 —1 vh mo6 hinh 3 —4 — 1 tdi thiéu v6i neutrino phan cuc phai.
Dong nhat cac hat va cdc tuong tac cia SM ciing nhu dy doan cac hat

mdi va cac tuong tac mdi.

o Gidi quyét van dé sd thé he fermion, khdi lwong neutrino. Xac dinh cac
ing cit vién vat chat téi trong mo hinh 3 —2 — 3 — 1.

e Khao sat mot s6 hieu tng vat 1y méi va tim giéi han cho mot vai tham

s6 trong hai mo hinh.

D6i tuong va pham vi nghién ciitu

e D6i xting chuan, sy sip xép céc fermion, phan voé huéng, phan gauge,
cac dong, p va cic tham s6 tron 1an, FCNCs, v mot vai tham s trong

mo hinh 3 -2 -3 —1.

e D6i xtng chuan, van dé khit di thuong, tuong tac Yukawa va khéi lugng
fermion, phan gauge boson trong mo hinh 3 —4 — 1 véi dién tich bat ky

cua cac lepton mdi.

e Sy sap xép cac fermion, phan gauge, cac dong, thé Higgs, cac kénh ra
ctia W boson va muon, va mot vai tham sé trong mo hinh 3 —4 — 1 t6i
thiéu véi neutrino phan cuc phai.

No6i dung nghién ctu
e Tong quan vé SM va mot sé huéng ma rong ctia SM.

e Khéo sat mo hinh 3 —2 — 3 — 1 véi dién tich bat k¥ clia cic lepton mdi.

Tim pho hat phan gauge v phan vo6 hudng, xac dinh cidc dong. Théo
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luan van dé s6 thé hé fermion, khéi lugng neutrino, va xac dinh cac tng
ctt vien vat chat t6i trong mo hinh. Khao sat mot s6 hiéu tng vat 1y méi

lien quan dén tham s6 p vd FCNCs.

e Khao sat mo hinh 3 — 4 — 1 vdi dién tich bat ky clia cic lepton mdi.
Xem xét cac dieu kien khit di thuong, tuong tac Yukawa va khoi luong
fermion, khéi Iugng gauge boson. Khao sat mo hinh 3 — 4 — 1 téi thiéu
v6i neutrino phan cyc phai. Phan tich chi tiét cAc dong va nhat 1a thé

Higgs. Xem xét cac kénh ra ctia W boson va muon.

Phuong phap nghién ctu
e Ly thuyét truong luong ti.
e Ly thuyét nhom.

e St dung phan mém Mathematica tinh s6 va vé do thi.

B0 cuc cua luan an

Ngoai phan mé dau, két luan chung, va phu luc, noi dung chinh ctia luan
an dugc ching to6i trinh bay trong 3 chuong.

Chuong 1. Tong quan: Ching toi gidi thieu so luge vé SM va mot s6 mo
hinh md rong.

Chuong 2. Hién tugng luan trong mo hinh 3 — 2 — 3 — 1: Chiing t6i khao
sat phan vo huéng, phan gauge, xac dinh cac dong, dong nhat cac hat SM.
Chung t6i thdo luan van dé s6 thé hée fermion, khoi lugng neutrino, va tim céc
ing cit vién vat chat t6i trong mo hinh. Ching t6i xem xét mot s6 hieu ting
vat Iy mdi lien quan dén tham s6 p va FCNCs, tit d6 xac dinh giéi han cho
thang vat 1y méi v cac yéu t6 clia ma tran tron quark phan cic phéi.

Chuong 3. Hién tugng luan trong mo hinh 3 —4 — 1 tdi thiéu véi neutrino
phan cuc phai: Trude tién, ching toi kiém tra diéu kien khit di thuong cia
cdc mo6 hinh 3 — 4 — 1 va phan tich mo6 hinh 3 — 4 — 1 v6i dien tich bat ky

clla cac lepton méi. Sau d6, ching toi khao sat moé hinh 3 — 4 — 1 t6i thiéu
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v6i neutrino phan cye phai. Tir sut sip xép céc fermion, phan gauge, cac dong,
va nhat 1a thé Higgs sé duge chiing toi thao luan chi tiét. Ngoai ra, ching toi
cling xem xét cac kénh ra cia W boson va muon, tit d6 tim gidi han cho mot

vai tham s6 trong mo hinh.



CHUONG 1. TONG QUAN

Trong Vat 1y noéi rieng ciing nhu nhiéu nganh khoa hoc co ban khac néi
chung, ching ta ludn c¢6 gang hé thong héa va tim cic khai niem mang tinh
tong quat. Mot su he théng hoa nhu thé 1a di tim cac thanh phan co ban nhét
tao nén thé gidi vat chat xung quanh ching ta. Mot sy hé thong héa khac 1

tim ra va thong nhat cac tuong tac giita ching.

1.1. Mo hinh chuan

Dugc danh gia 13 mot trong nhitng thanh cong nhat cia linh vire Vat 1y
Hat co ban thé ky XX, SM 1a 1y thuyét mo ta rat tot ba loai tuong tac co ban
gom tuong tac yéu, tuong tac dién tit, va tuong tac manh. Véi viéc tim ra hat
Higgs vao cudi ndm 2012 bdi may gia toc nang lugng cao (LHC) tai Trung
tam nghien citu hat nhan Chau Au bing hai thiét bi do doc lap 1a ATLAS va
CMS, céc tien doan ctia SM déu da dude thie nghiem xic nhan. SM da giai
thich gan nhu tron ven moi hién tugng vi mo lien quan dén vat chat thong
thuong trong Vii tru véi do chinh xac rat cao.

SM duge xay duyng duya trén co sé nhém déi xing chuan SU(3)c ®
SUR2)L @ U(l)y (3—2—1) [31435]. Trong d6, SU(3)¢ 1a nhém ddi xing
khong Abel mo ta tuong tac manh va tac dong lén cac quark mang tich
mau. C6 tam hat truyen tuong tac manh 1a cac gauge boson khong khoi lugng
(gluon). SU(2) 1a nhém spin dong vi khong Abel va tac dong lén céc fermion
phan cyec trai. U(1)y 1a nhom chuan gén véi sb lugng ti siéu tich yéu Y. Nhom
dé6i xting SU(2)r, ® U(1)y mo ta tuong tac dién yéu v6i bon hat truyén tuong

tac 1a cac gauge boson gom hai hat mang dién (Wf) va mot hat trung hoa



(Z,,) c6 khdi lugng, hat con lai (A4,) 1a hat trung hoa va khong c¢6 khoi lugng
(photon).

Ngoai cidc gauge boson truyen tuong tac, thanh phan vat chat thong
thuong con lai cau tao nén vii tru 1a céc fermion [23]. Cac fermion gom cac
lepton e, v, p, v, T, V7, va cac quark u, d, ¢, s, t,b. Trong SM, céc fermion dugc
sap xép theo cac thé hé: thé he thi nhat gom v,, e, u, d; thé hé thi hai gom
Uy, 1, C, 8; va thé hé thit ba gom v, 7,¢,b. Dé dong tuong tac yéu c6 dang
V — A, cac fermion dugc tach thanh fermion phan cyc trai va phan cuc phai.
Céac fermion phan cyc trai dudgc xép vao ludng tuyén va cac fermion phan cuc
phai dudc xép vao don tuyén ctia nhém SU(2)r. Cu thé véi cac lepton,

b= |~ @2,
€iL

eir~ (1,1,-2), i=1,23. (1.1)

V6i cac quark,

Uy 1
QiL - t ~ (37 27 _> )
dir, 3

4 2
iR ™ 717_ ) dz ~ 717__ ’ 1.2
UiR (3 3) R (3 3> (1.2)

trong dé 4 1a chi s6 thé he. Cac con s6 trong ngoiic don lan lugt bidu thi sd
lugng t1t tuong tng véi nhém thanh phan trong 3 — 2 — 1. Trong SM, toan tit
dién tich duge xéc dinh Q = T3 +Y/2, v6i T3 la vi tit chéo ctia nhém SU(2) .

Theo co ché Higgs, dé sinh khoi lugng cho céc gauge boson W, Z,, thi
dé6i xiing SU(2), ® U(1)y phéi bi phéa v6. Do d6, mot ludng tuyén Higgs dugc

dua thém vao,

+ +
o= |7 |= v ~(1,2,1). (1.3)
0 v+h+1G 5
Qp \@

Qué trinh pha v doi xing tu phat (SSB) xdy ra theo so do SU(2)r ®

U(l)y — U(1)g. Khéi lugng ciia cic gauge boson dudc xac dinh tit s6



hang dong nang trong Lagrangian nhu sau,

L= (Do) (D). D=0 —igTudl —ig B (14)

trong d6 T, (a = 1,2,3) la cac vi tit ctia nhom SU(2)z. Ddi véi biéu dién
ludng tuyén thi T, = %aa (04 1a cdc ma tran Pauli). g,¢" va A, B, lan luct
14 cic hing s6 tuong tac va cac truong chuan ciia hai nhém chuan SU(2)r va
U(1)y. Sau khi SSB, cac trang thai gauge boson vat ly ciing khéi lugng tuong

tng ctia ching lan lugt dude xac dinh 1a

A, = SwAi +cewB,, ma=0,

v
ZM :CwAi—SwBH, myg = zgc—w,
1 . gu

4 day ching toi da ky hiéu sy = sinfy, ey = cosfy . Oy 1a goc tron lan
gitta Ai va By,. Oy dudc goi la géc Weinberg: tan 8y = ¢'/g. Thuc nghiém da
xac dinh sin® fy ~ 0.231. Khi dong nhit heé s6 dinh tuong tac cia ly thuyét
Fermi véi Iy thuyét Glashow - Weinberg - Salam: Gr/v/2 ~ g2/8m?, sé suy ra
v ~ 246 GeV. Két hop vdi lien hé clia hang s6 tuong tac dién tit e = gsin Oy,
ta tinh duge my ~ 80 GeV va myz ~ 91 GeV. Theo dit lieu gan day [1):
mwy = 80.385 + 0.015 GeV, mz = 91.1876 4+ 0.0021 GeV.

Tit d6, tham s6 p duge xac dinh nhu sau,
2
p= Wg—VCV%V ~ 1. (1.6)
Theo dit lieu gan day [1]: p = 1.0004 + 0.00024. D sy chénh léch nay 1a rat
nhé nhung cac déng gép tit boé dinh ciing chua thoéoa dang. Cé thé sy chénh
léch nay la do déng gop cta vat 1y mdi.
Déi véi phan Higgs, khoi lugng ciia cac Higgs boson duge xac dinh thong
qua thé vo hudéng,
V(o) = 260+ 5(6'0)" (17)
trong d6 p c6 thit nguyén khoi lugng, A 14 hang sé khong thi nguyen. Sau khi
SSB, Higgs boson h nhan khéi lugng cd thang dien yéu, my = 1/A/2v. Cudi
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nam 2012, Higgs boson dude tim thay béi LHC vé6i khoi hugng 125 GeV rat co
thé 1a h. Ngoai ra, ba hat khéac 1a o, 0~ va Gz c6 khéi lugng bing khong.
Chung dudgc goi 1a cac Goldstone boson. Cac hat nay lan lugt bi hap thu béi
cac gauge boson c6 khoi lugng tuong ing & treén.

Cac fermion nhan khéi lugng thong qua tuong tic Yukawa,
— Ly = h§ Pl dely + QL ody + hQl (io2¢" )uly + H.c., (1.8)

trong d6 h;; 1a cac he s6 tuong tac. Khai trién Lagrangian trén, ching ta nhan
dugec M§; = hg; \/5, ./\/ld hfj \/”5, va M3 = hil— 7 Tién hanh chéo hda cac
ma tran khéi lugng nay sé xac dinh dude cic trang thai fermion vat 1y cling

khéi lugng tuong tng. Véi cac quark duéi, ching ta cé

d d’ my 0 0

S = VIL},R s’ ) V[C,”Mdvlg = 0 mg 0 1,

b b/ 0 0 My
L.R L.R

& day d, s, b 1a cac trang thai chuan; d’,s’,b’ la cac trang thai vat 1y véi cac
khoéi lugng tuwong tng 1a my:, myr, my; VLC{R 14 ma tran chuyen co sd. Tuong
tu cho cac quark trén u,c,t véi ma tran chuyén cd sé la fob, r- Ma tran tron
cac quark duge dinh nghia 1a Vogy = V;' TV,fl. Dén nay, cac yéu to clia ma
tran nay cing nhu khéi lugng ctia cac fermion da duge xac dinh [1].

Tuwong tac cia cac gauge boson véi cac fermion duge xac dinh qua La-

grangian sau,

_ 9 - + + — em g 0
Ling = 7 (J, WHE + JXWHT) + gsw JS™ A + so W2 (1.9)

Trong do, cac dong mang dién va trung hoa nhan dugce la
J, = %Dm/u(l—%)ei#—%ﬂﬂu (1 —~5)d;, JI = (J;)T,
T = QUf) fut,
= P |90 (1) = 92" (P . (1.10)

v6i f tinh cho tat ca cac fermion. Cac hiang s6 tuong tac clia dong yéu trung

hoa duge xac dinh: gi* (f) = Ts(f) — 25%,Q(f), 92" (f) = Ts(fr). C6 thé
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nhan thay cidc dong mang dién c6 dang V — A nhu trong tuong tac yéu va
chi ¢6 cac fermion phan cyc trai trong ludng tuyén tham gia. Cac dong mang
dién noéi fermion trén va fermion duéi, con dong trung hoa va dién tit ndi cac
fermion cuing loai.

Trong SM, cac dong trung hoa bdo toan moi vi 6 gan ding cay nhung
dong mang dién ctia W boson lai thay doéi vi quark thong qua ma tran
Cabibbo-Kobayashi-Maskawa (CKM). Diéu nay tryc tiép dan tdi cdc qua trinh
vi pham vi quark nhu sy tron 1an cia cac meson trung hoa hay cic kénh ra
meson. Dén nay, tat ca cac du doan trén ctia SM da dudce thuc nghiem kiém

116[36//37].

chitng, két qua cho thay 1a chua triing khép, tuy su sai khéc rat nhé
RAt c6 thé sy sai khac nay lien quan dén vat 1y méi.

Mot s6 van dé khac ctia SM ma ching toi quan tam:

e Trong SM, s6 lepton luon luon dudc bio toan va ding dén moi bac clia
ly thuyét nhiéu loan [32}38]. Dong thoi, cdc neutrino trong SM khong ¢6
khoi lugng. Nhung theo thiyc nghiém, cac neutrino c¢6 khéi lugng rat nhé
(khac khong) va c6 sy chuyén héa gitta cac thé he khac nhau [39,40].
Diéu nay ching té rang c6 sy vi pham s6 lepton thé hé trong ving lepton

trung hoa.

e Trong SM, cic thé hé fermion biéu dién giébng nhau (lip lai) dudi déi
xtng chuan va chi can xay dung mo hinh cho mot thé hé tit do suy ra
cho céac thé hé con lai. Do vay, SM khong giai thich dudc tai sao chi c¢6

ba thé he fermion quan sat thay trong tu nhien [23].

e Trong SM khong ton tai hat ndo théa man tinh chat cta vat chat toi
(trung hoa, thoi gian séng du 16n, mat do tan du, ...). Cac két qué thyc
nghiém quan sat Vil tru lai cho thiay Vi tru hién tai chita khodng 23%
vat chat toi [23)24].

e Bé rong ra toan phan ctia W boson dudc tinh ¢ mitc cay véi phan dién

yéu va ké dén hieu tng bo dinh QCD [41]: Tt = 1.040‘]\/‘%" + aMw ~

2
2s 4sW

2.0936 GeV. Theo dit lieu gan day [1]: T1F = 2.085 + 0.042 GeV.
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Ngoai ra, SM ciing khong gidi quyét duge van dé bat déi xing vat chat
va phan vat chat [23,42], sy lugng t1t hoa dien tich [23]. Nhiéu dau hieéu khéc
cling chi ra rang SM chi 13 1y thuyét hieu dung ctia mot ly thuyét mé rong
tong quat hon. Viéc xay dung céac 1y thuyét mé rong nham gidi quyét cac van

dé con ton tai la rat tu nhién va can thiét.

1.2. Cac mo6 hinh md rong

Nhiéu ly thuyét khac nhau da dude xay dung nham giai thich cac van dé
ngoai pham vi SM. Ly thuyét thong nhat 16n SU(5) va SO(10) giai thich t6t
cac van dé nhu khoéi lugng neutrino, bat déi xting vat chat va phan vat chat.
Nhung 1y thuyét nay lam viéc 6 thang nang lugng qua 16n (101 GeV) nén rat
kho6 kiém chiing bang thuc nghiem. Tréi lai, Iy thuyét sieu déi xting lam viec
§ thang nang luong c¢d TeV c6 thé kiém chiing bang thyc nghiem bdi LHC.
Tuy nhién, viing khong gian tham s6 ctia cAc mo hinh dude xay dung theo ly
thuyét nay lai bi gi6i han rat hep. Hon nita, cho dén nay chua cé hat siéu déi
xting ndo duge tim thay. Ngoai ra, con c¢6 1y thuyét nhiéu chiéu khong gian,
Iy thuyét day, ...

Trong céc huéng md rong SM, huéng mé rong déi xiing chuan phan
nhém déi xiing mo ta tuong tac dién yéu duge rat nhiéu nha khoa hoc quan
tam vi c6 nhiéu diém thd vi. Theo huéng mé rong nay, nhieu mo hinh da
duge xay dung nhw M3221 [7-14], cac mo hinh 3 — 3 — 1 [15-22], cAc m6 hinh
34— 1 [20,2930].

1.2.1. M6 hinh dbi xi@ng trai-phai t6i thiéu

M3221 duge xay dung dya trén cd s§ nhom chuan SU(3)c ® SU(2)r ®
SU(2)r@U(1)p_r |7H14], trong d6 phan SU(2), tuong xting v6i SU(2) g nén
duge goi 1a dbi xtng trai-phai. Hing sb tuong tac cia SU(2)p va SU(2)g la
bang nhau. Trong M3221, cac fermion phan cuc trai dude xép vao ludng tuyén
ctia SU(2)p gidng nhu trong SM, cac fermion phan cyc phéi tuong tng dugc

xép vao ludng tuyén ctia SU(2)g. Cac s6 lugng tit ting véi tich mau (SU(3)¢)
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va tich B — L (U(1)g_1) cha tat ca cac fermion giong nhu thong thuong.
M3221 thuong lam viéc véi mot vo huéng 13 ludng tuyén doi ctia SU(2)L va
SU(2)g, va hai tam tuyén vo huéng (mot trai va mot phai).

M3221 déng vai tro quan trong trong viéc phat trién céc ly thuyét vé
khéi lugng neutrino dé 1a co ché seesaw, va chi ra khéi lugng neutrino khac
khong trude khi duge thiyc nghiém xac nhan. Dac biét, cac két quad mang tinh
hién tuong luan ctia cdc hat méi déng gép vao sy tron lan meson cing nhu
cac kénh ra meson da dugc nghién ctu [43-48]. Su dong gbép ctia dong phan
cyc phéi cho van dé V,; ciing da duge thao luan [49-51].

Dic diém quan trong trong M3221 1a déi xtng chin 1é¢ hoan toan chinh
xac nhung tinh bat déi xting nhu da thay trong tuong tic yéu dan dén sy tuy
dong pha vé ciia SU(2) g & thang ning lugng 16n. N6i chung, thye nghiém yéu
cau thang trai-phai nam trong mién TeV. Dong thoi, déi xing trai-phai nén
dude mé rong dé c6 sy phit hop hon.

Ciing gidéng nhuw SM, M3221 khong thé giai quyét van dé vat chét tdi.
Hon nita, lien quan dén hién tugng du thira diphoton 750 GeV [521/53], M3221

da duge md rong. Huéng dé xuat chi md rong lugng hat [54H56

la khong tu
nhién do cac truong méi da duge dua vao bang tay. Tuy nhién, cac dé xuat
theo huéng md rong doi xting chuan [28] 1a tit nhién va c6 thé cho cac két qua,
thd vi. Theo huéng mé rong nay, ba mo hinh da duge dé xuat. Mo hinh thi
nhat dua trén d6i xting chuan SU(3)c®@SU(3),®SU(3)r@U (1) x. Cac quark
mdéi xuat hien ¢ thanh phan thit ba trong cac tam tuyén (phan tam tuyén) ciia
SU(3)r va SU(3) g hoan thanh biéu dién fermion, hai thanh phan dau tien 1a
cac quark ctia SM. Hai mo hinh tiép theo lan lugt dua trén doi xing chuan
SUB)c@SU12)@SUB)rU(1)x va SU3)c®@SUB)L@SU2)r@U(1)x
rd rang vi pham doi xting trai-phai. Cac vo huéng va cac quark méi cling dudgc
dua vao mot cach tir nhién nhung khac v6i mo hinh thit nhat. Tat ci cac mo
hinh nay doi héi s6 thé hé fermion phai 1a 3 nhim théa man céc diéu kién khi
di thuong ciing nhu tiém can ty do trong Sic dong hoc lugng tit (QCD) tuong
t1t cac mo6 hinh 3 — 3 — 1 [15-22]. Dé giai thich cuong do tin hieu 16n diphoton

thi thang vat 1y méi néi chung phai thap (dudi vai TeV) va tham s6 dién tich
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phai 16n |28]. Do sau d6 tin hiéu diphoton da khong con xuét hien [57,58] nen
thang vat Iy mdéi phai d 16n dong thoi tham s6 dién tich khong can thiét phai

16n hon nhiéu so vé6i cac gia tri thong thuong.

1.2.2. Cac moé hinh 3 -3 -1

Cac mo hinh 3 — 3 — 1 dugc xay dung duya trén co s nhom doéi xiing
chuan SU(3)c @ SU(3), @ U(1)x (3—3—1). Trong d6, phan nhém dbi xiing
dien yéu SU(2), ®U(1)y trong SM da dugc mé rong thanh SU(3), @ U(1) x.
Huéng mé rong nay duge phat trién bdi Valle, Pisano, Pleitez, Frampton,
Foot, Long, Tran, va mot s6 tac gid khac [15-22]. Cac mo hinh theo hudng
md rong nay cé nhiéu vu diém nhu ¢ thé kiém ching bsi LHC, khong gian
tham s6 it bi gidi han, va cho giai thich hop 1y nhiéu van dé ngoai SM. Chéng
han nhu trong cac mo6 hinh 3 — 3 — 1, v6i mot vai gid thiét phit hop trong
phan fermion va biéu dién, cac diéu kien khit di thuong dan dén hé qua sb thé
he fermion phai 1a boi s6 ctia 3 [17,59]. Két hgp véi diéu kién tiem can ty do
QCD doi héi s6 thé hé quark phai nhé hon hodc bang 5. Hon nita, s6 thé he
lepton phai bang s6 thé he quark [60], ching ta c6 cau tra 16i tai sao s6 thé
hé fermion phai bang 3. Ngoai ra, ciing tit cac diéu kién khit di thuong, mot
trong cac thé hé quark phai bién déi khéac véi hai thé he con lai, ching ta c6
thé giai thich tai sao quark Top lai qua ning. Cac van dé khac nhu khéi luong
neutrino, lugng tt hoa dién tich cing da dugc giai thich hgp 1y [25,/59.61H63].

Ty theo thanh phan thém vao day clia tam tuyén lepton, ching ta cé

dugc cac 16p mo hinh khac nhau.

* Mo hinh 3 — 3 — 1 v6i neutrino phan cuc phai

Trong mo6 hinh nay, neutrino phan cyc phai duge dua vao day ctia tam
tuyén SU(3)r, (vr,er, (vgr))T [15,19522]. Diéu nay din t6i he qua cac neu-
trino trong mo hinh c6 thé nhan khéi lugng nhé thong qua co ché seesaw [25].
Tuy nhién, thang seesaw rat cao, c6 thé c¢d thang thdng nhat 16n, va dan dén

van dé phan bac khong tir nhién trong mo hinh 3 — 3 — 1. Trong cac ly thuyét

13



do6i xtng trai-phai, thong nhat 16n SO(10), hoic SM vdi cac neutrino phan
citc phéi ciing gap phai van dé tuong tir. Dic biét, thyc nghiem chua quan sat
thay neutrino phan cic phai.

Trong v331, hat vat chat téi dd dugc dong nhat [26]. Tuy nhién, tinh
bén clia vat chat toi khong duge ddm bdo. Hon nita, theo gidi han bdi thuec
nghiém thi vat chat t6i nam trong mién khdi lugng thap (c6 MeV) 1a khong
tu nhién. Theo d6 thi ching phai c6 khdi lugng nam trong thang vat ly méi
(c6 TeV). Ngoai ra, ¢6 nhiing mé rong don gidn nhu thém mot don tuyén vo
huéng thye trung hoa véi doi xing Z, ciing cho vat chat toi [27].

Trong v331, khi xép céc lepton va phan lepton vao tam tuyén, s6 lepton
sé khong con 1a déi xting Abel, né la dbi xing khong Abel. Dé dong kin dai
s0, toan tt méi L (s6 lepton md rong) da duge xay dung [64]. Ngoai ra, hai
tam tuyén Higgs trong v331 tuong ty nhau dusi déi xitng chuan, ching dugc
phan biét do s6 lepton khac nhau. Néu s6 lepton bi vi pham, chiing hoan toan
tuong duong. Theo d6, cé thé rat gon phan Higgs. Mo hinh 3 — 3 — 1 tiét
kiem [65,/66] dugc xay dung dya trén y tuéng nay. Mo hinh 3 —3 — 1 tiét kiem
c6 nhiéu wu diém nhu sé da tuyén Higgs nhé nhat, lugng tham sé tu do it
hon nhiéu so véi cdc mo6 hinh 3 — 3 — 1 ban dau, gidi thich dugc khoi luong
neutrino khic khong. Ngoai ra, rat gan véi #331 con ¢6 mo hinh 3 — 3 — 1 véi
fermion trung hoa. M6 hinh nay cho khdi lugng neutrino véi thang seesaw ¢

TeV, dong thoi gidi thich hop 1y ma tran tron lepton, ma tran tron quark.

* M6 hinh 3 — 3 — 1 tbi thiéu

Day 1a 16p mo hinh 3 — 3 — 1 dugc xay dung bang cach xép céc lepton
phan cyc trai va lepton mang dién phan cyc phai trong SM vao cuing mot
tam tuyén SU(3)r, (v ,er, (er)®)T. Do vay, cac mo hinh loai nay khong can
them céc lepton méi [16H18|. Cing nhu trong 331, mot toan tit méi £ (s6
lepton mé rong) da duge xay dung. Trong M331, cac truong Higgs c6 VEV
khac khong déu c6 sb lepton L = 0. M331 tuy khong can dén cac neutrino
phan cyc phai nhung lai cho phé Higgs phtc tap va rat khé chéo hoa chinh
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xac dude. Gan day, mot mo hinh chi xét dén hai tam tuyén Higgs da dugc
xay dung va goi 1& mo6 hinh 3 — 3 — 1 t6i thiéu rit gon [67]. M6 hinh nay cho
phd Higgs don gidan nhu mo hinh 3 — 3 — 1 tiét kiem.

Ngoai ra, khong gian tham s6 ctia M331 bi gidi han manh béi cyic Landau
va thyc nghiem vé FCNCs. Hon nita, déi xting B — L dugc bao toan trong ly
thuyét [68]. Do d6, d6i xitng nay nén dugc xem xét trong cac ly thuyét mdéi.
Gan day, cac nha khoa hoc da dé xuat mo hinh mé rong tit SM tuong tu nhu
huéng mé rong 3—3—1, dong thai dua thém nhém chuan U (1) y vao dé dién ta
ddi xitng B— L tao thanh nhém chuan SU(3)c®@SU(3) L @U (1) x@U (1) x [64].
Mo hinh nay khong chi gidi quyét dude cac van dé da nghién citu trong cac
mo6 hinh 3 — 3 — 1 ma con giai thich ty nhién mot s6 van dé mdi nhu vat chat

t61 |64469], bat dbi xing baryon ctia Vi tru [70].

1.2.3. Cac moé hinh 3 -4 -1

Cac md hinh 3—4—1 dugc xay dung dya trén cd s nhém chuan SU(3)c®
SU4)r@U1)x (3—4—1) [2029430]. Trong d6, nhém chuan SU(2);, @U(1)y
ctia SM da dugc md rong thanh SU(4)r ® U(1)x. Theo huéng nay thi day la
sy md rong cao nhat ctia phan dien yéu [71].

Theo hiéu biét ciia ching t6i, gop phan thic day su phat trién ctia cdc mo
hinh 3 —4 — 1 trudc tién la Fayyazuddin va Riazuddin vé6i viéc giGi thiéu thap
tuyén [|72]. Trong do6, dien tich ciia cac lepton thanh phan thit ba va thi tu cia
tit tuyén lan lugt 1a ¢ = 0, ¢ = 1. Gidi han thu dugc veé sin cia goc Weinberg
Ia sin? @y = 0.25 va thang pha v3 nhém SU(4) 1a 3.3 x 10* > mx > 6.4 x 10°
GeV. Tai thai diém do, viéc sip xép cac hat trong [72] 1a chua ding. Tiép
theo 1a M. B. Voloshin [71], ngudi da ¢6 gang gidi quyét van deé lien quan t6i
khoi lugng nhé va moment tit 16n ciia neutrino. Theo do6, cac tac gid chi tap
trung vao phan lepton ma & dé6 dién tich ctia cac lepton thanh phan thit ba
va thit tu clia t@ tuyén lan lugt la g =1, ¢/ = 0.

Cac van dé lien quan dén kht@ di thuong va lugng t hoéa dién tich,

neutrino va sy khac biét giita cac thé he da dugce de cap trong |73,74]. Trong
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[75], cac neutrino v& bat bién chuan dien tit da dugc thdo luan, trong khi
ra hai 1an beta khong neutrino gidi phéng Majoron trong mo hinh 3 —4 — 1
t6i thiéu v6i neutrino phan cyc phai chita mot thap tuyén da dugc xem xét
trong [75,/76]. Gan véi d6i xiing gian doan Z, mo hinh khong c6 céc dien
tich la sinh phd khéi lugng phit hop da duge dé xuat trong [77]. Mo hinh
SU4)ew) ® U(1)(p—y v6i doi xtng trai-phai da duge de xuat trong [78].
Dicu tha vi 1a syt thong nhat dién yéu clia cac quark va cic lepton trong mot
nhém chuan SU(3)¢ ® SU(4) ® U(1) da duge xay dung trong [79]. Van dé
moment tit di thuéng muon trong moé hinh SU(4) ® U(1)y da duge théo luan
trong [80]. Khdi lugng neutrino va sy tron 1an theo cach thiic dac biet da dugc
trinh bay trong [30].

D6 1a tat ci nhitng gi da c6, ngoai trit mo6 hinh 3—4—1 siéu doi xing [81],
thé Higgs chita thap tuyén lan dau tién dugc ching toi phan tich. Mo hinh
3 — 4 — 1 tdi thiéu v6i neutrino phan cuc phai dugc chiing toi trinh bay trong

chuong 3 1a tuong ty cac mo hinh 3 —4 —1 da dugce xay dyng dau tien [20429].

1.3. Két luan chuong 1

Trong chuong nay, ching toi da xem xét cac van dé sau:

1. Nhitng nét co ban ctia SM nhu su sip xép cac fermion, pho hat trong
phan gauge va vo huéng, cac dong, mot so6 két qua v mot sd van de
chua thé gidi quyét trong pham vi SM c6 lién quan dén noi dung cia

luan an.

2. Mot s6 mo6 hinh mé rong ttt SM nhut M3221, cac mo6 hinh 3 — 3 — 1 véi
hai 16p mo6 hinh co ban la v331 va M331, cdc mo hinh 3 —4 — 1, va mot

vai huéng md rong khéc.
Qua do6, ching t6i nhan thiy ring:

e SM la Iy thuyét t6t dé mo ta ba loai tuong tac co ban gdom tuong tac
yéu, tuong tac dién tit, va tuong tdc manh. Thé nhung, con nhiéu van

dé ma SM chua thé gidi thich. Rat c6 the SM 1a Iy thuyét hieu dung ciia
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mot 1y thuyét tong quat hon. Viéec di tim céc 1y thuyét mé rong tit SM

1& tu nhién va can thiét.

e M3221 13 mot trong nhiéu huéng maé rong thu hat nhat ctia SM. M3221
gidi quyét tét van dé khoi lugng neutrino. Tuy nhién, M3221 khong giai
thich dugc sy ton tai clia vat chat t6i, va M3221 da duge mé rong. Cac

dé xuat trong [28] 1a ty nhién v nén dugc tiép tuc nghién ciu.

e Cac mod hinh 3 — 3 — 1 thong thuong giai quyét dudc van dé khéi lugng

neutrino, vat chat t6i nhung khong tir nhién.

e Cic mo hinh 3—4— 1 13 mot sy md rong tha vi va gidi quyét duge nhiéu
van dé ngoai SM. Thé nhung, phan Higgs vat 1y 1a phan quan trong lai
chua dugce nghién cttu nhiéu. V6i sy phat trién manh mé ctia Vat 1y Hat

nhu hién nay, né nén dudc nghién citu nhiéu hon nita.

Vi vay, chung toi tap trung nghién cttu mé hinh 3—-2—-3—-1va3—-4—1.

Cac két qua nghien citu dude ching toi trinh bay trong cac chuong tiép theo.
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CHUGNG 2. HIEN TUONG LUAN TRONG MO
HINH3-2-3-1

Trong chuong nay, ching t6i trinh bay mo hinh 3 —2 — 3 — 1 v6i dién
tich bat ky ctia cac lepton mdi. Ching t6i khao sat pho khéi luong ciia cac
truong gauge boson va cac truong vo huéng, xac dinh cac tuong tac cia cac
gauge boson v6i cac fermion va véi cac vo huéng, dong nhat cac hat va cac
tuong tac trong SM. Chung toi thao luan cac van deé sé6 thé hé fermion, khoi
lugng neutrino, va tim cac ng cit vién vat chat tdi trong mo hinh. Ching toi
xem xét mot s6 hiéu tng vat Iy méi lien quan dén tham s6 p vi FCNCs, tir do6
xac dinh gi6i han cho thang vat Iy méi va cac yéu t6 clia ma tran tron quark
phan cyc phai. Cac két qua chinh ciia chuong nay da dugc ching toi cong bd
tai Phys. Rev. D 95, 075034, 2017.

2.1. Mo hinh

Nhu ching toi da dé cap, déi xting chuan ctia mo hinh duge xac dinh
bdi nhém chuan SU(3)c ® SU(2)L @ SUB)r @ U(1)x (3 —2—3—1), trong
d6 SU(3)¢ 1a déi xtiing QCD thong thuong va phan con lai 1a sy md rong ciia
déi xitng dién yéu. Nhom ddi xing nay chita dung M3221 nhu mot nhém con.
Tuy nhién, mo6 hinh dang xem xét khong bao toan doéi xing trai-phai Z, giita
cdc nhom trai vd nhém phai cling nhu gitta cidc truong thanh phan tuong tng
bén trong cac nhém nay.

Toan tit dién tich trong mo6 hinh duge xac dinh [28],

Q =131 +T3r + B1sr + X, (2.1)
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& day Tyr, (a =1,2,3), Tigr (i = 1,2,3,...,8), va X lan lugt 1a céc vi tit clia
nhém SU(2)r, SU(3) g, va tich ctia nhém U(1) x. B ¢6 thé biéu dién qua tham
s6 dien tich ¢: 8 = —(2¢ +1)/+/3. Trong m6 hinh dang xem xét, toan tit dien
tich lien hé truc tiép véi tich B — L. Theo d6, 3(B — L) = 8Txr + X. Do vay,
tiy thuoc vao tham s6 8 (hodic ¢), mo hinh ty dong cung cap céc tng cilt vien
vat chat t6i, ching dugce xac dinh bdi déi xiing gian doan tan du W-parity véi
tich

P = (—1)3B-D+2s _ (_1)6(3Tsn+X)+2s (2.2)

tuong tu nhu trong mo6 hinh 3 —3 — 1 — 1 [64}/69.(70,82-84].

Cac fermion trong mo hinh duge sap xép nhu sau [28]:

VaR \

VoL 1 —1
77DCLL: N(172717_§>7 waR: €aR N(171737qT)7 (23)

€al

usy, 1 +1
QSL: ~ (3727176)7 Q3R: d3r ~ (371737%)7 (24)
dsrL, q+2
\ Jin" )
daR
Ug, 1
QaL: - ~ (37271)_)7 QaR: —UaR N(371)3*a_g)7 (25)
daL 6 —q J
\ JaR ’

1 1
3~ 3,1,1,—q—§ , (2.6)

dday a =1,2,3 vi a = 1,2 1a cac chi s6 thé he. Cac con s6 trong ngoac don
lan lugt biéu thi s6 lugng t1 tuong ng v6i nhém thanh phan trong 3—2—-3—1.

Chiing t6i thay rang viec dé xuat them nhém SU(3) g khong chi dan dén
sy xuat hién cta cidc neutrino phan cyc phai trong mo hinh, mang lai khoi
lugng nho cho neutrino qua co ché seesaw, ma mo hinh con c¢6 thém cac lepton
méi E, va cac quark la J,. Tha vila E, va J, c6 tich B — L bang hai lan dién
tich ctia ching: [B — L|(E,) = 2q, [B— L|(J3) = 2(¢+2/3), va [B— L|(J,) =
2(—q—1/3). Do d6, mo hinh chita mot ddi xiing W-parity khong tam thuong va
cac hat B — L sai gom FE, J va nhiéu hat khac. Ching dugc goi 13 W-particles
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va ¢6 thé 1a vat chat t6i néu q # (2m — 1)/6 = +1/6,+1/2, +5/6,£7/6, ...,
v6i m 1 sb nguyen [641(691|7082-84]. O day, W-particles ¢c6 P = P hoic
P~, v6i P* = (=1)*6a+1) £ 1 trong khi céc hat con lai gdm céc hat trong
SM va mot s6 hat méi c6 P = 1 1a cac hat thong thuong. N6i rieng, mo hinh
vGi cac gia tri dién tich thong thuong ¢ = m/3 = 0,4+1/3,£2/3,+1, ..., ching
chita dyng d6i xiing W-parity giong nhu R-parity va W-particles nhu R-odd
particles trong siéu doi xing.

Véi viéc cac fermion phan cuc phai dude sip xép trong biéu dién co ban
ctia SU(3)g, khit di thuong SU(3)g yéu cau s6 tam tuyén phai bang s6 phan
tam tuyén. Do d6, s6 thé hé fermion phai 1a boi s6 ctia 3. Diéu nay tuong ti
nhu mo6 hinh 3 — 3 — 1 [17,/59]. T viéc cac quark phu duge dua thém vao dé
hoan thién cac biéu dién, diéu kién tiem can tu do QCD yéu cau sb6 thé he
phai nhé hon ho#ic bang 5. Nhu vay, s6 thé hé bang 3 1a phit hgp. Hon nita,
cac quark phan cuc phai 6 thé hé thit ba bién doi khéc so véi hai thé he dau.
Dicu nay dan téi xuat hien FCNCs & gan ding cay gay béi cac quark phan
cuc phai khi ching tuong tac véi cac truong vo huéng va gauge boson trung
hoa mdi. Dac diém nay khong c6 trong cac mo hinh 3 —3 — 1 hay céc 1y thuyét
trai-phai khac. Cac mo hinh 3 —3 —1 [15-22] va c4 hai mo hinh bat dbi xiing
trai-phai con lai trong 28] l1a gay bdi cac quark phan cuc tréi.

Dé pha vé dbi xiing chuan va sinh khéi lugng phit hop cho cac hat, céc

da tuyén vo huéng dugce gidi thieu nhu sau:

§o st §7d 2q + 1
G — 11 12 13 1 - <1,273*7_ q+ )7 (2.7)
oSS Syl 6
o1 7 _—
o= pyot ~(1,1,3, ¢+ > (2.8)
3
9
2 2
- =, —__ zit 2(q—1)
E= 2 Ex 2 ~ <1’1’6’T>’ (2.9)
EL113 53;1 ':Qq
\ V2 V2 —33

v6i VEV tuong tng,
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<S>—i v 0 0
V2 o0 v o0}
0 A 0O 0
<¢>=i <:>=L 0 0 0 (2.10)
V2 V) ' '
w 0 0 0

Nhu da dé cap trong [28], néu dua thém viho mot tam tuyén vo huéng A
thi cac neutrino sé nhan khéi luong thong qua cd co ché seesaw loai I va loai
II; nhung néu bdé qua A thi cac neutrino sé nhan khdi lugng chi thong qua
co ché seesaw loai I. C4 hai truong hgp nay déu c6 thé déi chiéu véi dit lieu.
Dé don gian, ching t6i khong dua A vao. W-fields bao gom ®1,2, 513,23, Va
E13,23. Cac truong khéc la cac truong thong thuong.

D6i xting chuan ctia moé hinh phé v& theo hai budc,

SUB)e®SU22),@SUB)rU(1)x
Lw, A
SUB)c®SUR2)LU(l)y ® P (2.11)
u,v

SUB3)c®U(1)g® P.

Trong d6, VEV ctia ¢ (w) cung cap khoi lugng cho cac lepton méi va cac
quark la, trong khi VEV ctia = (A) cung cap khéi lugng Majorana cho cac
neutrino phan ciyic phai. Ca hai VEV w, A cung cap khoi lugng cho cac gauge
boson méi. Cac VEV ctia S (u, v) cung cap khoi lugng cho cac lepton mang
dien thong thuong, cac quark, cac gauge boson yéu, va khoéi liwgng Dirac clia
cac neutrino. Dé rdi, khéi lugng nhé neutrino nhan dude qua co ché seesaw
nhu da deé cap & trén. Ngoai ra, sau buéc pha vé déi xiing thit nhat, doéi xing
gian doan tan du W-parity dudc xac dinh cling v6i déi xting SM do VEV
A 164,/69./70,82-84]. Luu ¥ 1& w, u, v khong pha v& B — L, ngugc lai A pha v6
dé6i xitng nay va xac dinh khoi lugng Majorana ciing nhu W-parity. Nhu vay,

khoi lugng nhé clia neutrino va tinh bén clia vat chat t6i lien quan chiit ché
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v6i nhau. Ching déu c6 nguon goc tit su pha vé doi xiing chuan B — L. Dé
phut hop v6i SM, ching ta phai gid dinh rang u,v < w, A.

Lagrangian toan phan c6 dang,

L= £kinetic + ﬁYukavva - ‘/scalara (212)

phan thit nhat gom céc sé hang dong ning va cac tuong tac chuan. Phan thi

hai v& sau cling lan lugt 14 Lagrangian Yukawa va thé vo huéng,

Lyvukawa = hipPar Stor + hosthorZ Yor + hlQar SQsr + IgQaLS QB8R
+ hE Eurd or + hisJsrd' Qsr + higJurd” Qsr + Hee.,  (2.13)
Vicatar = pzTr(S18) + Ais[Tr(ST9)]? + AasTr(STSSTS) + p2 Tr(ETE)
+ Mz[Tr(ETE)]* + A= Tr(E'EETE) + 15076 + Ao (6 0)?
+ M (¢TST8h) + Ao Tr(STSEET) + A3(¢ 22T ¢) + Ma (0T 0) T (ST 9)

+25(¢T )T (ETE) + A Tr(ETE) Tr(STS)+ (fSo* S+ H.c.),  (2.14)

& day "Tr" la phép lay vét. Cha ¥ réing Qp = io2Qy bién dbi nhu 2* dudi
SU(2)p, tic 1a Q; — UzQr. Cing nhu thé, ching toi c6 S — UpSUJ,
= — UREUEL, va Qur — ULQar dudi nhom SU(2);, @ SU(3)g. C6 thé thay
rang thé hée thit ba ctia cac quark tuong tac véi cac vo hudng 1a khéac so véi hai
thé hée quark dau tien. Diéu nay khong xay ra vdi cac lepton ciing nhu khong
giéng trong M3221. Theo nhu [28], cAc tham s trong thé vo hudéng dugc gitt
nguyen. Ngoai ra, cac sd hang gin véi f, A1 2 3 duge chiing t6i bo sung, ching
da bi bo qua trong nghién ctitu trudc day.

Phan gauge boson bao gom hai W-fields 1a X;gq va, YRi @) hay tuong
ing 1a f(Tle +iT5R) va \[(TGR +iT7r). Cac gauge boson con lai 1a truong
thong thuong. Tong hgp tat ca W-fields, ching toi thiy ring mo hinh cung
CAp cic tng ctt vien vat chat t6i néu ¢ = 0, +1 (ing cit vién phai ¢6 dién tich
trung hoa). Trudng hop véi ¢ = 0, cac ting ci vien la E° hodc X% hodc mot
vai t6 hop ctia (¢9, S¥5, =Y5). Truong hop véi ¢ = —1, cic tng cit vien 1a Y
hodc mot vai t6 hgp ciia (49, S%). Trudng hgp véi ¢ = 1, ting cit vien chi 13
=9,. Ung ctt vien vat chat t&i phai 1a hat lepton sai nhe nhit (LWP), ching
dugce xac dinh bdi W-parity.
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2.2. Phan vé6 huéng

Chiing t6i khai trién cAc truong vo hudng trung hoa (59, S%,, ¢3, =¢;)
quanh VEV nhu sau,

U+Sl+ZA1 SE Sl_3q
S = V2 ‘ (2.15)
- v+S2+ids gl
21 V2 23
¢ A+SitiAs B Els
1 V2 2 \/51
— —q—1 = — 21y o—— Eis 216
o= @ , % = % (2.16)
w+Sg+ZA3 E_?S E%Z’)— ':‘2q
V2 V2 V2 =33

Dé tim diéu kién cyc tiéu thé va pho khéi lugng phan voé huéng, ching
toi khai trién cac s6 hang trong biéu thic thé va chi quan tam t6i nhitng két

qué khai trién dén bac hai clia cac truong thanh phan.

,u?gTr(STS) = %g [u2 +0% 4 2(uS1 + vS2) + A? + A% + 512 + SS
+ 2 (S5t + 55150 + S S + S5 Y)] (217)
15 1
u3(670) = B2 [w? 4+ 208y + A3 + 85+ 2 (o0 + 08 0, V)], (218)

[

(2Tr(ETE) = "7 [A? + 2ASs + AT + S5 + 2 (ELEL + S50

=t++= =q—1=—(q—1) —=29=—2¢q
+ 2 By +E33 Bps0  +E3Es )|, (2.19)

Ais[Tr(S79))? = % [(u2 +0°)? + 4(u® + v*)(uS1 + vS2) + 4(u* ST + v S5
+ 2uvS1 S2) + 2(u® + v?) (AT + A3 + ST + S3) + 4(u® 4+ v°)
x (515552 4S5854+ 8%LSLT + sg;lsgg<q+”) + interaction|, (2.20)
A
A2sTr(STSSTS) = %S {(u* +v*) + 4(u®S1 +v°S2) + 2u” (357 + A7)
+20%(355 + A3) + 4 [(u® +v*)(S51 S5 + S12572) + uv(S13S5 + S5 S12)

+ u?S% 870 + 02 8L et | 4 interaction} . (2.21)
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Ao(9'9)? = % [w + 4w® S5 + 6w*S; + 2w A3

+ 4w® (gb‘{(;ﬁl + 3t o5 (q+1)) + interaction}, (2.22)

A _ _
Mz[Tr(ETE)]? = 252 [A* + 4438, + 6A%SE + 20°AF 4 4A° (2,8, + ELE
+ 5;;5;; + B e Eégaggq) + mtemcm'on}, (2.23)

Xo=Tr(212E2TE) = % [A* +4A%Sy + 6A*ST + 20 A

+ 4A* (B2, + ELEL) + interaction|, (2.24)

A (67STSh) = [ 209677 + w2 S8, S50 + vl ey (T 42 gett g5 (et

+ uw(p1S1st + Sis01 ?) + vw (¢g+1823(q+1) + ST g (q+1))

+ interaction], (2.25)

{ A% 4+ 20 ASy + 2uA®S) + uP (AT + S5) + AP (AT + S7)

+ 4uAS154 + u (~12~12 +E13E1) + v’ (E Bl + 2855 Bg

+ E45 12 ) + 20758, S5 + AV2 [u(ShER + EfSh

=23 So3

Ao Tr(STS=EE) =

+ St + 20557 + v(S5iEn + Ef2Sa1)] + interaction},  (2.26)

1313

—1=—(q— 1)_+_2'—‘2<J:3—32Q>

- A - —q —q
Na(¢'EE"9) = 22 2070167 +w® (21,5 + 55 'Ex

+ AWV2(¢IETS + B, 079) + interaction}, (2.27)

(o7 ) Tr(S79) = % [(u2 + v w? + 2w(u® + v*)Ss + 2w (uS) + vSs)
+ (u® +v*)(A3 + S3) + w (AT + A5 + S7 + 55) + 4wuS; S3

+ 4wvS2Ss + 20” (ShS + SHSm + ShLSH + S5 S5

+ 2(u® 4 v°) (¢‘f¢1_q + ¢g+1¢;(q+”) + interaction} . (2.28)

A
As(o'p)Tr(ETE) = f [w?A? + 2w?ASy + 2wA® S5 + w?(A] + S7) + A* (A3 + S3)
—=q—1=—(q—1)

2(=t= —q | otto-
+ 4wAS354 + 2w (~12~12 + 2135 + 535 Ea + 533 Eoy
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+ Z20E5.29) 4 2A° (cb‘{cbf T+ ot gy (q“)) + interaction|, (2.29)

A Tr(E12)Tr(S1S) = % [(u® +v*)A® + 2A% (uS1 + vS2) + 2A(u? + v*) Sy

+ 4AS4(uS1 + vSa) + A*(A7 + A3 + ST + S3) + (u® +v°)(A] + S3)
+2(u® 4 v?) <Ei—251_2 +ELEW + 55 2 + 53515273(1171) + 33353_32(1)

22 (SES;Q + S5 S5 + 89S + 53;15;3@“)) + z'ntemcm'on}, (2.30)

fS¢*S 4+ H.c = —fV/2 [uvw + vwS) + uwSa + uvSs

tu (A2A3 + 585 — gatlgp(ath) _ Sg;—l¢;(q+1)>
+v (A1 45 + 8185 — ¢{S15! — Sy 7)

+ w (5'152 — A1 Ay — 5,55, — S;lSl_Q)] + interaction. (2.31)

Sau khi nhém cac s6 hang cing bac theo cac truong thanh phan lai véi

nhau, ching toi tach thé vo huéng ra nhu sau:
V(S7 ¢a E) - Vmin + Viinear + Vmass + ‘/interaction- (232)

Trong d6, tat c cac tuong tac chita trong Vinteraction- Vinin 18 CUC tiéu clia thé,
no6 doc lap véi cac truong va chi dong goép vao niang lugng chan khong. Viinear
gdm cac s6 hang bac mot theo cac truong, bat bién chuan doi hdi Vipear = 0,

tit d6 ching t6i nhan dudc cac diéu kién cuc tieu thé.

1
pEu 4 (Mg + Aag)u — V2 fvw + §u[2)\1502 + Mw? + (Mg + Xg)A%] =0,
1
120+ (Mg + dag)v® — V2 fuw + 51}(2)\15u2 + Mw? + AgA?) =0,
2 3 1 2, .2 2
W + Apw®” — V2 fuv + §w[)\4(u +v7) + AsA%] =0,
2 2 1 2 2 21 _
U= + ()\15 + )\QE)A + 5[()\2 + )\6)u + A=gv” + Asw ] =0. (233)
Vinass 0m cac s6 hang chita bac hai theo céc trudng thanh phan. N6 c6
thé tach ra, Vipass = Viooo + Vi + ViShateed trong d6 hai s6 hang dau tien

lan Iugt mo ta cac truong vo huéng C'P chin va CP 1é, con s6 hang cudi chia

cac truong vo huéng mang dién.
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Sau khi st dung cac diéu kién cuc tieu thé, ching t6i xac dinh dugc,

1 T
Viw=5( 5 S 8 S0 )ME( 5 S S s ) . (23
& day M2 1a ma tran nhu sau:

2(A1s + Aas)u® + @ 2XA1suv — V2fw  Aguw — V2 fv (A2 + Xg)uA

2X15uv — V2 fw (M32)22 Avw — V2 fu A6VA
Auw — \/§fv Avw — \/§fu 2)\¢w2 + @ AswA
()\2 + )\G)UA AeUA AswA 2()\15 + )\25)/\2

trong d6 (M2)aa = 2(A1s + Aag)v? — Aagu? + 2?55—3\;) Chu y rang f 1a mot
tham s6 c¢6 thit nguyen khoi lugng,
AUV AouvA?

Vow 2v/2(u2 — v2)w’
diéu nay nhan dugce tit hai diu kién cyc tiéu thé dau tien trong (2.33). Béi vi

f= (2.35)

u,v < w, A nén tham s6 f ¢d thang w, A. O gan dtng bac mot, u, v < w, A, f,
ma tran khéi luong & trén cho mot trudng vo huéng H; = “552—\/%522 khong khéi
lugng va ba truong vo huéng cé khdi lugng 16n:
—vS1 + uSs 9 Ao (u? + v?)A?
Hy = ———=, my, = 2 _,2)
2(v? — u?)

VuZ 02
Hg = C(pSg — 89054, H4 = ScpSg + CcpS4,

mir, = Apw” + (M= + Aoz)A? — \/[()\15 + Aoz) A% — Npw?]? + A2w2A2,

my, = Apw® + (A= + doz) A% + \/[(ME + Aoz) A% — Npw?]? + A2w2A2,

trong do6 chung to6i dat c, = cos g, s, = sin g, v6i

)\5UJA
to, = . 2.36
227 (M2 + daz)A? — Aguw? (2:36)

O gan ding bac tiép theo, khéi luong cac Higgs my (i =1,2,3,4) duge bd

dinh céc sé hang chia u?,v?. Dac biét, khoi Iugng ciia Hy xap xi 1a
mi, = 2(A1s + Aag)u® — Aogv”. (2.37)

Diéu nay cho thay H; c6 thé dong nhat 1a Higgs boson ctia SM. Con lai, Hz 3 4

13 cac hat méi véi khoi lugng cd thang w, A.
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Déi v6i phan gid vo huéng, ching toi ciing xac dinh dudc,

Vie=3 (A 40 4 A )ME( A A Ag Al ) . (239

§ day M3 1a ma tran nhu sau:

22205 (02 —u?)—A3A?)] wv[2Xag (W2 —u?)—AgA?] wv? 2299 (12 —v2)+ A5 A2] 0
2(u2—v2) 2(u2—v2) 2(u?—v2)w

wv[2X05 (V2 —u?)—AgA?] u?[2205 (V2 —u?)—A3A?] u2v[225g (u? —v2)+A9A?] 0
2(u2—v2) 2(u2—v2) 2(u2 —v2)w

wv? 2259 (w2 —v2)+A5A2] u?v[2A0g (u?—v2)+A5A2] w202 2005 (V2 —u?)— Ao A?] 0
2(u2—v2)w 2(u2—v2)w 2(u2 —v2)w?

0 0 0 0

Ma tran khéi luong trén chi cho mot truong gid vo hudng vat 1y A vé6i khoi
lugng mil,
vwA; +uwAs — uvAs
V(@2 +0?)w? +ue?’
[v2w? + u?(v? + w?)][2Ma5 (u? — v?) + Ay A?]
2(u? — v?)w? ’

m% = (2.39)
khoi Iuwong nady c6 thang w, A. Con lai 14 ba trudng gid vo huéng khong c6
khéi lugng,

—uA] +vA>
N

o = uv? Ay + uvAs + w(u? +v?) A3 (2.40)
2 V(W? +02) (u?0? + w?u? +w21)2)7 '

Gz =

G31 — A47

ching lan lugt 1a cac Goldstone boson bi hap thu bdi cac gauge boson trung
hoa Z, 2, va Z1.

V6i phan vo huéng mang dien, cac trudng 25,5, E;tg(q_l), va 23, khong
tron. Ban than chung 13 cac truong vat 1y v6i khoi luong 1lan lugt 13

)\2(1)2 — ’U,2) — 2)\25/\2

miii = s (241)
=22 2
Ao (V2 — 2u?) 4+ Agw? — 4oz A2
M2 = 2 ) 1 - =, (2.42)
—23
Asw? — Agu? — 2 9= A?
M2, = S (2.43)
—33

cac khoi Iugng nay déu thuoc thang w, A. Cac trudong vo huéng mang dién

con lai tron 1an véi nhau,
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— —q

Sio S13

Vcharged 5 S+ SJr —t M2 S + Sq q —q M2 —q
mass 12 21 =12 C1 21 13 1 =13 cq | @1

= =49

=19 =13
S2—3(<1+1)
(g+1) (g+1) 2
+ ( S53 2 )MC(q+1) ¢2—(q—|—1) , (244)

6 day MZ , M%q, Vi Mé(qﬂ) lan lugt 14 ma tran khéi lugng clia cac truong
v0 huéng tich dién don, ¢, va (¢ + 1).

Trudce tién, ching to6i co

Aou? A2 AouvAZ Aou
2(v2—u?)  2(v2—u?) 22
2 _ AouvA? Aav?A? AouA
M¢, Sy S cremery Vel . (2.45)
Azud Apul A2 (v —u?)
22 2v/2 4

Tt ma tran khoi luong nay, ching toi nhan duge mot trudng vo huéng vat 1y

tich dién don c6 khdéi lugng 16n ¢6 thang w, A,

V2uASE 4 V2uASHE + (v? — u?)ET,
V2(u2 + v2)A2 + (v2 — u?)?

2 _ A2 o w2y 2(u® 4 v*)A?

HE =

Y

My = 7 |Y R (2.46)
Hai trang thai con lai khong c6 khéi lugng,
ot _ —vSE +uSE
i m
G — u(u? — v )512 +o(u? —v ) 1T V2(u® +v )A~12 (2.47)
W2 V(w2 —v2)2(u? + v?) 4 2(u? + v2)2A? ’

ching 1an lugt 13 cac Goldstone boson bi hap thu béi cac gauge boson Wi, Wi

V6i cac truong vo huéng tich dién ¢, chung t6i c6

ﬂfbv_w + L (Aw® — X2A?) V2fu+ 2ge AQQ\%\
M, = Vo 4 du O S~
Szt % 10a0® = xou?)

uSiq —we] q—i—\/>Au13
VuZ+w242A2

khoi lugng, né chinh 1a Goldstone boson bi hap thu béi gauge boson X*9. Dé

Tt day, ching toi nhan duge mot trang thai G)i(q = khong
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tim cac trang thai con lai, ching toi dat,

+q +q
wSis + ugy

H’iq _
6 - /—UZ T 02 )
+ + —+
i —V2uASTH 4+ V2wAeT ! + (u? + wz):l‘gq7 (2.48)

V(U2 + w?)(u? + w2 + 2A2)
chiung tryc giao véi qu. Cac trudng vat 1y tuong tng 1a cac to hgp clia Héiq
VA H;iq. Trang thai va khoi luong ciia ching dude xac dinh:

N A (u? — v?)w? — Xgu?A?

+q It+q 1tq 2

Hyt 2(u2 — v2) ’
As(w? + 2A2
HF" = s, H + ¢, H, Mty 3(w Z ), (2.49)

& day goc tron 1an gitta Hi-? va HIF9 duge dat 1a ¢,

N 2(A2 + Ag)ul\/2(A% + w?) (2.50)

20w+ Azw(w? + 2A2) + 2XA2wu?A? 7

w2 —p2

tz‘Pq

n6 14 nhoé do u,v < w, A, tic 1a cac trang thai tron rat it.
Cubi cluing, con lai hai trudng vo huéng mang dién (¢ + 1). Mot trong s6
chung khong c6 khoéi luong va duge dong nhat 14 Goldstone boson bi hap thu

béi gauge boson Y+t

Gy _ w8 wsp T (2.51)
Y e '

Truong con lai trifc giao véi né va c¢6 khoi lugng 16n ¢ thang w, A,

+ +
(et wSs T + vy Y
® Vu? + w? ’
(v? + w?)[(u? — v?)(2A25u? — Ajw?) + Aau?A?]

2 _
mHSﬂ:(q+1) - 2(U2 _ v2)w2 . (252)

T6ém lai, mo6 hinh chita 12 truong Higgs c6 khdéi lugng 13 Hf72,3’4, A°
HE, Hyd, Hy Y 25, 55097V, va E579. Trong d6, H; duge dong nhat véi
Higgs boson SM va c6 khdi luong & thang dién yéu, trong khi cdc Higgs boson
khac 14 mdi, ning cd thang w, A. Ngoai ra, c6 11 Goldstone boson khong khoi
lugng, ching tuong tng bi hap thu bdi 11 gauge boson c6 khoi lugng (tinh ca
cac truong lien hop). O gan ding bac mot, cac trang thai vat 1y lien he véi

cac trang thai chuan nhu sau:
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H1 Ca Saq Sl H3 Cyp —Sep Sg
- b - b
HQ _3a1 Ca1 52 H4 84‘0 C(p S4
A Say Cay Lsa; 0 Ay
Gz —Cay Say 0 0 Ao
- b
Gz, 0 0 0 1 As
Gz{ %32041 %32041 1 0 Ay
2 2
+ v U +
Hg Con Son Ve u2+v2 A Siz
+ ~ +
Gw, =~ —Sa; Cay 0 Sa |
+ =
GW2 ﬁCQO[l ﬁCQOq 1 —12
+q u +gq
GX ESOQ —Sas Cagy Sl3
+gq ~ u +q
Hg - Coq wCpq T CazSpy  TSazSp, 1 ’
+q —=Eq
H; Spq — %Cfm Coq CasCy, SazCopq =13
+(qg+1) v +(qg+1)
FE+D) - 1 v +(g+1) |’ '
8 w 2

trong dé cac géc tron a; o da duge dua vao, to, = v/u va t,, = w/v/2A.

2.3. Phan gauge

Sau khi déi xtng chuan bi pha vé béi VEV ciia cac trudng vo hudng, cac

gauge boson vat 1y sé nhan khéi lugng tit s6 hang Lagrangian,
L. = T[(D,S) (D"S) + (D,5) (DPS)] + (Do) (DPo),  (250)

& day cac dao ham hiép bién dugc xac dinh nhu sau:

a . )\'L .
D,S = 08,8 +igy, %AQLMS — igrS % Ainy + igx XsB,S, (2.55)
Ai Y ¥ . -
DME = @5 + igRgAiRu:' + ZgR.:?AiRM + ZQXXEB;L:, (2.56)
.Y .
D,¢ = 8ugb—i—zgR§AiRMq5+ngX¢BM(b. (2.57)

Trong d6, o, va \; lan lugt 1& cac ma tran Pauli va Gell-Mann. g, gr, va
gx lan lugt 1a cac hiang s tuong tac cia nhom SU(2)r, SU(3)g, va U(1) x.

Xs =4 lan lugt 1a tich U(1)x cia cac da tuyén vo hudng.
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Véi cac VEV ctia S, =, ¢ nhu da dé cap, ching t6i nhan dude Lagrangian
khéi lugng,

(1+29)tx 17 _
mass S \/g - ———B"| +2 [W£+WLM

2

t
et = 2 { [, - ont - 50,
2 Bty — q y—au 5, 97 n n LR 4u (1+29)tx 2

+ th (Wh Wi, + X5, X5 ") | Ju+52 3 |4y, — tpal, + LAk, + B
8 V3 3
2

= 2 + 11— +1y,—(a+1) 2_ 9L — + + -

+ 2| WETWE 15 (WET W, + YA Y @) o - (WEWh+ Wi, WE) truv

2 2
a7, tr 2tx 2 + — - 2
+ = { [tRAg‘R + st S - DB i (Wi Wh™ + X3, X)) t A

+ % { [VBtrALy +tx (14 20)BH] 4 D (X3, X 4+ vy (F0) } w?,
(2.58)
4 day chung toi da dat tx = z—f, tpr = g—f, va xac dinh dugce cac trudng gauge
boson non-Hermitian nhu sau:

1 . 1 )
WLiu =/ (A1, FiAary), Wf:gtu =7 (A1ry FiA2ru),

1 . +(g+1 1 :
E <A4Ru + ZASRu)a YR'u(q ) = ﬁ (AGR/,L + ZA?RM)- (259)

Lagrangian khéi lugng trong (2.58) c6 thé viét lai 1a

+tq _

9ith - 2\y —(q+1)y (g+1) 91tk 2 2 2\ v —
Leanee — (v +w?)Yye, YR + (u? + w? 4+ 2A%) X I X!

mass 4 4
T
+ + ) g2 _ _
+(wer owpt )i (W, wa, )
1
+ 5 (Ayp Agg Agp BY) Mg (Aspy Asry Asru B)' (2.60)

trong d6 My, M, lan lugt 1a cac ma tran khoi lugng clia cac gauge boson W
trai-phai va cac gauge boson trung hoa.
Ching toi thiay rang ban than cac gauge boson X;g va Y]i(q“) da 1a
cac truong vat 1y véi khéi luong,
2

2
g g
mi, = 02wt 202, mb, = Rt (26

Céc gauge boson W, g tron lan v6i ma tran khoi lugng 1a

2 2 2
g3 u® 4+ v —2truv
MI%V = ZL . (2.62)
4\ —2tpuv 13 (u2 + 0%+ 2A2)
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Chéo hoa ma tran nay, ching t6i nhan dugc hai trang thai vat ly,

”r:I: ”r:I: ”r:I: ”r:I: ”r:I: ”d:

p — Ce¢ Ly — S¢ R 2p — S¢ L + Ce Ry (263)
2 ~ N - ~ o~ N _ _ —4t puv L.
0 day £ la goc tron gitta Wi, va Wg, toe = tan 2§ = 2%/\2“%51)@””2). Khoi

lugng tuwong ng ctia cac trang thai vat 1y nay la

2 2,2 2
> 91| 2 2 dtruv
My = [“ v 2t%A2+(t%—1)(u2—i—v2)}’
2 2,2
2 IR |, 2 2 2 du”v
~ = 2A . 2.64
= O e+ +2téA2+<ta—1><u2+v2>} (264)

Do diéu kién u,v < w,A nén gauge boson W; c6 khéi luong nhé c¢& thang
dién yéu (u,v). N6 duge dong nhat 1a gauge boson W ctia SM. Ngoai ra, Ws
14 mot gauge boson mang dién méi va nang, ¢6 khoi luong ty 1é v6i thang A.
St tron 1an chia hai truong nay 1a nhé do diéu kién & treén.

Viéc chéo héa phan gauge boson trung hoa phtic tap hon do tat ca bon

trudng chuan déu tron. Ma tran khéi lugng duge xac dinh nhu sau:

u? + '1)2 —tR(uQ + 112) _t_l-':i)’(uQ _ ,02) B\t/%( (ug . '1)2)
£2
M2:£ _tR(u2+7J2) tzR(U2+U2+4A2) 71%(”2 _’U2+4A2) mig
0 4 _m(u2 _ vz) t_l{(UQ _ 02 4 4A2) m2 2 )
V3 V3 33 i3
Bt
Tg(uQ —v?) m?m m4213 m4214

t2
mis = S’ + 07+ d(w + A7),

m2, = —%[\/ﬁﬁ(qﬂ _ 0?4 4A2) 4 12A7],
maiy = —%[5(1;2 + 02 4 4w? 4+ 4A2) + 437,
mi, = %[(zﬂ + 02 + 4w?) 8% + 4(V3 + B)2A?).
Trén hét, tit ma tran nay ching toi luon nhan duge mot tri rieng bang
khong (chinh 1a khéi lugng clia photon) véi trang thai rieng tuong ting (chinh

la trudng photon) nhu sau,

trtx < 1 5 1 >
A,= Asr,+ —A + —A + —B, |, (2.65
TR B Ly i e e o g ) (260
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n6 hoan toan khong phu thuoc vao cac VEV, diéu nay 1a mot hé qua ctia dien
tich bao toan [85]. Chiing tdi c6 thé x4c dinh tuong tac dién tit theo cac busc

trong [85] va roi goc Weinberg (Ay) duge xac dinh,

trtx
sw = . (2.66)
ViR + 5 (1+ 82 +t3)
Theo d6, truong photon duge viét lai,
tw tw tw
A,u = SWA3L[L +cw _ASR,u + B_A8R,u + _B,u ) (267)
lr IR tx

tai day trong dau quic don la cic truong lien quan t6i siéu tich yéu YV =
Tsr + B1sr + X.
Gauge boson Z ctia SM truc giao v4i photon nhu thong thuong,

t t t
ZH = CWABLu — Sw (—W ABRM + 5—W ASR,u + W BH) . (268)
tr tr X

M6 hinh dang xem xét chia hai gauge boson trung hoa méi la Zr va
Z5, ching truc giao véi trudng trong ngodc (tic la tryc giao véi cd trudng
photon va truong Z). Theo d6, ching duge xéc dinh la

1
Z;% = T 5 (tRASR - BtXB ) )

T = —(t% + %% ) Asry + Bty Asru + txtrB,
8 VG + B + (1 + B2)i]

. Cac trang thai mdéi nay phai nang.

, (2.69)

swtr
Vitg—(+t5,+62)s3,
Tiep theo, ching t6i sé chuyén sang co sd méi cua A, Z,,, Z}{M, va ZRru

bang phép bién doi (Asr, Asry Asru Bu)T =U(A, Z, Z Zpgu)T, trong d6

v6i tX =

SW cw 0 0
Sw. swiw 0 . t4+8%t%
I ‘R V R+ + 1+t ]
U= Bsw Bswitw tRr Btk (2.70)
tr tR V2%, Rt (152X ]
sw. swiw _ Bt x txtRr
tx tx V% +B2t% V48263 [t +(1+82)t%]
Tuong ting, ma tran khdi lugng M2 bién ddi thanh
0 0
MP =UTMZU = (2.71)
0 M/2
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Theo d6, truong photon A, tach rieng va la truong vat ly khong khoi lugng,
trong khi cac trang thai khac (Z,, Z,,, Zry) tron lan v6i ma tran khoi Iuong
M'? duge xac dinh nhu sau:

w402 _ (u? —v?)kew tr(uZ+v2)kew
Ty V3[t% +t% (14+52)] (62, +t2, (1+52)]3/2
gL (v2—u?)rew (t%H+8%t%)2 (P +v2+4w?) 44’ A% k(02 —u?) AR VEIAZ
4 V3[t%+t% (1+52)] 3(t%+6%t%) V3 VBr ’
tg(uZ+v3) ke k' (v2—u?) o 4t2R\/?A2 t2 (u2—|—v2 + 4/‘€//,A2)
[t2+t% (14+82)]3/2 V3 V3R R\~

& day ching toi da dat,

k=[th(1+t%) + 1+ B /th + 82%,  w =[th+ (V3+B)Btk]%
o MR+ BE) R+ (L4 8
VT th+ 5%

(2.72)

Do diéu kién u,v < w,A nén cot thit nhat vd dong thit nhat trong
ma tran M'? chita cac phan t nhé hon nhiéu so véi cac phan tit con lai.
Theo d6, ching t6i c6 thé chéo héa M’? bing cach st dung gan ding seesaw.
Ching toi dua vao cd 86 (2, 2, Zru) dé tim cach tach gauge boson nhe
Z,, ra khoi hai gauge boson nang Zﬁ%w ZRy- Co s6 nay lien hé véi co s trude
(ZM,Z}%M, Zgy) qua mot phép bién do6i unitary nhu sau: (ZM,Z%M,ZRH)T =

U(Zu, 2R, Zru)T. Tuong ting, ma tran khoi lugng M'? bién ddi thanh

2
m 0
M =UT MU = z (2.73)
0 M%xQ
Theo gan dung seesaw, chung t6i nhan dugc
1 €1 €2
u >~ —€1 1 0 )
—e 0 1
s g1 | ur 4 e1(u® — v?)kew otk (u® + v?)kew
mz >~ Z 2 5 2 2 - 3 ) (274)
Cw VB[t + 15 (L+ 8] 13, + 63 (1+ 822
92 (t%—FﬂQt%()Q(7;2+v22—|2—4w2)+4n/A2 R”(U\Qf_qﬂ) _ 4t§3[\/PA2
2 9L 3(t%+82t%) 3 3r!!
Maxz = 4 n//(vz—uQR) _ 4%@1&2 2 (20 g2 , (2.75)
\/g \/§/-§” R w7 + K

6 day €12 dugc xac dinh la
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o — V3kew —(u® 4 v?)
A B+ BA (VB Bt + (L+ BB
(u? = v?)

(B + P20 + [ + (V3 + P)FREA? } (270

RCwW U,Q — 'U2

Ar” { Lrlth, + Bt5 (V3 + B)[th + 15 (1 + 52)]A2

€y =

u2+v2

tr[th + (14 B2)t5]2A2 } (2.77)

+

Cha y 1a M3, mo ta hai trang thai nang: Zgr ~ Zgr va Zj ~ Z} trong

gan dang bac mot. Sy tron 1an gitta Z va cic trang thai ning nay 1a rat nho,

€1,€62 < 1 do u,v < w, A. Gauge boson Z,, dugc dong nhat véi gauge boson
Z . 2

Z ctia SM vé6i khéi lugng m% ~ Lli—éw(u? + v?).

Cudi cung, cac trang thai Zj va Zr van tron. Chéo héa ma tran khoi

lwgng ctia ching, ching t6i nhan duge cac trang thai vat 1y tuong tng,

Z1 =CZh— 8 2R, 2] =52+ CZr, (2.78)
v6i khoi luong,

2
mZ, = 5L {5 (w? + 40%) + % [8%0? + (VB + 5)2A7

B (w2 + 482) + 83 (202 + (V3 + B)2AD)]2 — 1233 + (1 + 52>té]w2A2},

2
m2, = 5L {5 (w? + 40%) +  [8%0? + (VB + 5)2A7

4 I (0 + 40%) + (G202 + (V3 + HEADE — 126316 + (1+ B2) A2 |
(2.79)
ching déu ¢d thang w, A. Goc tron e gita Zj, va Zg duge xac dinh,

2V3th(th + B2 t3)[th + B(B + V3)tX]A?

B (W )R — 26, + (V3 — Bt — (V34 BB AT}

(2.80)

no6i chung noé 1a hitu han do w ~ A.
Tém lai, cac gauge boson vat Iy trung hoa lien hé véi cac truong chuan

ban dau nhu sau: (A3, Asgp Asg B)T = V(A Z 2, Z])T, vé6i
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Sw cw 0 0

SW . S%/V \/t2R+t§(B2sgsW o \/t%—l—t%(BchsW

tr trcw trtxcw trtxcw
V:UUUEZUUez Bsw BS%/V t%cecw—ﬂtxsesw tQRsEcW+BtXc€sW >(281)

tr trew trew \/tR+t% B2 trew \/t5+t% B2

2
SW _ Sw —Btx CeCW —SeSW —Btx Secw +Ccesw
tx txcw cW\/t2R+t§( B2 cw \/t%+t%<ﬁ2

ddayUU ~1doe o <1, va

/ 1 0 0 0 \
01 0 O
U, = (2.82)
0 0 co se
\ 0 0 —s. c )

Trong céc tinh toan tiép theo, ching toi sé sit dung V nhu mot gan dang.
Theo d6, Z = Z, va 21, Z} tryc tiép lien he véi Z4,, Zg bing biéu thitc (2.78)
do Zp = Zp va Zly = Zh,

2.4. Tuong tac

2.4.1. Tuong tac fermion-gauge boson

Tuong téc chuan clia cac fermion xuat hién tit phan Lagrangian,

Ly =Viy"D,V
= Vi 9, — gLV ry"(PLy + PV — grV ey (PR + PRy Vg,
(2.83)
6 day dao ham hiép bién 1a DM = au +Z.gLTaLAaL,u +7:gRTiRAiRM —|—Z'ngBM.
Ngoai ra, cac biéu thic liéen quan dén cac dong mang dién va dong trung hoa

dugc xac dinh nhu sau,

Py =TipAiL + Tor Ao,  PYC =TspAsr +tx Xy, B,

tx
PE°= > TirAir, PR =TsrAsg + TsrAsr + EX\I/RB-
i=1,2,4,5,6,7

(2.84)
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Trong d6, ¥y, va Ug lan ludt ap dung cho tat cd cac da tuyén fermion phan
cyc trai va phan cyc phai trong mo hinh. Cha ¥, sy tuong tac ciia cac fermion
v6i cac gluon 1a nhu thong thuong. Ching c6 thé xac dinh dé dang nén da

dugce bd qua & day.

St dung , , va , ching toi tach dugc phan tuong téac

cia cac gauge boson vat Iy mang dién véi cac fermion nhu sau:

Loo =—gLV " PV, — grVpy" PRS U
Lo - _
= _g_ﬁ [ce(Tarr " ear + Uy dar) W7,

+ Sg(VaL’Y €al +uaL’)/ daL)W ]

9r i K 37 © +
— = |—s¢(v, ear + Uq dor)W-
NG [—s¢(VarY"€ar + tary"dar) Wy,

+ ce(VarY" €ar + UaR?Y daR)W
+ (BarY"Var — dar"Jar + Jsry"usr) X},
+ (EarY"€ar + Gar" Jar + j3R'7ud3R)Y1%:1] + H.c.
% qu —(g+1)py q+1
— W+ T W+ XX 0 YA L e (2.85)

(

6 day cac dong Jyyr, Jorr, Jx L Ty DR 130 lugt duge xac dinh:

iy = g\L/%g (Vary"€ar + tar ¥y dar) + g\]jgg (ZarY"€ar + UarY"dar),
Jow = gf/; (Vary"€ar, + tar Yy dar) — gj;g (VarY"€ar + UarY"dar),
Jx™ = _g_\/%(EaR’Y'uVaR — dorY" Jar + J3rV usR),

Jy DR = ?/%(EaR’Y €ar + UarY" Jar + J3rY"d3R). (2.86)

St dung cac trang thai gauge boson trung hoa vat 1y da dugc xac dinh

bai (2.81), cac bicu thic P)yY, PAC duge viét lai,

tx (T3 — Qu,)

ew /% + 15 52

X [(Btxceew + sesw)Z1u + (Btxscew — cesw)Z1,,]

1
PY = swQu, Ay + J(TSL — s Qu,)Zy

trPRY = swQurpAy — swiwQu,Z
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w (tx Beetw + ths ) Tsr — tw (Bt xceew + sesw)Qurp,

t sw/th + t3 32

+ Cgvt% -+ t§(62TgR] Zlu

cw (tx Bsctw — the ) Tsr — tw (Btx scew — cesw)Qup,

te sw/t% + 332

+ Sey/th + 13 52T8R1 A (2.87)

6 day Qu, = T, + Xy, va Q‘I’R =T3r + Blsr + Xy ,. Theo do, ching toi

+

+

c6 phan tuong tac clia cac gauge boson trung hoa vat 1y véi cac fermion tir
(2.83) nhu sau:
Lyc =—gLV ' PLEVL — grUpy* PR C Vg

= —grsw (V27" Qu, ¥ + ¥ry'Qu,Vr) A,

[ Y (T3, — sty Qu, ) Vi, — Ury* sty Qu, V] Z,
x(Tsr — Qu,)
{ t2 ey 52 (Btxccew + sesw)VL

+ ‘T’R’Y”

Tsr

[t% + t3 (8% + 1)]sesw + t5 Becew

tx /% + % 52
txQu
_ﬁ(ﬁtxgcl/v + S€SW) \IIR} le
_ 9 {q,mut x(Isp — Qu,)

+\PR7M _[t2R + tX(B2 + 1)]C€SW + t%{ﬁsecw

tx\/t% + t5 52
+ \/t% + t%(B2SECWT8R
- m(ﬁtxsecw — CeSw) ‘I’R} 21
v6i f biéu thi moi fermion trong mo hinh. Ching toi con nhan dugc,

T3r

+ /1% + t3% f2ccew Tap
Btxseccw — cesw )V
cw V5 + t5 52 ( )
txQuy

Lnc = —grswQ(f)fy"fA,
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— Cg_; {]EL'Y“[TZiL(fL) — S%VQ(fL)]fL — f}?VMS%VQ(fR)fR} Z,
o { £ txTn(f) ~ QU]

(Btxceew + sesw) fL
th + t% 52
2 2 (2 3
[th + 5% (B + 1)]sesw + tx Beeew

tx\/t% + % 52
+ /1y + 15 BccewTsr(fr)

ixQUnr) (Btxceew + 868w)] fR} Z1,

+ frY" T3r(fr)

N
o [ tx[Ton(fo) — QL)

—[t% + 1% (8% + D]cesw + t% Bscew

NG
+ 4/ t2 + % 82scew Tsr(fr)

- %wtxw - cesm] fR} z,. (289
R X

Viét theo dang thong thuong,

+ frY* T3r(fr)

Ly = —eQUNA FAw = 5 = 1" 67 () = 9Z (D)%) 2

- g—iva“ 91 (f) — 93 (F)vs)f 21,

2c
— 2yl () — g5 (F)6)f (2.89)
w

trong d6 Q(fr) = Q(fr) = Q(f), e = grsw. Dé 16i, chiing to6i nhan duge cac

hang s6 tuong tac vector va gia vector,

g0 (f) =T (fr) — 25w Q(f),  9a(f) = Tso(fL),
G2 (f) = (Btxceew + sesw)[TsL(fr) — 2Q(f)]
' SV
2
" SW(t]:fi;r tj%(ﬁ%) + ceew [ th + 1507 Tsr(fr),
X "W R X
(Btxceew + sesw)T31(fL)

tx 1%+ t5 B2

SW(t%{Se +twtxBc)T3r(fR) /42 2
_ —ccew/tH + 1T B2TR fR s
R B .
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g5 (f) =




Z/

Gyia = 95 (Cc = Se; Se — —co). (2.90)
S6 hang dau tién trong (2.89) cho tuong tic dién tit thong thuong. S6

hang thit hai trong 1) x4c dinh dong trung hoa gin véi gauge boson Z,

két qua nay 1a phit hop véi SM. Tat ci cac hing sb6 tuong tac vector va gia

vector clia Z, Z1, Z; véi cac fermion duge tinh toan chinh xac va liet ke lan

lugt trong cac bang (2.1} [2.2) va[2.3] Luu ¥ 14 cac hiing s6 tuong tac clia Z

c6 thé nhan dugc tit cac hing s6 tuong tac tuong tng clia Z; bang cach thay

thé ¢ — Se, Se¢ — —ce.

f g (f) gin) | f g7 (f) gi(f)
v | 3 3 |ee | hrashy | -
FE, —2s%,q 0 Ug % — %s%v %
do | —3+ 2siy —32 | Ja | 2s(g+ L) | O
J3 | —2siy(g+ 2) 0

Bang 2.1: Hing s6 tuong tac clia Z v6i cac fermion.

2.4.2. Tuong tac vo huéng-gauge boson

Tuwong tac cia cac vo huéng véi cac gauge boson nay sinh tir (2.54]).
Khong c¢6 tuong tac manh cho cac vo6 huéng vi chiing khong c¢6 mau. Khai
trién céc truong vo huéng quanh VEV ciia ching nhu trong va .
Thay thé cac trang thai vo huéng vat 1y tu va cac trang thai gauge
boson vat 1y tit (2.59), (2.63), va vao Lagrangian nhu da dé cap, ching
toi nhan dugc tat ca cac dinh tuong tac gitta mot gauge boson va hai vo huéng,
mot vo huéng va hai gauge boson, hai vo huéng va hai gauge boson. Tat ca
cac tuong tac ndy dude ching toi liet ké trong Phu luc A. Trong do, cac hé s6
dinh tuong tac da duge them he s6 doi xing va s6 4o (7). Dong thoi, ky hieu
A9 B = A(dB) — (0A) B thusng xuyén dudc chiing t6i duge st dung. C6 thé
thay rang, cac tuong tac trong SM gitta Higgs boson va cac trudng chuan déu

nhan lai duge 6 gan ding bac mat.
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z z
f (A% L(f) gAl (f)
5 tx [t +/3tX(2I+B)]cecw+f[tR+tX(2+ﬁ )]sesw _\/t?a+t§(52(tx650w+\/5858w)
¢ 2ftX\/t2 +t% 8 23t x
. x [t +B8t% (2v3+8)]ccew —VB[tH+t% (B2 —2)]scsw _\/t%ﬁt%(BQ(txcecw—x/Esesw)
“ 2v/3t x /13, +13 2 2V3tx
. — (t2,4+82t% ccew —2v/3at x (tx Beccw +5c ) VR Htk B ecew
¢ V313 +% 52 V3
u —tX[\/§t§3+5t§((2+\fﬁ)]cecw+[3t2 +t% (382 —2)]scsw \/t%+t§<ﬁz(txce<:w—\/§sesw)
“ 6t x \/t2 —|—t2 23t x
s X [VEZ B2 (VEB—Dccew +BtE 11X (382 —2sesw |V ERTtk AR (Ex cecw +vBsesw)
6tX\/t%+t§(,82 2V3tx
d —tx [VBtH+B8t% (2+VBB)]ccew —[Bth+1% (38%+2)]scsw V15 +t% B2 (tx ccew +VBsesw)
“ 6tx\/t2R+t§(62 2v/3tx
d x [VBtR+8t% (V3B—2)]cccw —[3th+t% (382 +2)|scsw _\/t%g+t_2)(ﬁ2(tXCGCW_\/§363W)
3 6tx y/t% +t% B2 2v/3tx
J [V3t%+B8t% (24+6¢+v3B8)]cecyy +2(1+3q)t x se sy \/t2 +t% B2ccew
“ 3\/t%+t§(62 V3
J —\f(t —|—,32tX)c€cW—2(2+3q)tX(tX,BcecW—l—sesW) \/t%:i‘f‘t%(ﬁQCeCW
8 3\/7&2 +t2, 52 V3
R X
Bang 2.2: Hang s6 tuong tac ciia Z; véi cac fermion.
g g g
2.5. Hiéu tng vat ly méi va cac gidi han

Trong , hién tugng du thita diphoton 750 GeV da dugce thao luan. Do

cic tin hiéu nay khong con xuat hién trong cic két qua tham do gan day & lan

chay thtt hai cia LHC nén thang vat ly méi phai du 16n (trén vai TeV). Tat

nhién, tham s6 dién tich ¢ c6 thé duge chon nhu nhitng gia tri thong thuong.

Trong phan nay, ching to6i sé tap trung vao mot sé hiéu tng vat 1y méi lien

quan dén tham s6 p va FCNCs ¢ gan dang cay. Tt d6, ching toi tim gi6i han

cho thang vat Iy mdéi va cac yéu td ma tran tron quark phan cic phai.

2.5.1. p va cac tham sé tron lan

Vat 1y mdéi dong gép vao tham sé p bat dau tit mitc cay do sy tron 1an

clia cac gauge boson SM (Z va W) véi cac gauge boson mdéi. N6 duge xac

dinh nhu sau,
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Zz! =7
f gy (f) ga (f)
y tx [t5+6t% (2v3+B8)]sccw —V3[t%+t% (2482 ]cesw _\/t%:i-i-t%(ﬁQ(tXSecw—\/gcesw)
¢ 2v/3t x /1% +t% B2 2V3ty
. tx[th BtX(2f+/3)]secw+f[t2 +t% (B2—=2)]ccsw _\/t%+t§(52(txsscw+\/§cesw)
¢ 2ftX\/t2 +t2.8 23t x
E —(t +52tx)s€cw 2v3qt x (tx Bseccyw —cesw ) \/t2R+t§(B2SeCW
¢ V313 +t% B2 V3
—tx [V3t%+B8t% (24V3B)]sccw — [3t% +t% (382 —2)]ce sy \/t2R+t%(/62(tX56CW+\/§CeSW)
U \/gt
6tx \/t%+1% 52 23t x
u tx [V3t4+Bt% (V3B—2)]scew —[3t%+t% (382 —2)]cesw _\/t2 +t% B2 (tx secw —V3eesw)
3 GtX\/t%-i-tg(ﬁ? 23t x
—tx [VBtH+Bt% (2+V3B)]scew +[3tH+t% (382 +2)|cesw \/t2 +t% B2 (tx scew —VBeesw)
da 2 442 23t
GtX\/tR+tXﬁ2 X
ds x [V3t4+8t% (V3B—2)]sc CW+[3tR+tX(3B tleesw | VtRHZ B (Ex seew +VBecsw)
6t x \/t2 +t2.8 2v/3tx
[V3t% +Bt% (2469+v38)]sccyy —2(14+3¢)t x ce s \/t%+t§(52566W
Ja — 7
3/t%+t% B2
J —f(t +/32t2 )secw —2(243q)tx (tx Bsecw —cesw ) \/t%JFt%(BZSeCW
3 3/t +t% B2 V3
Bang 2.3: Hang s6 tuong tac clia Z] véi cac fermion.
2
m
Ap=p—1=— le -1
Cwymz
t4c3 K N (v? —u?)ed K 2u?v?
~ € €1 —
2 2 2 2\A2°
AP T T VB o)+ (187 (U4 0?)A
(2.91)

cac dong gop nay bi giGi han do u,v < w, A.
T khéi Iugng ctia W boson, chiing toi ¢6 u? + v? = (246 GeV)?. Ngoai

ra, ching toi 13y tg = gr/gr, = 1, dan t6i tx = sw/y/1 — (2 + B2)s?,. Luu §
\/1/8%‘/ — 2~ 1.5261 do 5%/[/ ~ (.231. Theo dit liéu thyc nghiém ,
tham s6 p dugce gidi han: p = 1.0004 &£ 0.00024 hay 0.00016 < Ap < 0.00064,

la

trong khi dur doan ciia SM 1a p = 1. Su sai khac nay rat c6 thé 1a do déng
gop cla vat Iy mdéi. Dudi day, ching toi vé do thi (nét gach chdm) cho Ap
nhu mot ham cia A = w = 1-20 TeV va u = 0-246 GeV trong ba trucng hop
B = —1//3, 0, va 1/4/3 tuong ting cac hinh (2.1} [2.2]
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Hinh 2.1: Mién vat 1y méi kha di cho trudng hop 8 = —1/4/3 véi cac gidi han
0.00016 < Ap < 0.00064, £ = €; = €3 = £1073.

kha di duge bao béi hai duong tuwong tng véi hai gia tri gidi han cia Ap.

Su tron lan cua cic gauge boson W, Z véi cac gauge boson méi ciing lam
thay ddi cac tuong tac ctia W, Z vé6i cac fermion. Hiéu tng vat 1y méi nay co
thé chip nhan dugc néu ap dat cac tham sb tron &, €; o trong khoang 1073 [1]
(cac tham s6 nay rat nhé do diéu kién u,v < w, A). Trong hinh va
ching to6i sit dung cac yéu t6 dau vao & trén va vé do thi (nét lien ting véi
=10"°

€1, nét dit ing véi ez, vA nét chAm cham tng véi &) véi €] = |e1 o
trong hé truc (A = w, u). Mién vat 1§ méi kha di ndm trén ba dudng nay.

Két hop tat cd cac gidi han, mién vat Iy mdéi kha di nhan duge 14 mién

mau xanh trong cac hinh[2.1][2.2] v&[2.3|twong ting ba trudng hop ciia 8 nhu da
dé cap. Theo d6, A (w = A) ¢6 gidi han 14 4.6 TeV < A < 13.7 TeV,5.5 TeV <
A < 16.3 TeV, va 6.6 TeV < A < 19.4 TeV tuong tng véi 8 = 1//3, 0, va

—1/+/3. Mién gi6i han cho thang dien yéu u (v = /(246 GeV)2 — u2) ciing

hep lai, u < 246 GeV va u > 222.3, 215, va 210.4 GeV tuong ting vdi cac gia
tri ciia 8 nhu trén.

Néi riéng, cac gidi han cho thang 3—2—3 —1 (w, A) nhan dugc tit tham
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Hinh 2.2: Mién vat 1y mdéi kha di cho truong hgp B = 0 véi cac gidi han
0.00016 < Ap < 0.00064, € = ¢; = 3 = 103,
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Hinh 2.3: Mién vat 1y méi kha di cho truong hop 8 = 1/4/3 véi céc giéi han
0.00016 < Ap < 0.00064, £ = €; = €5 = +£1073.
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s6 p phu thuoc dang ké vao thang dieén yéu (u), tham chi ching c6 thé tién
t6i khong véi mot sb6 gia tri cu thé clia u cling cac gia tri cia 8 tuong tng.
Tuy nhién, diéu ndy khong dan tdi chuyen dong kin doi xting 3 —2—-3—16
thang dién yéu giong nhu trudong hop cac mo hinh 3 — 3 — 1 da dudce nghién
ctu trong [86]. Trong mo hinh dang xem xét, mac dut Ap ty lé v6i €; 2 va
¢ ~ uv/A? (v6i he s6 hitu han) tng v6i sy tron 1an cltia Z v6i (Zg, Z}) va clia
Wi, v6i Wk, vat Iy méi khong tach roi SM khi w, A tién t6i thang dién yéu
hosc tham chi vé khong. That vay, cac hiéu dng tron nay va do dé cac déng
g6p bo dinh vao hing sb tuong tac ciia W, Z phan ky khi (w, A) — 0 doc theo
duong gidi han ctia Ap nhu ¢6 thé thay tit cac hinh vé cho €; 5 va € (tham chi
du cac hiéu tng tron nay triét tieu nhau trong bicu thic Ap). R6 rang, tinh
chat nay cling xay ra ¢ bo dinh vong do déi xing SU(2)r4 g, nhung néu c6
thém vao ciing chi bao vé p khoi cac phan ky 16n do hiéu ting khit hiéu dung
song khong phai bat ky hiéu tng tron 1an riéng 1é ndo. Thio luan & trén van
dtng véi B bat ky va moi lien hé w — A. Nhu vay, viéec dong kin ddi xing
chuan méi & thang dieén yéu nhu da xay ra véi cac mo hinh 3 — 3 — 1 sé khong
ap dung cho mo6 hinh 3 -2 — 3 —1 do sy déng gop ciia nhiéu gauge boson mdi
(khong phai chi 1a mot) vao tham s6 p.

Dé& dang kiém tra rang khi (w, A) tién t6i vo cting thi p — 1 do €12 va &,
ciing nhu 1a cac két qua bo dinh clia cac gauge boson méi va cac ludng tuyén
vo hudng bi gi6i han bdi (u?,v?)/(w?, A?). Céc trudng va khdi lugng, ciing
nhu cic tuong tac ctia SM déu nhan lai duge. Do d6, moé hinh 3 —2 -3 — 1
c6 mot gisi han doc lap 6 thang nang lugng cao cho (w, A) chit khong phai &
thang nang luong thap nhu da phan tich & tren.

Su bién thién clia cac hing sb6 tuong tac chuan va cac hing sé tuong tac
vo huéng theo thang nang lugng cé thé xuat hien mot gisi han trén cho thang
pha v& 3 — 2 — 3 — 1, chang han nhu cuc Landau ma tai d6 mot vai hing sb
tuong tac chuan tién t6i vo han hay & thang gia bén v6i mot vai hang sbé tuong

tac vo huéng bi am. Mo hinh nay dy doan vé géc Weinberg nhu sau:

sty = tht3 J[th A (1 + B2 +t%)] < th/(1 + B> +t%), (2.92)
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§ day gz, va gg cling nhu tg = gr/gr thay déi rat it, trong khi gx ciing nhu
tx = gx/gr tang thém dang ké khi thang nang lugng tang. Do d6, mo hinh
ton tai mot cyc Landau (M) tai do s3,(M) = t%/(1 + % + %) < 1 hodc
gx (M) = oco. Tat nhién, diéu kién nhat quan ctia Iy thuyét 1a w, A < M. Dé
don gian, ching toi gia thiét tg = 1, theo d6 s¥,(M) = 1/(2 + %) ma van
khong mat tinh tdng quat (tg = 1 1 trudng hop c6 thé béi déi xiing trai-phai
t0i thiéu). Theo diéu kien (2.92)), s, (M) > s§, ~ 0.231 ¢ thang dién yéu, tic

14 |8] < 1.5261 hay —1.821 < ¢ < 0.821. Khoang gi4 tri nay rat hep nhung né
lai chita nhiéu gia tri dién tich co ban trong tu nhién. Du dién tich ¢ 1a tuy ¥
trong khoang nay, mo hinh chi dit doén hai gia tri dién tich nguyén, ¢ = 0, —1.
Khi ¢ tring véi cac gi6i han ¢ = —1.821 hodc 0.821, cyc Landau nam & thang
dien yéu M ~ Vyeak. Do vat 1y méi khong tach roi nhu da trinh bay nén mo
hinh trong trudéng hgp nay la khong phu hgp. Trudng hgp cac dién tich ban
nguyén ¢ = 0.5, —1.5 14 gan vdi cac gi6i han tuong tng, ciyc Landau tang lén
dang ké M ~ 10 TeV, theo dé vat Iy méi c6 thé duge tham do bdi cac may gia
téc hien nay. Trusng hop ¢ = 0, —1/2, —1, cic Landau ¢6 thé cao hon thang
Planck. Cac két luan trén tuong ty nhu truong hop cac mo hinh 3 —3 — 1 da

nghién citu trong [87,88].

2.5.2. Dong trung hoa thay déi vi

Nhu chung t6i da trinh bay & trén, sau khi SSB, tuwong tac Yukawa sinh
khéi lugng cho céac fermion. Do dé, ching toi c6 thé tach cac s6 hang khéi
lugng quark tu . Cac quark la nhan khéi lugng 16n & thang w,
nt

h3. _ w
BSngR—i-JaLa—'BQJgR—l-H.C., (2.93)

V2 V2

ching la cac hat vat 1y va doc lap (khong tron véi cac quark thong thuong).

7 =
Emass = JsL

Tuy nhién, cac quark thong thuong lai tu tron 1an v6i Lagrangian khéi lugng

dugc cho bdi:

Lodo==3 taM%ur =Y darMEdyr + Hee., (2.94)
a,b a,b
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hijv hiv hizu
MY ={Mg}=-— hjv hipv  hizu | (2.95)

q q q
h31v hgpv gz

, hiju hiyu hijv
P={Mu}= G hdu hiu hijv |- (2.96)

hiu  hiu hizv
Bing cach ap dung céc bién doéi biunitary, chiing toi c6 thé chéo héa cac

ma tran khoi lugng MY va MP,
VI MPVygp = MP, VI, MYV,p=MY, (2.97)

trong d6 MY, MP 1a cac ma tran chéo va Vur, r, Var,r 1a cic ma tran unitary.

Cac trang thai vat 1y va cac trang thai chuan lien hé béi:
dr,r = Var,rdp s urL,R = VuL,RUL R (2.98)

& day ching t6i stt dung cac k¥ hiéu: cac trang thai chuan cho cac quark trén
1a u = (uy,uz,u3)?, cho cic quark dudi 1a d = (dy,ds,ds)?, va cac trang
thai vat 1y o/ = (u,c,t)T, d = (d,s,b)T. Ma tran CKM dugc xac dinh la
Voekv = VJ 1 Var. Chu y, médc du cac ma tran khoéi luong quark trén va quark
duéi khac nhau chi béi u # v, khéi lugng thuc té ciia cac quark cé thé thu
dugc bang cach chon cac tham s6 phit hgp. Tham chi néu h?, 1a chéo, ching
toi chi can u > v va hi; > h(fmz- Khi d6, chi c6 hai khéi lugng nhé khong
phit hop tuong tng véi u, ¢ cling nhu cac goéc tron quark nho, ching c6 thé do
bic xa gay ra.

Diém dic biét & mo hinh nay 1a hai trong ba da tuyén quark phan cuc
phai bién do6i khac v6i da tuyén con lai dudi nhém SU(3) . Diéu nay gay nén

FCNCs & gan ding cay gan véi cac quark thong thuong do hai nguyén nhan:

1. Cdc tuong tdc gauge (Z5) phan biét cdc thé hé fermion: Vi clia cac quark

thong thudng nhu {u,} va {d,} khac nhau trong Tsr cing nhu cac tich
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X (vi ctia tat cé cac lepton nhu {v,}, {e.}, {E,} va vi clia cac quark la
{J.} khong c6 dac diém nay do cac vi trai hosc phai tuong tng trong
mdi nhém 13 dong nhat dudi moi tich chuan trung hoa). Hon nita, ciing
khong c6 thay déi vi lien quan dén Q, Ty r,r Vi moi nhém trai hodc phai
bién doi nhu nhau dusi Q, T r,r- Do X lai lién hé dugc v6i Tyr nén

FCNCs gian tiép chi gay bdi gauge boson trung hoa Z%, ndi véi Tyg.

2. Cdc tuong tdc Higgs (H2) phan biét cic thé hé fermion: Mac du cac
luéng tuyén Higgs duge hgp nhat trong S, FCNCs gan vé6i cac quark
thong thuong van xuat hién do sy sap xép khong nhat quan gitta cac thé
hé quark dudi doi xiing chuan. Diéu nay cé thé thiy tit cac tuong tac
Yukawa gitta S va cac quark. Twong tu nhu truong hgp trude, khong co
thay doéi vi gdn véi cac fermion khéc ciing nhu cac vo hudng trung hoa
khac. Mot t6 hop ctia Si1 v Sao chinh 14 Higgs boson SM H; bao toan
moi vi do cac tuong tadc Yuakwa clia noé ty 1é véi cadc ma tran khéi lugng
quark tuwong tng. Tuy nhién, trang thai Higgs méi Ho truc giao v6i Hy

thi lai thay ddi vi.

Truéc tién, chung toi xem xét FCNCs dén tit cac tuong tac gitta quark
va vo hudng. Céc sb hang Yukawa trong (2.13) vita sinh khéi lugng cho cac

quark vita gay ra FCNCs gan v6i phan quark trén va quark dudi,

Liod = hisdar S%dsp+hl 5dar STy dar+hlstiar SYusr+hd stiar SSusr+H.c.

int a
q 3 uHs + vH, dar + hY uH, — vHy
= hy3dalL R w3alL ———=——=04BR
N T o) e N (TR ) B
_ uH, — vHy _ uHs + vHy
+ hla, usr + h? .4, ugr + H.c.
3tal 2(u? + v?) 3R T TapTal 2(u? + v?) ot
_ MD B MD
M g ta, Mg,
e A
MU MUY
—af, [ —N
v T o)
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A /’LL2 + ’U2 B .
+ U—QUQL(VJLVdL)ik(MD)km(VdR)Bm(VuR)3jU}RH2 + H.c.

(2.99)

Cé6 thé thay rang Higgs boson H; lien két véi cac quark, tham chi 1a cac
lepton mang dién, tuong tu nhw Higgs boson trong SM, day 14 mot dac diém
t6t dé cong nhan mo hinh nay [89-92]. H, 1a Higgs boson mdi va ning, né lam
thay déi vi quark va dudc biéu thi qua cac yéu t6 khac khong ngoai dudng
chéo (i # j) trong hai s6 hang cudi ciia . Do d6, FCNCs & gan ding cay
c6 thé xuat hien do su déng gop clia H,. Theo thudng lé, ching toi viét lai

phan Lagrangian c6 lién quan,

Liéne = J;LF% irHe + U Tiuip Ho + H.c., (2.100)

Vu?z + v?

I = =~ (Vi Var) e (M )i (Vi) am (Var)sj.
Vu? +v? .
ng - (VJLVdL)ik(MD)km(VdR)?»m(VuR)Sj- (2.101)

02

Thit hai, chting toi xem xét FCNCs dén tit cic tuong tac gitta cAc fermion
va gauge boson. Nhu chiung toi da dé cap, FCNCs gian véi Z} 1a do thé
hé thi ba clia cac quark bién doi khac so véi hai thé he dau tien dusi doi
xting chudn. O day, FCNCs xuét hién trong phan quark phan cuc phai va
v6i cac gauge boson chuan Aggr va B, ching lan lugt néi v6i Tyr va X. Vi
X = Q — Ty, — Tzr — 8Tsr nén nguon goc ctia FCNCs chi 1& Tyr. Thuyc vay,
xem xét Lagrangian tuong tac ctia cac gauge boson trung hoa véi cac fermion,

st dung biéu thitc X, ching t6i thu duge phan tuong téc cé lien quan,

3
Lg = — Z QurY*TsrQur(9rAsry — Bgx B,)

a=1

3
= —gr\/th + 8% > Qur"TsrQarZrp,

a=1

D —gry\/th + B2t5 (apy" Tyur + dpy"TadRr) Z g,
= —g0/ B+ B2 (W (ViRTuVar i + & ry" (Vg TaVar) i) Zg.
(2.102)
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Gday T, =Ty = ﬁgdiag(—l, —1,1) bao gom cac gia tri Tyr cho vi cac quark

tren hodc dudi. O gan ding cay, FCNCs gin véi Z%, nhan duge bai

Z; zh
Lréne = —OL GrY" GrZ R, (2.103)

Vi i # j, & day ¢ bidu thi cho ' hotic d', va O xac dinh la
z gr
0" = NG th + B2% (Vir)si(Var)s;- (2.104)
Tiép theo, chung toi tinh toan cic déng gop clia vat Iy mdéi vao sy tron
1an meson gian tiép gay bdi vo hudng trung hoa Hy v gauge boson trung hoa
Z"%. Vé6i truong hop tron K°-K°, chiing to6i nhan duge phan Lagrangian hiéu

dung sau khi nhém Hj va Z}, ra ngoai,

Z/
_ O7rR)2 rd. N2 _ =2 _
Lo e = _{ 122) (dR7”8R>2+( 122) (dLSR)2+( 221) (drst)?
mZ, mH2 mH2
R
Pd*rd B _ Fd*Fd - ~
+ 22 (dpsg)(drse) + —252(dgsp)(drsg).  (2.105)
mH2 mHQ

T d6, dong gop clia vat 1y méi vao tham s6 tron K°-K° hay hiéu khéi luong

Amy duge xéac dinh:
Ampg = 2Re(K°| — L5772 K). (2.106)

St dung cac két qua trong 93],

_ - _ - 1
(K°|(dpy*sr)*|K°) = (K°|(dy*sp)?| K°) = ngf%,

mg

(RO|(dp )| K°) = (RO|(dpsp)?|K0) = — 2 ( ) mc 2,

_2_4 ms + My

(K°|(drsr)(drsp)|K?) = (K°|(drsL)(dLsr)|K°)
1 1/ mxg \° )
= [ﬁ+1<—ms—l—md> ]meK7

tham s6 tron Am nhan duge 1a

AmK_Re{2@+ s (M2, Y (e )’

19 2
3 mz, 12\ my, my, ms + My
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mi, mgs + mgyg

rérd, 1 mr \°
_-2 !6+ (—> mg fe.  (2.107)

Tuong ty, chiung toi nhan dugce cdc tham s6 tron Ampg, va Amp_,

Ade—Re{2<@f§>2 P (S Y (o, )

3 m?2 12 2

. m%,? miy, my + my
FgTF?B 1 Mp, ? 2
— - _ 2.108
m%b 6 + my + my mB.fp, )

3 mzzé 12 \ m3, mi, mp + ms

r&rd, (1 mg 2 )
_-32-23 (- (_0Bs . (2.109
m%,2 6 + my + mg mp. [z, ( )

Bay gio ching toi tién hanh tinh s6 cac tham s6 tron Amg va Amp, |

Amp, —Re{g(@i’%y L3 <(F§f§)2 N (Fg%)?)( m, )2

bang cach st dung cac gia tri sau (cac gia tri khdi lugng déu dung don vi
MeV) [1194,95]:
mg = 4.73, ms = 93.4, my, = 4190, m; = 173 x 10®, fx = 156.1,
mi = 497.614, f5, = 188, mp, = 5279.5, f5. = 225, mp. = 5366.3,
(Vorw)a1 = 0.00886, (Vorn)sz = 0.0405, (Vorw)ss = 0.99914.  (2.110)

Theo cac két qud & trén cho thang dién yéu, ching toi lay u = 230 GeV,

va roi v thu duge tit u? + v* = (246 GeV)? Hon nita, tp = 1, tx =

sw/\/1— (2 + B2)s?,, va s%, = 0.231 nhu da duge st dung trude day. Véi cac
gia tri cia 3 & tren (8 = 0,+1//3), tx va @iZﬁ thay doi rat it. Do vay, ching
toi 1ay |8] = 1/v/3 cho céc tinh toan tiép theo. Chiing t6i c6 g, = /4w /s,
vol @ = 1/128. D6i v6i ma tran tron quark phan cue phai Vg (¢ = u,d),
cac yéu t6 cho dong gop vao cac tham so tron meson Ampg g, g, 1a (Vur)ss,
(Var)s1, (Var)s2, va (Var)ss. Vi Amg g, B, phu thudc vao (Var)s1 va (Vir)s2
13 nhut nhau, mot gia thiét c6 thé 1a (Vyr)s1 = (Vyr)32 = Vag ma van khong
méat tinh tong quéat. Theo d6, (Var)3; = 1 — 2V2, do tinh unitarity. Ching
toi cing ky hiéu (V,r)ss = Vugr va chon mpy, = mgz, = M cho don gidn. M

goi 14 thang vat 1y méi va cho déng gép vao cac qué trinh thay doi vi.
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Céc dong gop ctia SM vao cac hieu khoi lugng meson duge cho béi [36437],

(Amp)sy = 0.467 x 1072 /ps,  (Amp,)sm = 0.528/ps,

(AmBS)SM = 18.3/]?8, (2.111)
trong khi cac gia tri thu dugce tr thuc nghiém [36,37],

(Amg)gxp = 0.5292 x 1072 /ps,  (Amp,)Exp = 0.5055/ps,

(AmBS)Exp = 17.757/p8. (2.112)
Trong mo hinh dang xem xét, cac hiéu khoi lugng meson duge xac dinh,

(Amg B, B, )tot = (AmK B, B, )sM + Amk B, B, - (2.113)

Cac s6 hang phia sau la do cac déong gép ctia vat 1y méi nhu da thu
duge & trén. Ching toi luu ¥, lien quan dén céc hieu khoi lugng meson By s
va K, mo hinh con c6 thé c6 cac gian do hop do cac déng gop cia W2i,
H ;E, va tham chi cac hat méi khac, nhung cac dong goép nay bi gidi han do
u,v < w, A, f. Hon nita, FCNCs dén tir cic tuong tac 6 gan ding cay véi Zj
va Hy 13 16n hon so véi cac yéu t6 da dé cap ¢ bo dinh mot vong,.

Céc d6ng gop toan phan theo (2.113) sé& duge dbi chiéu véi cac gia tri
thuc nghiém. Chung to6i sit dung di lieu hieéu khéi lugng kaon trong pham vi

sai 56 30% do mitc do sai s6 16n, va trong pham vi 5% cho cac hiéu khéi lugng

B-meson,
0.37044 x 1072 /ps < (Am )ior < 0.68796 x 1072 /ps, (2.114)
0.480225/ps < (Amp,)tor < 0.530775/ps, (2.115)
16.8692/ps < (Amp, )ior < 18.6449/ps. (2.116)

Trong hinh va hinh chtng toi vé do thi cho cac hiéu khéi lugng
Ampg, Ampg,, vd Amp_ nhu la ham clia cac yéu t6 ma tran tron quark phan
cuc phai (V,g, Vyr) v6i thang vat Iy mdi lan lugt 1a M =5 TeV va M = 10
TeV. Cac gia tri M da dugc chon 1a phu hgp véi cac gidi han trude day. Vung
kha di cho Amg la toan bo khung. Hai vung tach biét ing véi Amp,. Mot
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Hinh 2.4: Mién gi6i han (V,g,Vyr) dén tir cac hieu khoi lugng meson

Ampg p, B, V6i thang vat Iy méi M =5 TeV.

0.000 0.002 0.004 0.006 0.008 0.010

Hinh 2.5: Mién giéi han (V,g,Var) dén tit cdc hiéu khéi lugng meson

Ampg p, B, V6i thang vat Iy méi M = 10 TeV.
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M[TeV]

0.000 0.002 0.004 0.006 0.008 0.010
Var

Hinh 2.6: Mién giéi han (M,Vyr) dén ti cdc higu khéi lugng meson

AmK,Bd,BS véi VuR = 0.05.

M[TeV]

0.000 0.002 0.004 0.006 0.008
:3

Hinh 2.7: Mién giéi han (M,Vyr) dén tit cdc hieu khéi lugng meson

AmK,Bd,BS voi VuR =0.1.
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M[TeV)

0.000 0.002 0.004 0.006 0.008 0.010

Hinh 2.8: Mién gi6i han (M,Vyg) dén tu cac hi¢u khéi lugng meson

AmK,Bths vOil VuR = 0.15.

ving thuoc nita phia duéi ting v6i Ampg_. Do d6, viing gia tri tham s6 tng vdi
Amg g, p. chi la ving (t6i nhat) ¢ goc phia dudi ben trai cia moi hinh. T
cac ving kha di, ching t6i nhan dudc gi6i han cho cac yéu td ma tran tron
quark phan cyc phéi la |V | < 0.08 va [Vggr| < 0.0015 v6i M = 5 TeV, trong
khi [Vyr| < 0.2 va [Vig| < 0.003 véi M = 10 TeV.

Khi 1an Iuot xét Vyr = 0.05, 0.1, va 0.15, ching t6i vé dugde cac dd thi

cho Amg, Amp,, va Amp, nhu la ham cta (M, Vyr) tuong Gng trong cac

hinh [2.6} [2.7| v [2.8] Viing tham s6 kha di 1a ving (t6i nhit) & géc phia trén

bén trai ctia moi hinh. Chiung t6i nhan duge M > 2.8 TeV véi V,g = 0.05,
M > 5.7 TeV v6i Vygr = 0.1, va M > 8.2 TeV v6i V, g = 0.15. Thic la thang
vat Iy méi M thap khi Vg nhd va ngudc lai.

Chung t6i thay rang cac gi6i han cho khoi lugng Hs va Z}, phu hop véi

thang vat 1y méi duge rat ra trong muc truée.
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2.6. Két luan chuong 2

Ching t6i da chi ra ring mo6 hinh 3 — 2 — 3 — 1 tu nhién cho FCNCs 6
gan dung cay thong qua ca tuong tac chuan va tuong tic Yukawa nhu mot
hé qua ciia sy thiéu nhat quan giita cac thé hée fermion. Déi xtng chuan méi
khong chi tu dong chita cac neutrino phan cyc phai ma con cho cac hat B— L
sai, chung mang lai khéi lugng nhoé cho neutrino va céc ting cit vién cho vat
chat t6i nhu mot hé qua clia sy pha vd déi xing chuan. Dic biet, W-parity
tu nhién thu duge nhu mot déi xting chuan tan duw, né6 ddm bao tinh bén cho
vat chat t6i. Nhu vay, tat ca déu ndy sinh tit nguyén tic chuan.

Phan vo huéng dude chéo héa 1o rang. S6 luong Goldstone boson 13 phit
hop véi s6 gauge boson c6 khéi lugng. C6 12 truong vo hudng vat ly, mot
trong s6 chung 13 Higgs boson ctia SM, cac truong khac 14 méi va nang. Do
diéu kién u,v < w, A nén Higgs boson SM nhan khéi lwgng & gan dang bac
mot ¢& thang dién yéu va né c6 tron 1an chit it véi cac Higgs boson trung hoa
mdi. Phan gauge boson ciing dudc chéo héa ro rang. Mo hinh c¢6 nam gauge
boson méi va nang la 2y, Zi, WQi, ij%:q, Yét(qﬂ), ngoai ra con co cac gauge
boson SM la A, Z, I/VljE Cac gauge boson mang dién WL%R tu tron véi goc
tron nho: t¢ oc §z. Ciing vay, gauge boson trung hoa Zp tron rat it véi cac
gauge boson trung hoa méi Zp va Z,, ching ciing bi giéi han béi u, v < w, A.

TAat cd tuong tac clia cac gauge boson vdi cac fermion va cidc vo huéng
déu da duge xac dinh. Céac tuong tac trong SM déu da nhan lai duge. Cac
tuong tdc méi déng gop vai tro quan trong: ching lam thay doi vi quark va
xac dinh vat chat tdi, ... Chung to6i tap trung vao loai tac dong thit nhat gay ra
b6i Z}, vav Hy. Ching toi thu duge cac dong gop ctia ching vao cac hiéu khoi
lugng meson trung hdoa Amg g, p,. Dieu nay phu thuoc vao khoi lugng céc
hat méi va cac yéu t6 ma tran tron quark phan cyc phai. Cac hiéu tng tron
ciing lam thay déi tham s6 p va tuong tac clia cac gauge boson W, Z, ching
duge xac dinh qua cac tham sb tron &, €, e2. Cling v6i cac két qui do ludng
chinh x4c dién yéu, cac tham s6 p, &, va € 2 xac dinh thang vat 1y méi (gia

thiét w = A) nhu sau: 4.6 TeV < A < 13.7 TeV,5.5 TeV < A < 16.3 TeV,
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va 6.6 TeV < A < 19.4 TeV lan lugt v6i B = 1/v/3, 0, va —1/4/3. Chiing
cling thu hep thang dién yéu la u > 222.3, 215, va 210.4 GeV tuong ting véi
ting gia tri ctia 3. Cac hieéu khdi lugng meson ciing chi ra rang khi thang vat
Iy mé6i duge ¢d dinh, cac yéu té6 ma tran tron quark phan cyc phai duge gidi
han 1& |V, gr| < 0.08 v |Vyg| < 0.0015 néu M = 5 TeV, trong khi |V, gr| < 0.2

va |[Vyr| < 0.003 néu M = 10 TeV. Trong trudng hgp c¢d dinh cac gia tri
Vur = 0.05, 0.1, va 0.15, ching t6i nhan duge M > 2.8 TeV, M > 5.7 TeV,
va M > 8.2 TeV tuong tng, 6 day Vygr 1a dé tu do. Tom lai, cd hai loai giéi

han 13 phit hgp va thang vat Iy mdéi phai ndm trong khoadng 5-10 TeV.
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CHUGNG 3. HIEN TUONG LUAN TRONG MO
HINH 3 — 4 — 1 TOI THIEU VOI
NEUTRINO PHAN CUC PHAI

Trong chuong nay, ching toi trinh bay mo hinh 3 — 4 — 1 tdi thiéu véi
neutrino phan cyc phai. T sy sap xép cac fermion, phan gauge boson, cac
dong, va nhat 1a thé Higgs sé dugc chung toi thido luan chi tiét. Ngoai ra,
chiing t6i cling xem xét cac kénh ra cia W boson va muon, tir dé tim gidi han
cho mot vai tham sb trong mo6 hinh. Nhung trude tien, ching toi kiém tra diéu
kién khit di thuong ctia cac mo hinh 3 —4 — 1 va phan tich moé hinh 3 -4 —1
v6i dien tich bat ky clia cac lepton méi. Cac két qua chinh clia chuong nay da

dugc ching toi cong bé tai Phys. Rev. D 94, 015007, 2016.

3.1. M6 hinh 3 — 4 — 1 téng quat

3.1.1. Khtt di thuong va lugng fermion

D6i v6i cdc mo hinh dude xay dung tit nhém chuan SU(3)c ® SU(3), ®
U(1)n, cac dieu kién khit di thuong da duge thdo luan chi tiét trong [60,96].
Tuong tu nhu vay, v6i cac mo hinh xay dung tit nhém chuan SU(3)c®SU(4) 1, ®
U(1)x (3—4—1) thi cAc di thudng sau day phai triet tieu: i) [SU(3)c]*@U (1) x,
i) [SU(4)r)3, iii) [SU4)L]? @ U(1)x; iv) [Grav]? @ U(1)x; va v) [U(1)x]3.
Khac v6i cac nghién citu khit di thuong cho cac moé hinh 3 —3 — 1 [60,,73.96],
chting toi sé khai théc lién hé gitta toan tit dién tich va cac vi ti chéo ctia doi
xitng chuan SU(4); dé chiing minh ring nam diéu kién khit di thuong sé rit
gon chi con lai hai diéu kien: [SU(4).]® va [SU4)]? @ U(1)x.
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V6i mo hinh 3 — 4 — 1 tong quat, toan t dien tich c6 dang,

Q=T3+bls+ 15+ X, (31)

trong d6 hé s6 1 ding truée T3 dé ddm bao rang SM 13 mo hinh rit gon clia
mo hinh dang xem xét: SU(2), @ U(l)y C SU4)L @ U(1)x.

Cac lepton duge xép vao tit tuyén,
faL: (Va?la’EgVEéLq )%7 CLZG,/,L,T, (32)

4 day ¢ va ¢’ 1a dién tich ciia cac lepton mdéi. St dung 1} va {) chung to6i

nhan dugc,

—2q—1 q—3q¢ —1 qg+4q —1
b: 702—’ a -, 33
\/g \/6 far 4 ( )
hoac
__1_\/§b ,__1_ b B 2c X __1_ b o (3.4)
q 2 2 7q 2 2\/3 \/g’ faL 2 2\/§ 2\/6 *

Truée khi thdo luan vé van dé khit di thudng, ching toi luu ¥ céc biéu
dién fermion trong mo hinh 3 — 4 — 1 déu 1a tam tuyén SU(3)¢, tit tuyén
(phan t tuyén) SU(4)r, va don tuyén. Tat ca cac don tuyén khong déng gop
vao di thuong nén ching toi sé bé qua ching. Ma tran biéu dién ctia cac vi
tt tuong ting véi tam tuyén SU(3)¢ duge dat 1a TE (a =1, 2, ..., 8), véi ti
tuyén (phan tit tuyén) SU(4);, 1a T¢(T¢), a =1, 2, ..., 15.

Xét mo hinh 3 —4 — 1 v6i M va N lan luct 1a s6 thé hé cia cac lepton
va cac quark. Ngoai ra, goi s6 ti tuyén SU(4)p ciia cac thé hé quark la K.
Dé don gian, ching toi gid thiét tat ca cac lepton phan cuc trai déu duge xép

vao tit tuyén. D6i véi phan lepton,

fir = Wir, lin, Efy BT ~ (1,4,Xy,),  i=1,2,.., M,

vir ~ (1,1,0), Lig ~ (1,1,-1), EY, ~ (1,1,q), E/% ~ (1,1,¢).  (3.5)

0 day céc lepton phan ciyec trai da duge tong quat hoa tit (3.2). Nhu trong

cac mo6 hinh 3 —3 —1 [15H22], cdc tham s6 b va c lién hé chat ché véi ¢ va ¢';
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trong [97,98|, cdc tham s6 b va ¢ da dugc st dung, con 6 day ching toi chi st
dung ¢ vd ¢’. Luu y rang v;g la tuy chon, EY, va Ef]/_-i c6 thé khong xuat hien
trong trudng hop mo hinh 3 — 4 — 1 tdi thiéu. Néu cac lepton phan cuc trai
dugc xép vao phan tit tuyén thi cac tham s6 b va ¢ lan lugt sé dude thay thé
bang —b va —c.

Véi phan quark,

QmL = (UmL, mLaTmLﬂ T/nL)T ~ (3747XqL)7 m = 1,2, ...,K,
QnL -

(

(dnrs —tUnp, Dnr, Dhp)t ~ (3,4, Xg,), n=K+1,....N,
upr ~ (3,1,2/3), dyr ~ (3,1,-1/3), p=1,2,...,N,

(

(

mR ~ 3717XTR) T! R~ (37 17XT1'%)7

m

nR ~ 37 17XDR) D;LR ~ (37 laXD;%) (36)

Trudce tién, ching to6i xem xét di thuong ctia [SU(4)1]3. Méi tit tuyén 47,
ho#ic phan t1t tuyén 45 ctia nhom SU(4) sé dong gop mot lugng Abe(4r1) =
Tr(T#{T?, T¢}) hosc AC(4%) = Tr(T¢{T?,T¢}), trong dé a,b, v ¢ nghia la
ba gauge boson SU(4)r lién quan t6i cac gidn do tam gidc. Vi A¢(4y) =
— A%< (4% ) nén tdng déng gop vao di thuong [SU(4)1]3 ¢6 thé viét nhu sau:

Aabc(4L) Z 47 — Z 4L _AabC 4L) (?’L4L — ?142), (37)

Qmr,fir QnrL

vOi ny, va ngs lan lugt 1a s6 ti tuyén va phan tit tuyén cia fermion. Diéu
nay c6 nghia la di thuong trén chi bi khit néu s6 tit tuyén bang véi s6 phan
t1 tuyén, tic 1a

M + 6K = 3N, (3.8)

hé s6 3 xuat hién bdi vi cac quark 1a tam tuyén v6i SU(3)¢ con cac lepton lai
1a don tuyén véi SU(3)¢. Tu day, néu cho M = N thi M = N = 3K, tic la
sO thé he phai 1a boi cta 3.

Tiép theo, chiing t6i xem xét di thuong ctia [SU(4)]2@U (1) x. [SU(4)1]?
cho déng gép nhu nhau véi tit tuyén va phan tit tuyén, Tr[T9T?] = Tr[TeT?] =
dap/2, trong d6 a va b lien quan dén hai gauge boson SU (4) . Do d6, di thudng
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nay bi khit néu tdng tat ca tich X ciia cac da tuyén SU(4)r bing khong,

> XL =MXy, +3KX,, +3(N - K)Xg, =0, (3.9)
Ji,QpL
trong d6 X, biéu thi cho tich U(1)x ctia mot tit tuyén (phan tit tuyén) phan
cc trai bat ky trong mo hinh.
Bay gis chiing toi quay lai di thuong [SU(3)¢]? ® U(1)x. Trusng hop
nay tuong tur truong hop cia [SU(4)1])? ® U(1) x, nhung lic nay chi cac tam

tuyén quark SU(3)c méi cho dong gop. Diéu kien khit di thuong nay 1a

> AXy, + ) 4Xg, - > Xg, =0, (3.10)
dRrR

QmL QnL

6 day X, vad X, g, lan luot 1a tich U(1)x cta cac quark phan cuc phai g -
don tuyén ctia nhém SU (4) 1, va cac quark phan cuc trai Q,,, (Qn, ) - t1 tuyén
(phan tit tuyén) ctia nhém SU(4)r. He s6 4 xuat hién trong 1a do phai
tinh c& bén thanh phan ctia moi ti tuyén (phén t tuyén) SU(4)r. Dau trit ¢6
nghia la cac fermion phan cyc trai va cac fermion phan cyc phai cho dong gép
trai nguge nhau. Bdi vi tat cd gg 14 don tuyén cia SU(4)r, ® U(1)x nén tich
U(1)x clia ching luon bang véi dién tich g,,, dan dén > X, =37 gy
Mat khac, tir dinh nghia toan ti dién tich @ & , chiing to6i suy ra

Yax, =Y T(Xpx D)= Q)

QmrL QmrL QmrL
trong d6 Tr[Q] nghia 1a tong dién tich clia tat cd cac thanh phan trong ti
tuyén Q,,r. Luu ¥, ching t6i da sit dung tinh chat khong vét ciia cac vi ti
nhom SU(4)r: Tr(T*) = 0. Tinh toan gidng nhu trén cho trudng hgp cac
phan t& tuyén quark, diéu kién (3.10) c6 thé viét lai thong qua dién tich cia

cac quark phan cyc trai va cac quark phan cuc phai,

4
D o =D Gan =0, (3.11)
QpL i=1 dr

§ day tong dau tién la tinh cho tit ci cac ti tuyén (phan ti tuyén) quark

SU(4)1 va ci cac thanh phan ciia chiing. Phuong trinh (3.11) luon ding béi
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vi v6i moi quark thi thanh phan phan cuyc trai v phan cuc phai clia né c6
dién tich nhu nhau.

Céc thao luan & trén vé viec khtt di thuong [SU(3)¢]? ® U(1)x c6 thé
ap dung cho truong hgp khit di thuong [Grav]? ® U(1)x, nhung cac dién tich
phai tinh cho tat ca cac thanh phan trong cac da tuyén SU(3)c va SU(4)L
clia tat ca cic quark va cac lepton. Viéc chitng minh déng gép bang khong
ctia phan quark 1a kha don gian trong khi v6i phan lepton thi phtc tap hon.
Mac du sy c6 méat cuia cac neutrino phan cyc phai la tiy ¥ nhung do chiung
13 cac lepton trung hoa nén khong cho déng gép vao di thuong nay. Néu cac
lepton mang dién phan cyc phai duge xép vao cac thanh phan trong ti tuyén
(phan ti tuyén) thi dién tich ctia chung phai dugc lay lien hgp dién tich. Khi
do, so vé6i lepton phan cuyc trai cung loai thi dién tich ctia né bi doi dau. Vi
vay, tong dong gop vao di thudng dang xét van bing khong.

Viec khit di thuong [U(1)x]? ¢6 lien quan dén gian do tam giac vdi ba

gauge boson B” dugc biéu thi qua diéu kien dudi day:
> Xi =D Xiy =0, (3.12)
FL Fr

trong d6 Fy, va Fg 1a cac thanh phan bat ky clia fermion (quark va lepton)
trong cac biéu dién clia déi xiing chuan SU(3)¢ va SU(4)r. Do dé, phép lay
tong tinh cho tat ca cac thanh phan clia cac biéu dién nay. Béi vi tich X va
dien tich lién hé v6i nhau qua nén ching toi c6 thé viét vé trai cta (3.12)
nhu 1& mot ham cta dién tich. Do tat ci cac fermion phan cuc phai 1a don

tuyén ctia SU(4)r, Xp, = qF, nén
S OXE =) db (3.13)
Fr Fr

Ngudc lai, tat ca cac fermion phan cyc trai 1a t tuyén (phéan ti tuyén), ching
t6i c6 thé viét s6 hang phan cuc trai trong (3.12) nhu 1a mot téng ciia tat ca

cac ti tuyén (phan ti tuyén) fermion, tic la

doXE =) Axi,. (3.14)
Fr,

4r,4%
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Quay trd lai biéu thitc clia toan ti dién tich, ching toi ky hieu Qr, 14 toan tit
dien tich cfia t tuyén (phan ti tuyén) fermion phan cuc trai va dat 73815 =

T3 + bT® 4 T, tich X ctia mdi biéu dién 47, ¢6 thé viét nhu sau:

Xp, I = Qp, — 7(3:815) (Xp, [4)3 _ (QFL . T(3’8’15)>3
TR 1 =T gk )5 [Qn, O @, ] (o)
= 4XP, = Tr [QF,] = 3Tx (T4 4 X, L) TS Xy L] = T {(T(?”&“”))g]

Tr [Q}, ] — 3Xp, Tr [(T<3 1902 } [(T(38 15)) ] (3.15)

trong d6 ching toi da st dung tinh chit 1a cd Q va T(3815 déu chéo nén
ching giao hoan v6i nhau, va 73819 ]a khong vét. Chi ¥ ring 4X3. 1a déng
g6p ctia bon thanh phan trong mot tit tuyén. Vay déng gép vao [U(1)x]? cla

cac t1t tuyén 1a
3
SOXE =D ah, — 3 Xp, [(TEH9)2] g, Tr {<T<378715>) ] (3.16)
4r Fr, 4,

Chtng minh tuong tu cho truong hgp cac phan ti tuyén véi cac vi ti T =
7%, (a =3,8,15) va T3:&15) = _T(:815 DPisu nay ching t6 ring

Tr l(T(3,8,15)>21 Ty l(T(3,8,15)>217Tr l(T(&&w))j - Ty l(T(378’15))31'

Nhu vay c6 thé viét (3.12) ¢ dang mdi:

(ZQ%LZQ%R> —3Tr[ T(3:8,15)) } Z Xr,
Fr Fg

4La

~ Ty l(T(3’8’15)) 1 (na, —na:) = 0. (3.17)

Phuong trinh n dugc théa man nhu mot he qua ciia hai diéu kién khit di
thu’dng va . ). Phuong trlnh . ciing c¢6 nghia 1a téng dién tich clia
tat cd cac fermion phan cyc trai bang khong.

Toém lai, dieu kién khit di thuong ctia cdc mo hinh 3 — 4 — 1 nhu sau: (i)
s6 tit tuyén fermion bang véi sé phan tit tuyén fermion va (ii) tong dién tich
clia tat ca cic fermion phan cyc trai bang khong.

Cac mo hinh 3 —4 — 1 dugc ching toi quan tam 6 day déu théa man hai

diéu kien nay.
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3.1.2. Tuong tac Yukawa va khdi luong fermion

Do céc lepton dugce sap xép la

/ "1
faL: (VaalaaEgaE;q )%N (174aq_|—qT>a

laRN (1717_1)7 EERN (1717q)7 E(lzqRN (171aq/)7
khéi luong clia E'Y nhan duge tir tuong tac Yukawa,
— LY e = B FL® B 4+ Hec. |

trong do

—3/—1 A A _ 7 T
(I)IN <1a4a%> :((I)g q)7q)§ ! 1)7(1)5(] q)aq)(l)) :

Do vay, néu @9 c6 VEV la % thi £/¢" nhan khéi lugng tit ma tran,

Vv
Nab = hE — .
(Mme)ab /5

Khoi lugng ctia £ nhan dudc tir s6 hang tuong tac Yukawa,

- L\E(ukawa = haEb.faL(I)QEgR + H.c. ,

1 30 — _ L ’ T
By ~ <1,4,——Jr Z q>: (@é D o5 89 ol q))

Vi vay, néu @Y c6 VEV la \% thi 4 nhan khoi lugng tir ma tran,

w
mg)a = hE——.
(E)b b\/§

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

Cudi cting, khoéi lugng ctia cic lepton thong thuong dén tit s6 hang tuong

tac Yukawa nhu sau:

- LlYukawa = hf;bfaL(I)Ble + H.c. )

3 ! , T
(I)g ~ <174, #) — <¢§+) ,(I)g ’ q):gq+1) ,(I):())q -|-1)) .
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Néu @9 c6 VEV la \/Li thi ma tran khdi lugng lien quan t6i khéi lugng cia

cac lepton [, la

v
m1)ap = hly—= . 3.27
( l) b ab \/5 ( )
Bay gio chiing t6i chuyén sang phan quark,
5+3 !
Q3L — (u37d37TaT/)’£ ~ (3a47 #)7

usg ~ (3,1,2/3),  dsg ~ (3,1,—1/3),

243 2+ 3¢/
T ~ (3,1, %) T}, ~ <3,1,%>. (3.28)

Quark us nhan khéi luwong thong qua tuong tac Yukawa,

— Liyawa = "' Q31 ®auzr + Hee., (3.29)
6 day
-1 T
Dy~ (1,4,Q+QT> = (99,0 ,00” o)) . (3.30)
Néu ® c6 VEV 1a 75 thi s6 hang khoi luong clia ug 1a
Uu
My, = h'— . (3.31)
V2

Cac s6 hang Yukawa khac lien quan t6i Q37 1a

_ 93

Yukawa

= R Qa1 ®3dzp + hT Qa1 ®2Tr + hT Qar®1Th + Hee.,  (3.32)

cic tuong tac nay cho ba khoéi luong:

My, = hb% ,  mp= hT% , mp = hT/% : (3.33)
Hai thé hé quark khac 1a
Qar = (da , —tig , Do, D)1 ~ (3,4*,-%), a=1,2,
uar ~ (3,1,2/3), dar ~ (3,1,—1/3),
Dur ~ (3,1,—1 23‘1), D'y~ (3,1,—1 +33q/>. (3.34)

Cac s6 hang Yukawa c6 lien quan 13
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— L iawa = haﬁQaL(I) dgr + hy ﬁQaL(I)guﬁR + hag 2Qar®iDsg

hP2Qur® Dy + He., (3.35)

tir d6 chiung t6i thu dugc,

u puz Y
(md2)a,3 g?ﬁ\/— (muz)aﬂ_ a2ﬁ\/—
v
L Vag = B2 2. 3.36
(sz) B aﬁ\/ﬁ (ng) B aB \/5 ( )

Ching t6i nhan manh réng néu tat ca cac fermion (trit neutrino) c6 cac
thanh phan phan cyc phai thi chi can bon ti tuyén Higgs 1a da. Ngoai ra,
vi tong tich X ctia bén ti tuyén Higgs 1a triet tieu nén trong biéu thic thé

Higgs luon ton tai s6 hang phan déi xing eijqu)ﬁ@%q)’gcbﬁl.

3.1.3. Khdi luong gauge boson

Khéi lugng cac gauge boson sinh ra tit s6 hang dong nang hiép bién clia

cac truong Higgs,
4

Litiges = ), (D*(9;))" Dyu(®,). (3.37)

=1

Dao ham hiép bién dugc xac dinh 1

15
D, =0, —ig Z Ao To —ig' X B} T1g
a=1
=0, —igP)“ —igP“ (3.38)

6 day g,9' va Ay, B)) 1an lugt la cic hing sb tuong tac va cac trudng chuan

ctia nhom SU(4)r, va U(1)x. V6i tit tuyén, Tig = ﬁidiag(l, 1,1,1), va phan
lien quan dén cac dong trung hoa 1a
B Ag Aqs B

Az + 2+ Xt—

As  Ais
pPYC = —d1a (A + 22420 Xt ,
S\ BT

VERRVS V2’

2A8 A15 B/ 3A15 BN>
— 4+ =+ Xt + Xt . (3.39)
V3 V6 v2' VG v2/, (

& day chi s6 khong thoi gian ciia cac truong chuan da dugce ching toi viét tat

cho gon va t = g’ /g. Phan lien quan dén cac dong mang dien 1a

P = Z)\ Agu;  a=1,2,4,5,6,7,9,10,11,12,13,14
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( 0 w W5t W1_4ql \

- —(1+q) —(144")
- <(1)+q> e WQ?q—qv ’ (3.40)
V2 qug W3 0 Wiy
\ W1q4 W2(i+q ) W3_4(q_q ) 0 )

I

trong d6 chiing toi da dat V2 W{; = AY — iAY va tuong tu véi cAc phan ti
khac. Chi s6 trén biéu thi dién tich ctia cac gauge boson. Ching toi luu ¥ 1a
phan nay khong phu thudc vao tich X clia cac tit tuyén.

Tém lai, v6i cau tric chan khong cta céc truong Higgs nhu sau:

(@) = (0,0,0,%)T, (@) = (0,0,%,0)T,

<¢3>:(0,%,0,0)T, <¢4>=(%,0,0,0)T, (3.41)

khéi lugng clia cac gauge boson non-Hermitian (mang dién) dugce xac dinh:

2/,.2 2 2/, 2 2 2/,.2 2

o go(v°+u?) o g7 (vt +w?) 2 gl (v +w?)

My = 4 s My = 4 » My, = A )

2/, 2 2 2/,2 2 2/, .2 2

s g V) o g+ VE) 5, gt (wf V)
mWM—TvmW24—T7mW34—T'(3'42)

Dé phit hop véi qua trinh SSB, céc thang ning lugng nén tuan theo thi tu:
V>w>»uv Tu |j ching t6i nhan dugc:

u? + 0% = vi,; = (246 GeV)?. (3.43)

* Gauge boson trung hoa

St dung phuong trinh QD va cac da tuyén Higgs, chting t6i nhan dudc,

Ag A B\ ?2
M2NG 9y, (A + 2+ 2+ Xt )
mass A 3 \/5 \/6 ‘I>4 \/5
Ays B//>2
A +—+—+X
( ’ e A
245 A15 B”)2
+ w? —I———i— N
< V3 RV

(3.44)




Trong co s6 (Asy, Asy, A1s,, B)l), biéu thic ma tran khéi lugng tuong tng
dugc xac dinh:

u? + 02 %(UQ —v?) \/Lg(if —v?) My
MANS = 9 2 (u? +v® 4 4w?) %@(ﬁ +o? —2w%) Mz (3.45)
4 s+ 0P+ w4+ 9V?)  Msy
My
trong do
t t
My = E(X@UQ - X<I>3U2)a Moy = %(X%UZ + X<I>3U2 — 2Xg,w%),
t
M34 = 2—\/§(Xq>4u2 + X<I>3'U2 + X®2w2 - 3X<I>1V2)7
t2
M44 - E(X(%4U2 + X‘%3U2 + X%2w2 + X(%IVQ) (346)

Theo gia dinh & trén, qua trinh SSB dién ra theo cac budc,
SUM4)L @ U(l)x —= SUB)L @ U(l)y - SU2)L ® U(1)y -5 U(1)g.

Diéu nay sé dugc st dung dé xay duyng moi lien hé gitta cac hing s6 tuong
tac va tich U(1) ctia nhom SU(4)r, ® U(1)x va nhom SU(2);, ® U(1)y trong
SM. Tuong titng v6i moi bude pha va, cac trang thai gauge boson trung hoa

sé bién doi nhu sau:

SUM), ® U(1)y o

B GU(2), 2 Uy

SUB)L®@U(1)N
A BZ T (1) g A, 2,25, 2, (3.47)
O bude pha vo dau tien, chi ¢c6 VEV V # 0 din dén két qua M2NG —

mass
2 _ Af2NG P
Mjs = M, lw=v=u=0- Cu the,

[ 0

0 0 \

0
2 0 O 0 0
g
Mfg - 4 32 —3ctV? (3.48)
0 O 5 ™G
—3c¢ V2 C2 2V2
\ 0 0 == %h

Bién ddi Cy3 lien hé co sé trude va sau pha va: (As, Ag, A5, B")T = CL x
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(Ag, Ag, B/, ZZ)T. 043 co dang:

0 0 0
0 1 0 0
Cus = , (3.49)
0 0 ca3 843
\ 0 0 —s43 ca3
v6i
t 24/2
¢ w2 (3.50)

€43 = \/ﬁ ) 543 = Nl
Sau budc nay, chi ¢c6 Ay va B” tron 1an v6i nhau tao nén gauge boson U(1)y
ctia nhém SU(3)r @ U(1)y va duge dat 1a B’. Hon nita, trudng hgp ¢ = 0 dan
t6i cq3 = 0 v s43 = 1, diéu nay c6 nghia 1a SU(4) tach biet véi U(1)x. Khi
chéo héa ma tran khoi lugng MZ;, ching toi thu duge: M2, , = CysMZ,Cl, =
diagonal (0, 0,0, %), titc 1a ba gia tri khoi luong bang khong va mot gia tri
khoéi Iugng khac khong.

Cing nhu vay, buéc pha vé thi hai tt SU3), @ U(1)y — SU(2)r ®
U(1)y c6 thé duge thie hién bing bién doi Csa: (A3, As, B, Z))T = CL, x
(A3, B, ZY,Z)T, & day Z§ va Z] lic nay 1a cac trang théi rieng khong
khoi lugng. Biéu thiic ma tran khoéi lugng bay gis 1a M2NG — M2, =

M2NG| . —o. Co sé méi lien he véi co s6 ban dau: (As, Ag, Ays, B”)T =

CIL, x (A3, B,ZY,7Z])T. Theo d6, Cys = C(32.C43. Cac phép bién doi nay

dugc xac dinh 1a

1 0 0 O \ / 1 0 0 0 \
0 c32 s32 0 0 c32  c43532 543532
032 = , Cyo = ,(351)
0 —s32 c32 0 0 —s32 cC43C32  S43C32
\ 0 0 0 1 \ 0 0 —843 C43

oo 24/2 B V8 + c2t?
BT P25, 18 B+ (Bt )

bt843 o bt
02252, +8  /8+ (02 + 22

(3.52)

C32 =
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Sau hai buéc pha vé, biéu thitc ma tran khéi lugng bay gio:

0 0 0 0
21 0 O 0 0
2 2 ~T _ 9
Mys = CaaMi5Ch = 1 0 o ngz \/E(C4§S43bt—1)w2 , (3.53)
535 543532
\/5(0438431215—1)102 (C438431)t—1)2w2—|—9V2
0 0 3543532 652
43

n6 chita hai tri riéng bang khong tuong tng véi cac gauge boson A3 va B clia
nhom déi xtiing SM SU(2);, ® U(1)y. Hai trang thai Z va Z} van chua phai
la cac trang thai rieng nhung chiing tach khoéi cac gauge boson ctia SM.

Dé tim lien hé gitta cac hiing s6 tuong tac ctia cac nhém, ching toi xét
su thay doi ctia trang thai B, lien quan dén phan trung hoa trong dao ham

hiép bién sau cac buéc pha vé:

DYttray = O — 19 (A5, T + Ag, T® 4 A15, T + tX BT
- Dﬁzei)tram = 0, —ig (A3, T° + 3B, T°+a3832 B, T +1 X 5435328, T"°)

igtB, (bT8 + Tt + XI4)
V8 + (b2 + ¢2)t2

=0, —igAs,T° — , (3.54)

§ day tat cd Agys va B” duge thay thé béi B dua theo (3.51). Dong nhét

D,(fl) trong (3.54]) v6i dao ham hiép bién dugde dinh nghia trong SM, ching

toi rat ra duge hang s6 tuong tac g cia clia nhom SU(4)r cling 14 hing s6

tuong téac cia nhém SU(2)y,. Hai phuong trinh quan trong nia la

gt
V84 (b2 + 2)t?

N | =)

= g1, = bT® + T + X1, (3.55)

trong d6 g1 va Y la hang s6 tuong tac va toan ti siéu tich yéu clia nhom

chuan U(1)y trong SM. Phuong trinh thit hai trong 1} 14 phu hgp véi su

ddng nhét ciia Y tit dinh nghia ciia toan t dien tich (3.1). Hon nita, ciing ¢6

thé thay ring N = ¢T™ + X va b = 8/1/3 1a céc méi lien he giita cac tham sb
duge dinh nghia trong cdc nhém chuan SU(4)r, @ U(1)x va SU3)L @ U(1)y.

T g1/9 = sw/cw (v6i ¥, ~ 0.231), ching toi nhan dugc:

;= g/ 2\/§8W

9 JI-(1+b02+2)sE

(3.56)
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Cé6 thé nhan thay rang ti sb6 ¢ clia hai hang s6 tuong tac la ddi xting véi bién
ddi tir ¢ sang ¢'. That vay, sit dung (3.3)), cong thiic & trén c¢6 thé viét theo g

va ¢’ nhu sau:

2\/§SW

t= .
VI-la+d — a0 + 30+ +q2)] 53

(3.57)

Véi S%V = 0.25, tur (3.57)) ching t6i nhan dugec mot sy giang budc cho dién tich
clia cac leptons méi EY va E/9,

3 ,
g+qd —qd +=(1+¢*+q?) <4.

. (3.58)

Biéu thtc ma tran khoi lugng 1} c6 thé chéo héa bing mot ma tran
Cl,, viéc nay cho ching toi hai tri rieng khoi lugng 7 va Z) trong buée thi
hai ctia qua trinh phé vd. Trong khi phé vo tit SU(2), ®@U(1)y ve U(1)g dugc

thuc hién béi ma tran bién déi nhu da biét 1a Coy,

(SW O\ (1

cw 0 0 0 0
cw —sw 00 01 0
CZ]_ — w W , Cé2 — , (359)
600 10 0 0 co 54
\ 0 0 0 1) \ 0 0 —so ca
trong do ¢, = cosa va s, = sina thdéa méan
/ — 4\/5543332 (C43$43bt — 1) w2 (3 60)
- 8535w? — 82, [(cazsazbt — 1)2w2 +9V?2] " '
Khi ay chiing t6i ¢6 M,y = Ci M 0% = diag(0,0,m7,, m7, ),
_ L
m2, — 9_2 35212 [2\/§ca843 + SaS32 (bsgzcast — 1)] w?
%4 | 2sh 657353, ’
- ,
m2, — f 3c2V? [2\/§sa343 — o832 (bsgzcast — 1)] w2 501
Z 4| 26, 657553, :

Bién d6i toan phan sau tat ca cac budc pha vi 1a C' = Ca1.0%,.C32.Cy3. Tutong

tng, ma tran khdi luong phan gauge boson trung hoa sé 1

MZ1:C

M2NG 0T =

mass

71

dlag(07 0, m2Zé) mQZi) + 5M217

(3.62)



& day 0M2, 13 mot ma tran 4 x 4 ¢6 dic diém (5Mfl)ij = O(m3,) v6ii,j =
1,2,3,4. Hon nita, (6M3,)., = (0M3,),. = 0 v6ii=1,2,3,4, va (6M7,),, =
m?%. Ching toi ¢6 thé xem nhu ma tran M da dugc chéo héa. Vé6i phép bién
doi toan phan C, ching tdi c6 sy lién hé gitta co sé ban dau (A4s, Ag, A15, B")T

va cd sé vat Iy (A, Z, Z3, Z4)7T,

A, = swAsz, +cw (032A8u + ca3s320A15, + 34333QBZ) ;
ZM ~ CwAgu — Sw (632148” + C43$32A15H + 843832BZ) R (363)

/ 12
Z3y == Zy, = —832Ca Ag+(C43C32Ca — 8438a) A1syu + (843C32Ca + C4354) By,

! 12
Zap = Zy, = 83250 Asy — (€43C3250 + 843¢a) A15 + (Ca3Ca — $43¢3284) B,

Tt nhitng trinh bay & trén, trong phan Higgs ctia mo6 hinh, ching toi

nhan thay ring:

1. Néugq,q¢ #0,q,q # —1 vh ¢ # ¢’ thi phan Higgs 12 nhé nhat, né chi cé

bén truong Higgs trung hoa.

2. Truong hop ¢ = ¢’ = 0 da duge xem xét trong |99], phan Higgs gom
c6 mudi truong Higgs trung hoa va ba gauge trung hoa non-Hermitian.

Truong hgp nay la cuc ky phtc tap.
3. Truong hgp ¢ = ¢’ = —1 da duge xem xét trong [97H103).
4. Truong hgp ¢ =0, ¢’ =1 da duge xem xét trong |20,29,104,105).
5. Truong hop ¢ = —1,¢ = 0 da dugc xem xét trong [104}105].

6. Cac mo hinh SU(4), ® U(1)x v6i lugng Higgs it hon da dugce trinh bay
trong [106,107].

Cubi ciing, ching toi toém tit lai qua trinh SSB. O budc phé v déi xting

dau tién thong qua V, chi c6 cic truong sau nhan khoi lugng: cac fermion bao

/
a’

cac quark T" va D! ; va cac gauge boson Wiy, Z). O

[

gom céc lepton la E
buéc thit hai clia qua trinh SSB thong qua w, tat ci cic fermion la con lai

nhan khéi luong. Cac gauge boson mang dién trong géc phai trén cung cla
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ma tran gauge boson non-Hermitian va Z% nhan khoi lugng. Cubdi cung,
buéc pha v6 con lai thong qua u va v, tat ci cac fermion va cac gauge boson
ctia SM nhan khéi lugng.

Tiép theo, chiing t6i trinh bay mo hinh 3 —4 — 1 véi cac gia tri dien tich
ctia thanh phan thi ba va thit tu trong ti tuyén lepton 1a ¢ = 1,¢' = 0. M6
hinh nay tuong ty cdc mo hinh 3 — 4 — 1 da duge xay duyng dau tien [20129].

3.2. M6 hinh 3 — 4 — 1 tb6i thiéu véi neutrino phan cuc phai

3.2.1. M6 hinh

Trong mo hinh nay, cac lepton dugc sip xép nhu sau:
faL:(VGJCL?ZZ’VS)%N(LZL)O)a CLIG,,LL,T, (364)

§ day ching toi luu y rang v§ = (vg)° va lien hop dién tich cta for: fSx

(faL)c — (VgR 7l(czR7 ZaRa VaR)T-
Mot thé hé quark dudc xép vao ti tuyén,
Qsr = (ug,ds, T, T"); ~ (3,4,2/3),
U3Rr ~~ (37172/3)7 dSRN (3717_1/3)7

Tr ~ (3,1,5/3), Tk~ (3,1,2/3). (3.65)

Cac quark la c6 dien tich: g7 = 5/3, g7 = 2/3. Hai thé hé quark con lai dugc
Xép vao cac phan ti tuyén,

Qor = (do , —ta, Do, DL)] ~ (3,4%,—1/3), a=1,2,

UaR ™~ (37172/3)7 docRN (3717_1/3)7

DO&R ~ (37 17 _4/3)7 ;R ~ (37 17 _1/3) (366)

Céc quark la ¢ day c6 dién tich: gp, = —4/3, qp, = —1/3.

Ap dung biéu thic (3.1) cho (3.64)), ching toi nhan dugc:

b=-V3, ¢=0, X;,=0. (3.67)
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Dé rdi toan tit dién tich cho t& tuyén c6 dang:
Q=diag(X,-1+X,1+X,X). (3.68)
Cho quéa trinh SSB, chiing t6i can bon t tuyén Higgs 1a

00Xz o) ~(1,4,0),

(¢1,¢2__,¢3,¢4) ~(1,4,-1),
(0F .08 o3 )" ~ (1,4,1),
(m

Ut 7772 7773 v774) (1747 O) . (369)

Trong [102], phan Higgs chi gom ba t1t tuyén Higgs, nhung dé sinh khéi lugng
cho céc lepton mang dién v neutrino, cac toan tit hieu dung nam chiéu va chin
chidu da dugc st dung. O day ching toi theo hudng ctia phien ban gbe [20429].
Cac tuong tac Yukawa cho phan quark 13
LY awa = 1 Qs usg + B Qappdsr + h" Qar ¢ Tr + T Qar x T,
hi%Qarn'dsr + hi3Qarp usr + h5Qard  Dar

+hBP2Qarx Dy + Hee. (3.70)

Néu phan Higgs c6 cau tric VEV 1a

() = (0,0,0,%)T, () = (o,o,%,O)T,

<p>:<0,%,O,O)T, <n>:(%,o,o,o>T, (3.71)

thi cac quark sé nhan khdi lugng nhu bén dudi:

U v w 'V
My, :ht—, m —hb—, m :hT—, m /:hT—,
VR e T e T V2
1,42 u w2 U
m af a Muyy )ap = _ha =
( d2) ﬁ\/— ( ) B ,8\/5
v
(sz) h’aﬂ \/— (mDé) ha,B \/— (372)

Dén lic nay, cac lepton van chua cé khoi lugng. Dé sinh khéi Iugng cho cac

lepton tir cac tuong tac Yukawa, ching t6i can cit vao tich faLbeR ~ 64 @ 10%.
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Néu st dung phan luc tuyén thi ma tran khéi lugng lepton sé bat déi xiing,
dan dén mot lepton van khong cé khéi lugng. Béi vay, ching toi dua thém

vao thap tuyén:

[ H-  Hf HY
Hy Hy~ HY Hy

H' ~ (1,10,0) = (3.73)
Hy H§ Hy"™ Hf
\ B Hy Hf H
Lagrangian bat bién chuan ctia thap tuyén duge cho bai:
L =1 (D, H)DFH'] — V. (3.74)

Chung toi sé chi ra rang lugng Higgs viét trong 1) nén dugc xem xét lai.
That vay, khi xét phan dong nang ctia H' trong (3.74),

ng;letic =Tr [(aﬂHl)TaﬂHl}
= 0, H{*0"H) + 0, H{*0"H} + 0,H;! T0"H; ~ + 0,H) T0"H; ~
+2(0,HY* 0" HY + 0, HY* 0" HS + 0, H{ 0" H|

+0,Hy 0" Hy +0,H 0"Hy + 0,H0"H, ). (3.75)

Heé s6 2 6 dong thit hai ctia (3.75) chi ra rang cac truong khong thuoc duong
chéo chinh trong 1' phai duge xac dinh lai:

V2HY  Hy H HY \
wogo L[ M v HEHy (3.76)
V2| Hy HY  V2Hit  Hf
\ HS Hy Hf  V2H) )

Nhu thé, ching toi sé c6

Tr [(H)'H| = H*H) + HY*H)+ HY*HY + HY*Hy + HP P H ~+ HI T Hy ~

+HH; + HfH, + HyHy + HfH;. (3.77)
Trong tat ca cac tinh toan tiép theo, ching toi sé chi sit dung H.
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Tuong tac Yukawa cho lepton duge xac dinh:

_LgYukawa = hfzb.faLHfbcR + H.c.
hl

V2

+ Z_aL (l/gRHf + \/§ZERH1__ + leHg + VbRHg_)
+ 15 (VERH;_ + i HY + \/ileH;Jr + VbRHZ_)
+ VoL (szRHg + g pHy + lyrH + \/EVbRHE)] +H.c. (3.78)

Nhu thong thudng, gia st cac truong Higgs trung hoa dude khai trién:

v+ Ryo — il €+ Rryo — il
HO — HY HY HO = HY HY 7 (3.79)
V2 V2

thi
( 0 0 0 €
1 0 0 2 0
(H) = - (3.80)
210 v 0 0
\ ¢ 0 0 0
Céac lepton mang dién nhan khdi luwong dude cho béi:
hl . 0 hl b v
mp)ep = —=2(H3) = 22—, 3.81
(1) ab \/§< 3) 5 (3.81)
Céc neutrino nhan khéi lugng Dirac nho (HY):
hlb ht . €
my)ap = —2(HY) = —2b—. 3.82
(o = "2 (1) = " (3.52)

Khéi lugng Majorana ciia neutrino sé nhan dugc thong qua (HY) va (HY).
Luu ¥ réang cac tham s6 tron 1an gitta cac lepton mang dién rat bé, trong
khi gitta cac neutrino 1a 16n, ma tran trong phai dudc stta doi. Hy vong
rang cac hiéu chinh sé cho syt tron 1an phit hop véi cac dit lieu thyce nghiém
hién nay [1]. Day sé la huéng nghién citu sép t6i clia ching toi.
Mot diéu ro rang la ¢6 céc tuong tac vi pham vi lepton (LFV) trong
. Toan t1 s6 lepton dudce xay dung tir cac vi tit chéo nhu sau:

L =aTs+ BTs +~Tis + L. (3.83)
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Tong quat, ching toi gia thiét ring cac lepton méi F va E’ lan lugt nhan s6

lepton 1& 1 va l’,

faL :(VaalaaEaaEé)%j, a=e€,u,T. (384)

Ap dung biéu thic (3.83) cho (3.84)), ching toi nhan dude:

21— 1) 2413l
Vi T TR

St triét tiéu ciia hé sd6 o 1a hé qua cia viec s6 lepton duge bdo toan trong

SM. Nhu vay,

1 1
_+Z(l+l/)7 6:

5 (3.85)

Oé:O, 'CfaL:

2(1—1) 2413l
— T 4
V3 e V6

Cong thitc trén 13 hitu ich cho cac huéng md rong dua thém cac doi xting gian
doan nhu A4, Ss, ...
V6i mo hinh dang duge xem xét, cac ti tuyén lepton trong 1} chira

L= Tis + L. (3.86)

I va V¢ v6i s6 lepton 1a —1. Chiing t6i ¢6

%, 7:¥. (3.87)

Do do, toan ti sd lepton trong moé hinh 3 — 4 — 1 tdi thiéu v6i neutrino phan

B =

cuc phai c¢6 dang la

L= % (Tg + %Tw) +L. (3.88)

Cong thitc nay 14 mot sy md rong ciia mo6 hinh 3 — 3 — 1 [108|. Cho ti tuyén,

toan ti nay sé c6 dang:
L=diag(1+L,14+L,-1+L,-1+L). (3.89)

Cac truong véi so6 lepton khac khong duge ching toi liet ké trong cac bang
3.1, 3.2, va[3.3l

3.2.2. Phan gauge

Tiép theo, chiing t6i chuyén sang phan gauge boson. Déng gép ctia thap

tuyén H vao khoi lugng cac gauge boson xac dinh tit phan Lagrangian,

H
‘Cmass

= Tr[(D,(H)) (D" (H))]
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Da tuyén X 10} n p H Q3.  Qar

Tich B o o o0 0 0 1/3 1/3
Tich £ 1 1 —1 —1 0 —1 1
Da tuyén | uaur dar Tr Tr Dar or  JarL
Tich B /3 1/3 1/3 1/3 1/3 1/3 0
Tich £ 0 0 —2 —2 2 2 0

Bang 3.1: Tich B va L clia cic da tuyén trong moé hinh 3 —4 — 1 t6i thiéu véi

neutrino phan cyc phai.

Truong | X! x5 ¢1 #2 piT i nf
L 2 2 2 S R

Truong | 0}

L —2 2 -2 —2 -2 —2 —2

Bang 3.2: S6 lepton L khac khong clia cac truong Higgs trong mo hinh 3—4—1

t6i thiéu véi neutrino phan cic phai.

= g*Tr[(Py (H) ! (PHCC(H)) + (PYC (H) N (PHNC (H)),

"
G day
15
Dy, =0, —ig Yy AwuTs —ig XB)Tis
a=1
=0, —1gP,

=0, — igPliVC — igPNCC.
Nhu mot hé qua ctia tinh déi xting hai ti tuyén [85], ching toi ¢
(PuH)ij = (Pu)i Hyj + (Pu)§ Hyi -
Cho cac khéi lugng gauge boson, ta can phai tinh
(Pu(H))ij = (Pu)i (H)kj + (Pu)s (H) ki
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Truong la Vg T T D, D

L 1 1 -2 =2 2 2

Bang 3.3: S6 lepton L khac khong clia cac fermion trong mo hinh 3 —4 — 1
t6i thiéu véi neutrino phan cic phai.
Truée tién, khéi luong clia cac gauge boson mang dién xac dinh qua
1
cCc __ —
PyC =3 > Nada, a=1,2,4,56,7,9,10,11,12,13,14

[ o w+ vy - NO

1 w0 Ut X- (3.94)
V2| oy oot o0 K| '
\ (N XK 0

o
trong d6 chiing toi da dat v2W,* = Ay, —iAs,, Y~ = W5, X — = Wy,
K+t =W, U~ =Wy ,va N =W,

Khéi Iugng ciia gauge boson tich dien doi U** va gauge boson trung

hoa non-Hermitian N° 1an lugt 1

2/ 2 2 4 g2 212 2 4.2
g% (w —I—Z—Fv), m?vozg( +Z+6)7 (3.95)

2
mp++ =

& day cac gauge boson N° va N°* khong tron véi ciac gauge boson trung hoa
Hermitian khéc. Biéu thic ma tran khéi luong clia cac gauge boson tich dien

don viét trong co s6 (W', K'=, X'+ V'#)T nhu sau:

v 4u? 40" 20 e 0 0
2 w2+V2 +UN2 O O
M=% . (3.96)
4 VI V240" 2v'€
u2 +w2+,0112
véi v'"? = v"? 4 €2. Trong gidi han € = 0, két qua & tren 1a gidng cac két qua

nhan dugc trong [29] (su khéac biet duy nhéat lien quan t6i v do trong [29] céc
tac gid da khong xac dinh lai thap tuyén). Tuy nhién, do tat cd céc yéu to
khong thudoc duong chéo trong ma tran 1) ty 1é v6i tich v’e, nghia 13 ching
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nhé hon rat nhiéu so véi cac yéu td thuoc duong chéo chinh. Vi thé, cac tri
rieng khoi luong clia cdc gauge boson tich dién don trong mo hinh dang xem
xét ¢6 thé coi nhut dong nhat véi cic két qua trong [29].

Cac trang thai vat 1y nhan dugc 1a
W, =cos@W, —sinfK,, K,=sinfW,+cosfK,, (3.97)

trong d6 goc tron 6 duge xac dinh,

4v'e
tan 20 = VI — o (3.98)

V6i sy tron lan X — Y, ching t6i nhan duge cac trang thai vat 1y,
Y, =cosf'Y, —sint X, X, =sin0"Y,+cosb X, (3.99)

goc tron 6 duge xac dinh 13

4 e
tan 20’ = . 3.100
an V2 — 02 — 02 1 02 ( )

Céc trang thai vat Iy trén nhan khéi lugng nhu sau:

2 2
ML o gZ(v2 +u? +0"?),  mi > gZ(V2 + w? 4 0'"?),
g g
M+ =~ Z(VQ +02 40", mii o~ Z(w2 +u? +0"?). (3.101)
T (3.101)), ching t6i c6 thé dong nhat,
v? 4 u? + 0" ~ oy = (246 GeV)?, (3.102)

va thu duge cac giang buoc vé khoi lugng clia cidc gauge boson tich dién don,

mie —mx| <my,  |mi —mx —my| < my, . (3.103)

So sanh v6i , ching toi thay rang géc tron gitta hat nhe nhat W
va hat nang nhat K 13 nhé hon goc tron X — Y. Goc tron nay kha nhod va ¢
thé duge gisi han tit bé rong ra W boson (nhu trong moé hinh 3 — 3 — 1 tiét
kiem [411[65,/66l[109,[110]).

T quan diém thuc nghiém, céch tinh gan ding nhu cac bai bao trude

day [29/100], V = w, gay ra kho khan trong viéc phan biét cac bilepton X va
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Y. Vi vay, chiing toi gid thiét V > w. Chd ¥ ring UT* va Y+ 1a tuong tu
cac gauge boson tich dién don trong M331 [16/18], con N° va X c6 vai trd
tuong ty nhu trong v331 [15,/19-22]. Gauge boson tich dién don nang nhat
K¥ 1a hoan toan méi chi lien két v6i cac quark la va cac lepton phan cuc
phai (thay r6 trong muc . Trong mo6 hinh ching t6i dang xem xét (ciing
nhu trong bai béo ctia Voloshin [71]), cac hat tuong tu trong M331 nhe hon

céc hat tuong tng trong v331 [biéu thic (3.95) va (3.101)]. V6i cac mo hinh

3 —4 — 1 dugc xay dung dau tien [20429], két qua & trén 1a ngudce lai.

Chuyén sang phan gauge boson trung hoa, trong cd sé (Agu, Agys Aisps BZ) ,

biéu thitc ma tran khéi lugng ciia céc gauge boson trung hoa M2YE x4c dinh
nhu sau:

u2 —H)2 +v//2 %(UQ _ 1]2 + U//2) \/LE(UQ _ 1)2 _ 21)”2) _\%vz
g2 %(u2+v2+4w2+v”2) #5(11,2 +v? — 2w? — 20v"'2) \/Lg(v2 + 2w?)
4 %(u2+v2+w2+9‘/2+4vu2) ﬁg(UQ _wz)

% (v2 + w?)

Ma tran khéi lugng trén thoéa man Det(M2YE) = 0, diéu nay tuong tng su
ton tai clia mot trang thai khong khéi lugng chinh 14 photon.

Cac tri rieng khoi lugng clia ma tran nay c6 thé duge xac dinh tit truong
hop tong quat. Véi trudng hgp cu thé nay, ching toi c6

sa3 =1, ca3 =0, 832=£, 032=i;
V8 +3t2 V8 +3t2
2v/8 + 3t2w?

toe = . 3.104
2T V2 — (7 + 312)w? (3.104)

Ma tran bién déi Cy; théa man (A, Z, Z5, Z})T = Cy1 x (As, Ag, Ay5, B")T

bay gio sé c6 dang,

( Sw  CwC32 0 CW 32 \
cw  —swesz 0 —swss32
Cy1 = . (3.105)
0 —casS32 —Sa  CaC32
\ 0 Sa832  —Ca  —S8aC32

Biéu thitc ma tran trong co sé méi la
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(OOOO\

MZNG = : . | (3.106)
Mz, M3q
\ mz, )
¢ day
2 2 2 2
m = LW T V) my (3.107)
deyy, Cly
2 2 2
mQZé = ‘g—4 [93 V2?4 —caV/ 8+ 3t2) w21 -+ ‘34 l(\/_cas;gg + sa) u?
(3t2 + 4)cq 2

n < i 26 S32> 219 (\/ésa . ca332) V2|, (3.108)

g9’ g 2
mQZ, =51 ch V24 ca + SV 8+ 3t2) 1 + o1 [(ca — \/§Sa832) u?

3t2 4)s, 2

+ < +4)s 532) 249 (\/ﬁca + Sa832) v”2] , (3.109)

- :g_ (3 —2c%) Sa )2 Car/1 — 4s%, L Sa )2
237y CW\/ 3(1 — 4s%,) \/écw C%V\/g V6ew
\/ 1 - 4SW V2s,4 12 2

+ v ~ O(myy ), 3.110

2 f (v? —u? + 21)”2) N sa [(4cf, — 3)(u? +v"?) + (2¢3, — 3)v?]
2 3(4c2, — 3)

-~ (3.111)
m3, = f o [4(u® — 20"?) + (3% + 4)v?]

24 | \/3t2 +8

S2c
+ 532 1 ) [(3t% — 8)u® — (8 + 217 + 9t*)v” + 4(3t + 4)1/’2}1
~ O(miy). (3.112)

Ching toi thiy rang tat ci cac yéu t6 khong nam trén duong chéo chinh
thuoc bac O(m3,). Do d6, ching nhd hon rat nhiéu so véi m2Zé va mQZZL’ nghia
14 hai gia tri ndy c6 thé xem nhu cac tri rieng ctia ma tran (3.106). Hon nita,

déng gop 16n nhat vao m% = (M 2N G) 5, trong ma tran chéo sau cung ty 1&
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. 2 2 ~ < A 2 2 . ~ 2 P
v6i m¥, x O(%) cling 1& rat nho. Tém lai, ma tran (3.106) c6 the xem

nhu 14 ma tran chéo véi cac tri riéng tuong tng 1a cac yéu to6 trén duong chéo
chinh va ma tran Cy; 13 mot moéi lien heé gitta co sé dau va co sé cudi clia cac

gauge boson trung hoa.

3.2.3. Cac dong

Tu phan Lagrangian Leermion = 1Y f ffy“DH f, chiang t6i nhan dugc

tuong tac cua cac gauge boson mang dién véi cac lepton,

Lleptons = |:77aL’Y'u (Wl;+laL + Yp/,_ cCLL + N;?VSL)

o~
Q
h
=2
RS

(U/I_ aL T X}/L_VSL) + Z_ZL’Y“K;LV&L} + H.c.

R

aL’}/u (W;}J—i_laL + NSVCCLL) - l_aR’}/MYH_VgR

o~

A" (U;— e 4 X;—ugL) . yaRfy“K;flaR} +He.

Sle Sl 1 Sle

|: ﬁaL’VMNSVgL + l_aL'}/MUIJJ__ CCLL
+ gy (CQPL + SQPR) laWJ— + U M (SQPL — C@PR) ZGKJ_
+ l_a’}/u (CQ/PL — SQ/PR) I/SX; — l_a’)/u (SQ/PL + CQ/PR) VSYM_]
+He., (3.113)
G day chung toi da st dung l_gL’y“l/gL = —UarY*lar - T (3.113)), ching toi
thay gauge boson méi K+ déng vai tro tuong tu W+ ctia SM nhung thay vio
14 cac lepton phan ciyc phai v6i dau trit trude hing s6 tuong tac g. Dong phan
cyc phai nay ciing xuat hién trong [111]. Cac gauge boson mang s6 lepton
bing 2 (dugc goi la cic gauge boson bilepton) gom: Y+, NO, U+, va XT.
V6i cac quark, ching t6i co
Lauarks = —= |aspy" (Wt dsp + Y.~ Ty, + N°T}
quarks — \/§ 3L7Y uw W3L I L pwtL
syt (U =Ty + X, 7T ) + Ton K1}
+ dp 1" (—W;L_uaL + Y, Dar, + NS*D;L> + Dary" K, Dl
— Ty (UﬁDaL + Xl'fD;L)} + He. (3.114)

83



Dé thay ro su tron lan gitta cac gauge boson tich dien don, ching toi viét lai

biéu thitc trén nhu sau:

_rec— 9 (J#V—W; + K 4 T X 4 JETY 4 TR N

V2

+ J U+ He), (3.115)

Jiy = co(UarV"lar + Uz dsr — tarY"dar)

— 89(=VarY"lar + TLY*T}, + DLy v DaL), (3.116)
8 = co(—VarY*lar + Tey*T}, + DL 7" Dar)

+ 80(VarY"lar, + Uspy"'d3r — UarY"dar), (3.117)
Iy = co (Vg lar + T dar — ez Dy

+ Sef(l_fLL’Y”VaL + Try usy, + JaLfy”DaL), (3.118)

J;‘ﬁ_ = Ca’(l_gL’Y“VaL + TL'YMUBL + CZaLVHDaL)

— 59/ (P57 lar + Ty dsr — Gary" D), (3.119)
Jg—__ = Z_ZL’)/MZQL + TL’Y“dgL — l_LaL’Y’uDaL, (3.120)
JKIO* = DaL’Y'quL + ’L_LgL”)/'uTi + D;L”}/'uda[,. (3121)

Chiing toi luu ¥ 1a trong cac biéu thic nay, tat ci cac fermion la cac
trang thai chuan. Trong thuc té, ching nén dudc viét trong cac trang thai
khoéi Iugng. Khi ay, ma tran CKM sé xuat hién trong phan quark. Trong mo
hinh dang dugc xem xét, do c6 ma tran khéi luwgng neutrino Dirac nén ma
tran tron 1an lepton Vpyng s€ xuat hién trong Jij, . Theo d6, trong co sé khoi

lugng, dong trong (3.116[) c6 dang mdi,
Jﬁ/_ = CgDiL’V‘uVPZ;i/INSle + SGDiRVHVPE{\/[NSljR 4+ (3122)

Cac dong trung hoa trong dé c6 dong dién tir 1a

3
—LNC = eJﬁmAM+2i—4WZ 2> A" 9™ (Fiv =D (f)iavs) £}, (3.123)
i=1 f

84



G day
! 2v/2sin 6
e = gsinfy r=9 _ V2sin Oy : (3.124)
9 \/1—4sin®0y
va Z123 1a cac trang théi rieng chinh xac clia ma tran (3.106)), ching c6 the

duge dong nhat 1a Z' ~ Z, 72%3 ~ Z} ,

Cac dong trung hoa tuong tu nhu trong [29]. Gidng nhu trong cadc mo
hinh 3 —3 —1 [112-{115], mo hinh dang duge xem xét cling cho FCNCs & gan
dung cay gay béi Z2 va Z3.

Cong thrc dan t6i mot hé qua,

sin? By < 0.25, (3.125)

diéu nay 13 giéng trong M331. Nhu da deé cap trong , giang buoc nay
ciing giéng cac phién ban goc [20429).

V6i lugng hat 6 ca phan fermion va Higgs tuong ti nhu trong |72], ching
t6i cho rang khéi lugng thdng nhat cd O(10) TeV. Cyc Landau cé thé tuwong ti
nhu trong M331 [87,88|, van dé nay sé dugc ching t6i xem xét trong thoi gian
sap t6i. Ching t6i luu ¥ rang mot s6 diém tha vi lien quan dén ciyec Landau

ctia cd M331 va mo hinh 3 —4 — 1 da dugc trinh bay so qua trong [102].

3.2.4. Thé Higgs

Biéu thtc thé tong quat cé thé duge viét nhu sau:

Vn,p, ¢, x,. H) =V (n,p,0,x) +V(H),

trong do

V(1,0,0,x) = piin'n + pap’p + 136" 6 + pix'x
+ 0% 4+ X2 (pT9)? + A3(076)% + Ma(xx)?
+ (') [As(p'p) + A6 (670) + Ar(x )]
+ (') s(09) + Ao (X)) + Ao (870) (x ")
+A0(p") (') + X1 (pT0)(97p) + Ma(p"X) (X' p)

+ XMis(0" ) (0T0) + Aa (X (Tx) + Ais (XT8) (67 x)
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+ (fe7% nip orxi + Hee.), (3.126)

V(H) gom phan bao toan s6 lepton (LNC) va phan vi pham s6 lepton (LNV),

cu thé 1a

V(H) = Vine + Vinv, (3.127)
Vine = p3 Te(H H) + M6 Te[(HTH)?| + A7 [Tr(HTH)J?
+Te(HH)[Ms(n'n) + Mo (pp) + A20(670) + Aa1 (x )]
+ oo (X H)(H'X) + Aoz (n" H) (H') + Aoa (0" H) (H'p)
+ o5 (¢TH)(H¢) + [fax"Hn* + H.c],
Viny = fox "HX" + fan" Hn™ + Xoe Te(HTH) (x )
+ Ay (XTH)(H™n) + H.c. (3.128)
Trong cac tinh todn & bén dusi cho pho khéi lugng Higgs, ching t6i chi
xem xét phan LNC ctia V(H). Diéu kién cyc tiéu thé tuong tng sy triet tieu

clia cdc hé s6 gan vdi bac mot ting trudng vo huéng ctia cac Higgs boson

trung hoa ¢c6 VEV khéc khong, tit d6 dan t6i sdu phuong trinh:

1
p3 = Iz [2)\1662(?}/2 — %) = A2 V? 4 Aose?w? 4 Aogev? + 2fVwou|
u

(M50 + 20 0% 4+ Asv” + Agw® + AV,

2 = % {mzv s+ Agu? V2 + LYY L2 4 %Azwlﬂ,
pa = % {2)\310 + Aeu? 4+ Agv? + A\gV2 + fTV + Agov? + %)\25?/2} :
p2 = % [2A4V2 + A7u® + Agv® + Agw? + Ao10"?]

4‘1/2 [2fVwuv + 221662 (V% — €2) — Noze®u? + \oge?v? + )\2562102} :
u2 = 1 [)\167}/2+2)\17UH2+)\18U2+()\19+%)U2+)\20w2+)\21‘/2+)\257w21 ,
Ja= [2X16(v"% — €%) — Aa2V? — Aagu® + Aaav® + Aosw?]. (3.129)

2V

Biéu thitc ma tran khéi luong M%CH cua cac Higgs boson tich dién doi
(DCH) trong co 86 (HEE, HEE, pf~, ¢F5)T 1a
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(ME i 2h60"2 V22400 V2Xa5w0’

1 (MQDCH>22 V22400’ V225w’
Mbon = 1 , (3.130)

22 1w? — wa# 2A11wv — 2fVu
21102 — —szv“
6] day (M2DCH)11 = 2/\16’0,2 + )\24?)2 — )\25102, (M%CH)QZ = 2)\161)/2 — )\24?)2 +
Aasw?. C6 thé dé dang thay rang det M2y = 0, do d6 ton tai hai Goldstone
boson clia cac gauge boson U**. Chiing dudc xac dinh 1
\/§U’H1ii — \/§v’H2jEjE —vptt + wepTE

G:I::I: —
v Vw2 + v2 + 4072

(3.131)

Tu (3.130), chiing t6i con nhan duge ba Higgs boson vat 1y, trong giéi han

v"? ~ 0, ching c6 khéi lugng 1a

1
milii = 1(>\24?J2 — Aasw?) = —migi,
2, 2
5 w* + v fVu
S N (5 P : 3.132
mhgti 2 ( 11 WU ) ( )
6 day h;-ti, 1 =1,2,3 la cac trang thai riéng tuong tng. Theo trén, trong gidi

han v' = 0 luon ton tai mot gia tri am —|%()\2402 — A25w?)], nghia 13 mot biéu
thiic khoi lugng am § gan diung cay. Mat khac, khi o' # 0, ma tran M3y

cho cac khéi lugng & bac cay c6 méi lien he, Tr(M3 o) = 2?21 miii’ hay

2 2
we + v Vu
M2 e b mles +mies = Ago” + L (g, = IV, (3.133)
hi ha hj 2 wv

Nhu mot hé qua ctia do bén chan khong, thé Higgs phai bi chan duéi, Aig > 0.
Dé rdi tdng ctia hai khéi lugng DCH dau tién trong (3.133) 1& cd O(Av"?).
Ngoai ra, do DCH la 16i giai ctia phuong trinh det (MZDCH — Iy % miii) =0,
chiing t6i ¢6 lién hé khéac:

1
2 2 2 2 2
moiimsiimiie = ——(Aog¥* — Agsw
hi h3 h3 16( sw”)

2w2—|—v2—|—4v’2 fVu
A1 — .
2 wv
(3.134)

Vé phai clia (3.134) 1a khong duong béi vi hé sb ()\11 . f;ﬂﬂ) c6 dau duong

nhu trong biéu thitc khéi lugng cia DCH ning hi®. Nhu vay, luon c6 mot

biéu thitc khéi Iugng am ctia DCH & bac cay. Dé thoat khéi van dé nay, lugng
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X242 — Agsw?| nén rat nhé dé cac déng gép bd dinh vong cé thé nang khéi
lugng ctia DCH dat gia tri duong. Tém lai, tham s6 |Aa5] nén rat nho va mo
hinh dy doan su ton tai cac hat DCH nhe.

C6 12 cap Higgs tich dien don (SCH) hgp thanh co sé ban dau. Biéu thiic
ma tran khoi lugng ctia cac SCH gom hai ma tran doc lap 6 x6. Ching dugde dit
la M2, va M2, v6i hai cosé nhé tuong ing 1a (HE, o7, n5, xa, Hf, pi)”

va, (qﬁff, th, H;E, 77;, pli, H;)T Trong gidi han € = 0, chung dudc tach ra

> . (3.135)

thanh bén ma tran doc lap 3 x 3:

2 2
MZ — 1 M?lsch 0 M2 — l M/2$ch 0
1sch 0 ) 2sch 4 0 M2
2sch

2
4 Mlllsch
Aazu2 — Aasw? Aaswv’ Aozuv’
(M) = 2X13u% — Ap5v/? — 20w 2(AMzwu — fVv) ,
2)\13102 + )\231)/2 — —Qf‘;wv
A22v’2 42X 1202 — waTuv Ao V! 2 (A 12V — fwu)
(M%) = A22V? — Xogv? A24vv’ ;
2212V2 — Agqv'? — 2V
2A15V2 — Nosv’? — %‘% 2(AsVw — fou) Aos v’ w
(M) = 22 15w? + Agav'? — MTW A2 V!
/\22V2 — )\25w2
)\23’0/2 + 2)\101)2 — QfVva 2 ()qouv — wa) Ao3v’u
(Mo2y) = 2A10u? — Apqv'? — 2LVuw 2400’

A23u? — Aogv?
(3.136)

Mo6i ma tran nhé & trén chi c6 mot tri rieng bang khong tuong tng trang

thai khong khoi lugng va hai tri rieng khac khong. Cac trang thai khong khoi

lugng 1a cac Goldstone boson:

ot _ — ' Hf —wet + ungjf o _ —Vx§ +vHE +upr
1 VuwZ +u +02 2 VVZ £ 02 4+ 072
+ + + + + +
GE — woy — Vg +v'Hy Gt = —uny +vp; +v'Hy . (3.137)

\/VZ + U}2 + ,UIZ

\/UQ —|—U2 —|—U/2

Trong giéi han nay, c6 thé dé dang ddng nhét G = GE, G = G%, G = G,
va Gf = G?,EV. Cac Goldstone boson trén lan Iuot bi hap thu béi cac gauge

boson Y+, X+ K* va W=,

88



Véi v' # 0, cac khoi lugng ciing nhu 13 cic trang thai rieng c6 chat phiic
tap. Cac két qua dudi day xét trong gi6i han v’,e — 0. Tri rieng khoi luong

cua tam cap SCH khac la

1 1
mfﬁ = Z()\23U2 — )\2511}2), mig: = Z ()\23u2 — )\24?}2>,
2 2 2 2
9 u®+v fwV 9 u® 4w foV
my,+ 5 ( 10 W ), M+ 5 ( 1B~ )
s VE+uw? fou s V24P fwu
M= \M ) e T (M)
1 1
m% = Z ()\22‘/2 — )\25102), miét = Z ()\22‘/2 — )\24’02), (3138)

v6i cac trang thai rieng tuong ting nhu sau:
vy Fupt L udy +wiy
Vo2 8 vz + w2
_Vértwxy . oxa +Vpr
VVZrw? 0 VR T
Theo d6, mo hinh di doan hai hat SCH kha nhe 1a A va hi béi \j o

+ _ gt kgt
hi = Hi, hy = Hy', hy =

hi = HI, hi=HE. (3.139)

O(1); [A25w]| 1a khong qué 16n; va u, v' va v 1a 6 thang dien yéu.

C6 muoi thanh phan Higgs trung hoa trong co sd ban dau. Ma tran khoi
lugng cua cac Higgs trung hoa 1& CP la ma tran 10 x 10. Ma tran nay cho
mot trang thai khong khoi lugng 1a Im[HY] & gan diung cay. Hon nita, phan
con lai tach thanh hai ma tran doc lap 1a 4 x 4 va 5 x 5, tuong ng vGi cac
co 6 (T3], T[], TmlHY], T[HY)T va (Im[pg], Tm[gf], Ty, Tmlrs),

Im[H3])T. Trong gidi han € = 0, cac Higgs boson vat 1y dudce xac dinh:
HA1 = Im[HS], mil = ()\22‘/2 + )\23u2 — 2)\161)/2 — )\241)2 — )\25’(1)2),

HA2 = Im[Hf], m?42 = (2)\23u2 — 2>\16U/2 — )\24’02 — )\25’[1)2),

(N N

HA3 = Im[HE], m?43 = (2)\22‘/2 — 2/\16’0/2 — )\24?)2 — )\2511)2). (3140)

4
Phan con lai 14 hai ma tran nhé 2 x 2 va 4 x 4, chtung lién quan tdéi bon
Goldstone boson gom Gyo, Gz, (i = 1,2,3), va hai Higgs trung hoa 1& CP ¢6

khoi luong,
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GZl v24u? 0 0 v24u2 Im[pg]
Uu2 V U2+U2V uv2 0
Gza | _ A(v2+u?) VA VAW +u?) mgs] ,
GZ3 V2420 Aw V22 _ V224 Im[xg]
VAB VB VAB VAB
HA5 Vwu Vou wuu Vwv Im[n(l)]
VB VB VB vB

§day A =V?02 +u?(V2+90?), B=V%2(w? 4+ u?) + w?u?(V? + v?). Ching
toi Iuu § 14 ba Goldstone boson bi hap thu bdi ba gauge boson Hermitian
Zi(i = 1,2,3) 1a t6 hgp tuyén tinh clia cac trang thai khong khéi lugng Gz,
6 trén. Nhung Gz, déng goép chinh vao Goldstone boson cta Z boson trong
SM. Khoi lugng ciia Ha, ; 1

5 V2 4+ u? <)\ fwv)

Maa = 2 U v
5 f [Vou Vo u(V?+0?)
= —= — + —F—F | |. 142
A, 2 w w ( U * Vo (3 )

Ching toi thay diéu kién duong ctia khoi lugng Higgs trung hoa 16 CP H 4,
chi ra rang f < 0. Ngoai ra, mo hinh ciing cho mot Higgs boson trung hoa 1é
CP nhe 1a Ha,.

Trong phan Higgs trung hoa chin CP, bicu thitc ma tran khoi lugng
tach thanh hai ma tran nhdé 4 x 4 va 6 x 6. Chung dugc dat 1a M%HO va
M2Z,,0, tuong ting véi hai co s6 nhé 1a (Re[HY], Re[HY], Re[x}], Re[ni])” va
(Re[HY], RelxY], Re[¢Y], Re[pY], Re[n?], Re[HI])T. Mot tri rieng khoi lugng
bang khong clia ./\/lf o Ung v6i Goldstone boson ctia N 0* boson. Ngoai ra,

trong gidi han € = 0, ./\/l% 7o cho ba gia tri khoi lugng khac khong la

1 V22 wv
mi? = Z (2)\23U2—)\24’U2—2)\16’0,2—>\25w2), mig = 5 ()\14_‘];/_u>7
1
mig = Z (2)\22‘/2 — )\24’1)2 — 2)\16’0,2 — )\2511}2). (3143)

Céc trang thai rieng c6 khéi lugng (h?, h3, hY) va Goldstone boson G yo-

trong truong hop nay la

R = Re[HY], h3 =Re[H]],

Vv U 0
GNO* _ - V212 V212 Re[Xl] . (3144)
hg \/V;jl+u2 \/V‘2/+u2 R’e [772]
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Trong khi hai trang thai cudi ning c¢& thang pha vd ctia SU(3)y va SU(4)r
thi Higgs boson dau tién c6 thé nhe do |Ay5w?| khong qua 16n nhu da thao
luan & trén. Béi vay, né c6 thé 1a Higgs boson ctia SM.

V6i ma tran khéi luong thi hai M2, dé dang kiém tra ring det M3, #
0. Nhung néu v’ = 0, M3, ¢6 mot tri rieng bang khong. Hon nita, néu
vV =v=u=0, M%HO c6 hai tri rieng bang khong, tic 1a c6 thé c6 hai Higgs
boson trung hoa chin CP nhe. Theo d6, mot trong s6 chiing c6 thé dong nhét
v6i Higgs SM. Nhu vay, phan Higgs ctia mo hinh dang xem xét 1a dang tin

cay. Déng gép chinh vao bon Higgs boson ning 13

2 2
My = —fwV, Mo =

(A22V? = Aasw?),

~ ] =

mio — )\3’(1)2 + /\4V2 + >\4V2 — )\31112)2 + /\6211}2‘/2. (3145)
6,7

Tém lai, mo6 hinh ma ching toi dang xem xét du doan nhiéu Higgs boson
v6i khéi luong ¢ TeV ma ngay nay cac may tham do cé thé phat hien. Ngoai
ra, nghién ciu & trén c6 thé ap dung cho cac moé hinh ma & dé thap tuyén

10g H chua dua vao.

3.2.5. W boson va cac giéi han

Muc dich ctia chiing t6i trong phan nay la tim giéi han cho cac tham sb
cuia mo hinh. Tt sy tron 1an clia cdc gauge boson tich dién don, ching téi c6

mot vai diém dac biet lien quan dén W boson ctia SM.

1. Trong mo6 hinh dang xem xét, W boson c6 cac kénh ra chinh thong

thuong giéng nhu trong SM:

W= — Iy (l=eupT),

N ucd,uls, ub, (u — c). (3.146)

Hon nita, do sy tron 1an W — K, W boson c¢6 cac kénh ra khéc lién

quan t6i phan lepton phan cuc phai, cu thé la
W= = lrir (I=e,pu,7). (3.147)
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O mitc cay cho phan dien yéu va mic ba vong cho déng gép clia
tuong tac manh, cac bé rong rd nhan duge tuong ty trudng hop mo
hinh 3 — 3 — 1 tiét kiem [41}/65,66L/109]. Theo do6, két qua bé rong ra

toan phan cho qua trinh W boson ra thanh cac fermion 1a

M M
Ttot — 1.040‘2—2”’(1 _ )+ W (3.148)

5
Sty 45W

V6i dit lieu gan day vé gauge boson W* [1]: a(mz) ~ 1/128, my =
80.385 + 0.015 GeV, I'tof = 2.085 + 0.042 GeV, ching toi thu duge gisi
han trén lien quan dén goc tron 6 1a sy < 0.19. Gi6i han trén nay 1én

hon so véi két qué trong [414/65,66,109] (sg < 0.08).
2. Clng trong mo hinh nay, muon c6 ca kénh ra chinh va kénh ra sai:
pwoo—=e +Uetv, W e +ve+ vy, (3.149)

chtng lan lugt tuwong ng véi hai gidan do trong hinh Vi thé, bé rong

(& (&

u W, K e X,Y

To
on

Hinh 3.1: Giadn do Feynman cho déng goép vao rd muon vdi kénh ra chinh

(hinh bén trai) va kénh ra sai (hinh bén phai).

rd toan phan ctia muon dudgc xac dinh: FLOtal =T(p~ — e +0e+v,)+
(p~ — e + Uy + ve).

Bé rong ra véi kénh ra chinh dugce ching toi tinh todn nhu trong phu
luc B. Két qua thu dugc 1a

4,5
- - g m 1 1
M~ —e +0+v,) = 614471:2 (m%/v + m%) (3.150)

Véi kénh ra sai, két qua 14 hoan toan tuong ty. Mat khéc, ty s6 nhanh
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clia kénh ra sai: Br(p — ev, 7,) < 0.012 dan t6i giang budc sau day:

m_lj‘;‘—i_n% 0.012
< U.
Tt

11 1 11 0.012
hay —4+m—4—0.012( —+— )< . (3.151)

]
Mg Mx My myy

Xét gidi han V > w tic 1a 1/m%.,1/m% < 1/mj3,, ching t6i nhan
dugc gidi han dudi cia my: my > mpy x v/82.333 ~ 242 GeV. Két
quad nay phu hgp véi |[116]. Trong truong hop V =~ w tic 1a m3 ~
m3 ~ m3 /2, gi6i han ching toi thu dugc 1a chit ché hon: my >

mw X V/164.417 ~ 287 GeV.

3. Su chuyén héa p — e: Dong mang dién trong mo hinh dang xem xét c6
dang tuong tu nhu trong [116-119]. Do do6, cac két qua nhu sy chuyén
héa p — e 1a tuwong ty. Dac biet, khoi lugng clia bilepton tich dién doi
U** théa man my++ > 135 GeV [118]. Mac du két qua nay nhan duge
14 v6i nhém SU(3)r nhung van c6 thé chap nhan v6i nhém SU(4)r, do
chiing c6 cac hing s6 tuong tac chuan nhu nhau. Gigi han nay 1a khong

chat ché bing gidi han dén tit kenh ra muon sai.

3.3. Két luan chuong 3

Chiing toi da chi ra rang diéu kién khit di thuong ctia cac mo hinh 3—4—1
1a (i) s6 tit tuyén fermion bing vé6i sé phan ti tuyén fermion va (ii) tong dién
tich clia tat ca cac fermion phan cyc trai bang khong.

Chung t6i da phan tich mo hinh 3 — 4 — 1 v6i dién tich bat ky clia cac
lepton méi. Néu tat cd céc fermion (trir cdc neutrino) ¢6 thanh phan phan cuyc
phai thi chi can bén ti tuyén Higgs 14 du dé cac fermion nhan khéi luong qua
tuong tac Yukawa, SSB dién ra va mé hinh cho pho gauge boson phit hap.

Chiing t6i da trinh bay mo hinh 3 —4 — 1 t6i thiéu v6i neutrino phan cuc
phai. Khéc biét so véi cac cong trinh trude [20429], tai day véi viec théem vao
mot VEV khac khong mdéi cho mot thanh phan Higgs trung hoa trong thap

tuyén H, mot vai diém tht vi xudt hién: (i) cdc neutrino nhan khéi lugng
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Dirac 6 bac cay; ii) su tron lan gitta cac gauge boson tich dién don dan t6i
xuat hién thém mot déng gép méi vao bé rong ra ctia W boson, diéu nay
giong nhu da chi ra trong mo hinh 3 — 3 — 1 tiét kiem. Véi cac dit lieu gan
day vé W boson, két qud nhan dudc cho gi6i han goc tron 1a rong hon. Mo
hinh cfing dy doan st ton tai ctia nhiéu bilepton ciing nhut cic tuong tac LEV.
Giéng nhu trong cAc mo hinh 3 — 3 — 1, nhiéu hat trong s6 cac bilepton nay
déng gép vao cac qué trinh LFV nhu ra muon sai va chuyén héa p — e. Néu
thang pha vd SU(4)r 16n hon nhiéu thang pha vd SU(3) thi giéi han duéi
ctia thang pha vé SU(3)r giong nhu da chi ra trong cdc mo hinh 3 — 3 — 1.
Ngudgc lai, néu hai thang phéa v& ndy xap xi nhau, gidi han nay tang léen dang
ké. Chiing toi thay dic diém nay tit rd muon sai, giéi han duéi clia my 1a 242
va 287 GeV tuong tng v6i hai truong hgp. Chiung t6i ciing nhan dugce toan tit
s6 lepton va sb lepton clia cac trudng trong mo hinh.

Nhu M331, mo hinh 3 — 4 — 1 t6i thiéu véi neutrino phan cuc phai cho
mot gi6i han trén cia sin goc Weinberg 1a sin? yy < 0.25.

Phan Higgs da dugc ching toi nghién citu kha chi tiét. Trong gidi han
sO lepton bao toan, phan Higgs chita dung tat ca cac Goldstone boson khong
khoéi Iugng tuong ing véi cac gauge boson cé khéi lugng va Higgs boson SM.
Mb6 hinh dy doan nhiéu Higgs boson véi khéi lugng ¢d TeV ma ngay nay cac
méay tham do c6 thé phat hien. Hon nita, nghién citu & trén c6 thé a4p dung

cho cac mo hinh 3 —4 — 1 ma & d6 thap tuyén 10g H chua dua vao.
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KET LUAN CHUNG

Trong luan an nay, chung t6i da trinh bay moé hinh 3 —2 -3 — 1 va mo
hinh 3 — 4 — 1 t6i thiéu véi neutrino phan cyc phai. Cac diéu kien khit di
thuong, su sip xép cac fermion dusi nhém déi xiing chuan, phan vé hudng,
phan gauge, v cac dong déu da duge ching toi phan tich. Tat ci cac hat va
cac tuong tac ctia SM déu nhan lai duge. Cac hat méi va cac tuong tic mdi
cho déng gép vao maot s6 qué trinh da biét. Ddi chiéu véi dit lieu thue nghiém,
chting t6i thu dugc giéi han cho mot vai tham s6 trong hai mo hinh. Ngoai ra,
van dé s6 thé he fermion, khéi lugng neutrino, va vat chat t6i ciing da dugc
ching t6i thao luan.

Mo hinh 3 — 2 — 3 — 1 dy doén niam gauge boson méi gom 2, Z;, Wit,
Xz YEE(QH), va 11 Higgs boson méi gom HY 5 4, A°, HE, Hgf,?, Hét(qﬂ),
=5, E;tg)(q_l), E§t32q. Gitta Higgs boson SM va cac Higgs boson trung hoa méi
cing nhu gitta cac gauge boson SM va cac gauge boson mdi ¢6 sy tron lan véi
cac goc tron rat nhé. Theo do, vat 1y méi cho déng gép vao tham sé p. Qua
khao sat p va cidc tham sb tron 1an, ching toi nhan duge mién gi6i han clia
thang vat Iy mdéi 1a 5-10 TeV. Két qui nay phu hgp véi viec khong con quan
sat thay hién tuong du thita diphoton.

Cac hat méi va cac tuong tac méi thay doi cac vi quark va cho déng gép
vao céc hieu khoi lugng meson trung hoa Ampg g, p.. Theo do, néu thang vat
Iy méi 1a 5 TeV, ching to6i nhan dude gidi han cho cac yéu td6 ma tran tron
Var| < 0.0015. Tuong tu, |V,gr| < 0.2
va |Var| < 0.003 khi thang vat ly méi 1a 10 TeV.

M6 hinh 3 — 2 — 3 — 1 khong chi giai thich duge s6 thé hé fermion 1 3,

quark phan cuc phai 1a |V, g| < 0.08 va
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khéi lwgng nhé clia neutrino, ma né con cho cac ing cit vien vat chat tdi. Dac
biét, mo6 hinh chita di xing chuan gian doan tan du W-parity dam bao tinh
bén cho vat chat t6i. Tat cd cac két qud nhan duge déu rat tuw nhién.

M5 hinh 3 —4 —1 t6i thiéu v6i neutrino phan cite phai di doan cac gauge
boson méi gom 74, 74, K+, X+, Y+ U** N N vanhidu Higgs boson mdi.
Xem xét sy tron lan gitta cic gauge boson tich dién don, W — K, két hop véi
dit lieu gan day ve W boson, ching toi nhan duge gi6i han trén cho géc tron
13 16n hon so véi cac két qua trude day. Mo hinh ciing dy doan sy ton tai cla
nhiéu bilepton va cac tuong tdc LFV. Nhiéu bilepton déng gép vao cac qua
trinh LFV nhu ra muon sai. Xem xét cac qua trinh nay, ching t6i nhan duge
gidi han duéi cho khéi lugng gauge boson méi my 13 242 va 287 GeV tity theo
quan hé gitta cac thang pha vo SU(4)r, va SU(3)r. Ngoai ra, mo hinh cling
cho mot gisi han clia sin géc Weinberg, sin? 6y < 0.25.

Trong gidi han s6 lepton bao toan, phan Higgs ctia mo6 hinh 3 —4 — 1 tbi
thiéu véi neutrino phan cic phai chita tat ca cac Goldstone boson tuong tng
v6i cac gauge boson cé6 khoéi lugng va Higgs boson SM.

Mo hinh 3 — 4 — 1 t6i thiéu v6i neutrino phan cuc phai cé thé giai quyét
van dé s6 thé hé fermion, khéi lugng neutrino.

Nhu vay, hai mo6 hinh duge trinh bay trong luan an la hai mé hinh mé
rong hop 1y va rat c6 thé cho cac két qua tin cay. Viec tiép tuc di sau nghien
ctitu cac huéng maé rong nay dé giai quyét cac van dé dang ton tai 1a kha thi

va can thiét.
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NHUNG DONG GOP MOI CUA LUAN AN

. Chung t6i da chi ra rang mo6 hinh 3 —2 —3 —1 vA mo hinh 3 —4 — 1 t6i
thiéu véi neutrino phan cuc phai chita phd cac hat gauge boson, Higgs
boson, va cac dong hop 1y. Tat cd cac hat va cac tuong tac SM déu da

dugc dong nhat.

. Chung t6i da chi ra rdng mo6 hinh 3—2—3—1 ty nhién cho FCNCs 6 gan
ding cay thong qua tuong téc chuan va Yukawa. D6i xiing chuan méi
cho phép giai thich s6 thé hé fermion 13 3, khéi lugng nhé clia neutrino,

VA cung cap cac tng ct vién cho vat chat toi.

. Chiing t6i da xac dinh dugc giéi han cho thang vat 1y méi trong mo hinh

3 —2—3—1 va cac yéu to clia ma tran tron quark phan cyc phéi.

. Chung toi da phan tich mo hinh 3 — 4 — 1 v6i dién tich bat k¥ clia cac

lepton méi. Cac diéu kién khit di thuong da duge thao luan chinh xac.

. Chung t6i da trinh bay mé hinh 3 — 4 — 1 t6i thiéu véi neutrino phan
cic phai va thu dugde cac két qua thu vi: cac neutrino nhan khéi lugng
Dirac & bac cay; ¢6 su tron lan gitta cac gauge boson tich dién don; c6
sy ton tai clia nhiéu bilepton va cac tuong tac LFV. Dic biét, ngoai tri
mo hinh 3 — 4 — 1 siéu ddi xting, thé Higgs c6 chita thap tuyén lan dau

tién duge chiang toi trinh bay.
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PHU LUC A. TUONG TAC VO HUOGNG-GAUGE BOSON

Trong phan nay, ching toi liet ké hé s6 dinh tuong tac gitta cac gauge
boson va cac vo huéng trong mo hinh 3 — 2 — 3 — 1. Cac bang Al; A2, A3;
A4; A5; A6; A7, A8, A9, A10; A11, A12, A13, A14, A15, A16; A17, A18, A19,
A20, A21, A22 tuong ting véi cac kiéu dinh khac nhau.
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Bang A15. Tuong tac ctia hai trudng vo huéng véi mot gauge boson mang dién va

mot gauge boson trung hoa (tiép).
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mot gauge boson trung hoa (tiép).
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Bang A18. Tuong tac cta hai truong vo hudng véi hai gauge boson trung hoa
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PHU LUC B. BE RONG RA MUON

B1l. Kénh ra chinh

Gidn do Feynman cho kénh ra nay la gidn do6 bén trai trong hinh
Bién do ra trong chuan unitary duge xac dinh:

g 1

Mf; = = 5= (v, (¢, 51)7" (coPr + 56 Pr) uu (P, s2)
S — mW
_ v + +4q)v
X Ue)(p, $3)7" (coPL + 89 Pr) V(v.)(q, $4) (QW b q)“ﬁp 2 )
myy,
1
+ ——5 U, (¢, 517" (soPr — coPr) ugu)(p', 52)
5 —m3
—_ v _|— + 1%
X U(e) (p7 83)7 (SGPL - CGPR) v(ve)((L 84) (gMV - (p Q)nl;gp q> >:|7
K

6 day Pp = (1—75)/2, Pr = (1+75)/2, s = (p+q), p va ¢ lan lugt la dong
lugng ctia electron va phan neutrino electron. V6i sy phan ra ctia muon, s6
hang thit hai trong ham truyén boson c6 thé duge bé qua. Theo do, sau khi
lay tong tat ca spin ctia cac lepton, ching toi thu duge biéu thitc ctia binh
phuong bien do [MfF,|?,
9 2 2
> M| = ’Mfim’ + ’Mfz(z)’ + 2Re (M) My ).
Sq

Trong do,

4

e 2 g _

|Mfi|” = 5 D, T {ltgn (0 s2)7" (coPr + 56 Pr) u,) (¢, 51)]
4(s — My,) o

X [, (q',51)7" (coPL + soPr) uu (0, s2)] }
X Tr {[0(v,)(q, $a)vu (co Pr + 50 Pr) t(e) (p, 53)]

X [ﬁ(e)(}?, s3)Yv (coPr + s Pr) U(ue)(q, 84)]}

94

= WTY {(1{5’ + mu)y" (coPr + soPr) (g' + myu)fy” (coPr + SQPR)}
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x Tr{[(¢ — mv.)vu (coPL + soPr) v (P + me) (coPrL + soPr)|}

Wrﬁ By d' " (1 - 75029)} Tr [dyupre (1 — 75029)]

12

= (3_2#”/)2 [(2 = s50) (0" 0)(q' ) + s36(q.4") (p-P)]
}M;i(2)|2 ~ 16(8.—9—M12<)2Tr [ﬁl’}’uﬁl’yy (1 + 75029)} Tr M’Yuﬁ’)/u (1 + 75020”

292 2 / ’ 2 / ,
- (s — M2)? [(2 — 529)(P-q)(q -p) + s20(q-q') (p-p )],
4
C* c g u
MyiyMyi2) =~ 160 L]0~ ) 2o [Py 'y vs] Tt By syas)

=Go ngjq(s — M?{)sée [(®".9)(d" ) = (a-4) (p-P))].

& day chung toi da bd qua cac s6 hang chita khoi lugng neutrino. Tiép
theo, ching ta sé xem xét sy phan ra trong trang thai nghi cta muon,
p’ = (m,,0,0,0), dong thoi bé qua khoi lugng clia electron va céc neutrino.

Stt dung bao toan dong luong p’ = ¢’ + p + ¢, ching t6i c6 cac gan ding sau:

pp=myE., p.¢=myE,,, p.q=myE;,

1 1 1
¢p=5[(d +p)* —¢*—p?| ~ 5 = q)° ~ 3 (m? —2m,E,,),
1 1 1
¢a=5la+d)-¢—¢"]~5 0 —p)’ ~ 5 (M, = 2my, ),
2
s=(p+a)’= (p’ —q)" =~ (m} —2m,Ep,) < Mj,.

B6i vi sg9 ~ V2Jlrw2 < M2 , chting toi thay rang dong gép 16n thit hai chi dén

tu | MS (2)‘ Chi 14y them doéng gép nay, ching toi co

2 2 1 1 / /
— | M5, ~2g ( +—> [(p".q)(d".p)] -
2‘ i My, T M

Luu y t6i giéi han M% — 0 thi két qua trén giéng trong SM. 0 nang lugng
K

thap, hing s6 Fermi dugc xac dinh [1]: Gp = g@% V6i mo hinh 3 —4 —1

dang xem xét, hang s6 Fermi dugc dong nhat 1a

4

g 1 1
GY —<—+—).
P32\ Mg T ME

Nhu vay, bé rong ra tng véi kénh ra chinh trong mo hinh dang xem xét 1

_ L G% g m 1 1
P = e 4 Pt v) = 990 = Gaape (M{}V * M;*()'
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B2. Kénh ra sai

Gidn do Feynman cho kénh ra nay 1a gidn do bén phai trong hinh
Chu ¥ 13 quy tic Feynman cho cac spinors Dirac 13 gidng véi cac fermion va

lien hgp ctia ching [120]. Bién do ra theo kénh nay la

g 1

Myi =5 | o B (@5 517" (eoPr + s0Pr) ugu (', 52)
2 |s—m%
_ 5 n Lo
X Ue)y(p,83)Y (coPrL + soPr) v, (g, 54) (QW _(p Q)n;;gp q) )
X
1 _
s —m3 u(u“)(q,’ s1)7" (soPL — coPr) u( (P, s2)
u v P+ q)u@d+q)
X ’U;(e) (p7 83)7 (SOPL — C@PR) ’U(Ve)(q7s4) (gMV _ ( )7;;(2 ) >:|’
y

§ day s = (p+ q)? v6i p va ¢ lan lugt 1a dong lugng clia electron va neutrino
electron. Tuong tif nhu kénh ra chinh, két qué bé rong ra ting véi kénh ra sai
trong mo6 hinh dang xem xét dugc xac dinh la

Gimi  g'mi [ 1 L1
19272 614472 \ My My )’

C(p~ —e +0e+v,) =
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