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LOI CAM DOAN

Luan an nay dugce t6i hoan thanh dudi sy huéng dan ctia GS.T'S.Phung
Van Dong va PGS.TS.D6 Thi Huong. Toi xin cam doan nhitng két qua trinh
bay trong luan an la do ban than téi da thyc hién trong thoi gian lam nghién
citu sinh. Cu thé, chuong 1 13 phan tong quan gidi thieu nhitng van dé co sé c6
lien quan dén luan an. Trong chuong 2 va chuong 3, t6i stt dung cac két qua
nghién cttu ma toi da thyc hién cuing v6i GS.TS.Phung Van Dong, TS.Duong
Van Loi, TS.Cao Hoang Nam. Cudi cling, toi xin khang dinh cac két qua cé
trong luan an "Vat chat t6i va khoi lugng neutrino trong mo hinh 3—4—1—1"
13 két qua mdi, khong trung lap véi két qud ciia cac luan an va cong trinh da

cong bo.

Lé Xuan Thuy



LOI CAM ON

Loi dau tien, toi xin bay té long biét on chan thanh va sau siac nhat tdi
GS.TS.Phung Van Dong va PGS.TS.Dé Thi Huong, nhitng ngudi thay da tan
tinh huéng dan chuyén mon, quan tam, chia sé nhing khé khan trong cudc
song, giup dé toi hoan thanh luan an.

Toi xin cdm on Trung tam Vat ly 1y thuyét - Vien Vat Ly, Hoc vien
Khoa hoc va Cong nghé da tao nhiéu dieu kién thuan loi, gitap do toi trong
sudt thoi gian lam nghién cttu sinh. Dac biét, t6i xin cdm on PGS. TS. D6
Thi Huong da gidp toi vugt qua giai doan khé khan nhat, rén cho toi tinh
can than trong cach suy nghi, cach lam viéc. To6i xin cdm on GS.TS.Phimng
Van Dong, PGS.TS.D6 Thi Huong, TS.Duong Van Lgi, TS.Cao Hoang Nam
da gitp dd toi rat nhiéu vé mit chuyén mon trong cac cong trinh nghién citu.
To6i xin cdm on GS.TS.Hoang Ngoc Long da truyén dat nhiéu kién thic, luon
hoéi tham, dong vién to6i trong qua trinh hoc tap tai Vién Vat Ly.

T6i xin cAm on thay GS. TS. Phung Van Dong, TS. Duong Van Lgi, TS.
Cao Hoang Nam da dong ¥ cho t6i stt dung két qua nghién ctu dé viét va bao
vé luan an.

T6i xin caAm on Ban Giam Hiéu, Lanh dao Khoa Khoa hoc Ca ban Trusng
Dai hoc Su pham K§ thuat Vinh Long da tao moi diéu kién thuan lgi nhat
cho t6i trong qua trinh hoc tap.

Cudi cuing, toi xin danh syt biét on dén gia dinh da luon dong vién, ing
ho va hd trg vé vat chit ciing nhu tinh than dé toi c6 thé yén tam nghién ctu

va hoan thanh luan an nay.
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DANH MUC CAC TU VIET TAT

Viét tit

Tén

SM Mo hinh chuan (Standard Model)
SMC M6 hinh chuan ctia Vii tru (The Standard Model of Cosmology)
QCD Thuyét sdc dong luc hoc lugng tit (Quantum Chromodynamics)
CKM Ma tran Cabibbo-Kobayashi-Maskawa
(Cabibbo-Kobayashi-Maskawa)
DM Vat chat toi (Dark Matter)
FCNCs Dong trung hoa thay déi vi (Flavor Changing Neutral Curents)
LHC May gia toc nang lugng cao (Large Hadron Collider)
LEP II May gia toc tan xa Electron-Positron nang lugng cao
(Large Electron-Positron Collider)
VEV Gia tri trung binh chan khong (Vacuum Expectation Value)
SMSM Hai hat trong SM (Standard Model Standard Model)
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MO DAU

Ly do chon dé tai

V6i sy phat trién khong ngitng ctia khoa hoc ki thuat, con ngudi luon
c6 nhu cau kham pha, tim hiéu vé sy van dong ciia Vil tru. Con ngudi quan
niém rang Vil tru clia ching ta bi chi phdi chii yéu bdi bon loai lyc trong tuy
nhién, Itc hap dan, lyc tuong tdc manh, Iyc tuong tac yéu, va luc dién ti. Cac
Nha khoa hoc da xay dung thanh cong cac moé hinh mo ta tuong tac trong
Vi tru; trong dé cé hai 1y thuyét 16n 1a mo hinh chuan ctia hat co ban va
mo hinh chuan ctia Vit tryu (SMC). SMC dya trén gia thiét: Vi tru duge sinh
ra tit nang lugng do vu nd 16n (Big-Bang), vu nd 16n 14 nguyén nhan sinh ra
khong gian, thdi gian, toan bo vat chat, nang lugng trong Vii tru ngay nay.
Cac hat vat chat sinh ra trong bé nhiét. Khodng 102 giay sau Big-Bang, tat
c cac loai hat co ban nhu quark, cac lepton va cac hat truyén tuong tac nhu
photon, boson chuan, céc gluon dudc sinh ra. Ching luon tan xa hoic sinh
huy & trang thai can bang nhiét dong. Theo thai gian, Vil tru gidn né va nhiét
do gidm dan, cac hat niang sé phan huy thanh cac hat nhe (khodng 10~° sau
Big-Bang). Trang théi can bang nhiét dong két thic khi téc do gian nd cia
Vit tru bang téc do huy hat. Cac hat nhe va ra cham ton tai t6i thoi diem
hién tai. Khi nhiét do ha xuéng mot mitc nao do, cac quark va cac gluon két
hop v6i nhau dé tao thanh cac proton va cac neutron két hop dé tao thanh
hat nhan nguyén tit clia cac hat va chu yéu la cac hat nhe (Hydro, Heli va
cac hat nhe khac). Vi tru tiép tuc ha nhiét trong qué trinh gian nd, hat nhan

nguyén ti Hydro, Heli, ... da bat cac electron, do d6 tao nén cac nguyén ti



trung hoa. Diéu nay uéc tinh da xdy ra khoang 400.000 nam sau Big-Bang,
khi cac photon nging tuong tic dang ké v6i vat chat dan dén su xuat hien
ciia biic xa nén ctia Vil tru. Sau mot thsi gian, nhitng ddm may khong 16 gom
cic nguyén to nguyén thuy gom lai do lyc hap dan tao thanh cac thién ha
. Ngoai ra, SMC con dua trén gid thuyét :Vii tru la dong nhat, dang huéng
va c6 tinh chat doéi xting cau, cac nha khoa hoc da dua ra metric mo ta Vi
tru. C6 thé n6i SMC duge cho 14 mo hinh mo ta thanh cong tuong tac hap
dan gitta vat chat va nang lugng trong Vil tru thong qua 1y thuyét tuwong doi
téong quat (GRT). Tuy nhién cac van dé thic nghiém chinh ciia vat 1y hat co
ban v Vil tru hoc, dang dude nghién ctu va ban luan s6i ndi gom: dao dong
neutrino, vat chat t6i,... Hai Iy thuyét tru cot, mo hinh chuan va SMC, khong
thé giai thich van dé tren.

Cho dén nay, SM dugc coi 1a mo6 hinh mo6 ta tuong tdc manh va thong
nhat dién yéu thanh cong nhat vi cac tién doan ctia SM déu dudce kiém ching
tai may gia toc 16n (LHC). SM clia vat 1y hat co ban dya trén 1y thuyét thong
nhat dién yéu nhom SU(2)p x U(1)y va ly thuyét QCD nhém SU(3).. Mot s6
tien doan ctia SM: su ton tai clia cac hat boson W+, Z, quark ¢, ¢, dong trung
hoa... déu dugc thuc nghiem kiém chitng v6i do chinh xéc cao. Hat W, Z dugc
thyc nghiém kiém chitng, khoi lugng ctia chiing nhu mo6 hinh da dé xuat [1].
Dac biet, hat Higgs da dugc tim thay ndm 2012 tai may gia tdc nang luong
cao (LHC) tai Trung tam nghién citu hat nhan Chau Au bing hai thiét bi do
doc lap 1a A Toroidal LHC ApparatuS (ATLAS) va Compact Muon Solenoid
(CMS) véi khoi lugng do duge khoang 125 — 126 GeV ¢6 nhitng dic tinh trung
v6i Higgs boson ciia SM da tién doan ma trudc do6 thyc nghiém chua tim
thay [2]. C6 thé néi SM 1a thanh cong 16n. Tuy nhién, SM con nhiéu han ché

khi giai thich cac s6 liéu va thuc nghiem gan day nhu:

Van dé vé Khoi luong cua neutrino

Thuc nghiém vé sut dao dong neutrino cho thay cac neutrino khi chuyén

dong c6 kha nang chuyén vi ma xac suat chuyén vi theo co hoc lugng tit phu



thudc vao hiéu binh phuong khéi lugng:
Am?Z.

Poo—spa = Oap — 2;73 (UailUa;UpiUs;) (1 = cos —==1)
i>j
Am?,

1>]
Trong dé6: R, Z: thanh phan thyc va thanh phan 4o clia s6 phitc tuong tng.
UaisUajs Uaj, Ugs: céc phan tit ma tran tron.
Am?i: hiéu binh phuong khoi lugng ctia cac trang thai neutrino rieng
khoi lugng.
L: khoang céach tit vi tri neutrino dugc quan sat dén vi tri dugc do
thay.

E: nang lugng t6i cia neutrino.

Duta vao biéu thic (0.1), dé x4c suat chuyén vi neutrino khac khong thi Am?i

phai khac khong, nghia 13 neutrino phai c¢6 khéi lugng va gitta ching c6 sy
tron 1an. Trong SM, neutrino khong c6 khéi lugng va khong c6 sy tron vi do
s6 lepton thé he dugc bao toan.

Cach don gian nhat dé neutrino c6 khéi lugng 1a thém neutrino phan
cic phai va xuat hién s6 hang khoi lugng tit tuong tac gitta Higgs va cac
neutrino phan cyc trai, phai. Trong truéng hgp nay neutrino la cac hat Dirac
fermion. Khong c6 thang nang lugng méi xuat hién, khong c6 phé va doéi xing
s6 lepton. Mudn khéi lwgng neutrino 14 nhé thi yéu cau duy nhat 13 hang s6
tuong tac Yukawa clia neutrino l1a rat nhé. N6 tao ra sy phan bac rat 16n ctia
hing s6 tuong tac Yukawa trong mo hinh. Diéu nay 14 khong tu nhién. Dé giai
quyét van dé khéi lugng nhé clia neutrino, ngudi ta dua neutrino phan cuc
phéi vio mo hinh dé gii thich dya trén co ché cau bap bénh (seesaw) [3-9].
Co ché seesaw chinh tac trude day [34,6] xuat hién trong cac ly thuyét: doi
xiing trai phai, thong nhat 16n SO(10) hosic SM véi cac neutrino phai nhu mo
hinh 3 — 3 — 1... Theo céch nay c6 thé nhan cac khéi lugng nhé clia neutrino
thong qua co ché seesaw [10] thong thudng nén thang seesaw sé rat cao, ¢ thé
vao thang thong nhat 16n va dan dén van dé phan bac khong tir nhién trong

mo hinh 3-3-1 lam viéc 6 thang TeV. Dé gidm thang seesaw c¢& TeV, ngudi ta
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c6 thé giai thich khéi luong nhé ciia neutrino thong qua co ché seesaw nghich
dao [11].

Bén canh d6, c6 nhiing cach giai thich khac nhu co ché bo dinh khoi
lugng trong cdc mo hinh [12-14], mo hinh siéu déi xing [15-17], mo hinh
3 —3 — 1 [18-24], mo hinh ddi xtng trai phai t6i thiéu [25-29)...

Vi neutrino phan cuc phai chua duge quan sat, cac dac tinh ctia n6é hoan
toan chua dugc biét, c6 mot kha nang né c6 sb6 lepton bang khong. He qua,
van dé phan bac trong thang seesaw dugc gidi quyét, v6i gia tri ty nhién cd
TeV [16]. Tuy nhién, van dé khac phét sinh 1a tinh ty nhién va nguon goc clia
neutrino phai, tai sao neutrino phai khong mang s6 lepton [30]. Day 1a mot

trong nhitng van dé dang dugc dong ddo cong dong khoa hoc quan tam.

Van dé vé vat chat toi

Khi kham ph4 ra cau tao ciia nguyén ti, cac nha khoa hoc nghi rang
da hiéu dugc toan bo vat chat cau tao nén Vi tru. Tuy nhién, vao nam 1933,
nha thién van hoc ngusi Thuy Si Fitz Zwicky dua ra § kién: cAu thanh Vi
tru phan 16n khong phai 13 vat chat thong thuong, ma 14 mot thi gi d6 khac
hoan toan, thuat ng "vat chat t6i" dé chi nhém vat chat nay. Tuy nhién,
luan diém nay bi laing quén cho téi nhitng nam 1970 khi nha thién vin hoc
Vera Rubin phat hién ra cac thién ha ¢ gan chiung ta khong quay theo cach
binh thuong. Trong hé mat troi, c6 mot quy luat don gian cang xa mat troi
thi téc do quay ctia cac hanh tinh cang cham do lyc hap dan yéu dan. Quy
luat nay lé ra ciing phai ding v6i cac ngdi sao quay quanh trung tam thién
ha; cac ngoi sao xa nhat sé di chuyén cham nhat. Tuy nhién, theo Rubin quan
sat, cac ngoi sao & xa cling quay quanh tam thién ha nhanh nhu cac ngoéi sao
& gan. Vi téc do quay ciia cac ngodi sao 16n, nén phai c6 mot thi gi d6 gitt
ching trén quy dao dé khong bi viing ra ngoai. Cac nha khoa hoc théng nhét
goi d6 1a vat chat t6i (DM), thanh phan co ban cau tao nén Vi tru [31].

Khong giéng nhu vat chat thong thusng, DM khong c6 tuong tac dién
tit. Diéu nay c6 nghia 1a DM khong hap thu, phan xa hodc phét ra 4nh sang,



khién n6 vo ciing kho phat hien. Trén thuc té, cac nha nghién ctu c6 thé suy
luan sy ton tai cia DMt hiéu tng thau kinh hap dan. Hién nay, bang chiing
thic nghiém c6 § nghia dinh lugng nhat vé DM chinh 13 sy tién doan sy ton
tai cia DM con dua trén sy phan tich bic xa nén Vi tru. Cac dit lieu vé phan
bb vat chat trong vii tru tit Planck va WMAP , cho thay khoang 5% vat chat
thong thuong, 68.5%nang lugng t6i, 26.5% DM [32,33] . Nhung SMC khong
chi ra tai sao vat chat trong Vi tru lai phan b6 nhu vay va SM ciing khong
cho thay su c6 mat cia DM. Day ciing 13 mot dong luc 16n dé cac nha vat 1y
Iy thuyét tiép tuc md rong SM dé tim kiém hat DM ciing nhu tim ra Vat ly
mai.

Theo quan diém ctia vat 1y hat co ban, DM dudc phan loai theo van toc

chuyén dong ciia ching nhu sau:

e DM néng la cac hat vat chat c6 khdi lugng nhe va chuyén dong nhiét

v6i van toc rat 16n. Neutrino 1a ttng vien cho DM néng.

e DM lanh la cac hat ¢6 khéi luong v chuyén dong véi van toc nhd. Cac

tng vién c6 thé la neutralino, boson Higgs, axion...
e DM am la nhitng hat c6 tinh chat trung gian gitta DM néng va DM lanh.

Lic dau ngudi ta cho riang cac hat neutrino hau nhu khong tuong tac véi
bat k¥ hat nao khac. Cac nha nghién citu dé xuat ¥ tudng, tong khoi lugng tat
cé cac neutrino trong Vii tru chinh la phan khéi lugng hap dan con thiéu dé
can bang. Nhu vay, neutrino sé 13 DM néng, nghia 13 ching rat nhe va c6 toc
do di chuyén cao. Tuy nhién, khi thit mé phéng Vii tru véi DM néng da thay
rang gia thiét nay khong thé xay ra. Vil tru v6i DM néng khac hoan toan véi
Vit tru thye. Tt d6, cac nha khoa hoc di dén két luan, DM phai 1a DM lanh va
di chuyén cham. V6i mot s6 nghién citu khac, DM la nhitng hat c¢é khéi luong
16n nhung tuong tac yéu (WIMP). Vi tuong tac yéu véi vat chat thong thuong
khién DM khoé phat hién. Ching c6 thé la cac hat fermion, boson chuan hoic
Higgs boson. Diéu nay da dugc chi ra & nhiéu nghién ctu [34-39).

DM da duge nghién citu trong moé hinh 3 — 3 — 1 v6i lepton mang dién



ngoai lai [40], DM da dugc dong nhat 1a chua ding (hodc n6 1a mode Goldstone
khong vat 1y hoac 1a vo hudng c6 trung binh chan khong) va do d6 ra nhanh.
Thuyc té, mo hinh nay khong c6 DM. Trong mo hinh 3 — 3 — 1 v6i cac neutrino
phan cyc phai [41], hat DM da dugc dong nhat ding, tuy nhién tinh bén cia
DM khong duge ddm bao do hiéu tng lugng tit. Chinh vi vay, tinh bén clia
DM trong cac SM mé rong 1a mot trong cic yéu té rat quan trong. Vi néu
thoi gian séng ctia DM khong du bén thi ta c6 thé phét hién ra né thong qua
céc san pham ra ciia ching.

Co ché bén cho DM trong mo hinh 3 — 3 — 1 do céc déi xting bd sung da
dugc thao luan [4243], & day ba ting cit vién cho hat DM (v6 huéng, fermion
va c6 thé vector) da duge dong nhat. Tuy nhién, déi xing Z, chic chan bi
pha vd béi cac chan khong Higgs. S6 lepton ciing bi vi pham hodc pha vd do
sinh khéi lugng cho neutrino. D6i xitng méi U(1)g sé bi pha vd ty phat do
n6 hoat dong nhu mot doéi xing chuan. Vi vay, cac hat DM d6 sé ra va khong
ben [34,135/[38][39)47].

Dé dam bao tinh bén ctia DM, ngudi ta thudng dua thém céc déi xiing
vao SM ma rong. Pho bién nhat 13 dua theém déi xing gidn doan vao mo hinh
dé han ché tuong tac ctia chiing véi vat chat thong thusng. Cach lam nay ciing
da duge ap dung cho cac phién ban DM trong mo hinh 3 — 3 — 1 véi da tuyén
Higgs tro [44]. V6i cach lam nay, mo hinh tién doén dng ci vien cia DM la
hat vo huéng tro, khéi luong ctia DM 16n hon thang dién yéu, c¢d TeV. Tuy
nhién, nguon goc clia déi xitng gian doan khong dude dé cap. Bén canh do,
cac ¥ tudng don gidn hon nhu mé rong SM bang cach thém mot don tuyén vo
huéng thiic trung hoa va ddi xting Z,, thém mot ludng tuyén vo huéng va doi
xitng Z» hodc thém mot déi xing chuan U(1) v6i caAc pha v3 vé nhom gian
doan Zy. Nhiing 1y thuyét nhu vay c6 thé cho giai thich vé DM, tuy nhién
ching dugc dua vao bang tay rat tuy tien, khong c6 cin nguyén, dong luc ro
rang.

Sieu do6i xitng 1a 1y thuyét rat ty nhién cho DM vi déi xing R-parity
(chén 1& vat chat va spin) ddm béo tinh bén ciia DM. Ly thuyét nay c6 co

sd gan v6i viec gidi quyét van dé phan bac do sy khong bén ctia khéi lugng
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Higgs duéi hiéu ting lugng tit. Tuy nhién, dé giai thich phan bac, cac hat méi
- hat siéu déi xitng bi giéi han ¢6 hodc nam dudi thang TeV. Cho dén bay gio
cac hat siéu doéi xitng chua duge tim thay. Khong gian tham s6 bi giéi han rat

hep bdi cac thic nghiém LEP, Tevatron va LHC.

Van dé vé tham so p

Trong SM, céac hing s6 tuong tac ctia Higgs vé6i cac boson chuan, dudce

xac dinh tu Lagangian tuong tac:

Lug = (D"¢)"(Dud)
2 12
gv -, g
D) ThOLL M+”,U« + ThOZMZH. (02)

T (0.2) cho ching ta xac dinh duge hang s6 tuong tac. Do d6, tham sb p
dugce xac dinh:

2 2
g My +
= rew = mzvz%v =1. (0.3)

PSM

Tuy nhién két qua thic nghiem cho thay pe, > 1, trong tai ligu [45]. Nhu vay
c6 sy khac biet rat nhoé Ap gitta Iy thuyét SM va thyc nghiem. Sy léch rat nho
nay dugc ky vong do déng gép tit bo dinh bac cao, tuy nhién déng gép bod
dinh ciing chua pht hgp véi thuc nghiem [46]. Nhu vay, su lech rat nho nay
rat c6 thé 1a do sai sé théng ké tit thic nghiém, ciing c6 thé do dong gép ti
vat 1y méi ngoai SM. Van dé déng gép tir vat 1y méi vao tham s p sé duge
thdo luan & cac phan sau ctia luan an.

Bén canh nhiing van dé liet ke ké trén, thi cd hai mé hinh SM va SMC
cling khong dua ra dudgc 10i gidi thich cho: sy bat déi xing gitta vat chat va
phan vat chat, cac van dé clia Vil tru sém (don cue tit, Vil tru phing, duong
chan troi), van dé vé anh hudng qua lai gitta tuong tac hap dan va cac tuong
tac con lai... Tt nhitng ton tai cia SM, c6 rat nhiéu mo hinh vat 1y mdi ra
doi va chi yéu tap trung vao gidi quyét mot sé6 van dé 16n ctia thyce nghiem
nhu van dé vé DM, khéi lugng neutrino, vat Iy méi. Chinh vi vay, luan an tap

trung nghién ctu 16p cdc mo6 hinh mé rong dua trén nhom déi xing chuan



SU3)c x SU(P)L x U(1)x x U(1)y, goi tat 1a 3—P—1 — 1. Uu diém khac
biét ctia 16p cac mo hinh nay la c6 thé tim co ché pha v& doi xing sao cho déi
xting tan du sé déng vai tro ddm bao tinh chat bén vitng ctia DM. Cac phién
ban trude véi lam viec v6i P = 3 [47], cho thay ddi xiing tan du 13 mot nhom
Z,. Céac ting ¢t vién c6 thé 1a mot trong cac trusng c6 Z, 18. Trong luan an
nay, ching toi sé dé cap dén 16p mo hinh véi P 1a nguyén va tuy y. Ching toi
sé chiing minh néu mo hinh véi 4 < P thi ¢6 thé ton tai nhiéu hon mot nhém
déi xing gian doan tan du nén cic mo hinh dy doan tng cit vien cho DM c6
nhiéu thanh phan. M6 hinh don gian nhat 14 mo hinh téi thitu 3 —4 — 1 —1,
chita DM hai thanh phan. Do nhém déi xting chita hai nhém giao hoan nén
vé mat nguyén tic sé chita s6 hang tron dong ning giita hai nhém. Chinh vi
vay, luan an sé hudéng t6i nghién citu mot s6 hiéu tng vat Iy méi gan lién véi
tuong tac cuia cac boson - hiéu ting tron dong nang. Bén canh dé, luan an con

nghién citu khéi lugng clia neutrino.

Muc dich nghién ctu

e Nghién cttu hiéu ting tron ciia cac boson chuan trong mo hinh 3—4—1—1

c6 xét dén s6 hang tron dong nang.

e Gidi quyét van dé vé DM nhiéu thanh phan trong mo6 hinh 3 —4—1—1.

D6i tuong va pham vi nghién ciu

e Déi tugng nghién citu: Cac hat boson chuan trong mo hinh 3—4—1-1,
cac hat méi dong nhat 1a DM: cac hat boson chuan méi, cac fermion

mdéi va cac hat vo huéng méi.
e Pham vi nghién citu: M6 hinh 3 -4 —-1—-1.
No6i dung nghién ciu

e Toéng quan vé SM.



e Nghién citu ly thuyét vé moé hinh 3 —4—-1—1
e Khao sat mo6 hinh 3 —4 — 1 — 1 véi hiéu ing tron dong nang.

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

Phuong phap nghién cttu
e Ly thuyét truong luong ti.
e Ly thuyét nhém.

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

B6 cuc cua luan an

Ngoai phan mé dau va phu luc, noi dung chinh ctia luan 4n duge trinh

bay trong 3 chuong. Noi dung clia cac chuong dude bé cuc nhu sau:
e Trong chuong 1: Gi6i thiéu téng quan vé SM, wu nhuge diém ctia SM.

e Trong chuong 2: Giéi thieu vé 1y thuyét khong giao hoan (B — L), DM
nhiéu thanh phan trong ly thuyét khong giao hoan (B — L).

e Trong chuong 3: Nghién citu mo6 hinh 3 —4 — 1 — 1 t6i thiéu vé hiéu tng

tron dong nang.



CHUONG 1. GIGI THIEU VE MO HINH CHUAN

1.1. Téng quan vé SM

1.1.1. Déi zing chuan

SM mo ta tuong tac manh, tuong tac dién tit va tuong tac yéu dua trén
nhém déi xitng chuan SU(3)c x SU(2)r x U(1)y goi tat 1a nhém (3 —2 — 1)
148-52]. Trong d6, SU(3)¢c khong bi phéa vé, 1a nhom ddi xing mau mo ta
tuong tac manh, tac dong lén cac hat quark mang tich mau thong qua tam
hat boson chuan khong khéi lugng tuong ng véi tam vi ti ctia nhém SU(3) ¢,
goi 1a cac gluon (G, v6i a = 1...8). Con SU(2); x U(1)y thoéng nhat tuong
tac dien yéu, tac dong lén cac fermion (bao gom quark va lepton - thanh phan
chinh ciu tao nén Vi tru), thong qua bdn boson chuan tuong tng véi cac vi
tt ctia nhom SU(2), x U(1)y 1a cac hat truyén tuong tac dién tix 1a photon
(khong khoi lugng) va ba hat boson chuan c6 khoi lugng W, Z truyén tuong

tac yéu.

1.1.2. Sédp zép cdc hat

Trong SM, cac fermion phan cyc trai bién déi ludng tuyén duéi nhom
SU(2)r, cac fermion phan cyc phai bién ddi don tuyén dusi nhém SU(2)r,
toan t dién tich Q = T5 4+ Y/2, v6i T5 la vi tit chéo ciia nhém SU(2)y, Y 1a
sieu tich yéu: v6i don tuyén siéu tich yéu bang 2 lan dién tich: Y = 2Q, déi
v6i ludng tuyén siéu tich yéu bang dieén tich: Y = Q. Nhu vay, cic fermion

gdm cac lepton va cac quark dugc sap xép duéi bién ddi chuan nhu sau:
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ear ~ (1,1,-2) . (1.1)

Ugq 1
QaL - g ~ (37 27 _)7

daL

4 2
UqR ™ (37 17 §>v daR ~ <37 17 _§>7 (12)

trong d6 a = 1,2, 3 1a chi s6 thé he.

Trong SM, s6 hang khdi lugng ctia fermion khong bat bién dudi nhom
dé6i xting chuan vi st bién doéi khac nhau gitta céc fermion phan cyc trai va
phan cyc phai. Cac boson chuan do ching bién doi nhu 1a mot biéu dién pho
duéi phép bién déi chuan nén s6 hang khéi lugng ctia ching ciing khong bat
bién chuan. Do vay, ngudi ta dua vao ludng tuyén Higgs pha vé déi xing tu
phat dé sinh khéi luong cho cac fermion va céac lepton trong mo hinh. Ludng

tuyén Higgs dugc ky hieu 1a ¢ va bién doi dudi nhom doéi xing chuan nhu sau:

+

<
I

o]~ a2, (1.3)
@

1.1.3. Lagrangian

V6i cau tric hat trong SM duge trinh bay & trén, Lagrangian tai chuan

hoa téng quat nhat c6 dang nhu sau:
L= Liin +Lyur +Vy+Lyr + Lrpa, (1.4)

trong d6, Liin khong chi chita s6 hang dong nang clia cac trudng ma con chita
cac s6 hang tuong tac gitta cac trudng va cac hat boson chuan. S6 hang dong
nang cia truong Higgs, sau khi pha vé déi xtng con dua ra pho khéi luong
clia trudng chuan. Ly,; mod ta tuong tac clia cac quark va cac lepton mang

dién v6i truong vo huéng Higgs. Sau khi pha vd doi xitng, s6 hang nay chia
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s6 hang khdi lugng clia cac hat fermion. V,, 1a thé vo hudng cia truong Higgs.
Lagrangian c6 dinh chuan L, cho s6 hang ¢6 dinh chuan dang 2—15(8“14“)2 va,
cac sO hang tron 1an gitta cic truong chuan véi cic Goldstone. Trong Lrpa

c6 cac s6 hang "dang khéi lugng", s6 hang trudng ma.

1.1.4. Thé v6 hudng va Co ché Higgs

Thé Higgs bat bién dusi phép bién doi chuan va tai chuan hod duge ctia
truong vo huéng 1} c6 dang nhu sau:

V(9) = —olo+ 2 (0l 6) (1.5

Khai trién truong Higgs xung quanh cac tri trung binh chan khong
(VEVs) ta c6 diéu kién cyc tiéu ciia thé: v = \/—7%2, va diéu kién bén clia cuc
tiéu doi héi: u2 < 0, A > 0. Sau khi thay diéu kién cuc tiéu vao thé Higgs, ta
thu dude hat Higgs vat 1y 1a h va hai hat khong khoi luong duge dong nhéat 1a
hat Goldstone boson, Gz, Gy =+, bi &n bdi hat boson chuan W+ va Z. Ludng

tuyén ¢ khai trién theo trang thai vat 1y c6 dang nhu sau:

_|_
¢ = Gw . (1.6)

v+h+1G»
V2

Chutng t6i nhan manh, thanh phan thyc h c6 khéi lugng, goi 1a Higgs boson,

v6i khoi luong cia b 1a:
mi = 2 0> (1.7)
Thuc nghiém [1] da xac dinh khdi lugng ctia hat h:

my, = 125.09 + 0.24GeV. (1.8)

1.2. Khbi luong ctia cac fermion trong SM

Trong SM thi neutrino khong c6 khoi lugng 14 do mo hinh chi dua vao
neutrino phan cyc trai ma khong c6é phan cuyc phai. Cac lepton mang dién

c6 khéi lugng thong qua tuong tac Yukawa. Khi xay dung tuong tic Yukawa
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can dua trén hai diéu kién co ban 1a bat bién dudi phép bién doi chuan va tai
chuan hoa dudc. V6i su sdp xép ciia cac hat nhu trén, tuong tic Yukawa dugc
viét:

Lyup = YEU, defy + YiAQL ¢dl, + YiQY (i02¢" )uly + Hee.,  (L.9)

“ 1a céc phan ti cia ma tran (3 x 3) goi 1a hang sd tuong tac

trong dé Yi(;-’d’

Yukawa.
Sau khi pha v& ddi xting tu phat, thu dude cac ma tran khoi luong tron

gitta cac lepton mang dién, cac quark loai u va cac quark loai d nhu sau:

v v v
v _ Uy Mi=—"yi (110
7 7 7 (1.10)

Vi cac hiing s6 Y% 9 ¢6 dang bat ky nén c6 thé ding hai phép bién déi unitary

Me® = ——Y*, M =

dé dua ching vé dang chéo:

Ve Y, =U YU,
Y% 5V, = Vo YUV,

Y= Yy =V YV, (1.11)

Khi chuyén co sé dé thu duge Y*%9 vé dang chéo va thuc nhu sau:

Ve = diag(ye, Y Y- ),

A

YY = diag(ym Ye, yt)7

yd = diag(Ya, Ys, Yv)- (1.12)

Céac trang thai vat 1y trong co s6 c¢6 cac hing s6 tuong tidc Yukawa c6

dang chéo dugc ky hiéu nhu sau:

VeL VuL VrL

’ ) ; €Rs MR, TR- (113)
€L 122 TL
Udr UsL UpL

: ’ , ;  dr,SR,br. (1.14)
dL SL bL
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Udr, cr, tr
, , ;  UR,CR,lR. (1.15)
dL ch dtL

Cha ¥ rang, ma tran V =V, LVdTL la dai lugng vat ly va c6 vai tro quan trong
trong tuong tac ctia dong mang dién. Dac biét, tuong tac Yukawa 1a nguon
gay ra vi pham doi xing CP. Sau khi chéo hod cac ma tran khéi lugng, thu

duge khoi lugng vat 1y clia cac lepton mang dién va cidc quark nhu sau:

YeU Yuv

Me = —=, m, = ——, m, = ——, 1.16
V2 SV) V2 (1.16)

Yu U Ycv Yv
My = —F=, Me= . my = T, 1.17
NG v ™MT A (L17)

Yav YsU YpU
mg = ——, Msg= , My = ——=, 1.18
T2 V2 TR (1.18)
my, =m,, =m,, =0. (1.19)

Nhu vay, tat cd cac hat fermion mang dién nhan dugc khéi lugng Dirac
sau khi pha v& doéi xitng tu phat. Tuy nhién, Cac neutrino khong khéi lugng.

Nhu vay, trong SM neutrino cé khéi luong biang khéng.

1.3. Khéi lugng ctia ciac boson chuan - Twong tac ctia cac boson

chuan

S6 hang dong niang clia truong Higgs sinh khdi lugng cho cac hat boson
chuan sau khi déi xiing bi pha v& tu phat. Cac s6 hang dong ning khac sé tao
ra tuong tac ctia boson chuan véi cac hat vat 1y va s6 hang tu tuong tac cia
céc hat boson chuan. Trong SM, céc boson chuan bién doi du6i nhém chuan

nhu sau:

G ~ (8,1,0),W" ~ (1,3,0), B ~ (1,1,0) a=1,2,3. (1.20)
S6 hang dong nang ciia tat ci cac truong trong SM c6 dang nhu sau:

L. — lguvaG lw+ W —Hv lB BHV
kin — _4 ura — 9y - 4 uv
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—iQur V"' DyQar — War Y Dytbar, — i€arY* Dyear

—ilgrY* Dytgr — idery" Dyder — (DF )T (D,¢).  (1.21)
G W BF lan lugt 1a tensor cuong do truong ctia nhém SU(3)., SU(2),
U(1)y, cu thé:

GZV = aMGZ - ayGZ - gsfachgGga
Wk = OPWY — "W — geapWEWY,
B = 9rBY — §”BH, (1.22)

& day, fabe,€abe 12 hing s6 cau tric ctia cac nhom SU(3),SU(2). Dao ham

hiép bién ciia cac truong vo huéng va fermion dugce viét:

Dy = (0 +igTuW,; —ig B,)v,
Dye.r = (0, —2i¢'B,)eaur,
D, Qo = (QL +igs Lo G, +igT Wi + ig'%Bu) Qar,
Dytan = (B +i9: LGl + i’ 5 Buutar,
Dydar = (0p +igsLaGy, — igéBu)udR, (1.23)

trong d6 (a = 1,2,3), L, 1a vi tit cia nhém SU(3)c. Dbi v6i biéu dién don
tuyén thi L, = 0, véi biéu dién tam tuyén thi L, = %)\a, (Mg & cac ma tran
Gell-Mann). T, 1a cac vi ti ctia nhém SU(2)z. Déi v6i biéu dién don tuyén
thi T, = 0, v6i biéu dién ludng tuyén thi T, = 10, (0, 1a cdc ma tran Pauli).
Y 1a siéu tich yéu ciia cac truong. g, g, ¢’ lan luct 1a cac hing sb6 tuong téac
ctia cac nhém chuan SU(3)¢, SU(2)L va U(1)y va G%, WS, B, 1a cac trudng
chuan tuong tng.

Pho khéi lugng ctia cac hat boson chuan dude xac dinh tit s6 hang dao
ham hiép bién cta ludng tuyén vo huéng Higgs sau khi thay truong Higgs

bang tri trung binh chan khong. Cu thé:
Lgauge—mass = (D* < ¢ >)T(D, < ¢ >), (1.24)
vOi:
Dy < ¢ >= (0 + igTaW® +ig'B,) < ¢ > . (1.25)
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Thay biéu thiic (1.25) vao biéu thitc (1.24), ddng thai chéo hoa ma tran khoi

lugng, thu dugce cac truong vat 1y tuong ting:

AM = Sle:j + CWBW

Zy = cwWS — swB,,
1

V2

6 day, sw = sinfy, cw = cosfy, Oy 1a goc tron lan gita Wj’ va B, Ow

+ 1 YA 2
WE = —(WLFiw?), (1.26)

dugce goi 1a goc Weinberg véi tan Oy = ¢’ /g, WMi 1a boson chuan mang dién,
Ay, Z, 1a boson chuan trung hoa. Trong hé co sé vat 1y, 1} dugc viét lai:

1 1
Egauge—mass = ZQ2UQW+NWPJ_ + g(g2 + g'2)v2Z“ZM. (127)

Tir (1.27), khéi lugng cac hat boson chudn A, Z, W+ la:

gv gv

ma =0, my = M =2 (1.28)

C 2ew ]

Thite nghiem xac dinh dugc sin? Oy ~ 0.231. Mat khéc, khi dong nhét
hai hé s6 dinh ciia ly thuyét Fermi va 1y thuyét Glashow - Weinberg - Salam
thi Gr/V2 ~ g?/8m%, thu dugc v ~ 246 GeV. Dong thai lien he véi hing s6
tuong tac dién tit e = gsin Oy, thu duge my ~ 80 GeV va myz ~ 91 GeV.
SM tién doén p = % = 1. Tuy nhién, theo két qua thyc nghiem [1]:
mw = 80.385 4 0.015 GeV, myz = 91.1876 £ 0.0021 GeV. Do d6, tham sb p
xéc dinh bdéi thyc nghiém va SM c¢6 su sai léch. Nhu vay, co thé c6 doéng

gbép ctia vat Iy méi vao tham sbé p.

1.4. Dong trung hoa

Lagrangian trong phuong trinh chita tuong tac ctia cac boson
chuan trung hoa véi cac fermion. Ching ta chia thanh tuong tac dang dong.
SM chita hai dong tuong tac goi la dong trung hoa va dong mang dién. Trong
do, dong trung hoa c6 dang nhu sau:

Lne = gsw JS A + %JEZ“, (1.29)
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voi JM 2 lan luct 14 dong mang dién va dong trung hoa tuong tng:

T = QN fut,

3 Z Z
I8 = P |97 () = 93 (F)s] 1. (1.30)
hing sb6 gi, va ¢/, 6 dang:
g s0 gi, va g, co dang:
9 =9] + gk g =gl — gk, (1.31)

véi g}i’R = T3(fr.r) — s%Q(f). Biéu thic gzvR cua ting fermion:

gL = % 9r =0,
1 2 e .2
gL = 2+3W7 9r = Sw>
u 1 2 2 u 2 2
9L = 9 §3W7 9r = —g«-‘?w,
g4 = —% + %s%‘,, gt = %s%[, (1.32)

Chu y ring, cac dong trung hoa ndi cac fermion ciing loai, nghia 1& cling
& phia trén ho#c cing 6 phia duéi cia ludng tuyén. Trong khi d6, véi dong
mang dién thi boson W néi cac fermion trén véi fermion duéi. T cau tric
cac hat ciia SM va cac tuong tac ctia cac hat, ta nhan thiy SM
khoéng chita tng cit vién thod man tinh chat cia DM. Vi cac hat DM
khong tham gia cac tuong tac manh, tuong tac dién ti, chiing chi c¢6 tham gia
tuong tac hap dan va phai 1a hat trung hoa vé dien, khong mau. DM c6 the
c6 tuong tac yéu véi cudng do rat bé dé dam bao thoi gian song ciia DM la

16n hon tudi ciia Vi tru.

1.5. Két luan chuong 1

Trong chuong nay, ching to6i diém nhanh nhitng nét co ban trong SM.
Cu thé, ching toi trinh bay nhitng nét chinh vé déi xing ctia SM, cach sip
xép cac fermion, pho khéi lugng cac hat trong phan boson chuan va vo huéng,
cac dong tuong tac. Ching toi dua ra mot s6 diém noéi bat ctia SM nhu su

tien doan khéi lugng cidc hat W, Z ciing nhu mo ta thanh cong thong nhat
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cac tuong tac dien yéu, bén canh dé ciing dua ra mot s6 van dé chua thé giai
quyét duge trong pham vi ctia SM c6 liéen quan dén noi dung ctia luan an nhu
van dé ve khéi lugng neutrino, DM va tham s6 p.

Tt nhitng ton tai cia SM cho thay viéc md rong SM 1a can thiét. SM
c6 thé dude mé rong theo nhiéu cach, trong dé cé cich mé rong nhém chuan
dé giai quyét mot s6 han ché ma SM chua gidi quyét dude. Vi vay, luan an
sé tap trung trinh bay cac két qua nghién cttu & chuong 2 va chuong 3 trong
mo hinh mé rong 3 —4 — 1 — 1 vé khdi lugng neutrino, van dé vé DM. Mo
hinh mé rong chita dung hai nhém déi xting giao hoan nén phan dong nang
clia truong chuan sé chita sé6 hang tron dong ning ctia cac boson chuan tng
v6i nhom giao hoan. Chiing t6i sé danh gia ki vai tro ctia hiéu ting tron dong

ning dén mot sé qua trinh vat 1y cu thé.
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CHUONG 2. CAC THANH PHAN VAT CHAT TOI
TRONG LY THUYET KHONG GIAO
HOAN B-— L

Nhu di dé cap & phan gidi thieu, SM da rat thanh cong trong viéc mo ta
céc tuong tac manh, dieén tir vi yéu vi cac hé qud suy ra tit SM da dugce kiém
chitng va dac biet 1a du doan sy ton tai ctia Higgs. Tuy nhién, SM ciing con
bd ngd mot sé két qua thyc nghiem gan day. Chang han cac bang ching thuc
nghiém vé dao dong neutrino da chi ra réng: cac neutrino c6 khéi lugng nho,
khac khong va sy pha tron vi, khong thé gidi quyét duge trong SM [53,/54].
Ngoai ra, SM khong giai quyét dudc van dé vé Vi tru lien quan vat 1y hat,
nhu 1a sy bat doi xing vat chat - phan vat chat ctia Vi tru [55) va thuc té 1a
SM chi giai quyét khodng 5% ham lugng vat chat ciia Vii tru. Phan con lai
bao gom 26.5% vat chat toi va 68.5% ning lugng t6i, tat cd déu vugt ra ngoai
SM [32,33]. Trong chuong nay, ching toi tap trung vao van dé ctia DM.

Ung cit vien DM dugce nghién cttu rong rai nhat trong vat 1y hat va Vi
tru hoc 1a mot hat méi, khong mau, trung hoa vé dién va tuong tac yéu, dugc
goi 1a hat WIMP [56,/57]. Cac hat nhu vay phat sinh ty nhién trong nhiéu
phién ban md rong ctia SM: tit cdc mo hinh sieu d6i xing [58-61] dén mo
hinh ¢6 mé rong nhém chuan [62-65], mot sb it trong cAc SM md rong phd
Higgs [66-69] va mot s6 hudng thu vi khac [44,47,70H96]. Cac ting cit vién cho
DM bi ap dit bdi mot sé dieu kien nhu diéu kién bén (diéu kien on dinh vé
thang thoi gian Vi tru), mat do tan du [3233], tim kiém trye tiép [97H101],
tim kiém gian tiép [102-106] va tim kiém tai may va cham hat [107,/108|. Cac

ting ctt vien DM c6 thé 1a fermion, vector hoac vo huéng véi cac thang khéi
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lugng khac nhau tit vai GeV dén vai TeV. Tinh bén ciia ttng vien DM thuong
duge dam bdo béi déi xiing gian doan, chang han nhu R-parity trong siéu déi
xting, KK-parity trong pho nhiéu chiéu, T- chin 18 trong 1y thuyét hat Higgs,
vat chat chén 1& trong phan md rong (B — L) [47,(109.110] hodc lepton trong
so do tao khéi lugng neutrino [111]. No6i chung, tat cd céc hat trong SM 1a
chin trong khi cidc hat mdi c6 lién quan 13 18, sao cho hat 18 nhe nhat 14 bén
va dong gép vao DM. Déi xtng roi rac ap dat lén hé cé thé 1a déi xing chinh
xac hoac dbi xing xap xi. Nguon goc cia doi xing gian doan 14 mot trong
nhitng cau héi dat ra clia cdc nha nghién citu 1y thuyét. Chinh vi vay, cac kha
nang déi xing rdi rac phat sinh nhu mot déi xing tan du ctia déi xting chuan
1a mot trong cac huéng di hap dan béi vi déi xiing chuan khong chi xac dinh
va on dinh DM ma con thiét lap céc tuong tac DM va cac vat thé quan sat
dugc khong gidng nhu DM trong cac mo hinh trude do.

Cac thuc nghiem da dé cap mat do tan du, tim kiém triyc tiép va gian
tiép, mAay va cham hat van chua tim ra dugc bitc tranh hat cia DM. R6 rang
13 cac ly thuyét dudc dé cap thuong cho rang DM duge cau tao tit mot loai
hat don - hat nhe nhat 14 hat 1& duéi phép ddi xitng roi rac. Tt khi thanh
phan DM van con bé ngd, khong ¢6 1y do gi DM lai xuat phat tit mot hat don.
Phién ban ctia DM nhiéu thanh phan 14 tu nhién theo quan diém cau tric
phong phii clia vat chat binh thudng on dinh - cic nguyén ti. Hon nita, ching
duge thic day vé hién tugng hodc Iy thuyét [112-131] va tiét 16 diéu thia vi vé

cau trac thien ha [132,133|. Cac phién ban ctia DM da thanh phan dac biét

dé thich ting véi nhi¢u dong tia gama va tang cudng tin hieu DM [134(140],
ciing nhu céc tuong tac DM [141,(142]. Vé mit 1y thuyét, dé c6 mot phién ban
vé DM da thanh phan, cach don gidn nhat 14 them vao SM mot déi xting roi
rac Zo ® Zy. Nguoi ta ciing c¢6 thé thém bing tay mot déi xing Z, chinh xac
vao sieu doéi xiing cia mo hinh hoic mo6 hinh phu hodc moé hinh U(1)g_y.
Bén canh d6, c¢6 cach tiép can thu vi khac [143H158]. Vi cau tric DM dugc
tang thém nén cac phién ban c6 hé qua c6 hién tugng luan tha vi, thu hit cac
nghién ctu hién tai.

Trong cac phién ban md rong cia SM thi phién ban ma tich (B — L)
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duge mo ta 1a tich chuan c6 dic tinh thd vi. Phién ban nay c6 thé giai thich
khoi lugng neutrino nhé thong qua sy xuat hién ctia neutrino phai. Neutrino
phai xuét hién 1a do yéu cau khtt di thudng ctia nhém déi xitng chuan(B — L).
Khoéi lugng neutrino phai phu thuoc vao thang nang lugng pha vé (B — L)
[3-81/159-161]. Trong céc Iy thuyét mo ta (B — L) 1a tich chuan, ton tai nhing
ly thuyét ma tich (B — L) khong giao hoan. Tich khong giao hoan (B — L) cho
phép phan DM va vat chat thong thudng c6 thé thong nhat khong tam thuong
trong mot da tuyén ctia nhém chuan. Déi xtng tan du sau khi pha v& déi xting
chuan (B — L) sé quyét dinh st bén vitng ctia DM [441/47,80-86,90,/94]. DM
nim mot phan trong da tuyén nén déi xing chuan sé chi phdi céc tin hieu
quan sat DM. Cac qué trinh lam phat va sinh phan déi xing lepton sé lién
quan tryc tiép t6i ddi xing chuan (B — L) khi thang nang lugng pha vé dbi
xtng la cao [84,91,95,/162|.

Trong chuong nay, ching toi xuat tir gid thiét déi xing spin dong vi yéu
12 cao hon nhém déi xitng do6 trong SM, gia thiét nhém mo ta déi xitng spin
dong vi yéu 1a nhém SU(P). Do d6, nhém ddi xing mo t& tuong tdc manh,
yéu va dién tir s& mS rong thanh nhém SU(3)¢ x SU(P)p x U(1)x x U(1)w,
dugce goi la 3—P—1—1. Hai nhém dbi xiing giao hoan cudi cung U(1)x, U(1)n
lan lugt xac dinh dién tich Q va tich (B — L). Chung to6i sé chiing minh réng,
v6i d6i xting chon nhu trén, ching toi c6 thé chi ra mot co ché pha vé déi
xting dé 1y thuyét c6 thé cung cap tng ctt vien DM la da thanh phan véi phién
ban P > 4. Cha y, mo6 hinh v6i P = 3 da dugc thiét lap tot trong cic tai
lieu [47,/80,/81}/84},85,91,/94], mo hinh nay ciing toi tai co ché pha vé doi xting
dam bdo tinh bén ctia DM nhung DM chi 1& don thanh phan.

Chinh vi vay, phan dau cta chuong, ching toi sé xay dung ly thuyét
khong giao hoan (B — L) tong quat cho DM da thanh phan, thao luan vé su
pha vé déi xiing dé dan dén doi xting tan du dam bao tinh bén ctia DM. Dua
tréen cac VEVs dua vao thiyce hién pha vd déi xting, ching toi sé nghién citu
tinh hop 1y ctia pho khéi lugng fermion. Trong phan tiép theo, ching to6i sé
nghién citu phién ban don gidn nhat cho DM da thanh phan. D6 14 mo hinh

3 —4—1—1. Trong phan nay, ching toi sé nghién cttu pho khéi lugng ciia cac
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boson vo huéng trong phién ban 3—4—1—1. Dya trén hé co sé vat 1y vita tim
dudc, chiing toi khao sat tat ca cac tuong tac clia boson chuan véi fermion va
vo huéng. Cac kich ban khac nhau ctia DM da thanh phan va kiém tra DM
quan sat dugce sé 1a mot phan dude nghién ctu. Cudi cuing, chiing toi tém tat

két qua va dua ra két luan ciia chuong.

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

Nhom déi xitng mo ta tuong tdc manh duge gitt nguyén, déi xing dién
yéu ctia nhém SU(2); md rong thanh doi xing dién yéu cao hon SU(P)y,
v6i P = 3,4,5,---. Tuong ting, mdi ludng tuyén fermion trong SM md rong
thanh biéu dién P-tuyén fermion hoac phan P-tuyén, la lién hiép phtc cia
P-tuyén ctia nhom SU(P)r. Dé khit di thuong [SU(P)r]? yéu cau sb luong
P-tuyén fermion bang s6 lugng Phan P-tuyén fermion, vi biéu dién va lién hgp
clia ching c6 cac déng gép di thuong trai nguge nhau. Theo do6, s6 thé he 1a
boi s6 clia s6 mau co ban. Bén canh do, diéu kién tiém can QCD ngu § réng
s6 thé he khong 16n hon [33/(2P)] = 5,4, 3 tuong tng v6i P = 3,4,5. SO thé
hé 13 3 sé tuong duong vdéi dieu kien P < 5. Di thuong da bi loai ra khoi trong
SM béi vi di thudng [SU(2)z]® da bi khit trong moi biéu dién. Chinh vi vay,
khi mé rong nhom doi xitng spin dong vi yéu chiing ta can quan tam dén diéu
kien khtt di thuong SU(P)3. Diéu kién nay sé anh hudng dén sy sip xép céc
fermion trong mo6 hinh. Céc thanh phan fermion dugi nhém chuan SU(P)p

dugc sap xép nhu sau:

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

¢aL - ~ P, (21)

EQP72anP72 )



Dé6i v6i cac quark phan cuc trai, hai thé hé dau dudc xép vao Phan

P-tuyén, thé he thtt ba xép vao P-tuyén ctia nhém SU(P)p:

d-1/3.1/3 \
_y2/3:1/3

J1—q1—1/3,—n1—2/3
Qor = J42=1/3,n2=2/3 ~ P (2:2)
2

\ J_QP—2_1/37_71P—2—2/3
P-2

al
(u2/3,1/3 \
d-1/3.1/3
J](-]1+2/3,n1—|—4/3
Qs = oy—— ~ P, (2.3)
2
qujp_—22+2/3,np—2+4/3 )3L

e Cac fermion phan cyc phai dugce xép vao don tuyén ctia nhém SU(P)p:

VagR ™ (1)7€aR ~ (1)7Ek:aR ~ (1) (24)
UgR ™ (1)adaR ~ (1)7 JkaRr ~ (1) (25)
Egsr ~ (1), Jrar ~ (1). (2.6)

trong d6 k =1,2,3,--- ,P—-2, q=q+q+---+qgp_asvan=ny +
No + -+ +np_g . Vi a, o 1a cic chi s6 thé he a = 1,2,3 vi a = 1,2.
Cac trudng mdi E va J duge thém vio dé hoan thanh biéu dién. Céac
chi 86 trén clia cac truong lan lugt 1a dién tich @, tich (B — L), con cac
chi s6 duéi phan biét cac thanh phan khac nhau ctia P-tuyén va Phan

P-tuyén dugc lam 16 bén duéi.

Khong méat tinh tdng quat, dé c6 mot P-tuyén lepton bang cach thém cac
lepton mdéi vao chinh bieu dién co ban ctia lepton phan cuc trai trong SM. Céac

hat méi dugce dua vao dé hoan thanh biéu dién P-tuyén va phan P-tuyén déi véi
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nhéom SU(P)y, dong thai dé khit di thuong. Véi cac trusng méi dua vao, chua,
biét dien tich Q va tich (B— L), ching toi dat cac tich dé lan lugt 1a g va n. Do
d6 moi truong lepton (v, e, E') ¢c6 mot cap tich dac trung 1a @ va (B— L) tuong
ing vdi cac chi s6 trén clia cac truong. SM va thiic nghiém nhan thay ring Q va
(B— L) 1a céc tich déu bao toan. Ca Q va (B — L) déu khong giao hoan va ciing
khong dong kin dai s6 dai s6 v6i SU(P) . That vay, P-tuyén lepton 1,1, ta c6
Q = diag(0,—1,q1,4q2, - ,qp—2) va B— L = diag(1/3,1/3,n1,n2,- -+ ,np_2),
ching khong giao hoan véi toan tit nang ha weight cia nhém SU(P)y. Cu

thé, ching tuan theo hé thic khong giao hoan sau:

Q, Ty +iT] = £(T £ iT3), (2.7)
[Q, Ty % iT5) = Fau (Ty £ iT5), 2.8)
Q,Ts £iT7] = F(1 + 1 )(Ts £ 1T7), (2.9)
[Q, Ty + iT1o] = Fao(To £ iTho), (2.10)
[Q,Th1 +iTia) = T(1 + q2)(Th1 £ iThs), (2.11)
[Q, Th5 £ iT14] = F(g2 — q1)(T1s £ iT14), (2.12)

[Q,Tp2_3 £ iTp2_o] = F(qp—2 — qp-3)(Tp2_3 £ iTp2_5), (2.13)

[B — L, Ty +iT5] = F(1 + ny)(Ty +4T5), (2.14)
[B — L, Ts +iTy] = F(1 + ny)(Ts +iT%), (2.15)
[B — L, Ty & iTio] = F(1 + ny)(Ty £ iTo), (2.16)
[B — L, Ty1 £iTys) = F(1 + no)(Thy £ iT12), (2.17)
[B— L, Ti3 £iT14) = F(nay — n1)(Tiz £ iT14), (2.18)

[B — L, TP2_3 + ’I:TPQ_Q] = :F(TLP_Q — nP_g)(TPQ_g + ’LTPQ_Q)(219)

trong d6 T; = 3X; (1 =1,2,3,--- , P2 —1) 1a cac vi ti¥ cia nhém SU(P)p, xac
dinh trén co sé ma tran Gell-Mann tong quat. Su khong déng kin dai s6 néu

tren 1a do Q va (B—L) dugc biéu dién qua mot s6 cac vi tit ctia nhém SU(P),
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chiing c6 dang t6 hop tuyén tinh theo kiéu Q = y,;T; va (B — L) = x;T;, nghia
la Tr@ = 0 va Tr(B — L) = 0. Tuy nhién, v6i E la tuy y thi Tr(B — L) # 0
va dac biét la cac lepton phan cuc phai. Mat khéc, @, (B — L) va T; khong
tu tao thanh déi xing.

Dé déng kin dai s6, ching to6i can dwa vao mo6 hinh hai nhém déi xting

giao hoan. Déi xing tong quat la:
SU(S)C XSU(P)L X U(l)X XU(l)N, (220)

duge goi 1a nhém 3—P—1—1, trong d6 bao gom nhém déi xtiing mau SU(3) ¢
tich X, N xac dinh dién tich @ va tich (B — L) nhu sau:

P-2

Q=) BHy+X, B-L=) bHy+N, (2.21)
= k=0

trong d6 Hy = Typyay2—1 = Ts, Ts, Ths, -+, Tpo_y v6i k= 0,1,2,--- , P —2 a
cac vi tt Cartan ctia SU(P)p. Luu y rang X va N doc 1ap tuyén tinh véi Q
va (B — L). Tat cd cac tich Q, X, (B — L) va N déu la chuan vi Hy 1 cac
tich chuan, hé qua ctia tinh khong giao hoan.

Cac he s6 8 va b c6 duge bang cach tac dong toan tit dién tich Q va toan
tt (B — L) vao cac da tuyén lepton 1.z, sau khi tac dong thu dugc két qua

nhu sau:

b= g+ e s - a) (2.22)

/ [2( k—l—l
bk = k+2bk 1+ ’I’Lk 1—nk (223)

véi dieu kién ban dau (6o =1, gqo = —1) tuong tng (bg = 0,n9 = —1).

Néu v6i P < 5, chtng ta dé dang tinh dugc:

B = —(1+2q)/V3,

B2 = —(1—aq+3q)/V6,

Bs = —(1—aq —q2+4g3)/V10,
by = —2(14n1)/V3,

by = —(2—ny+3n)/V6,

25



bs = —(2—mny+Tng —4n3)/V10.

Tiép theo, tac dong cac toan tit Q va (B — L) vao cac thanh phan Q.r
va Q3r, thu duge céc tich Q, (B — L) cho cac thanh phan thuoc truong quark
dugce viét nhu cong thitc va, .

Chung toi nhan thay, khi d6i xting spin dong vi yéu dugc mo ta béi nhom
d6i xting cao hon SU(P) va két hgp v6i hai nhém giao hoan thi SM md rong
dang 3—P—1 — 1 sé sinh ra hai tich, Q va (B — L), khong giao hoan va dong
kin dai s6 v6i cdc vi tlt ctia nhém. Tuong tac (B — L) duge thong nhat khong
tam thuong cling véi tuong tac yéu theo kieu thong nhat tuong tac dien yéu.
Tiép theo, ching t6i sé chiing minh 1a cac fermion mdi, gom E va J, cac hat
vo huéng méi, cac hat boson chuan méi sé bién doi khong tam thudng dudi
dé6i xtng tan du sau pha v& dbi xiing tu phat. Cac hat méi nay sé déng gop
vao phan DM. Ly thuyét nay sé xdc nhan DM théng nhat véi vat chat quan
sat trong ciing mot da tuyén chuan do nguyeén 1y chuan. N6 duge xem la he
qué cta viéc khao sat tich (B — L) la tich khong giao hodan. DM da thanh
phan sé xuat hién vi cau tric khong tam thuong ctia cac ddi xing tan du.
Cau tric khong tam thuong nay lién quan tryc tiép t6i sy mé rong ctia nhém
déi xing spin dong vi yéu P > 4. Nhu vay, v6i nhém déi xing tong quat 1a

3—P—1 — 1, cac fermion trong mo hinh dude sap xép lai nhu sau:

qg—1 n—2
Var (1,P, 7 p > , (2.24)
.1 1-q¢ 2 2-n
Qar ~ (3,P 7_§+Ta_§+ D )7 (2.25)
2 qg—14 n-—2
~ P-4+ —\ - 2.2
Q3L <3a 73+ Pa3+ P>7 ( 6)
VaR ™~ (17 L, 0, _1)>€aR ~ (17 L, -1, _1)7EkaR ~ (17 17Qkank)7 (227)
tar ~ (3,1,2/3,1/3),dor ~ (3,1, -1/3,1/3), (2.28)
JkaR ~ (37 17 —qr — 1/37 —Ng — 2/3)7

trongdék:172737"'7P_27qEQI+Q2+"'+qP—2 VaTLEnl—FTLQ—f—

-++ 4 np_s. DI nhién, cac fermion phan cyuc phéi cé cung tich Q, (B — L) véi
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cac fermion phan cyc trai , va , chiing c6 thé khong c6 chi s6
trén (bd qua) véi nhiéu loan. Véi cach sap xép nhu trén, cac di thuong déu bi
khit (trong bang Phu luc . Su xuat hién clia v,z lien qua dén viéec khit di
thuong ctia nhom U(1) .

Dé pha vé déi xiing chuan va sinh khéi luong cho céc hat, ching t6i dua
vao cac vo huéng da tuyén va 1 vo huéng don tuyén:
[ o1y )
~1,0

0,0
Y21 P22

q1,m1+1 qg1+1,n1+1
Y31 ¥32

q2,m2+1 ? g2+1,m2+1 ’
41 P42

qp—2,mp—2+1 qgp_2+1l,np_o+1
\ ¥P1 \ P p2 )

( g01—3Q17—1—n1 \

—1—q1,—1—mny
P23

0,0
P33

g2—qi,n2—nj

Y43

: (2.30)

qp—2—qi1,nNp—2—"N1
K YP3 /

—qz2,—1—na2 —qp_2,—1-np_o2 \
( P14 \ ( “1p

—1-g2,—1-n2 —1—gqp_2,—1-mnp_2

Pos Paop

qd1—q2,n1—n2 q1—qp—-2,N1—Np—2
Y34 P3p

0o e ’ ta s ps :
P44 Pap

qp—-2—Qq2,Mp—-2—N2 0,0
\ Yp4 ) Ypp )

6~ (1,1,0,2). (2.31)
trong dé ¢ c6 cac sd lugng t nhu vay dé pha vé doi xing U(1)x va sinh khoi
lugng cho cac neutrino phan cuc phai thong qua cac tuong tac v,grvsr®, khi
d6 tinh cac VEVs tuong tng (¢) ~ A. Cac da tuyén vo huéng tng véi cac

thanh phan 11, ©29, ©33, -+, Ppp, tat ca cac thanh phan nay déu c6 Q = 0 va
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(B — L) = 0. Céac truong vo huéng trén c6 VEVs lan lugt 1a vy, va,v3,- -+, vp.
Cac truong vo huéng con lai khong c6 VEVs do dién tich dugc bao toan. Hai
VEVs dau tién pha vd déi xing trong SM va sinh khoi lugng cho cac hat thong
thuong, trong khi v3 4... p pha v ddi xiing md rong, cung cap khoi lugng cho
cac hat mdi.

Dé phit hgp v6i SM, chiing toi ap dit V1,2 K V345, pyA. SO do pha vo

déi xttng dude tom tat nhu sau:

SUB)e x SU(P)L xU(1)x xU(1)n
lvsa..p, A
SUB)e x SU2), xU(1)y x P
}v12

SU(S)C X U(l)Q X P

trong d6 Y = 25;12 BrHy + X 1a siéu tich yéu, P 1a doi xiing tan du clia pha
v3 dbi xiing (B — L) thu duge bén dusi. Dé c6 duge kich ban phit hop vé DM
da thanh phan phai 18y vs 4.... p 6 thang TeV, trong khi d6 A xac dinh ca hai
(thang seesaw va thang vat chat chin 1é da thanh phan P) dan dén c6 thé
nhan gia tri tt TeV dén thang lam phét ctia Vil tru ~ 10'° GeV.

Nhur da chi ra & tren, B — L = St by Hy + N 1a t6 hop céc tich chéo
clia ddi xing SU(P)r x U(1)x. Mot trudng téng quat bién doi dudi tich
(B — L) nhu sau: & — &' = U(a)®, véi U(a) = *B~L) va o 1a tham s6
bién do6i. (B — L) huy cac VEVs: v1 5... p Vi cdc trudng vo huéng nay déu co
(B — L) = 0, hay néi cach khac (B — L){(¢) = 0 v6i moi da tuyén vo huéng
P. Tich (B — L) van ton tai sau khi déi xtng chuan bi pha vé d6i xting béi
v12,..,p. Tuy nhién (B — L) sé bi pha vé bdi A, nghia la (B — L)A # 0 do
B — L = N = 2 dbi véi truong ¢. Déi xiing tan du (B — L) sau khi pha vo
déi xting (B — L) phai thod man: U(a)A = A vi €% =1 dan dén a = zr khi
z = 0,+1,+2,---. Déi xting tan du cudi ctng la: U(zm) = (—1)*B=L) thu
duge cac gia tri 16n hon Z (4t Z cao nhat dén Zg) khi z = 0, 41,42, ---.
C6 thé xem nhém con bat bién (hodc nhém con tam thudng) dude tao ra béi

phép bién déi tan du P = U(37) = (—1)3B=L) khi 2 = 3.
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Déi xttng P dude xac dinh nhu sau:
P = (—1)3B-L)+2s (2.32)
toan ti chdn 1é spin (—1)2° dugc bao toan duéi dbi xting Lorentz. Phép bién doi
P tuong tu nhu R-parity trong siéu déi xting nhung trong mo hinh 3—P—1-1

dang xem xét thi phat sinh tit pha v ddi xting chuan va vat chat chin 18 nhiéu

thanh phan. That vay, tinh cac gia tri P cho cic truong nhu trong bang

Hat | vq €a Ugq dq B, Jia Jr3 P11 P12
P |1 1 1 1 Pt P P 1 1
Hat Y21 ©22 Pr+2,1 Pk+2,2 P1,1+2 P2,1+2 Pk+2,14+2 925 G
P |1 1 PSP P P PP 1 1

Hat | B C A Wiz Wigo1 Wigoo Wigpe  Waire Wigoito
P |1 1 1 1 P P P P PrP

Bang 2.1: Gia tri vat chat chan 1é da thanh phan P clia cac hat trong mo
hinh, véi P, = (—1)*GmatD) va k1 =1,2,3,--- ,P—-2. VaG, B, C, A, W
dugde dinh nghia 1a cac boson chuan lién két s6 mau, X, N, Cartan va toan

t nang ha vi ti.

Chi ¥ réing (PF)T = P va (PF)? # 1 khéc tinh chit chiin 18. Néu cac
truong c6 tich (B — L) phu thudc vao ng hodc ng —n; tuong ing khi thyce hién
bién d6i 1a P hoac P PT. Trong khi céc truong trong SM ¢6 P = 1 1a céc hat
thong thuong. Cac hat c6 P va PP 1a céc hat khong tam thuong (# 1) véi
ng # (22—1)/3 ==£1/3,£1,4£5/3,--- vang —n; # 2z/3 =0,+2/3,F4/3,---
v6i moi z nguyeén. Véi dieu kién nhu vay, ¢6 thé chon ni,n; tuy . Do dé, céc
truong c6 gia ri P khong tam thudng goi 1a cac truong sai vi cac truong nay
c6 tich (B — L) bat thuong, trai ngugce vdéi tich (B — L) thong thudng trong
SM (c6 tich (B — L) = —1, 1/3 va 0 lan lugt ciia cac lepton, cac quark va cac
boson.)

Vi Iy thuyét ctia chiing t6i bao toan phép bién doi P nén khong cé trudong

sai don trong tuong tac. Vi thé cac truong sai thi chi két cap hodc tu tuong
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tac trong qué trinh tuong tic. Hon nita, néu mot tuong tac co 7, clia cac
truong P,j va §; cla cac trudng P, v6i moi 7, s; nguyén, bao toan P nghia
1a: >, re(Bng + 1) — >, s1(3n; + 1) = 22, v6i moi s6 nguyen z. Dieu nay phu
hgp cho cac tham s6 tich ny, n; tuy ¥, néu khi va chi khi k = [ va ry, = s;, tiic &
P;f va P luon luon xuét hién theo cip. Néu mot tuong tac c6 tg clia trudng
P,jPl_ vOi moi ty; nguyen, bao toan P nghia la ), txi(3ng — 3ny) = 2z, vdi
moi 2 nguyeén. Diéu nay phtt hop cho tham s6 tich ny,n; néu t;; = t;; nghia
la PP va cac lien hgp phifc clia n6 xuat hign thanh ting cip. Cubi cling
nhung khong kém phan quan trong néu mot tuong tac cé chita ca 2 loai trudng
sai trén thi cac truong Plj P~ co thé tu tuong tac véi truong P va PfL Sao0
cho P dugc béo toan.

Céc phan tich trén cho két qua ring P béo toan khac nhau véi méi k.

Do d6 nhém con bat bién bao gom P phaéi:
P-2
P=QRQP=P@P,® - ®Pp_y, (2.33)
k=1

trong do, cac toan tit Py c6 gia tri la P,f hodc 1 khi tac dong 1én cac trudng.
M&i mot truong c6 nhiéu gia tri P nhu sau P = (P, P, -+, Pp_3). Cac
truong thong thusng c6 P = (+,4+,---,+), trong khi cic trudng sai co it
nhat P, = P # 1 trong biéu thitc P.

2.2. M6 hinh DM da thanh phan tbi thiéu tong quat

Hién thuc hod mo hinh t6i thiéu ctia DM da thanh phan tuong tng P = 4
goi 13 mo hinh 3 —4 — 1 — 1. Ching toi sé dua ra cac tinh chat can thiét deé
mo6 hinh c6é thé chita 2 thanh phan DM.

Déi xttng chuan dugc cho béi:
SUB)e x SU4) x U(1)x x U(1) . (2.34)
Tich @ va (B — L) nhu sau:

Q=T34+ pTs +~T15 + X, B—-L =05+ cli5+ N, (235)
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trong do6, dé cho ngin gon hon B = B1, v = P2, b= by va c = by. V6i SU(4)p
c6 vi tit 1a cac Ty, v6i i = 1,2,3,...,15. Cac fermion va cédc thanh phan vo
huéng dudi doi xiing chuan dude trinh bay trong bang trong do6 chiung toi
gan nhan lai cho cac fermion méi la £ = Ey, F = FE,, J = J;, K = Js, tich
Q, (B — L) ctua chiung tuong tng l1a g = ¢1, p = ¢2, n = n1, m = ng, cON Cac
tich X, N tuong tng vé6i cac fermion phan cyc phai va cic da tuyén vo huéng

tuong ung la n = 1, p = Y2, X = @3, 2 = pa.

Da tuyén SUB3)e SUM4)r U(l)x U(l)n
Yo, = (Ve E F)aTL 1 4 q+z;1 ,HTM_Q
Qor =(d —u J K)I, 3 4* _rfrpTJrl/?» _MmT%
Qs =(udJ K)?;L 3 4 q+p15/3 n+m210/3
VaR 1 1 0 .
CaR 1 1 1 .
UaR 3 1 2 i

dar 3 1 ~1 1
Ear 1 1 q n
Far 1 1 p m
Jar 3 1 o % i %
J3r 3 1 q+ 2 n+ 2
Kuor 3 1 o % o — %
Ksr 3 1 p+ 2 m+ 2
n=(m n2msna)" 1 4 atp=1 ntmt2
p=(p1p2 ps ps)” 1 4 atpts nbmt2
X = (x1 x2 x3 xa)" 1 4 p=3g-1 msn2
2= (8 2y 53 54)7 1 4 a=3p=1 nesm=2
) 1 1 0 9

Bang 2.2: Biéu dién truong ctia mo hinh.

Cac tham s6 tich ¢, p,n,m c6 quan hé véi cac hé s6 dude gan vao nhu
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sau:

B = —%(2q+1), ’Y:%(q—?)p—l), (2.36)
2 1
b = —ﬁ(n—i—l), c:%(n—Sm—Q). (2.37)

VEVs clia cac da tuyén duge viét nhu sau:

() [0 )

mo= V] =] (2.38)
ny = \/5 0 ) ,0—\/§ 0 , .

\ 0 \ 0

Lo 0,

1 0 - _ 1 0 :L
1 I B B R TACED

\ 0 V)
trong do6, dé thuan tién ching toi viét lai: u = vy, v = ve, w = v3 va V = vy.
Nhu da duge dé cap, thang u, v dinh nghia cho thang dién yéu, con w, V dinh
nghia cho thang vat Iy méi A lien quan dén DM va co ché seesaw, thang A
cung cap khéi lugng neutrino nhé. Do d6, dé phit hop thi ta can ap dat dieu
kién cho cac VEVs nhu sau: A > w,V > u,v.

Céc thanh phan chan 1é vat chat dude cho bdi:
P=P,®P,, (2.40)

v6i tinh chin 1& ctia P, va P, c6 nhiing gia tri hodc 14 1 hoic P¥ =
(-1 = 1 va PE = (—1)TGm+D) = 1 thoa diéu kien n,m = 22/3 =

0,£2/3,44/3,£2,---. Gia tri ctia P chia pho hat thanh cac 16p nhu sau:
1. Cac hat thong thuong P = (+, +) bao gom cac hat trong SM.
2. Cac hat sai P = (+,—), (—,+) hoic (—, —) gom céac hat mdi.

Céc tich Q, (B — L) va tich chan 1é P tuong tng véi cac hat dugc liét ké trong

bang
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Hat Q B-1L P

Vg 0 —1 (+,+)
€a —1 —1 (+,+)
E, q n (—=+)
F, p m (+ )
Uq 2/3 1/3 (4, +)
d, -1/3 1/3 (4, +)
Ja q—1/3 —n—2/3 (=4
K, —-p—1/3 -m—-2/3 (+,-)
T3 g+2/3  n+4/3 (—+)
K p+2/3  m+4/3  (+,-)
M, P2, X3, 4 0 0 (+,+)
P17 1 0 (+,+)
X173 —q -n—1 (=+)
X2, 05 —q—1 -n—1 (=+)
=1, 74 —p -m—-1  (+,-)
220t ol m-1 (o)
E3, X4 q—p n—m  (=,-)
) 0 2 (+,+)
G,7, 212,34 0 0 (+,+)
w 1 0 (+,+)
Wis —q -n—1 (—,+)
Wig —p —m —1 (+,—)
Was —q—1 —n—1 (—,+)
Way —-p—1 —-m—1 (+,—)
Wia q—p n—m (= —)

Béng 2.3: Tich @, (B — L) va tich chan 1é P cho céc hat trong mo hinh vat
chat da thanh phan.
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Ung ¢t vien cho DM phai dam béo diéu kien khong mau, trung hoa vé
dien tich va 14 cidc hat nhe nhat trong cac 16p hat tng véi 16p hat c6 P, va
P,, 1a cac truong 1é. Thuc té, c6 thé ton tai dong thoi hai loai ting cit vien
(P, va P, 1a cac truong 18). Cac ting cit vien DM c6 thé 1a cac trudng lepton
mdi, trusng vo huéng vat 1y, cac trudng boson chuan. Cu thé, cac ing cit vien
DM thudc cac phién ban khac nhau cia mo6 hinh 3 — 4 — 1 — 1 dugc liét ké

trong bang (2.4

Mo hinh (—,4) ung cit vien (4, —) Ung cua vien (—,—) ung cit vién
g=p=0 Ei23, Hay Wis Fi23, Hz, Wia He, W3a
q=0,p=—-1 Ei123, Ha, W13 Hs, Way Non
g=—-1,p=0 Ha, Waz Fi23, Hz, Wia Non
g=p=-1 Ha, Was Hs, Waa He, Wsa
q=p#0,—1 Non Non He, Way

Bang 2.4: Céac tng cit vien DM thudc cac phién ban khac nhau ctia moé hinh

3—4—-1-1.

T két qud liet ke tréen bang [2.4, ching toi nhan thiy, phién ban vdéi
p = ¢ = 0 sé hita hen nhiéu hoat cAnh DM hai thanh phan. Chinh vi vay,

chting toi sé nghién cttu k§ phién ban nay trong phan tiép theo.

2.3. Nghién ctu DM trong moé hinh 3 -4 —-1-1v6ip=q¢q=0

Ching toi khdo sat phién ban DM hai thanh phan véi ¢ = p = 0.
Lagrangian toan phan duéi déi xiing chuan (b6 qua sé hang c6 dinh chuan va

cac trudng ma) duge xac dinh mot cach tong quat nhu sau:
_ 1
L = Fiy"D,F + (D"S)"(D,S) — 1A A"+ Lyikawa — Vitiges,  (2:41)

trong d6 F, S va A tinh cho cac da tuyén fermion, da tuyén vo hudéng va
da tuyén boson chuan tuong ng. Lyukawa V2 Viiggs lan lugt 1a Lagrangian

Yukawa va thé vo huéng. Dao ham hiép bién va tensor cudng do trudng lan
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luot duge dinh nghia nhu céc biéu thic duéi day:

D, = 0, +igst,Gyy+igTiAi, +igx X B, +igyNC,,  (2.42)
Gruw = 0uGry —0,Gry — gs[rstGspGro, (2.43)
Air = OuAiy — 0y Aip — gf i Ajp b, (2.44)
By = 0,B,—08,B,, Cyu=0,C,—0,Cp, (2.45)

trong d6 (gs,9,9x,9n), (tr, T;, X, N) va (G, A;, B,C) 1a cac hang s6 tuong
tac, cac vi tit vd cic boson chuan tuong ng clia cic nhém trong dbi xing
3—4—1—1.Con frs va fl; la hing s6 cau tric tuong tng clia nhém SU(3)

va SU(4). Tuong téc Yukawa duge dua ra trong Phu luc

1 _ _ _

Lyukawa = §faVbD§RVbR¢ + hoyVarnVer + hopVar pevr + haEb%LXEbR
+hE barEFyR + 1Y, Qarnuar + he,Qarp Uar + hi,Qsrpdar
+hiaQaL77*daR + h3J3Q3LXJ3R + thgLEK:gR

+hiBQaLX*JBR +h§5QaLE*KﬁR + H.c. (2.46)
Thé vo huéng dude cho béi biéu thic sau:
Vitiges = 30+ u3ptp + 13xTx + 13ZTE + M(n'n)? 4+ Xa(pfp)?
A2+ METE)2 + () Asplp + AexTx + METE)
+(p p) AsxTx + XZTE) + Mo(xTY)ETE) + A1 (nTp) (pTn)

A2 ) () + As(T2)E) + Malp"x) () + Mis(pTE) (ETp)

+A6(X'E)ETX) + (\irnpxE + Hoe) + V(9), (2.47)

4 day phan t cudi cung 1a thé ning clia ¢ cong véi tuong tac cia ¢ véi n, p,

X va Z nhu sau:

V(9) = 12 o+ M0*9)* + (0" ) (Asn'n+ Aiop  p+ AooxTx + A1 ETE). (2.48)

Chiing toi xac dinh phd khdi lugng vo huéng va tinh toan cac tuong tac

chuan ctia cac vo hudng va fermion trong [92].
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2.3.1. Hat vo6 hwdng va hat boson chuan

Cac diéu kién can thiét dé thé vo huéng c6 gisi han dudi va pha v déi
xtng chuan la:

N27M%,2,3,4 <0, AA234>0. (2.49)

Su phan bac u,v < w,V < A c6 thé nhan duge bing diéu kien

1 2| < |ps.a] < |- (2.50)

Xét truong hop phan bac 16n |p| > |p1 2,3,4| sao cho ¢ duge tach. Truong
¢ thu duge VEV khong 16n, A? ~ —pu2 /) kéo theo thé V(¢) thay doi, vi thé
¢ dugc mad rong:

¢ = %(A%—HN—FZ'GZN), (2.51)

trong d6 Hy va Gz, la cac hat Higgs nang va cac Goldstone boson lién hé
v6i syt pha v& U(1) v, boson chuan Zy = C. Nhém chuan U(1)y va cac Higgs
boson c6 khéi lugng lan lugt 1a mz, ~ 298 A va my, ~ v2A. Céc khéi lugng
nay ti lé v6i thang A vi tach ra khéi phd hat.
Beén duéi A, tach tuong tac clia ¢ ra tim dudc thé hiéu dung ban dau
trung vé6i thé Higgs khi bd qua thé V(¢):
VER s = Vitiges — V(9). (2.52)

iggs

Cac thanh phan vo huéng:

T
no= (%(U+S1+’L}41) Ny 14 nﬁ:) ; (2.53)
T
p = (,O;F \/Li(v—i—Sz—H'Ag) pdtt pi“) : (2.54)
T
X = (XI" X2 J5(wt Sy +ids) Xg—q) . (2.55)

T
sl ST (VA Sitid) ) - (256)

—_
— —
— —

Thay thé cac n, p, x v E vao thé hiéu dung ta viét lai nhu sau:

(1]

V}?{fggs - Vmin + ‘/linear + Vmass + Vvinteractiona (257)
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trong d6 bao gom: ning luong chan khong, thé tuyén tinh, khdéi lugng va thé
tuong tac.

Do bat bién chuan hé s6 ctia Viijpear bién mat:

(202 4 201 u? + A50° + Agw? + M VH)u+ ApowV = 0, (2.58)
(213 + 2X00% + Asu? 4+ Agw? + AgVH)v + AjruwV = 0,  (2.59)
(213 + 2X3w? + Agu? + Agv? + AoVHw + AruwvV = 0,  (2.60)
(203 + 204 V? + Au? + Agv? + Aow?)V + Apuvw = 0, (2.61)

cac bieu thic trén cung cap gia tri u,v,w,V c¢6 mdi quan hé véi tham s6 clia
thé nang.

Khdi Iugng c6 thé duge tach ra nhu sau:

Vmass — VS + VA + Vcharged

mass mass mass )

(2.62)

trong d6 hai biéu thic dau bao gom cac khéi lugng ctia CP- chin va CP -
1é cac truong vo huéng. Trong khi d6, phan tit cudi bao gom khéi luong clia
cac truong vo huéng mang dién. St dung diéu kién cuyc ticu thé , ,
(2.60) va (2.61), biéu thic V3

mass

dugc viét lai nhu sau:

T
S _ 1 2
Vmass - 5 Sl S2 S3 S4 MS Sl S2 53 S4 ’ (263)
VOl

2k1u2 — A%iszv Asuv + %wv Aguw + A%’?’UV A7uV + A%'? vw
M2 o >\5uv+>\%wV 2>\2v27%wv >\8vw+%uv >\9vV+muw 2 64
S — A7 A7 2 _ M7V g17 : )

Aguw + ) vV Agvw + 5 uV 2A3w o uv AowV + 5 uv

AruV + )\%7 vw AgvV + %uw AlogwV + %uv 2)\4V2 — A%sz uv

Béi vi diéu kién u,v < w, V, ma tran khoi lugng trén sé cung cap 1 gia
tri rieng nhé gidng hét nhu khoi lugng hat Higgs boson (Hy) trong SM va 3
tri rieng 16n cung cap khoi lugng cho cac hat boson trung hoa méi Ha 3 4. T

ma tran khéi luong, 6 hang dau tien, c6 dudc:

H = ——, m3 =0, 2.65

1 VuZ £ 02 H,y ( )
_ A 2 2

Hy = Y2wS e A EY) g (2.66)

VuZ o2’



Hz = c¢453 — 84,54,

m%{s = M V2 + Aw? — \/(>\4V2 — Azw?)? + 4A5w? V2, (2.67)

Hy = 54,53+ cq, 54,

mir, = MV 4 g /(T2 — \w?)? +403w2V2, (2.68)

)\10’wv
tan(2aq) = SWIE IS W (2.69)

bi giéi han béi w ~ V.

Trong co s6 mdéi (Hy, Ha, Hs, Hy), ma tran khéi lugng M2 c6 dang co
ché seesaw loai I va co ché seesaw loai I, v6i co ché seesaw thi m%; ~ (u,v)?
cong véi su tron gitta cac Higgs boson Hi 3.4 ti 18 v6i (u, v)(w, V), trong khi
d6 khdi lugng Hs 3 4 phu thudc vao (w, V)?2. Do theo thit tu khéi lugng dau,

Higgs boson H; trong SM c6 dude thong qua co ché seesaw nhu sau:

2 ~ 2

mi, ~ 5 (Aru® + Av? + Asu?v?), (2.70)

u? + v

trong khi cac Higgs boson nang Hs 3 4 ¢6 khéi lugng tron con lai va chua tach.
Sy tron gitta cac Higgs boson bi gidi han béi (u,v)/(w,V) < 1 duge bé qua.

Phan t1t thtt hai trong biéu thic V.2 . dugce viét nhu sau:

mass

Vhe=2 (A 4 4 A )MI( A4 A 4 4) . @7

vOi:
( —wV o wV vV VW \
by wV 2wV uV UwW
M2 = N7 v | (2.72)
2 vV uV %uv uv
\ ) uw UL %uv )
Ma tran khéi lugng nady cung cap khéi luong cho gid vo huéng vat 1y nhu
sau:

(VA1 + uA)wV + (VAs + wAy)uw

= , (2.73)
V2w V2 + 2[u?V? + 02 (w? + V)]
A u? + v? w? + V?
2 17
= — —_— . 2.74
m 5 < " wV + e uv> (2.74)
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Cac tri rieng con lai 14 3 gid vo hudng khong khoéi lugng gidbng nhu
Goldstone boson tuong itng boson chuan trung hoa Z; 5 3 la:
uA; —vAs wAs — VA
Gz, = —F/——, Gz=—Fr—
1/U/2_+_f02 1/,w2_+_‘/'2
o (vA] + uds)(w? + VHuv — (VAs + wAy) (u? + v?)wV
Z3 V@ + 02) (w2 + V[ + v2)wV2 + (w? + V2)u2v?]

(2.75)

(2.76)

v6i Z va Gz, gibng véi cic boson chuan trong SM. Trong khi Z5 3 va Gz, .14
cac trang thai vat ly mdi.

Lién quan dén cac vo huéng mang dién dude viét nhu sau:

- —q
charged 2 P1 2 X1
Vmassg = ( p—l‘_ 77;_ )Ml _ +( X(1] ng )Mq —q

Ub} Uz
El_p
+( Eﬁ) 775 )Mp —p
Ty
X2—(Q+1)
1 1 2
"‘( X%Jr ﬂ§+ )Mq+1 (41
(g+1)
P3
':2_(17-1'1)
—p+1 +1 2 -
= g )M | 2L
P4
:;(q—P)
—(q— - 2 =
+( :i())q P) Xiq D) )Mq—p o
Xa

V6i mbi phan ti trong ma tran M2 14 mot tri rieng khéi luong clia trusng
vo huéng mang dien nhu Goldstone boson tuong ting ciia boson chuan khong
Hermition va tri rieng khéi lugng ting véi thang khoi lugng w, V. Céc tri rieng

khéi lugng duge viét tém tat nhu sau:
1 L(A1uv — AprwV A11uv — ArwV
M12 _ 1 2 (A1 1rrwV) 11 17 @17)
2 )\11’LL’U - )\17UJV %(Alluv - )\17UJV)

vpi —umy 4 upy +umy

GE = — Hi = —, 2.78
. P i = L (2.78)
, u? + 12
m,Hit = Quv ()\11%?)—)\1710‘/), (279)
1 Aot — A7) u Aauw — A7V
Mc? _ : ( 12 17 w) 12 17 (2.80)

)\12U’w - )\17UV ()\1211] - )\17‘/%) w
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+q
G'VV13

m,H;tq

Ep
GW14
m,Hétp

g+1

+(q+1)
GW;Z’)

2

m
D

p+1

+(p+1)
GW24

2
mHGﬂq—p)

+q

+q +q +q
— ums uxy "+ wng

= , Hyl = , (2.81)
1/uQ —|—U)2 ‘/’LLZ _|_,w2

1 vV 9 9

— - —_ 2.82

9 ()\12 Al?uw) (U +w )a ( 8 )

1 A3u — A7vE ) uw A13uV — Ajrow

1 (A13 17 v) 13 17  (2.83)
2 )\13UV — )\17vw ()\13‘/ — )\1711}%) Vv

VEitp _ Uﬁfp +p UEitp + Vni:p

, H3' = 2.84
vy (2.84)

VT V2

1 VW
= (A5 — A —) 2 Ly, 2.85
5 (s =) (2 4+ V) (2:85)
1 A — A7ul) v Aavw — ApruV
1 ( 14 17 w) 14 17 (2.86)
2 )\141)11) — )\17UV ()\14’(1} — )\17‘/%) w
wX;t(qul) . vpgt(qul)
+ +
e _ o 4wy T (2.87)
! Vo £ w?
1 uV 9 9
- — — 2.
5 (A14 /\17fuw> (v 4+ w?), (2.88)
1 A5V — AU ) v A5V — Ajruw
1 ( 15 17 V) 15 17 (2.89)
)\15’UV — )\17uw ()\15V — )\1710%) 1%
VE;t(p-l-l) . Upilt(p—i-l)
JErve
—+(p+1 +(p+1
g+ _ V=2 ) Vpy () (2.90)
° VETVE
1 UW
= (As — A —) 2 L2 2.91
2(15 iy (v +V7), (2.91)
1 AMewV — Aj7uv)Z MewV — A7uv
1 (A6 17 )V 16 17 (2.92)
2 )\16wV — )\17UU (Alng — )\17’&’0)%
VEgﬂ):(q—p) _ wa(q_p)
VT Ve
—t+(qg— +(q—
Hi(q—p) _ wEj (g—p) +Vx (¢—p) (2.03)
° Vor s
2 2
%(Awwv — )\17U’U). (294)

Gi6i han hieu qua u,v < w, V dé trang thai vo huéng vat 1y quan heé véi
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trang thai chuan nhu sau:

Hl - Cozg Sozz Sl
H, Sas  —Cay So 7
H Ca:  —Sa S
] ~ ! : ° ], (2.95)
H, Sa;  Cay Sy
A N Say  Cao Ay
GZ1 COZQ 802 A2
Gz | [ Sea  ~Cas A ) (2.96)
Gz, Cas Sas Ay
Gw N _ [ Sas —Can | [ AT
Hic Cay Sa 77;
G;_Lv(i—p) B Cos  —Sas Egt(q—p)
+(q—p) N +(q—p) (2.97)
HG Sas Cas X4
+ + + —_t +(q+1 +(q+1
GquS ~ x7 GW’;::1P, GWg )2X2(q ),
+(p+1 —+(p+1
Gt oz, (2.98)
+ + + + + 1 +(g+1
7_[2q ~ ngq, 7_[31)277410, 7_[4(q+)2p3(q )’
H;)t(p+1) ~ pj:(]H'l), (299)

trong dé cac géc as 3 duge dinh nghia béi tan(as) = v/u va tan(ag) = w/V.

Pho khéi lugng clia cac boson chuan trong Lagrangian:

Lo > (DMSHT(DWS)), (2.100)

S=n,p,X,E

trong d6 nhém chuan U(1)y va cic thanh phan vo huéng Higgs dudc tach ra

nhu da trinh bay & trén, trong truong hgp su tron dong nang gitta cac boson

chuan U(1) khong c6 déng gép. Thay cac VEVs clia cic vo huéng thu duge:
2

L D gz [(u2 + UQ)W“JFW; + (u? + wz)ng’“Wl_gZ

+ (WP VAWHWE + (0% + w)Wad T laty
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T +V2)W2(£+1)“W24(p+1)+(w —I—V2)W(q p)uws (g— p)]

+ %( Ay AR AY, Be >Mg( As, As, Ais, B, )T(2.101)

trong d6 cac boson chuan khong Hermition la:

7(,41“ Fids,), Wil = %(AZL,J +ids,), (2.102)
ﬁmgu tidio), WiV = f<A6u +iA7,)2.103)
T(Allu +iAi2,),

W34(q P) = \/—(Al?)p TiAiay) (2.104)

Cac boson chuan khong Hermitan 13 cac tri rieng vat 1y tuong tng véi

khoi luong ctia ching:

miy

My,

_ 9, 9 2 2 _92 2 2

4
2 _ 9>, 5 2

myy,, Z(u + V), (2.105)
2 2

S+ w?),miy, = 07+ V),
2 _ 9>, 2

myy,, = Z(w + V). (2.106)

boson W ¢6 khdéi lugng trong thang dién yéu nhu boson W trong SM do

u?+v? = (246 GeV)? da dé cap & trén. Trong khi, cdc boson chuan mang dién

con lai c6 thang khéi luong 16n w, V.

V6i cac boson chuan trung hoa, ma tran khéi lugng binh phuong Mg

duge cho bdi:

2) 1 2 2 2

2 u? +v %(uzfv %(u — v®) miy
M2 _ g_ f(u - ) %(u2 + v2 +4w2) 3\F(u + 02 — 2w2) m%4 (2107)
0 4 \/>(u — v ) ﬁ(u2 + 02 —2w2) 1(u + 2 4 w2 +9V2) m§4
14 24 34 44
trong do:
20 = 20X, —viX )t (2.108)
m14 — U n v p X .
2
2 _ 2 2 2
msy = ﬁ(u X, +v°X, — 2w X,)tx, (2.109)
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2
mi2’>4 = \/;(UQXn + UQXp + szx - 3V2X5)tx, (2.110)

mi, = AWX]+0PX] +wiX]+ VX2, (2.111)

VOl tx = gx/g va vo huéng X-tich nhu trén.

Chéo hod ma tran M2 trong |92], cic truong boson chuan trung hoa méi:

t
AH = SwAgu + cw <6tWA8u + ’YtWA15u -+ %BM) , (2112)
t
Zlu = CwAgu — SWw <BtWA8u + VtWA15u + tlBu) , (2113)
X
z = 1 (1 — B%t3,) Ag,, — Bytiy Ars, — %B (2.114)
2p m W )438p W 4i15p ty e :
1
r _
Zs, = T (A1s, —vtxB,) , (2.115)
v6i khoi lugng tuong tng:
2 92 2 2
ma =0, m21:7(u + v7),
W
2 92w2 2 2142
, —1 t5 ], 2.116
Yy~ gyt (A (2.116)
2
m% 7

5T a0 + ~v2t%)
) {w?[y(2V25 — 1)ty — 17 + 9V (1 +4%%)%},  (2.117)

o gwt(2V28 - iR — VI (B2 )t
nr 6v/2(1 + 72t%) ’

(2.118)

voi sw =e/g =tx/\/1+ (1+ 32+ 72)t% la ham sine ctia goc Weinberg.
Truong photon A c6 tri rieng khoi lugng ding bang 0 va tach khéi cac

khoi lugng khac. Truong Z; nhe va tron 1an v6i hai truong ning Zj 3, cac

truong nay bi giéi han béi (u,v)?/(w,V)? < 1, trong d6 Z; duge dong nhat

v6i boson Z trong SM. Cé su tron gita Z5 va Zj sinh ra hai tri riéng:
Zop = ol — 8o 23, L3y = SpZy, + Coly,, (2.119)

tuong tng v6i khoi luong:

1 )
M,z =5 [mQZé +m%, F \/(m2Zé —m3,)? + 4m§éZéJ . (2.120)
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& thang w, V. Géc tron duge cho béi biéu thic:

42w 2 [y (2V2B—~)t2 —1]4 /1+(B24+~2)t2
_ [v( v) X ] ( 2l )X (2.121)

tap = w2{72(2v28—7)2t5 —[(2v28+7)2+572]t% —7}+9V2 (144215 )2

Tém lai, cdc boson chuan vat 1y trung hoa c¢é quan hé véi trang thai ban
dau bdi biéu thitc (A Z; Zy Z3)T = U(As Ag A5 B)T, trong d6 ma tran U

chuyén co sé dugc cho bdi biéu thic sau:

S
SW Bsw Ysw t‘;{V
s t
cw 7BSWtW —vYswitw 7V¥XW
U=| o cofi—mme, - e cefitly prtx  __ cellly 2.122)
Vit2tk  1-8%, Vi+92t% tx\/1-82¢2,
c s B’YtQ coyt s 5752
0 s ll_BQt%V L _ » %% _ PpT'X _ » %%
Vita2tk  1-p243, V123 tx/1-82¢2,

2.3.2. Cac tuong tac
Tuwong tac chuan cho céac fermion

Tuong tac ciia cac fermion véi boson chuan c6 nguon goc tir Lagrangian

Sau:
L D> Y Fiy'D,.F
F

= Y [Fiy0,F — g, Fy"t,G,, F — gFy*(PIC + PYC)F](2.123)
F

trong d6, dong mang dién va dong trung hoa cé chita boson chuan duge cho

béi:

pPeC = > T; Aip, (2.124)
i=1,2,4,5,6,7,9,10,11,12,13,14

PN = ) TAy +txXB,+tyNC,. (2.125)
1=3,8,15

Thay cac boson chudn mang dién tit biéu thitc (2.102)), (2.103) va (2.104)
vao biéu thic (2.124)), ching ta dudc:

POC = —[(Ty +iT)W,;} + (Ty — iT5) Wiy, + (Ty — iTio) WY

-,
V2 "
+H(Ts — iTr)Wiah! + (T — iTw)WEE! + (Ths + iT1a) Wi, P

+H.cl. (2.126)
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Tuong téc clia cac boson chuan mang dién véi cac fermion:
_ o pCC _ 7HTt —quyd —PpygP
gz Iy PN o= JW WM + JW13 W13N + JW14 W14M
F

—(g+1 1, 7—(pt1 +1
R AL U Ay a1 S

I PRI 1 e, (2.127)

Cac dong mang dién duge dinh nghia béi bicu thitc nhu sau:

Tyt = _%(PaL’Y“%L + Uor " dor), (2.128)
Tyt = —%(Eam“u@ — dary"Jar + JaryPuss),  (2.129)
Jk = —%(FGLV“VQL —dar V" Kor + Kzpy*usg), (2.130)

Ty M = _%(Eam“em + oLy Jar + J327"dsL),  (2.131)
Tt —%(Famue@ F Gar" Kar, + Karytdsr), (2.132)
J;Viz_p)“ = —i(EaL’y“FaL + Koz " Jor, + J3v" Ksr). (2.133)

S

Thay céc boson chuan trung ho tit biéu thic (2.122) vao (2.125)), thu dudc:
1
PYC = swQAu+ a(T3 — $3Q) 21,

[Ts — B(Q — T3)t3]

Co
*{m

S
——————=(T15 — VX@)} Zap

V1+72t%

+ {\/1;9—9'%[7% — B(Q — T3)t3y]
W

C
2 (Ty5 — VXtﬁf)} Z3,. (2.134)

VTR

Con tuong tac clia cac boson chuan trung hoa véi cac fermion duge cho bdi:
—gY Fy"PYOF = —eQ(f)fy"fAu
F

_%{BL’YMVL + F g0 (F) — 951 (H)s) Y 21
w
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{C vry*vr + FP 9 (f) — 9% (F)s) f} 22,
{C%mﬂvmﬁ 972 () — 952 (F)vs)f} Za

(2.135)

v6i e = gsy va f cho moi fermion mang dién ctia mo hinh.
Cac phan t1t trong nhém dau tién & biéu thic (2.135)) 1a cac trudng trong
tuong tac dién tir thong thuong. Sy lién quan ciia cac phan ti con lai 14 tuong

tac cua cac neutrino

co(1+V3Bt,)  su[l+~(v+ V28 4+ V6)t%]

Chr = - (2,136
C VBV, VBT 7, 20
C',,Zj = C’VZL2 (Cp = Sy 8 = —Cy). (2.137)

Véi cac fermion khéc, tuong tédc dang vector va gia vector (axial-vector) co

thé thu dugc cac gia tri sau:

g () = Ts(fr) =250Q(f): 95" (f) =Ts(fr), (2.138)
Z(f) = co {Ts(fr) — B2Q(f) — T5(fr)]t3 }
v Ny
_Sap{TIS(fL)_'Y[2Q(f)_T3(fL)_5T8(fL)_’YT15(fL)]t§(}
Moy . (2.139)
Z clTs(fL) + BT (fL)tiy]
9. (f) = 5
V1= B2t
s {Tis(fr) +9(T(fe )+5T8(fL)+WT15(fL)]t§(}(2 140)
VI+P5 |
G (F) = 9u(P)ce = 5,5, = —Cp). (2.141)

Trong Phu luc ching t6i da tinh tuong tac cua Z; véi cac fermion
nhu Bang két qua phlt hop v6i SM. Bén canh d6, tuong tac clia Zo véi

céc fermion duge tinh thu két qua nhu trong Bang [C.2l O day, chi ¥ ring

tuong tac clia Zs v6i fermion c6 thé thu duge tit cac tuong tac tuong tu nhu
Zy nhung trong dé thay thé ¢, — s, vad s, — —c, nén khong tinh toan lai

cho tuong tac Z3.
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Tuong tac chuin cho cic vé hudng

Cac tuong tac chuan vo hudng co lien quan phéat sinh tit Lagrangian chita
dao ham hiép bién:

L> ) (D"S)I(D,S), (2.142)

S=n,p,X,E,¢
v6i S tinh cho tat cd cac da tuyén vo hudng 7, p, x, =, ¢ va S = (S) + 5’ dan

dén:

= (\/é
1 T
+<—2(Ca2H1+8a2H2+isa2A) SanHy  HI H§> (2.143)
. T
1 T
+<CO¢2H1+_ _(saQHl_CagHQ'f'icaQA) HZ+1 Hg—’_l) (2144)
V2
T
X = (0 0 Ssw o)
_N\T
+(O 0 \/ii(calﬂg—i-salHZl) Cos HE q) , (2.145)
= = (O 0 O 7§V)
_|_

T
< 0 0 Sangg—p \%(—salﬂg—i—callﬂ) ) s (2146)

véi cac VEVs va trang théi vat 1y duge hién thi ré rang.

Lagrangian dugc md rong tuong ing cho béi:

L D gli(@s)(PSCs)+i(o"s" ) (PNCS")+H.c.]
+g*[(S)TPCCHPICS ()T (PO PN+ PN PTO) S/ +(S)T PN PNC S 1 H.c.]

+g2 (8T PECHpCC s 45t (POCHPNC L pNCrpCC) gy g/t pNCipNCgr), (2.147)

Trong Phu luc @ chiing t6i tinh toan cho tat ca tuong tac boson chuan
va vo hudng, cac tuong tac dude thé hién tuong tng tit Bang dén Bang
Trong d6, cac nhan méi la:

1 — (1+29)t5y _ V6+39(1—q—p)tk

61 = ) Y1
J1- B, 2v/3/1 + 72t%

(2.148)
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14 (1+2¢)t3, _V6-3B+q+p)tk

V1-p22, I 2v3/1+72t%

diéu nay c6 su khac biét véi cac toan tit dien tich.

B2 = (2.149)

2.4. Hién tuong luan DM nhiéu thanh phan

Xét mo hinh ¢ = p = 0. Trong trudong hgp nay, cac hat trung hoa bién
doi bat thuong dudi vat chat chin 1é da thanh phan P = P, ® P, 1a E°, F9,
HY, HY, HE, W, WP, va WY, thé hién r6 rang trong bang Ching toi
chia 3 kha nang ciia sy ton tai 2 thanh phan DM.

2.4.1. Kich ban hai thanh phan DM la hat fermion

Gia stt rang E la (1 trong 3 loai hat vat chat nho E?) va F (1 trong 3
loai hat vat chat nho F?), chiing 1a cdc hat mang tich P, ( P,,) 1é va l1a cac
hat nhe nhat trong cac 16p cac hat cung loai (E,, Ha, Wi3) va (F,, Hs, Wi4)
tuong tng. Cha y rang E va F chi tuong tac thong qua céc boson chuan méi
W34 va cac vo huéng Higgs mé6i He do bat bién chuan va bat bién P, ,,. Gia
st rang khéi lugng thiyc clia E va F' thi nhé hon méi khéi lugng ctia Wy va
He. Do do, ching bén va c6 thé déng vai tro tng vien ctia 2 thanh phan DM.

Céc ting ctt vien DM nay cht yéu huy thanh cac hat vat chat trong SM.
Cac kénh do la:

EE¢ — v 171%, q¢¢, Z1H, (2.150)

FF¢ — we171%, q¢% Z1Hy, (2.151)

St khac biet gitta DM da thanh phan va DM don 1a kénh huy giita cAc hat
DM khéc loai. Trong phién ban DM da thanh phan, trong dé cac thanh phan
DM niang hon sé huy cac thanh phan DM nhe hon. Vi thé, c6 thém 1 trong 2

quéa trinh huy sau:
EE® — FF° néu mg > mp, (2.152)
FF¢— EE° néu mp > mg. (2.153)
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Gian d6 Feynman trong chuan Unita mé ta su huy cip DM thanh céc hat
trong SM va su chuyén ddi giita cac DM duge cho trong hinh va tuong
ing. Sau do, chi ¥ ring Zn 1a nang do d6 khong gép phan téi cac bang chiing

quan sat DM.

E(F) 17 A VNN s VA E(F) v,l-

E°(F°) ve, 1T, s, I ¢, Hy E°(F°) Ve, It

o T

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

E(F) F(E) E(F) F(E)
22,23
Wy
E<(F°) Fe(E°) E<(F°) Fe(E°)
Hinh 2.2: Su chuyén déi giita cdc thanh phan DM.

Chiing to6i sé tinh toan mat do tan du ctia DM hai thanh phan dua gia
thiét khi V@i tru ngudi t6i nhiet do nhat dinh thi DM khong du nang lugng
dé tan xa vi qua trinh huy DM da dimg lai vi qua trinh tan xa ngugc cling
dimg lai (Freeze-out). Mat do DM bi chi phdi béi 2 thanh phan DM 1a E va
F. Mat do tan du ctia DM dugc tinh bang cach gidi phuong trinh Boltzmann.

Hé phuong trinh Boltzmann (The coupled Boltzmann equations - BEQs) sé

nNE(F)
s

xéc dinh gia tri clia biéu thic: Ypp) = v6i np(py de cap dén so mat do

vat chét t6i E(F) va s 1a mat do entropy, cho bdi cac biéu thitc sau:

dY) 2
d—xE = —0264MP1\@% {<O—U>EEC_>SMSM lYEZ‘ — (YgQ> 1
yEQ\’
F
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yEQ
—<JU>FFC—>EEC YFQ— (YFEQ> YE2 @(mF—mE) (2154)
E
dY 2
d—; — —0264MP1\/9_*% {<O"U>FFC%SMSM lYFQ — (YFEQ) ]

2 YEQ 2
+<UU>FFC—>EEC YF - # YE @(mF - mE)
E

Y9
F

trong d6 Mp; = 1.22 x 10'° GeV, g, = 106.75 la tong s6 hiéu dung ctia bac tu

do pp = ;PETE va voi:
EQ ME(F) 32 3/9 —g B
YEQ 1452 (ZEU ) p8/2, e (2.156)
E(F) s L

v6i g = 2 s6 bac tu do clia cac thanh phan DM.
Trong phuong trinh (2.154) va (2.155), trung binh nhiét ctia tiét dien

huy véi van toc ciia cac thanh phan DM x4c dinh gan dung nhu sau:

(o0} g'my { [ !
OV)EEc—sSMSM -
-~ ™ (m% + m%VB)2

gv gv (vr) +gA (v1)]
Z 4(m3y + mW )(4m3, — mzz)

92,2, 1, gzj Z1Hq

+ (mw,, & mw,,,vL <> €e)| +
13 23 ZZJ: 64gzm221
(4m%E —mz )"

2 2
amy —my.

X [951' (B)gy’ (B) + g5 (E)gy (E)]

n Z Ne f)gv <E>g¥§$ g‘f;ﬁgii,ﬂf)tgﬂi‘;(im’qg(ﬁ] , (2.157)
[,
g'V/my —my 2mp — mp
2TmEg { (sz - m%‘ + m%/V34)2
4mE mz)"!
R

8 [QmEgVi (E)gy (F) + g3 (F)]

—m%g‘Z/ (E)[g€ (F) — gii (F)]

(oV)EEesFRe =

o0



mygs (F)gy (F
x[97 (B)gy’ (B) - g5 (B)g (D))} (2.158)
(ov)pFessmsm = (OV) EEe—ssMSM
(E < Fymyy,, < Mw,,, M, < MW, ) s (2.159)
(oV)ppeypre = (0V)ppeppe (E < F), (2.160)

trong d6 i, j = 2,3 v f dé cap dén moi fermion trong SM. O phan trén da gia
dinh ring khoi lugng ctia céc boson chuan méi thi 16n hon nhidu khéi luong
cac fermion trong SM.

Bing phuong phap giai s6 cac phuong trinh nay véi cac dieu kién bién

nhu sau:
Ye(l) =YgER(1), (2.161)
Ye(l) =YEQ1), (2.162)
ting v6i gid tri Yg p lic can bang nhiét bat dau. Ching ta c6 thé thu dugc

mat do tan du ctia ting thanh phan DM nhu sau:

mg

Qrh®> = 2.752 Ye(rs) x 108 2.163

E GV E(Too) X 10%, ( )
mpg

Qph? = 2.752 Yr(zs) x 108 2.164

F GV F(Tso) x 10°, ( )

trong d6 zo dé cap gia tri clia = sau tach ra khoéi bé nhiet. Ching t6i mudn
nhan manh, quéi trinh sinh thanh phan DM nhe tit qua trinh huy ctia DM
nang sé it anh huéng dén mat do tan du so véi cac kénh huy ciia DM ra hat
trong SM. Do d6, chiing ta c6 thé ap dung 15i giai gan ding ctia BEQs dudc
dua ra trong [118] cho ting thanh phan DM don. Két qué gan ding dugc viét
lai nhu sau:

1.07 x 10°
Qpp? = 0T 10ws GeV 1, (2.165)

G+ Mpi(ov) T,

ol




1.07 x 109
apn? = LOTXAVTE G
\/.g_*MP1<UU>F

v6i TE = mE/TE, rTp = mp/TF va

<UU>§ = <UU>EEC—>SMSM+<UU>EEC—>FFC,

<UU>£ = <UU>FFC—>SMSM,

<UU>§ = <0’U>EEC—>SMSM,

<U"U>1r€ = <UU>FFC—>SMSM‘|’<0U>FFC—>EE07

(2.166)

(2.167)

(2.168)

(2.169)

(2.170)

cho truong hgp nguge lai mg < mp. Mat do tan du DM dugc xac dinh la

tong déng gop cta timg thanh phan DM don:

Qpuh? = Qph? + Qrh?.

(2.171)

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

10000

B Mg + M < Myyy, 1

B 0h?<0.12 8000

6000

m [GeV]
mg [GeV]

4000

2000

0

B Mg + Mg < My,
B 0h?<0.12

0 2000 4000 6000 8000 10000 0 2000 4000

mg [GeV] mg [GeV]

w=11TeV,V=12TeV

8000 B Mg + Mg < Myyg,

M 0Oh? <0.12

0 1000 2000 3000 4000 5000
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6000 8000

Hinh 2.3: Téng mat do tan du ciia hai thanh phan DM biéu dién nhu 13 mot

ham cta (mg, mr), ching t6i da chon cac tham s6 w, V' ddm béo tng cit vien

DM la ben.
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Déi v6i khéo sat s, ching toi st dung cac gia tri tham s6 sau: u = v ~
174 GeV, s%, ~0.231, g = Vara/sw, mz, = 91.187 GeV. Cac s6 proton va
s6 khoi ctia Xenon duge lay: Z = 54 va A = 131.

Tong mat do tan du ciia DM trong mo hinh khio sat duge biéu dién
trong biéu thiic . Chiing ta c6 thé nhan thiy mat do DM bién déi nhu
mot ham ctia khoi lugng DM (mp, mp) voi mg +mp < my,,, thod man gidi
han thyce nghiem Qpuh? < 0.12 . Trong hinh chiing t6i chi ra vung
tham s6 thod man c6 hai tinh chéat ctia DM 1 gi6i han vé mat do tan du va
diéu kien ddm bdo DM bén chinh 1a viing xen pht gitta hai viing mau. Luu ¥
rang diéu kien cho mg + mp < my, dé dang ap dat bdi vi gia tri A1 khong
dugc tinh dén. Hon nita, cic lga chon ciia cac thang vat 1§ méi w, V' luon thoa
man nhitng rang buoc tit tham sé p, Zff tuong tac, FCNCs va gidi han ciia,

may va cham nhu .

020 w=5TeV,V=6TeV, me=12me w=8TeV,V=9TeV, ms=16m

0.10|

0.05f

Qh?
Qh?

0.02f

0.01f

600 800 1000 1200 1400 1600 1800 1500 2000 2500 3000
mg [GeV] mg [GeV]

w=11TeV,V=12TeV, mg=1.2mg
0.20 . - . .

0.15

0.10f

o~
<
c

0.05f

2000 2200 2400 2600 2800 3000 3200
mg [GeV]

Hinh 2.4: Tong mat do tan du hai thanh phan DM nhu 14 ham ciia khéi lugng

DM déi vé6i truong hop mp > mg.

Dé danh gia anh huéng ctia ting thanh phan DM gép phan vao tong
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mat do tan du ciia DM. Ching t6i nghién citu sy phu thuoc ctia téong mat

do tan du nhu 1 ham ciia mot trong hai khéi lugng ctia DM. Trong hinh

chiing t6i mo ta tong mat do tan du DM 1a ham ctia mp khi ¢ dinh w, V va

mpg biéu dién theo mp. Trong mdi trudng hop, ching toi xac dinh bén diém
mz,

cong hudng trén duong mat do DM, cu thé mp = =, Mp = m2z3 va hai

diém khac duge cho bdi mpg = mzz 2 vA mp = mQZ s ching dugce dich chuyén

sang mp dugc dat lai mp = ZZ—;% VA mp = ﬂ—g% tuong tng. Cha ¥ rang

mg, > Mgz, va cach hinh dnh mo td diém cong hudng ciing c¢6 thé tim thay
trén hinh Do su doéng gép clia cd hai thanh phan DM, E va F nén tong
mat do khong bi triét tieu tai cac diém cong huéng. Trong trudng hgp nay,
khéi lugng DM kha thi luon phai dam bido Qh? < 0.12 v phai ndm & phia
trude ving mau dé vi viing mau dé 1a ving khéi luwong khong ddm bao DM
14 bén, titc 14 vi pham diéu kien mg + mp > myy,, .

w=5TeV,V=6TeV, mg=12mg w=28TeV,V=9TeV, mg=16mg

" " 0 " "
500 750 1000 1250 1500 1750 1500 2000 2500 3000

mr [GeV] mr [GeV]
w=11TeV,V=12TeV, mg=1.2mg

1.0

08
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<
'S
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0 ‘ ‘ ‘ ) )
2000 2250 2500 2750 3000 3250
me [GeV]

Hinh 2.5: Ti le déng gbp ctia cac thanh phan DM fermion v6i mat do nhu

mot ham ctia khéi lugng DM trong trudng hgp me > mg.

Twong tu, trong hinh ching t6i so sanh mat do tan du ciia DM cua

timg thanh phan véi sy Iya chon cac thang vat 1y w, V va mp duge biéu bién
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theo mp nhu duge dé cap 6 trén. Dang cha ¥ 1a ving trén duong Qr/Q = 0.5,
ing ctt vien F cho déng gép chinh vao mat do DM va ton tai hai dinh do
c6 sy cong huéng ctua mpg. Trong khi, bén dudi duong Qp/Q = 0.5, E cho
dong gop chinh vao mat do DM, trong d6 2 diém cong hudng tuong ng véi
gia tri cong hudng tai mp. Ving DM khong bén 13 viing mau doé vi tai do6
mg +mp > my,,.

Chung toi khdo sat qua trinh tim kiém tryc tiép cdc thanh phan DM
trong mo hinh khao sat thong qua tan xa khong phu thudc spin (spin-independent
- SI) ctia DM véi hat nhan. Lagrangian hiéu dung mo ta qua trinh tédn xa cia

DM véi nucleon, thong qua hat truyén tuong tac 1a cac boson chuan Zs 3 nhu

Sau.
L o=y 4522 By |90 (B) =947 (B)ys ) Bavu [90 (0)- g7 (a)vs |a, (2.172)
i=2,3 °
£t = SNE o F). (2.173)

Tu Lagrangian hieu dung, ngudi ta c6 thé thu dude tiét dien tan xa cho
qué trinh tan xa ctia cic thanh phan DM trén hat nhan N nhu sau:

2

BN = Y. ﬂT%? 0% ()97 (u) (Z+A)+a 7 (B)g % (d)(24—2)| , (2.174)
i=2,3 ’
oy = oan (B« F), (2.175)

trong d6 mpy = ;EEN- ~ my la khoi Iwgng hieu dung DM-hat nhan, Z
va A 13 s6 hiéu nguyén tit va s6 khoéi nguyén ti ciia hat nhan N tuong dng.
Trong kich ban hai thanh phan DM, tiét dién tan xa cho mdi thanh phan DM

dugc xac dinh bdi cong thic:

SI _ Qph® g

oo(E) = Qa2 CEN (2.176)
Qrh?

oSLF) = FT_ 551 (2.177)

——0 .
QDMh2 FN
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Hinh 2.6: Tiét dién tdn xa khong phu thuoc spin cia DM véi nucleon dugc
xem nhu 1a ham cta khéi lugng DM khi ¢6 dinh (w,V) = (5,6), (8,9) va
(11,12) TeV va cac tham s6 khac chon sao cho: Qpyh? = 0.12.

Gia st rang hai thanh phan DM xéc dinh chinh xac c¢6 téng mat do DM.
Trong hinh ching to6i vé tiét dien ctia DM tuong ng vdéi cac lya chon &
tren ciia tham s6 (w, V) tuong tng. O day mdi duong cong gisi han, ching toi
chi ra rd rang truong hgp mpr > mpg (mau xanh lam) va trudsng hgp nguge lai
mpr < mg (mau do). Cac gidi han thyc nghiém ciing thé hién trén
hinh vé. Két qud trén hinh vé cho thay, tiét dién tan xa ctia DM véi hat nhan

khi khéo sat trong viing tham s6 thod man cac diéu kién ap dit khac len DM
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nhu mat do tan du, tinh bén ctia DM, sé c¢6 gia tri nhé hon gidi han cia thue
nghiém tim kiém DM khi cac tham s6 (w, V) = (8,9) TeV hoic 16n hon. Diéu
nay cé6 nghia 13 khi khéi luong mg va mp 16n 1 TeV thi cic tin hiéu tim kiém

tryc tiép khong mau thuan véi két qua thire nghiém hién tai.

2.4.2. Kich bin hai thanh phan DM la hat vé hudng

Chung toi khdo sat cd hai thanh phan DM 1a hat vo huéng, ching 1a
Ho,Hs. Ching ta gid sit rang ching 13 cidc hat nhe nhat trong 16p nhitng hat
c6 tich P, ( P,,) 1é , cung loai nhu dé cap & trén, ching c¢6 khdi lugng thuyc
nhoé hon khéi lugng ctia Wsy va Hg. Cac tng cit vien DM nay huy cht yéu

thanh cac hat trong SM qua cac kénh ra sau:
HoHo — H{Hy, tt° WTW ™, 2,2, (2.178)
HsHs — HHy, it WTW ™, Z, 2, (2.179)
Nhu trén, gian do Feynman trong chuan Unita mo ta qué trinh trén duge mo

ta trong hinh Cac thanh phan DM c¢6 thé tu huy qua nhau thong qua céc
gidn do Feyman mo t& trén hinh

Ha(H3) H, Ha(Hs) H, Ho(H3) H,
Hipsa

> Ho(H3) >mmmmmm e =<
Ha(Ms3) H, Ha(H3) H, Ha(Hs3) H,

Ha(Hs) WH(Zy) Ha(Hs) t

N H, H,
P >mmmmmm e
Ha(H3) W (Z1) Ha(H3) t

Ha(Hs) Ha(H2) Ha(Hs) Hz(H2) Ha(Ms3) Hs(Ha)

7-[2(’7'[3) Hs(H2) Ho(H3) Hs(H2) Ho(H3) H:ﬁ(H\z)

Hinh 2.8: Kénh huy gitta cac thanh phan DM v6 huéng.
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Trung binh nhiét ctia tiét dién huy va van toc ctia cac thanh phan DM

vo huéng duge xac dinh gan ding nhu sau :

(OV) oMy —sSMSM = (OV)MoHo— Hy Hy + (TU) 2ot
oV 1y s w— OV Hotas 2120, (2.180)
2 2
<0‘U> . Ma, = My, A\ (AlszQB + )\13‘/8&3)2
e T A T A A T
(A6wCa;, — A7V 54, )2

AewWSe. + MV )21
(Agws g t A7 = ) , (2.181)
47”9-[2 — my,
(0V) s —sSMSM = (OU)Hoto—sMSM (M, > My, ), (2.182)
<OU>H3H3—>H2H2 = <UU>H2H2—>H3H3 (mH2 A mHs) ) (2183)

Trong d6 gia tri trung binh nhiét ciia tiét dien huy va van toéc ctia DM
qua cac kénh huy con lai dugc xac dinh bdéi:
(ov) S {2\1c2, + Ass,
OV)HoHo—HH, = 167'('777/,2}_‘2 1Cay 55a,

(>\6 + )\7)032 + ()\7 + )\9)82

2

X (Weay — Vsay)(Aewca; — A7V Sa,)

+ (M, < MEHL, Cay 4 Says Say < —Cay )] F(2.184)
3[(2A1¢a,u + A5sa2v)mtca2]2

<0"U>’H Ho—stte — s (2185)
2 16mu?ms,
2\ A 2
(CV) gty = (Ao, 5sa22v) , (2.186)

8m(u? + v?)mg,,

(2A1Cant + A554,0)>

= . 2.1

Chu ¥, kenh huy cho két qué bdi (2.181) chi chap nhan khi mg, > my,,
ngugc lai két quéa (2.183) ton tai khi va chi khi my, > my,.
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Hinh 2.9: Tong mat do tan du cta hai thanh phan DM biéu dién nhu 13 mot
ham ctia (myy,, My, ), trong dé chung t6i chon cac tham s6 w, V' ddm bao tng

cit vien DM 1a ben.

Trong qua trinh tinh toan s6, ching toi da st dung cic gia tri clia cac

tham s6 nhu sau:

m; >~ 173.1 GeV, mpy, ~ 125.3 GeV,

A = 0.1, A34016 = 0.6, A5 = —0.15, A 10 = 0.5, A7 = 0.7. (2.188)

Tuwong tng véi moi lra chon (w, V'), ching t6i tim viing khong gian tham
s6 gisi han béi dieu kien Qpyh? < 0.12, day 1a mat do DM tdng cong cho
ca hai thanh phan DM trong mat phang (mqy,, my,) trén hinh Bén canh
do6, ching t6i con tim ving khong gian ctia khéi lugng DM bi han ché béi dieu
kien bén ctia DM: myy, + my, < My, va my, + ma, < mw,,. Khoi lugng
clia cAc thanh phan DM kha di sé 1a ving khdi lugng x4c dinh trong ving
xen pht 3 mau trén hinh
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Hinh 2.10: Téng mat do tan du ctia hai thanh phan DM vo huéng dugc khao
sat 1a ham cta khéi lugng DM trong trudng hgp my, > my,, trong ving

mau dé 1& viing khong ddm bao tinh bén ctia DM.

Dé xét hiéu ng dong gép ciia ting thanh phan DM vo huéng, ching toi
xét truong hop may, > may,. Tong mat do tan du duge mo ta trong hinh
nhu 1a ham clia myy, ting véi viéc ¢6 dinh cac gia tri mqy, va w, V. Mbi dudng

cong biéu dién mat do chita bén diém cong huéng do déng gép ciia cac hat

Higgs boson trung hoa méi Hs 4, & day my, = “22, my, = —2* va hai gia

tri mag, = (Magy /Mo, ) o2 VA My, = (Mg, /mag,) 5%, didu do c6 két qua ti

Ho cong hudng, my, = smp, v my, = 3my, tuong tng. Ving khéi luong
DM kha di phai 14 nhitng gi4 tri thod man tong mat do DM nim duéi gia tri
thiyc nghiém va dadm bdo DM bén. Hién tuong cong hudng mat do DM xay ra
tuong tu cho truong hop cac thanh phan DM duge gia thiét 1a Hs 4. Cha v,
khoi Iugng DM v6 huéng ty 1é w, V, ngoai thang dién yéu nén cong huy lién
quan t6i Higgs trong SM, H;, cho déng gép mot cach dang ké vao mat do tan
du. Hon nita, cong huy lien quan dén Higgs méi, H, dong gép khong dang ke
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vi n6 két hop yéu véi cac thanh phan DM.

Trong truong hgp msy, > my,, ching ta khdo sat tong mat do DM la
ham clia my, v6i mot s6 gia tri clia w, V va Hs 3. Qua trinh x4y ra tuong tu
nhu truong hgp myy, > my,. Do d6, nhan xét chung cho ca 2 trudng hop, tu
diéu kién xac dinh tong mat do DM va diéu kién bén ctia DM, yéu cau khéi
lugng DM v6 huéng khong qua 16n, giéi han dudi TeV. Thém vao d6, cac diém
cong hudng do hat truyén tuong téc 1a Hs 4 tai ving khoi lugng cao da bi loai
trir béi dieu kién bén ciia DM.

Lagrangian hi¢u dung mo ta tdn xa ciia cic thanh phan DM vo huéng
len hat nhan thong qua kénh truyen 13 Higgs boson trong SM, H;, dugc xac
dinh nhu sau:

Cymy

55 = S HaHaqq,
H,
Leff o Eeff (H H
oL (Hy o Ha), (2.189)

trong do:

2v/254,

(%

2v/2Ca,

u

Cu = Cc:Cb:

(2A1Cantt + A550,0),

Cqy, = Cy=0C; = (2M1Cant + A584,0). (2.190)

Chi ¥ réng Ha 34 cho déng gép nhoé hon, c6 thé xem nhu bé qua.
Tiét dién tan xa ciia cac thanh phan DM vo huéng v6i hat nhan N duge

biéu thi bang:

S = el 2.191
Ueff( 2) o QDMh2 O1,N> ( . )
Qs h?
oSk (Hz) = Q;‘;{m J%ISN, (2.192)
VOl 078-112(3)1\7 1a:
2
2my, s N M
SI _ 2(3) p
OHozy N = ( m%{ M) CN) ) (2.193)
1
Vélme N:MZmNV‘aCNdUOCChObal
2(3) m’HQ(S) +my . .
2 n
On = 27 Z AC‘If%Zg—i_ Z CQ[Zf§q+(A_Z)qu]7 (2.194)

g=c,b,t q=u,d,s
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P~ 0.02000.014),  f25Y ~0.026(0.036),

P~ 0118(0.118),  fR=1- > fR (2.195)

q:u7d78
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Hinh 2.11: Tiét dién tan xa khong phu thuoc spin ctia DM vé6i hat nhan duge
xem nhu 13 mot ham ctia khéi lugng DM ting véi ting bo tham sé w,V va

M3y, , €O dinh, ving mau d6 xac dinh DM khong beén

Chiing toi ¢d dinh w, V' va biéu dién méi lién hé gitta khoi lugng ciia hai

thanh phan DM, trong hinh ching toi khéo sat tiét dién tan xa ctia DM
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va hat nhan thay doi theo khéi lugng ctia DM, va biéu dién dudng gidi han
thyc nghiem vé mat do tan du ctia DM [100,(101] . Ta c6 thé thay khéi lugng
DM vo huéng dudi 700 GeV bi loai trit béi két qua thi nghiem phat hien triyec
tiép DM. Ngoai ra, ching ta thay véi khoi lugng ciia DM vo huéng nho, thi
dong gop cua chiing vao mat do tan du cling nhé, xem trén hinh

2.4.3. Kich ban DM voi 1 fermion va 1 vo hudng

Trong phan nay, ching toi xét F va H3 13 hai thanh phan DM. Tiét dien
huy ciia ting loai hat ra cac hat trong SM da thu dugce nghién citu § cdc phan
trén. Qua trinh huy tit DM fermion ra DM vo huéng duge thé hién thong qua

gian dd ctia hinh

E¢ \\yg
Hinh 2.12: Qu& trinh huy hai DM fermion ra hai DM v6 huéng.

Trung binh nhiét clia tiét dien huy véi van téc clia ting loai DM dugce

xac dinh bdi:

<O"U>EEC_>'H3'H3 ~ O, (2196)
2 2
mg mg 2 2
o~ B 1 B -
<O-U>H3H3—>EE 7Tw2m,2}_13 m?}{g (mH3 mE)

. [cal()\(;wcal — M Vsa,)

2 2
4mH3 - mH3

_|_

X (2.197)

Sa, (AeWSq, + )\7Vca1)} 2
4m§_L3 —miy,
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Hinh 2.13: Gi6i han vé tong mat do tan du ctia DM biéu dién nhu 1a ham ciia
khoéi lugng DM fermion va khéi lugng DM vo huéng, ching toi da chon cac

gia tri khac nhau ctia w, V dam bao tng ci vien DM la bén.

Dé tinh toan s6, ching toi chon gia tri tham sé nhu sau:

)\1 = 0.1, )\3,4,6,7,9,10 = 0.3, )\5 = —0.19, (2.198)

Chiing toi biéu dién tdng mat do tan du ctia DM dudi dang ham cia

khoi lugng cac thanh phan DM khi ap dit cac diéu kién bén ciia DM trong

hinh [2.13| Ung v6i mdi hinh, ching toi ¢ dinh thang vat 1y méi w, V véi cac

cap gia tri khac nhau.
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w=5TeV,V=6TeV, mg=1.5mg, w=8TeV,V=9TeV, mg=2mg, w=11TeV,V=12TeV, mg = 3my,
0. 0.
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Hinh 2.14: Téng mat do tan du ctia DM biéu dién theo khéi lugng DM fermion

khi mp dugc biéu dién qua My, VA c6 dinh céc gia tri w, V.

w=5TeV,V=06TeV, mg=15mgq,

w=5TeV,V=6TeV, mg=15mg,

—-44 |
10744 10
& e 10746
E 10746} =
oy ™
o <
10—48 L
10—50
10750 b—— : : : : : . . - : y
400 600 800 1000 1200 1400 1600 200 400 600 800 1000
mg [GeV] ”‘7"3 [GeV]
w=28TeV,V=9TeV, mg=2mg, w=28TeV,V=9TeV, mg=2mg,
1044 | 10-24|
— &, 0-46
g 10740F 510
= >
0 g
RS 10-48f 75 10748}
10-50] 10750+
1000 7500 2000 2500 200 400 600 800 1000 1200 1400
me [GeV] M3 [GeV]
w=11TeV,V =12 TeV, mg = 3myy, w=11TeV, V=12 TeV, me = 3my,
10744 | Unals
. &, 0-46
< 10741 5
= >
M) <
RS 10-48| 75 10748}
10-50 | 10-50}
2000 2500 3000 3500 2000 200 400 600 800 1000 1200 1400
me [GeV] My, [GeV]

Hinh 2.15: Tiét dién tim kiém triyc tiép clia cAc thanh phan DM vo huéng va

fermion khi mp dugc biéu dién qua My, VA c6 dinh cac gia tri w, V.
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Tt két qua khao sat tong mat do tan du cia DM khi ¢6 dinh gié tri w, V
va ¢6 dinh mdi lien hé vé khdi luong ctia hai thanh phan DM, chtng toi lya
chon viing khéi lugng DM kha di cho két qua phit hop vé rang budc ciia mat
do tan du. Chiing t6i nghién citu déng gép ciia titng thanh phan DM vao tong
mat do tan du va tiét dién tim kiém tryc tiép theo khoi lugng clia ching, xem
trén hinh va hinh tuong tng. Chang toi cling chi ra viing khéi lugng
ma tai d6 DM khong bén nén nhitng diém cong hudng tai mién dé 1a bod qua.
Cac diém cong hudng 1a tuong tu nhu hai truong hop trén, tic la ching ta
c6 bén diém cong hudng, hai diem 1a do cong hudng do hat truyén 1a boson
chuan va hai cong hudng khac 1a do hat truyen 1a Higgs boson. Véi viéc lya
chon cac tham s6 ma st cong hudng rat quan trong bdi vi né chi phdi viéc

tim kiém DM. Cac khoéi lugng DM kha thi 13 khodng tit 1 cho dén vai TeV.

2.5. Két luan chuong 2

Chiing toi da chi ra ring 1y thuyét chuan chita dung doi xiing isospin yéu
cao hon SU(P)r, phai duge thu tit mot ddi xing dang SU(3)c x SU(P)L X
U(1l)x xU(1)n, trong d6 hai nhém dbi xiing giao hoan cudi cuing lan lugt xac
dinh dién tich @Q va tich (B — L). Hai tich cudi cung thong nhat véi tich yéu
theo cach lam cia 1y thuyét thong nhat dien yéu. Ngoai ra, cac khoi lugng
neutrino dugc tao ra thong qua phéa vé déi xing chuan, cac sé hang khéi luong
nay thod man co ché seesaw.

Tich chin 1& P dudc xac dinh nhu 1& déi xing tan du qua trinh pha vo
déi xing chuan va duge phan thanh tich truc tiép ctia tich chin 1é thanh phan
nhu sau: P = ®£:_12 Py, trong d6 moi Py, 1a mot Z5. Tinh chén 1é nay tao ra
(P — 2) loai hai sai nén sé tién doan (P — 2) thanh phan DM, titc mo6 hinh
tien doan (P — 2) thanh phan DM dong ton tai. Do sy khong giao hoan ciia
tich (B — L) v6i cac vi ti clia nhéom SU(P)r da cho phép céc thanh phan
ctia DM v& cac thanh phan vat chat thong thuong thong nhat trong mot da
tuyén. N6i theo cach khac, cac thanh DM dude dua vao dé hoan thanh biéu

dién SU(P)1, 16n hon biéu dién ctia SM. Chinh vi vay, céc tuong tac chuan sé
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chi phdi cac tin hiéu quan sat DM.

Chiing to6i nghién cttu chi tiét mé hinh DM da thanh phan t6i thiéu tuong
tng v6i P = 4, dugc goi 13 mo hinh 3 —4 — 1 — 1. Cu thé, trong phién ban
nay, ching toi da dé xuat cau tric hat cia mo hinh, nghién cttu so do pha vé
déi xiing tu phat dé thiy dugc sy ton tai ctia doi xing tan du xac dinh béi
tich chén 1é P = P, ® P,,, tich nay ddm bdo xac dinh hai thanh phan DM.
Cac phién ban khac nhau ctia moé6 hinh 3 —4 — 1 — 1 dugce dua ra do lya chon
cac tham s6 3,7 khac nhau. Bén phién ban, ting véi bon sy Iya chon khac
nhau ctia 3,~ dugc dé xuat. Trong mdi phién ban, ching toi chi ra cac truong
hop DM hai thanh phan c6 thé ton tai. Ching toi nhan thiy phién ban tng
véi 8 = —\/Lg,’y = —\/Lé, tic 1a p = g = 0, sé tien doan nhiéu kich ban cho
ting cit vien DM hai thanh phan (ton tai 3 kich ban cho DM hai thanh phan).
Dé nghién ctu chi tiét cac tinh chat cia DM hai thanh phan, ching toi da
tim kiém tat cd cac tuong tac clia fermion va vo huéng véi boson chuan, tim
phd hat vat 1y ctia Higgs boson va cac tuong tac ciia ching véi hat boson
chuan. M6 hinh 3 —4 —1 — 1 v6i ¢ = p = 0 tuadn theo ba kich ban ctia DM
hai thanh phan bao gom: Kich ban thi nhat 1a DM hai thanh phan 1a cac
fermion (E, F), kich ban thit hai ting v6i DM hai thanh phan 1a hai hat vo
huéng (Ha,3) v cudi ciing la kich ban ma cac thanh phan DM la mot hat
fermion va mot hat vo huéng, vi du cac tng vién (E,Hs) tuong tng. Ching
toi da chi ra khong gian tham s6 kha thi cho mdi kich ban, kha nang dap tng
mat do tan du va khi nang phat hién tryc tiép. Thong thuong, khéi luong
DM kha di trong mbi kich ban ¢ 1 hoiic vai TeV. Ngoai ra, c6 bén diém cong
huéng trong mat do tan du bdéi hat Z; 3 chuan trung hod mdi hoac cac kenh

Higgs trung hoa méi Hs 4.
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CHUONG 3. ANH HUONG CUA SO HANG TRON
DONG NANG TOI MOT SO HIEU UNG
VAT LY TRONG MO HINH 3 —-4—-1—1

Nhu da dé cap, dé tich (B — L) déng kin dai sé véi nhom SU(P)z, ta
can phai dua vao ly thuyét hai nhém giao hoan U(1)x,U(1)y. Chinh vi vay,
trong 1y thuyét sé xuat hien s6 hang tron dong ning ctia hai trudng chuan
gan lién v6i hai nhom doi xitng giao hoan. Trong chuong truée, ching toi da
bd qua s6 hang tron dong ning. Tuy nhién, dé danh gid cudng do tron dong
nang, chiung toi sé nghién citu anh hudng ctia s6 hang nay t6i mot s6 qua
trinh vat 1y. Truong hop P = 3 da dugce nghién cttu rong rai trong thoi gian
gan day va hiéu tng tron dong nang trong mo hinh 3 — 3 — 1 — 1 da dudgc
nghién citu [37,/163|. Trong chuong nay, ching t6i nghién cttu hiéu tng tron
dong ning trong mo6 hinh téi thiéu chita DM da thanh phan, ttc 1a moé hinh
véi P = 4.

3.1. Anh huéng ctia tham sb tron dong niang téi phd khdi luong
ciia cac trudng chuan
3.1.1. Co s6 hinh thanh sbé hang tron dong ndng

Nhu ta da biét, tensor cuong do truong ctia nhém doi xing giao hoan
U(1) hoan toan bat bién dudi phép bién do6i ctia nhém U(1) dinh xi. Do do,
khi xét dén tinh bat bién va tai chuan hoa dugc, thi Lagrangian mo ta dong

ning cta trudng chuan gin lién v6i hai nhém U(1) cia mod hinh 3 —4—1—1
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phai chita sé hang tron dong nang giita hai truong dé. Cu thé, ta c6

1., 1., 6 y
‘ckinetic D _ZB'WJ - ZC‘WJ - §BM,/CH
1 1
= (Bu 00 — 11~ )CE,, (3.1)

trong d6 B,, = 0,B, — 0,B, va Cy, = 9,C, — 0,C,, la cac tensor cuong
do trusng. He s (8) duge goi 1a hé s6 tron dong ning gita hai boson chuan
B,, va C,. Ching la céc trudng khong truc giao nén ching t6i ddi c¢o s6 mdi
(Bu, Cu) — (B,,,C},)

B'=B+4C, C' =+\/1-6C. (3.2)

Thuc hién phép bién doi chuyen tit co s6 B, C sang B, C,’ ching to6i thu

dugc dao ham hiép bién nhu sau:

D, DigxXB, +igynNCy, =igx X B, + (NN —gx X6)C},, (3.3)

i
V1 —62
day la biéu thic dao ham hiép bién khi thuc hién chuyén co sé sang truong
(B/{L, C’L)

3.1.2. Khoéi lwong cdc boson

D6i xting chuan 3 —4 — 1 — 1 bi pha v, dan t6i su tron ctia Az, Ag, Ais,
B’, C'. Lagrangian khoi lugng clia cdc boson chuan Y ¢ (D, (S))T(D#(S)) tinh

dugc nhu sau:

Eneutral . 1
mass - 2

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

trong d6 ma tran khoi lwgng M? = {m7;} gom cac phan tit:

2 g’ 2 2 2 g’ 2 2 2 g’ 2 2
m = —(u” +v7), mij, = ——=(u” —v7), mis = ——=(u” —v7),
ho= T, mb= o), = el o)
2
t
m2, = —i—\/_)g[ﬁluz + (2v6 — B1)v?),
m2. = 9
o 4,/6(1 — 62)

{[(Sﬁltx — (\/5[) + C)tN]UZ + [(5(2\/6 - 51)tX + (\/ib + C)tN]U2},
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2 2

mly = SO0 ), gy = (e et - 2u)

2
mi = Ll VE - Bt 422128 - )

2
mh = GoaaE Ptx — (VB -+ il — B2V - Bt
+(V2b + o)t n]v? + 2[6(2V28 — 7)tx — (2V2b — e)tn]w?},

mi, = g( 240 +w? +9V?),

2
myy = ~L X (g~ (@VE — ue? — (2VE — y)w? + 9V,

2

mhs = o Bitx = (VRb+ o)twlu? — [6(2V6 — fu)ix

+(V2b + )tn |03 [6(2V28 — Y)tx — (2v2b — ¢)tn]|w?

+9(0ytx — cty)V?},
242

mly = L2 1 (V6 - BP0 + (V38— 7)u? + 977V,
2
m2, = —243%{[55@ — (V3b+ O)tw]Bru? + [5(2V6 — Br)tx

+(V2b + e)tn](2V6 — B)v? + [6(2V28 — Y)tx
—(2V2b — O)tN](2V28 — Y)w” + Iy (dytx — ctn) VY,
2 _ 92 2 2
Mss = m{[wmc — (V2b+ c)tn]?u® + [6(2v/6 — f)tx

(VB -+ T + 52V — )t — (23— cltlPu?

+9(0vtx — ctn)*V? + 9615 A%},

V6l tx = gx /g, tn = gn/g va 1 = V6 + V25 + 7.
Ma tran khoi lugng c6 tri rieng bang 0 tuong tng véi khoéi lugng clia

truong photon A va trang thai vat ly tuong ing

t
A=swAs+cw <BtWA8 + vtw Ars + tlB/) , (35)
X

voi sw = e/g = tx/\/1+ (1 + %2 +72)t% la Sine clia goc Weinberg [164].
TS hop tuyén tinh cac trudng trong ngodc clia cong thitc (3.5) dong nhat 1a

trudng chuan gin lién véi toan ti siéu tich yéu. Chinh vi vay, ching toi xac
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dinh trang théi cia Z boson trong SM nhu sau:
tw .,
Z = cwAs — sy ﬂtwAg —+ ’}/twA15 + t_B . (36)
X

Ngoai ra, mo hinh con chita thém hai boson chuan trung hoa méi Z5, Z4

va ching truc giao v6i nhau, do dé ta c6 thé viét ching dudi dang:

1 Bt?
70 = ——— (1= B*%,)As — Byte, Ay — —WB'] , 3.7
2 m [( B W) 8 B’y w4115 ty ( )
1
Zy = —————= (A5 —txDB'), (3-8)

Ve
trong d6 C' truc giao v6i A, Z, Z}, Z5.

Chiing toi chuyén sang co s6 méi A, Z, Z, Z5, C' tlt co sé ban dau nhu
sau (Az Ag A5 B'CT = Uy (A Z Z5 Z5 C")T | trong d6 ma tran chuyén co sG

U, dugc dugce tinh nhu sau:

Sw cw 0 0 0 \
Bsw  —Bswitw +/1— %, 0 0
_ Bty 1
Ui=| 7sw Yswitw 150, S, 0 |. (3.9)
swo _swtw  _ Bty __ otx
tx i Py wrrelY cwTey
\ 0 0 0 0 1)

Ma tran khéi lugng M? trong hé co sé méi c6 dang:

0 O
2 TAr2
M? = U'M2U, = )
0 M
2 2 2 2 \
Mz Mzz, Mgz  Mzcr
2 2 2 2
m m m m
M? = 2225 2Zé Zézé 2250’ (3.10)
m m m m
77} VA A zic
2

2 2 2
mZC/ mzéc/ mZéC’ mcl /

trong d6, cac phan ti clia ma tran M/? 1an lugt 1a:

2

2 g 2 2
mZ - 46%/‘/( +U )7
s PNV (B )t

2 2 2
Mzz, = Naem /1178 {B2u® + (2V3pt% — B2)v’},
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mZéC/

m%/

92

4v/6eyw /1 + 72t%

92 2
4ﬁcwm{[5ﬁltx — (V2b + o)t n]u? + [6(2V6 — B1)tx

+(V2b + o)t n|v?},
921 — (B2 + )t
12(1 4 72%t%)
HA[L + (8% + V)5 Pw?),
91— (B2 +2)t3, 5 2
12v2(1 £ 22) {(1 +~61t%)B2u
+y(2V6 — Bi)t% — 1](2V3pt% — B2)v?
+2[7(2v28 — Nt — 11+ (8% + )t ]w?},
9?1 — (B2 + )3, (
12v2,/(1 - 3)(1 + 12%)
+[0(2v6 — B1)tx + (V2b+ o)tn] x (2V3pt% — Ba)v?
+2[6(2v28 — Y)tx — (2V2b — o)tn][1 + (8% + )tk ]w?},

24(1 —i (L vBuR) " 4 [1(2V6 = Btk — 1%
X

+Y(2v28 — )% — 1]2w® + 9(1 + 1% )2 V?Y,
2

J 2 2
ST ot~ (VR A i

+[6(2v6 — B1)tx 4+ (V2b + ¢)tn] % [7(2v6 — B1)t% — 1]v?
+H[0(2v28 — y)tx — (2V2b — )tn][v(2V28 — )5 — Hw?

+9(0ytx — ctn)(1 + 72t§<)V2},

{(1+B1t5)u” + [v(2V6 — 1)tk — 1]v*},

{B3u? + (2V3Bt% — B2)*0?

[0p1tx — (\/Eb + C)tN]52U2

2
M55,

v6i By = 1+ (V3B + B2 + )t%.

Chua ¥ réng, trong gidi han u,v < w, V, A, cdc phan ti thuoc hang dau

tien va cot dau tién ctia M/? gdm cac phan ti nhé hon nhiéu so v6i nhing

phan ti con lai. Ma tran M2 c6 thé duge chéo hoa theo co ché seesaw [165]

dé tach trang thai Z ra khéi cac truong nang Z5 74 C'. He cd sé méi sau khi

thuc hién chéo hoa theo co ché seesaw sé lien hé v6i hé co sé cit nhu sau:

T

(zzhzbeht = Uy (7, 2,25,

72



2
mz, 0

M" = Uy MU, =
0 M/

(3.11)

trong do Z; la truong vat ly, con 23, 25 va C' ¢6 sy tron thong qua ma tran

M!? va ma tran Uy dugce xac dinh nhu sau:

/ 1 €1 €2 €3

—€1 1 0 0
U2 = )
—€9 0 1 0
\ - 0 0 1 |
2 2 2
Mz, Mzyzy Mzycr
"2~ 2 2 2
M]* ~ My My My | (3.12)
23 3 3
2 2 2
mzéc/ mZéC/ me
2 2 2 2 2
my, My — €1Myz — €2Myy — E3Mycr. (3.13)

Hon nita, ching t0i ¢6 theé tach €123 = €7 5 3+ €] 5 3, trong d6 €7 , 5 xac
dinh sy tron cta Z véi Z5, Z4 va C' do d6i xiing chuan bi pha vé con 6(1;7273
dac trung cho su tron dong nang:

1
dew /1 + 7215 [1+ (82 + )5 [P/
. { VB +92) B + (VB3 — B

6§ =

w

(8 +2V29)[1 + v(v — 2v28)t4]t% (u? + v?)
+ 3772

V3[L—y(2v28 — V)iX][1 + (8% + )t ] (u? — v?)
+ 3172
(BB + e7)[b — v(cB — by)t%]t% (u? + v?) }

+ (3.14)

e
1
cw /T4 2E5 1+ (82 + 42)t%]
X { (B + 2V20)t% (u® + v?) + V3[1 + (8% + )15 (u® — v?)
3212
c(bB + 071)32(”2 +v°) } ’ (3.15)
(b8 + etk (u® + %)

0
— 1
E 16ew [1+ (8% + )t Jtn A2 (3.16)
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oo S{[b(1 + 2t%) — B(BB + 2e)t% |t — 6Bt x Yx (u? + ”2>, (3.17)

L6ew /T + 7265 [1+ (B2 + )13 /23,
6[(CtN — 5’ytx) — ’y(bﬁ + C’Y)t?xtN]tx(”Lﬂ + 1)2)

6
€5 = , 3.18
? 16cw /1 4+ Y25 [1 + (82 + v2)t% JtA A2 (3.18)
oo Ot x (u? + v?) V=462 5(bB+ey)tx (3.19)
? 16cw [1 + (82 + 2)t% Jtn A2 tN 1+v1—02 [ 7

Béi vi €123 ~ (u?,v?)/(w?, V2, A?) nén sy tron rat nho.

Hién tai, cic phan tit trong ma tran tron khéi luong clia cac hat nang
phu thudc vao ba VEVs, w, V,A. C4 ba déu la cac thang vat 1y mdi nén c6
thé x4y ra ba truong hop: (w,V < A), (w < V, A) hodc (w, A < V).
Trudng hgp thit nhat (w,V < A): Phan tt mZ, 16n hon nhiéu nhitng phan
t1t con lai. Ma tran M2 c6 thé dugce chéo hoa theo cong thitc seesaw véi céc

truong nhu sau:

M2 0
(25 250 = Us(2 23 Z4)T, M"? = UF MU = 22 | 320
0 myz,

Z4 da khong tron véi cac trudng con lai, trong khi Z5, Z3 van tron véi nhau

thong qua ma tran M2, , nhu sau:

1 0 G 2 2
m m
Us =~ 0 1 G | Mi,= ;1 ;2 Mm%, ~ m¥3.21)
mio Myo
¢ —C 1

& day ¢ gom hai thanh phan va duge xdc dinh béi G2 = (0, + (05,

(2v/2b — ¢)w?
24v2\/1— B2ty A2
Q= V(L% )e — w1 = 9 (2V28 — )iX](2v2b — ¢) (3.23)

96/1 + 2%t n A2 ’
5 Sw?[(1 — 62 + VI — 02)(2v28 — 7)tx + 5(2v/2b — ¢)t]

¢y (3.22)

— ,(3.24
g 24+/2+/1 — 822, (1 4+ /1 — 62)t3, A2 (3.24)
)
§ 2 2,42
— IV (1 +~°t
& 961/1 + 1262 (1 + /T — 02)2, A2 VIt
x[y(1 = 8% + V1 —62)tx + dcty] (3.25)

—w?[1 —(2V28 — )tX]
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X [(1— 82 + /1= 62)(2v28 — 7)tx + 6(2v/2b — c)tN]} , (3.26)

Cac gia tri ¢ rat nho nén c6 the viét:

2 ~ 2 2 ~ 2

miy My — QMg ~ My, (3.27)
2 ~ 2 2 ~ 2
2~ 2 2 ~ 2

Cudi ciing chéo hoa ma tran M3, , dugce hai boson chuan vat 1y 1a Z; va

Z3Z
Zz = C¢ZQ - S<p23, Z3 == 84‘022 + CQDZg. (330)

Goc tron ¢ gitta Z9 — Z3 va khoi lugng Z,, Z3 dugce cho béi:

t
toy, o é (3.31)
1
MYz, = it mb (b - mR,)? +Amb],  (3.32)

vOil t1 va to la:

ho= V2L - (2V28 — )BT+ (B + 42
ta = w’[T—77(2V28 —7)%tx + (887 + 4V28y + 67°)1%]
—9V2(1 4+ +°t%)>.
Xét hai truong hogp con lai éng véi hai gigi han: (w < V,A) va
(w,A < V). Vi mZZé, mQZ§Z§v m2ZéC, < mZZé, mzzéc,, m2,. V6i ma tran khoi

lugng M!"? thue hién chéo hoé:

m2 0
(2;25C)" = U2 250)", M™ =UFMPUz=| "7 ] (3.33)
0 M2><2

Zy la truong vat 1y va khong tron véi cac truong con lai, trong khi Z3 va C ¢6

st tron béi ma tran M2 o:

1 &1 & ) )
Ul ~ M2~ Mz, Mzgrc 334
3 = -& 1 0 ) 2x2 = ) 5 ,(3.34)
m2, .,  m2,
& 0 1 Z,C C
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2 2 2 2

Trong truong hop (w <V, A), ta c6 thé tach & o = €7, + 5{572, VGi

80 B \/1 62 _|_,.}/ t2
LT Ry

y {4[7(2\/56 — % — 1] [+ PE) - Btk ]C} (3.36)

3v/2V2 402

g = VITE BN~ bt — bu? (3.37)
12(1 + 723 )3/2t 5 A2
g5 OVIH (B + )8 tx[by(1+2* 5 )tw
t 12(1 + 2% )23, A2
cB(1 — 2% )ty — 6Byt x]|w?
12(1 4 2% )2t2 A2 ’

& 51+ 622—1— v2) 3w

12(1 + 72tX)3/2tNA2

. {5[b+7(bv — Bl VI8P }

14++/1—62 ty

Cac gia tri nay rat nho.

(3.38)

(3.39)

Trudng hop w, A < V thi ta c6 thé biéu dién &£, & nhu sau:
& = = (3.40)
E = — (3.41)

trong do ts,t4,t5 la:

ty = \/1 + (8% + y2)t% (0vtx — ctn)
x[B(6 + eytxtn)tx — b(1 + 23 )t n]w?,
to= (1= )1+ 230 [1+ (82 +42)13]
x[B(8 4+ eytxtn)tx — b(1 + y*t3 ) tn|w?,

ts = —[B(6+cvtxtn)tx — b(1+ V%) tn]Pw? + 12(1 + 725 )V AZ,

cac gia tri nay co thé lon.
Cudi cling chiing ta dé dang chéo hod ma tran M2, va thu duge hai

boson chuan vat 1y, Zs, Z,, nhu sau:
3 = 0523 - 556, = 8523 + Cgc. (3.42)
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Goc tron £ gitta Z3 — C thi rat 16n va khoi lugng ctia Zs, Z, trong truong
hop w < V, A duge xac dinh béi biéu thitc sau:

e 6v1 — 624/1 + 23 (67tx — ctn)V?
27 3[(6ytx — ctn)? — (1 — 02)(1 +~2t%)|V2 + 3262, A2’

(3.43)

va trong truong hop (w, A < V), cac boson chuan Z3 — C tron thong géc tron
¢ ciling rat 16n, giong cong thitc nhung bi giéi han béi thang A. Tuy
nhién, trong c& hai truong hgp, khi € = 0 thi § = cty/ytx dan dén hi¢u tng
tron dong nang va pha vo doi xiing sé khong con. Bén canh do, khéi lugng

cua Zs3, Z4 nhu sau:

1

Cudi cuing cac trang thai chinh tic ban dau lien quan dén cic trang thai
rieng khéi lugng thong qua ma tran U béi (As Ag A15s BC)T = U(AZy Zy Z5 Z4)T.
Trong trudng hop dau tien, w,V < A, ta c6 U = UsU UxUsU, ~ UsU U U,
Trong trudng hgp thtt hai, w < V, A, ta ¢6 U = UsU UxU3Ue ~ UsU,UsUs.
Con truong hgp cudi, w,A < V, hiéu tng tron thong qua ma tran U =
UsUUyU3Ug nhu sau:

(1000 o0 ) 10 0 0 0
0100 0 01 0 0 0
Us = | oo 10 o0 , Uy=100 ¢ s, 0|,
000 1 ——ts 0 0 —s, ¢, O
\0 000 —s ) \0 0 0 0 1
(100 0 o)
010 0 0
Us = 001 0 0 (3.45)
0 0 0 ¢ s
\ 0 0 0 —sc c )

Cac trudng A, Z; c6 thé duge dong nhat v6i véi photon va boson chuan trung
hoa Z trong SM. Con Zy, Zs va Z4 la nhitng trudng méi, boson chuan, ning.
Sy tron dong niang anh huéng rat nhé téi cac boson chuan trong SM nhung

lai anh huéng dang ké dén goc tron ciia cac boson mdi.
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3.2. Tham sé p trong mo6 hinh 3 —4—-1—1

Trong phan nay, ching t6i sé nghién citu cac déng goép cua vat Iy méi va
anh hudng c6 tham s6 tron dong nang vao tham sb p trong mo hinh 3—4—1—1.
Vat Iy mé6i déng gép vao tham sé p duge xac dinh tai gan dang cay nhu sau

2

m

_ W
Ap = 551
Cyw Mz,
2
— mz -1
my — 61mzzzg - €2mZZZ§ — e3Myc

61mQZZ§ + €2mzzzg + esmyc
2

12

= (A0 + (Ap)’, (3.46)
trong do:
0 1 [B2u? 4 (2V35t% — Ba)v?)?
(Ap)" = 414 (8% + )15 )2 { (u? + v?)w?
+{(5 +2V29)t% (u® +0*) + VB[ + (8% + )15 (u® — v*)}?
3(u2 + v2)V?2
(0B + )t (u? +v?)
+ e } : (3.47)
(Ap)P ~ 5[0+ 2(bB + cy)txtn|t% (u? + v?) (3.48)

6011 (37 1 PR A

Déng gép méi nay bi gidi han béi dieu kien u,v < w,V,A. Tham s6 p
c6 thé nhan duge tit bé dinh mot vong bdi cac boson chuan (W3, Was) va
(Whg, Way, Wsy), tuong tu nhu moé hinh 3-3-1 [166].

Tham s6 p dugc xac dinh tir thyc nghiem 0.0002 < Ap < 0.00058 [167].
V6i hai truong hop (w,V < A) va (w < V, A), thi Ap khong phu thudc vao 6.
Bén canh d6, truong hgp (w < V, A) thi Ap khong phu thudc . Tuy nhién,
trong truong hop (w, A < V) thi tat cd cac tham sb, ngoai trit V' déu cho déng
g6p vao Ap. Tong quat, ching t6i lay V = 2w trong trudng hop (w,V < A);
lay A = 2w cho truong hgp (w, A < V). Chon tx = 0.5.

Trong hinh chiing t6i khao sat cac gisi han ctia Ap trong mit phang

(u,w) khi sy phan bac ctia cac VEVs tuan theo céch sip xép dau tien. Céc
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hinh dugc siap xép thit tu tit trai sang phai va ti trén xubéng tuong ing véi bon
phién ban ctia mé hinh 3 -4 —1—1: (3 =1/v3,7v=1/V6), (B=1/V3,v =
—V2/V3), (B=—-1/V3,7y =V2/V3) va (B = =1/V3,7v = —=1//6).

B=1W3,y=1"6,w=05V < A B=1W3,y==2H3,w=05V<A

14

121

10

Ap =0.0002 Ap=0.0002

w [TeV]
w [TeV]

Ap=0.00058
t | ap=0.00058

I I I L L L L
0 50 100 150 200 0 50 100 150 200

u[GeV] u[GeV]

B=-13,y=v2H3, w=05V<A B=-1W3,y=-1"6,w=05V < A

14

w [TeV]
w [TeV]

Ap =0.00058 Ap=0.00058

u[GeV] u[GeV]

Hinh 3.1: Gi4 tri (u,w) dugc gi6i han bdi tham s6 p cho w = 0.5V < A, cac
hinh theo thit ty tit trai sang phai, tit trén xudng tuong ting bén phién ban

khac nhau.

Trong hinh ching t6i khao sat gi6i han clia tham s6 Ap trong mat
phang (u,w) cho trudng hop thit hai (w < V,A). O day, ching t6i ¢6 hai
truong hop kha thi: hinh beén trai véi 8 = 1/4/3 va hinh bén phai véi =
—1//3.
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B=13,w<V,A B=-13, w<V,A

w [TeV]
w [TeV]

Ap=0.00058

r Ap=0.00058

L L L
0 50 100 150 200
u[GeV] u[GeV]

Hinh 3.2: Gia tri (u,w) bi giéi han bdi tham s6 p v6i w < V, A, hinh bén trai
cho 8 = 1/+/3 v& hinh bén phai cho 3 = —1//3.

Truong hop thit ba, syt phu thudc ciia tham sé6 p vao tham sb tron dong

nang dude biéu dién trong céc hinh 3.3} [3.4] [3.5 va [3.6| tuong tng véi viec
khio sét céc phien ban: (8 = 1/v/3,v = 1/V6), (8 = 1/v/3,7 = —v2/V3),
(8 = —1/V3,7 = v2/V3) va (8 = —1/v/3,7 = —1//6). Chiing toi nhan théy

gi6i han duéi cta thang vat ly mdi tang lén khi |§| ting. Hiéu tng cta ¢ la

manh khi u dat gia tri gan bang 145 GeV cho mo6 hinh DM dau tién. Ngudc
lai, khi « tién t6i 0 hodc 246 GeV thi hiéu tng khong dang ké. Tom lai, hieu

tng tron dong nang rat quan trong khi vat Iy méi duge xem xét.
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B=1W3,y=116,6=-09 B=13,y=16,6=0

14 14 T T
12 12
10 10

w[TeV]
w [TeV]

Ap =0.00058 Ap =0.00058
0 . .

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

200

B=1W3,y=1"6,6=03 B=13,y=1"6,6=09

14 T

12 121

10 101

Ap=0.0002

w[TeV]

Ap =0.00058 Ap=0.00058

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

Hinh 3.3: Gia tri (u, w) bi g6i han béi tham s6 p cho (8 = 1/v/3,7 = 1/V6,b =
—2/V3, c = —v/2/y/3) vi w = 0.5A < V, véi cac hinh tit trai qua phai va tir

trén xubng tuong ting boén gia tri ctia 6 = —0.9, 0, 0.3 va 0.9.
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B=1W3,y==V213,6=-09

B=13,y=-V2N3,6=0

14 14 T T
12 12
10 10

w[TeV]
w [TeV]

Ap=0.00058 Ap=0.00058

0 . . . . 0 . . .
0 50 100 150 200 0 50 100 150 200
u[GeV] u[GeV]
B=1W3,y==2H3,6=09
14 : :
s
[0
=
z

0 50

100 150
u [GeV]

200

Hinh 3.4: Gia tri (u,w) bi giéi han bdi tham s6 p véi (8 1/V3,y
—V2/V3,b = =2/V/3, ¢ = —v/2/V3) v w = 0.5A < V, & day cac hinh

tir trai sang phai, tit trén xudng tuong tng véi 6 = —0.9, 0 va 0.9.
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B=-1W3,y=V23,6=-09 B=-1W3,y=vV213,6=0

w[TeV]
w [TeV]

Ap=0.00058 Ap =0.00058
0 50 100 150 200
u [GeV]

u[GeV]

B=-1"3,y=V2N3,6=09

w [TeV]

Ap=0.00058

0 50 100 150 200
u[GeV]

Hinh 3.5: Gia tri (u,w) bi gi6i han béi tham s6 p véi (3 = —1/V3,v =
V2/v3,b = =2//3, c = —v2/v/3) va w = 0.5A < V, trong d6 céc hinh tit

trai sang phai va tit trén xudng tuong ting véi § = —0.9, 0 va 0.9.
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B=-13,y=-116,6=-0.9 B=-13,y=-16,6=-0.3

w [TeV]
w [TeV]

Ap=0.00058
Ap=0.00058

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

B=-1W3,y=-1"6,6=0 B=-1W3,y=-1"6,5=09

14

Ap =0.0002
Ap =0.0002

w [TeV]

Ap=0.00058

u[GeV] u[GeV]

Hinh 3.6: Gia tri (u,w) bi gi6i han bdi tham s6 p v6i cac phién ban (8 =
—1/\/5,7 = —1/\/6,17 = —2/\/5, c = —\/5/\/5) va w = 0.5A < V, 6 day
tuong tng cho ting loai mé6 hinh DM tir trai sang phai va tit trén xudng

twong tng véi 6 = —0.9, —0.3, 0 va 0.9.

3.3. Anh huéng ctia tham s6 tron dong ning téi tuong tac ctia cac

boson Z; v8i cac fermion

Mo hinh 3 —4 — 1 — 1 dang xem xét c¢6 sy tron lan gitta boson Z véi

boson chuan trung hoa mdi. T cong thite (3.11) va (3.12)), ta c6: Z = Z; +
6125 + EQZ§ + 636/, Zé = —e1 41+ Zé, Zé = —ey /1 + Zé va C' = —e3/41 + C’.

Do dé, tuong tac giita Z; v6i cac fermion bi thay ddi béi cac tham sé tron
€1,2,3- Dé phut hop v6i SM, giéi han cho cac tham s6 tron khong vugt qua gia
tri 1073. Do do, ching t6i c6 gia tri |e1 23] = 1073.

O truong hop dau tien (w,V < A), e3 = 0 trong khi €1 5 déu phu thudc
d, A. Va trong trudng hgp thit hai (w < V, A), €23 = 0 trong khi €; phu thudc
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4, V, A. Con truong hop cudi cing (w, A < V), tat cd cac tham s6 déu cho déng
gop vao €7 2 3, ngoai trit V. Boi vay, chung toi sé khao sat do nhay cia thang
vat 1§ méi theo tham s6 tron dong nang cho truong hop cudi. Do hiéu ting
tron dong ning khong xay ra ¢ thang u,v nén c6 thé chon v = v = 246//2
GeV. Két qua vé sy phu thudc dude chi ra nhu hinh Chtng ta nhan thay
thang vat 1§ méi thay doi khi § thay doi.

B=13,y=1"6 B=1W3,y=-V2H3
4— 4—
3 -

o ‘ ‘ ‘ 0 . .

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
5 [

w [TeV]
N
w [TeV]
N w

B=-1N3,y=vV2N3 B=-13,y=-1"6

I

0

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
5 9

w
w

w [TeV]
N

w [TeV]
N

Hinh 3.7: Gi6i han thang vat 1§ mdi phu thudc vao § véi |e; 23] = 1073, &
day cac dudng dd, xanh, den biéu dién €, €3, €3 trong cac phién ban (8 =
1/V3,v = 1/V6), (B = 1/V3,7 = =V2/V3), (B = —1/V3,7 = V2/V/3) va
(B =-1/v3,7 =-1/6).

3.4. Dao dong cta cac meson trong mé hinh 3 -4 -1-1

Truée khi nghién cttu vé cac qua trinh dao dong clia caAc meson, ching
toi mubn tom tat phan pho khéi lugng clia cac fermion trong mo hinh. Khi

khai trién cac vo huéng quanh VEVs, cac fermion nhan dude khéi Iugng gom
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khéi lugng Dirac va khéi lugng Majorana nhu sau: — frmyfr + H.c. (Dirac)
va —%fE,Rme’RfLyR + H.c. (Majorana).
Khéi lugng cia cac fermion méi E,, F,, J, va K, phu thuoc vao thang

nang lugng mdéi w, V' va dugc xac dinh nhu sau:

w Vv

[mElaw = —hfbﬁ, [(mp]ap = —hfb—Q, (3.49)
w w

[m.lss = —héjsﬁv [malas = _héﬂﬁa (3.50)
V 1%

[mklss = _hgﬁa [MmKlap = _hfjﬁE’ (3.51)

Khéi lugng clia cac lepton mang dién, cac quark e, u, va d, phu thuoc vao

thang nang luong pha vé déi xing dién yéu nhu sau:
v
[me]ab = _thﬁa

u v
[mu]3a = - gaﬁa [mu]aa = hgaﬁ>
a v a U
[malse = _h3aﬁ7 [Mdlaa = _haaﬁ7 (3.52)
khéi luong cac hat nay nam trong thang dién yéu u,v. D6i véi cac neutrino
VaL.R, ching c6 khdi lugng Dirac va khoi lugng Majorana lan lugt 1a [m, ], =
u

— Zb\ﬁ va [mB], = —V2h/%A. Vi u < A nén céc neutrino quan sat dugc

(~ vqr) c6 khdi lugng thong qua co ché seesaw loai I:

Nt~

mE ~ —m,(m%) " (m,)T ~ u?/A. (3.53)

Trong khi dé neutrino (~ v,z) c¢6 khéi lugng (m%) ning hon cac hat con lai.
Vi cac thé he fermion bién doi khac nhau duéi bién doi chuan SU(4)r, x
U(1)x x U(1)x nén ton tai dong trung hoa thay doi vi (FCNCs) & miic cay.
Dong trung hoa gan lién véi cac boson chuan trung hoa c6 dang tong quét
Lne = —gFy" [T3A3, + TsAsy + Ths Arsy + tx X By + EnNCL|F
= —gFy*[T3A3, + TsAs, + Ti5A1s, + tx(Q — T3 — BTz — vT15) B,
+tn(B — L — bTy — cT15)C,]F. (3.54)

trong do, F tinh cho tat ci cac da tuyén fermion. R6 rang cic lepton va cac

quark méi khong cé tuong tac thay déi vi. Hon nita, cic s6 hang gin véi cac
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vi tit T3, Q va (B — L) ciing khong thay doi vi. Do d6, FCNCs chi gan véi cac
quark thong thuong va vi ti Ty 15. Trong phan tiép theo ching ta chi quan

tam dén FCNCs, Lagrangian mo t4 FCNCs dugc viét nhu sau:

Lne D —glaMTdqr(As, — Btx B, — btnC,,)

+ar Y Tisqr (A1sy — vtx By — ctnCl)l, (3.55)

trong d6, q thé hién cho mot trong hai loai quark (up-quark) 1a: ¢ = (uq, us, u3)
hodc ¢ = (dy,da, d3), Tg = ﬁgdiag(—l, ~1,1) va T{ = ﬁgdiag(—l, —1,1).
Thuyc hién chuyén sang co s khéi luong dL.R = VqL,qRq}J, r VOl ¢ =
(u,c,t) va ¢ = d, s,b lan lugt 1a trang thai rieng clia quark. Va A3 AgA15 BC
duge xac dinh béi phép chuyén co s6 (As Ag A5 BC)T = U(AZ, Zy Z3 Z4),
trong d6 U la ma tran Unitary da dugc dinh nghia & trén. Trong cd sé vat ly

thi FCNCs dugc viét nhu sau:
Lrence=—q;, 7" (V)71)3i(Var)si (90 Au+91 Z1pu+92 Zop+93 23, +9aZay),  (i77). (3.56)

Chu y rang, photon luon bao toan vi go = 0, cdc hdng s6 tuong tac g1.2.3.4

clia Z1 2,34 xét trong gidi han (w,V <« A) dugce xéc dinh nhu sau:

g [ V2 1+ (V28 +7)t%

g = -2 e + €
V6 | /1 - 322, V142t

(V28 +y)tx — (V2b+ o)ty
+ \/W €3l , (357)
o = S| Y2 LEaV2B ik (3.58)
2 \/6 /—1 _/th%v ® /1+72t%( (20 I .

g3 = ga(cy = 5p,5, = —Cp), (3.59)
_ 9 §(V2B+Y)tx — (V2b+ o)ty
g4 = NG N : (3.60)

Trong giéi han (w, A < V') thi g; van dugc xac dinh theo cong thic

" nhung g» 3 4 c6 dang sau:

_ 9 V2 1Vt
” Vo VI, Ir
+5(\/§ﬁ +79)tx — (V2b+ )ty

VIi=0o°
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_ 9] V2 . +1+7(\/§B+7)t§<
g3 = \/6 € 11— 322, th%v 1 T 22 n ’yQt?X
V2 §(V28+tx — (V2b+ o)ty

ga = gs(ce = 8¢,8¢ = —cg). (3.63)

Trong gidi han (w < V, A), thi két qua thu dugc gidbng nhu truong hop
(w,A < V) nhung & 2 — 0.

Tham s6 tron meson dude xac dinh thong qua Lagrangian hiéu dung.
Trong mo6 hinh 3 —4 — 1 — 1 cac tuong tac cia Z; 234 s¢ anh huéng dén su
tron lan clia cac meson, trong dé déng goép ctia Z; la khong dang ké. Dieu do

dan dén Lagrangian hiéu dung dudc xac dinh nhu sau:

fne = @ gVl (A + L4 By 1)
- ) ] n\"q J
o mz, Mz, Mgz, My

~ (G L) (V)3 (Var)s;)” 9 + 93 + 91 . (3.64)

Gi6i han chit nhat cta thang vat 1y mdi sé chi phdi béi cac thyc nghiem vé
dao dong gitta BY — BY, dugc dua ra trong tai lieu [167]

1
100 TeV)2"

[(Vi7)s2(Var)ss]” (752% + g2§ + 9;2 )<( (3.65)

Z, Mzy Mz,
Gia st cac thé hée quark up la khong tron, khi dé6 ma tran Cabibbo-
Kobayashi-Maskawa (C' K M) trung véi ma tran tron ctua quark down Vogn =
VJLVdL = Vyr. Céc yéu t6 ma tran nay duge cho bdi [167]: [(V; )s2(Var)ss| ~
3.9x1072 .
Thay két qua nay vio (3.65), ta dugc:

2 2 2

92 93 94 1

" 3.66

\/mQZ * m?% i m? <39 Tov (366)
2 3 4

Chiing ta c6 nhan xét nhu sau:

Trong trudng hop thit nhat w,v < w,V,A c6 sy déng gop clia Z, la
khong dang ké. Gia tri vé trai ctia biéu thiic khong phu thuoc vao 4.
Céc tham s6 dau vao khac duge chon nhu cac phan trén. Két qua ta thu duge

tit dieu kien (3.66) 1a w > 4.36 TeV cho c& bén phién ban ctia mo hinh.
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Trong trudng hgp thit hai (w < V, A), cac déng goép ctia Z3 4 la khong
dang ké. Cac gia tri vé trai ctia bieu thic khong phu thuoc vao 3, v va
5. Cac tham s6 dau vao khac duge chon nhu cac phan trén. Két qua ta thu
dugc tir dieu kién 1a w > 3.9 TeV cho ca bdn phién ban ctia moé hinh.

Trong truong hgp thi ba (w, A < V), cac géc tron &1 o 1a hitu han. Cac
gi4 tri vé trai ctia biéu thiic phu thuoc vao 3, v va §. Cac tham s6 dau
vao khac dude chon nhu cac phan trén. Két qua tien doan trén hinh cho
c& bén phién ban ctia mo6 hinh. Ta nhan thay thang vat Iy méi thay doi khac
nhau khi § khic nhau. Hon nita, nhitng giéi han dudi vé thang vat 1y méi thu
duge thap hon so véi hai truong hgp trén.

B=13,y=1"6 B=1N3,y==2W3

w [TeV]
w [TeV]

-1.0 -05 0.0 0.5 1.0
5 5

B=-1W3,y=V2K3 B=-1W3,y=-1"6

w [TeV]
w [TeV]

Hinh 3.8: Gi6i han thang vat 1y mdi tu cong thic ctia 6 trong FCNCs véi
w = 0.5A < V, cac hinh tit tradi sang phai v tit trén xudng tuong ting bén
mo6 hinh DM.
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3.5. Vat ly tai may gia téc

Do c6 lien két gitta cac boson chuan trung hoa véi cac lepton va quark,
chiing déng gép vao qua trinh the Drell-Yan va dijet trong cac may gia toc.

Cac nghién citu LEPII cho eTe™ — pt ™ tuong tu nhu truong hop cla
mo hinh 3—3—1—1, trong d6 Z3 3 4 1a cac qua trinh trung gian. Gia st 1a tat
c& cac qua trinh vat 1y 1a nhu nhau, giéi han thu dudc ching déu nam trong
thang TeV [34135,38L.(39].

Cac nghien cttu LHC cho cac trang thai cudi vé dijet va dilepton c6 thé

duge nghién cttu. Cac thang vat 1y mdéi ciing nam trong mién TeV, nhu [168].

3.6. Két luan chuong 3

Chung t6i da nghién cttu dnh huéng clia tham s6 tron dong nang téi mot
s6 hiéu tng vat Iy méi trong mo hinh 3 —4 — 1 — 1. Day 14 mo6 hinh cung cap
ttng ctt vien DM hai thanh phan mot cach ty nhién. Ngoai ra, mo hinh con
cung cap khéi luong neutrino nhé thong qua co ché seesaw. Ching t6i nhan
thay su 4nh hudng ctia tham s6 tron dong nang t6i cic qua trinh vat 1y méi
13 dang xem xét khi thang vat Iy mdi trong mién TeV. Tuy theo ting so do
phan bac clia cac tri VEVs (so do pha vé déi xing) ma mic do anh hudng
clia tham s6 tron dong ning téi hieu @ng vat 1y méi sé thay doi. Trong mo
hinh 3 —4 — 1 — 1, c¢6 thé ton tai cac hoat cach pha v& doi xiing c6 thé lam
méat hiéu tng tron dong ning trong phan boson chuan méi. Ching t6i mudn
nhan manh, tuong tiy nhu mo6 hinh 3—3—1—1 thi mo6 hinh 3—4—1—1 ciing
gidi quyét cau héi vé lam phat Vil tru ciing nhu van dé bat déi xing DM va

vat chat thong thuong.
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KET LUAN CHUNG CUA LUAN AN

Xuat phat tit mot s6 han ché ciia SM, ching toi da chi ra 16p cac mo
hinh md rong dya trén mdé rong nhém théng nhat dién yéu. Chung t6i nhan
thay néu nhom ddi xiing spin dong vi yéu duge md rong thanh nhém SU(P) g
va yéu cau tich (B — L) la tich chuan khong giao hoan va déng kin dai s v6i
toan tit dien tich, déi xiing can md rong bing cach thém vao hai nhém chuan
U(1)x,U(1)n. Dieu nay dan dén doéi xiing mo ta thong nhat dien yéu phai
md rong thanh SU(P)p x U(1)x x U(1)y. Khi chiing ta chon so do pha vd
déi xitng thich hop, thi sau khi pha v déi xting tu phat sé ton tai déi xing

gian doan tan du dang:

P-2
P=(-1)?F=0%  ma B-L=> bHp+N (3.67)
k=1
nén ta c6 thé tach
P-2
P=QK)P,=P,@oP,® @ Pp_o. (3.68)
k=1

Nhu vay, méi mot truong vat 1y bat ky sé duge gn béi (P — 2) tich Z;. Néu
4 < P, thi sé ton tai it nhat hai déi xing gian doan P,. Vi P bao toan nén
mo hinh c6 thé ton tai song song nhiéu thanh phan DM (DM da thanh phan).
Hon ntta, do tich (B — L) dong kin dai s6 véi cac vi tit ctia SU(P) nhu toan
t1t dién tich nén DM va vat chat thong thuong sé duge thong nhat trong cling
da tuyén chuan. Ching t6i mudén nhan manh, ngudn gdc vé khéi lugng clia
neutrino, phan doéi xitng DM va vat chat thong thuong cling nhu qua trinh

lam phét trong Vi tru déu c6 nguon goc tir déi xing (B — L).
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Chtng toi tién hanh nghién cttu cac hién tugng luan trong phién ban
t6i thiéu cia DM da thanh phan. D6 1a mo6 hinh mé rong duwa trén nhém doi

xiing 3 —4 — 1 — 1. Cu thé, chiing t6i da nghién ctu cac van dé sau:

e Dé xuit tric hat cla mo hinh 3 —4 — 1 — 1 ddm bao kht tat ci cac di
thuong ctia nhém chuan va dam bao sau khi pha vé déi xiing ching ta
c6 doi xting tan du P dudce phan tich thanh tich ctia hai déi xting Z». Do

do, chiing t6i chi ra c6 thé ton tai DM hai thanh phan trong mo hinh.

e D@ xuat bon phién béan ting véi bon bo chon tham s6 p, ¢ khac nhau (tic
1a 3,7 khac nhau) va chiing to6i nhan thay phién ban tng véi p=q =0
sé dua ra su da dang vé cac @ng cit vien DM hai thanh phan. Cu thé, c6
thé ca hai DM la hat vo huéng, cd hai DM c6 thé la hat fermion, hoic

mot trong hai ting cit viéen DM la v6 huéng va hat con lai 1a fermion.

e Nghién citu cac tinh chat ciia DM cho phién ban tng véi p = ¢ = 0.
Dua trén cac diéu kién ap dat cho DM nhu mat do tan du, tiét dién tim
kiém bi han ché bdi thic nghiém, ching t6i nhan thiay néu khdi lugng
ctia DM ¢ 1 dén vai TeV thi c¢6 thé khép véi cac dieu kien ap dit chung
cho DM.

e Do c6 sit xuat hién ciia s6 hang tron dong nang trong mo hinh nén ching
toi s& nghién cttu anh huéng cia tham sé tron dong ning dén mot s6
hiéu tng vat 1Iy. Tham s6 tron dong nang sé anh hudng triyc tiép t6i goc
tron clia cac hat boson chuan trung hoa. Chinh vi vay, né sé lam thay
doi pho khoéi lugng clia cac hat boson chuan trong moé hinh ma diéu nay
anh hudng tryc tiép t6i tham s p. Bén canh d6, tham s6 tron dong nang
sé anh hudng dén hing s6 tuong tac clia cac hat boson chuan trung hoa
véi cac hat fermion v phan fermion trong mo hinh. Mat khac dé khi
di thuong, thi s6 ti tuyén phai bang phan ti tuyén, dicu nay dan dén
syt ton tai ctia FCNCs gén lién v6i cac boson chuan trung hoa ma céac
tuong tac nay sé bi chi phdi bdi cac thuc nghiem vé dao dong clia cac

meson. Chinh vi vay, ching toi da nghién citu &nh huéng clia tham s6
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tron dong nang t6i cic tham s6 tron meson. Ching to6i nhan thay, tuy
theo sy phan bac ctia cac tri trung binh chan khong tham gia vao pha
v6 doi xting tu phat ma tham s6 tron sé khong con anh hudéng t6i cac
hiéu tng vat 1y dé cap. Hay néi cach khac, hiéu tng tron dong ning bi

triet tieu bdi pha vo doéi xing tu phat.
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NHUNG DONG GOP MOI CUA LUAN AN

Céc két qua chinh ctia luan 4n duge tém tat nhu sau:

e Ching to6i da chi ra rang mo6 hinh 3 —4 — 1 — 1 gidi quyét dudc mot s6
van dé ngoai SM dang dugc cac nha khoa hoc quan tam nhu van de ve
khoi lugng neutrino va van dé DM. Ching t6i da chi ra sy ton tai khoi
lugng neutrino 1& tit nhién do hé qua cta sy pha v déi xing tur phat.
S6 hang chita khéi luong neutrino ciing 14 nguon gay ra sy vi pham vi

lepton.

e Chung toi da chi ra ring mo hinh 3 —4 — 1 — 1 dudc nghién citu thi hiéu
tng tron dong nang can phai dudc xem xét. BSi vi mién vat 1y méi bi
thay doi khi c6 déng goép clia tron dong nang, hing sé tuong tac cia

boson chuan trong SM ciing bi thay déi bdi tham s6 tron.
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PHU LUC

A. Huy di thuong
Cac di thuong khong tam thuong:

[SUB)PPUM)x, [SUB)PU() N, [SU(P)LI*U(1)x,
[SU(P)L]?U(1)n, [Gravity]?U(1)x, [Gravity]?U(1)y,  (A.1)
UM xPUM) N, UMx[U)N]?, [UQ)x]?, [UQ)N].

Tinh toan cho tung di thudng nhu sau:

[SU(3)C]2U(1)X ~ Z (Xqr — Xqr)

quarks
= QPXQQ+PXQ3—3XUQ—3Xda
P-2 P-2
=2) X = D Xy
k=1 k=1
-1 1-—¢q 2 q-—1
= 2P — + — Pl-+—
(3 TP )+ <3+ P )
2 -1
3x 2 _3x _—
3707
P-2 1 P—2
9 g — =) — z
S (a-g) -3 (w+3)
k=1 k=1
P—2
= qu—q:() (A.2)
k=1

[SUB)CPUMN ~ D) (Ngy = Nog)

quarks

— 2PN, + PNg, — 3N, — 3N,
P-2 P-2
23 Ny -3
k=1 k=1

-2 2—n 4 n—-2
= 2P = P =
(3 + P )+ <3+ P )




k=1 k=1
P2
= ng —mn= (A.3)
k=1
[SUP)LPU(1)x ~ Y Xp, =3Xy, +6Xq, +3Xq,

(anti)P—plets

q—1 -1 1-—¢q
= 3 6(— +——
XP+(3+P>

+3 (2 + E) =0. (A.4)

3 P

[SUP)J2U()y  ~ Y Np, =3Ny, +6Ng, +3Ng,

(anti)P—plets

n—2 -2 2—n

3 (§+ ”;2) —0. (A.5)

Gravity?U(1)x ~ Y (Xy, — Xg,) =3PXy, +6PXq, +3PXq,

fermions
P-2

—3X,, —3X., =3 Xg,, —9X., —9Xq,
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—6 ) (—qk - g) -3 (qk + 5) = 0. (A.6)
k=1 k=1

Gravity?U(l)y ~ Y (Ny, — Ng,) = 3PNy, + 6PN, + 3PN,

fermions
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fermions
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k=1
P—-2 1 3 P—-2 2 3
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P-2
= 20-2) q=0. (A.10)
k=1
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fermions
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O day, tat ca cac di thudong déu bi loai bé, khong phu thuoc vao tham
s6 P va tham s6 ctia U(1). Tat ca cac di thuong (A.7), (A.8), (A.9) va (A.11)

lien quan U(1)n bi huy do ¢6 cac neutrino phan cuc phai.

B. Khéi lugng fermion

Lagrangian Yukawa dudc viét bai biéu thitc sau:

P—2
1 - - _
L > SfaVar®er + haparp1vsr + hapYarp2eor + > abybaroriaBrn
k=1
P—2
u A d A kA
+h, Qs e1upr + hyQsreador + Y Y5 Qs 02 Tisr
k=1
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P—2

+heyQarider + hiyQarpsusr + Z yZBQaLSOZ+2JkBR
k=1

+H.c., (B.1)

VOl p1,2.3,....p la cac vo huéng P, P-plets dudc cho trong cong thic 1} va

1} tuong ung.
Thay trung binh chan khong (¢) = A/v2 and (p;); = v;8;;/v/2 for
1,7 =1,2,3,---, P trong chuong 3 thu dugc:

V2

Melap = —hop —=, B.2

[Me]ab NG (B.2)

w V2 w U1

[Mu]ab = b /5 [My)3p = — B /5 (B.3)
v v

[Malab = _hgb7127 [malsp = _hgbjga (B.4)
v v

(mEe,]ab = —xﬁb%, (Mg, )ab = —yfib%- (B.5)

Cht y rang v1,vo thi ti 1& v6i thang dien yéu. Vi v? + v3 = (246 GeV)2. Cac
lepton mang dién thong thuong va cac quark thong thudng nhan khoi lugng
nhu trong moé hinh chuan. Tuy nhién cac hat Ej, va Ji, c6 khéi luong U34,...P
trong thang TeV.

Khéi lugng neutrino duge cho béi:

1 0 My Ve
£~ (Par Zip) ’ ") 4 He, (B.6)
Mya  Map VbR
trong d6 may, = —hYv1/vV2 vA My, = —f%A/v/2. Béi vi A > vy, cd ché

seesaw sinh khoi lugng cho neutrino quan sat duge (~ v,1) masses

my, = —mM " mT = h”(f”)_l(h”)T;_T%A. (B.7)

Trong khi neutrino phan cyc phéi (~ v,g) ¢6 khéi lugng nang & thang A.

C. Tuong tac vector va truc vector

2 2 2 2 N 20 2 .
Tuwong tac ctia cac boson chuan trung hoa véi cac fermion.
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/ 9v' (f) 94 (f) f 9v' (f) g4 (f)
€q —% + 23%4, —% E, —QS%Vq 0
F, —2s%p 0 Uq % — %3%‘, %
do  —%+2s% -3 Ja 25 (¢ + 3) 0
B -2ka+d) 0 K, 23, (p+1) 0
K;  —2s%,(p+32) 0 No data No data No data

: Tuong tac ctia Z; vGi cac fermion.
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f 922 (f)

922 (f)

o Co(U43VEBB)  sp[ltv(y+V28+3VE)t3 ]
o 2v3y/1-p2¢3, 2v6,/1+~2t%

E _ce(4+2v8aBtly) _ sell+y(v=2v28—4v6q)tx]

V3y/1-p2t2, 2V/6,/1+72t%
F _ cp2pBtly n 5o [V6+7(vV6v48p)t%]
@ V1-8%t2, 4y/1+~2t%
_ce(V345Bt) | sp[VE+y(VEy+2VBB+10)t5]
Y 6y/1-p23, 124/14~2t%

co(VB=5Bth) _ so[VE+y(V6r+2v38-10)t% ]
6/1—B2t%, 124/1+72t%

d. _Cce(vVB=Btiy) +S¢[\/é+v(\/gv+2\/§6—2)t§]
Y 6y/1-p213, 124/14+~2t%

ds co(VB4BtY)  so[VE+y(VEy+2V3E+2)t%]
6/1—B2t%, 124/14+~2t%

JeelV3=BA43V3BItHy] | so[VE+1(VEr+8VEA+4I]

Csa(l_\/gﬁt%v)

203 /1-B2t3,

5o [14+7(y+V28—6)t%]

2v64/1+~2t%

Co

i e —

5,147 (v—2v28)t%]

2v/6,/1+~2t%
SpV34/14+~2t%
2v/2

co(1-V3BE)

2V/34/1-B2t2, +

o [14+7(v+V2B8—6)t%]

2v6,/1+~2t%
co(1+V3BtY,)

2v/34/1—p2t2,

5o [1+7(y+V2B84+V6)t%]

2v6,/1+~2t%
o (1+V3BY,)

e T T
2V/34/1-B2t2,

5o [1+7(v+V2B84+V6)t%]

2v/64/1+~2t%
Cs@(l—\/gﬂt%v)

20V/3\/1-p2t2,

se[1+y(v+V2B8—V6)t%]

3¢/1-B2t%, 124/1+~2t%
J _ o [VBHB(1-3VBB)t]
3 3\/1-B213,
50 [V6+7(V6v+8V3B—4)t5]
124/14~2t3%
co2(143p)BtTy _ 5,[3V6+7(3V6y+24p+8)t%]
¢ 3/1-p%, 124/14+~2t%
Ka Ce22430)8ty | so[3VE6+7(3v67+24p+16)t5 ]
3/ 1-p2t%, 124/14+72t%

2v6,/1+72t%
Cop +

V3y/1-2t3,

se[1+7(v—2v28)t%]

2v64/1+~2t%

Co

CVB/1-8%263,

se[1+7(v—2v28)t%]

2v6/1+72t%
5o V34/1+72t%
22

s¢\/§\ / 1+’y2t§(
242

Bang C.2: Tuong tac ctia Zs v6i cac fermion.

D. Tuong tac chuan cta cac vé hudng

Tuong téc clia cac boson chuan va vo huéng
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Vertex Coupling Vertex Coupling
WHHT 9 1A lg WHT 01 H, ig
Wi, My 0 HH, —igea, Wi, M50 Hy i gSa,
W, H; 9 mA L0, W, Hy T et e ga,
W, M0 HH, —LgCa, WP, M9 H, 5 G50,
WP, M9 A L5, W H T T HE —gea,
W;f;}H;‘H?MHl — g0, ngj}}t;‘f‘“?uﬂg i geay
Wit 1 T A 19Cas Wity 10 — =G50,
52;17-[5’7 1y 0 FH, —19Sa, 52;17-[51) 1y 0 FH, L Cas
WESHT DA e, WEHT TR s,

W34N Hp a 0 MH3
Wi PHY Gy

%gc(al—as)

759

W34N’ Hp a 8 NH4

W PHET G

%gs(al—%)

<)
N

Bang D.1:

Tuong tac ctia 1 boson chuan véi 2 vo hudng.
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Vertex Coupling Vertex Coupling

AMH;?“”H}L —igsw AM’H;q?“’Hg —igswq
AHP Cigswp  AHTTUTEHITY igsw(q+ 1)
A“ng_lﬁu?{gH —igsw(p+1) AM’Hg_q?”Hg_p igsw(p — q)
Zy, My ?“Hf — 2Ciw gCow Zluﬂz_q?“%g igswitwq
21, 1P igswiwp  ZuHT VO RHIT igswtw (g + 1)
Z1M7-[5_p_1<5>“7-[’5)+1 igswiw (p + 1) Zm?—[’g_q%}“%g_p igswitw(q — p)
ZlMHQ%)”.A 201Wg No data No data
Vertex Coupling

ZQMHf%)“Hf mg[%(vzﬁl —u?B2) = sp(v?y1 — uPye)]
Zo, M3 "0 MU i g{ea[(B+ By — a(Ba — B1)] + s,
Z2MH?TP%>MH§ ﬁgg{%p(ﬁl —B2) + sul(g+p+2)(v2 — 71) — 372]}
ZogMy VI glenlBi+ Ba— (L4 q)(Ba — Br) + syl

Zzu?—[gp—lﬁu’}-[gﬂ 2::/59{%(1 +p)(B1 — B2) + sl(g+p)(v2 — 1) — 3]}
ZoyME 0 H sz lcolst, (B2 + B1) + (P — @) (B2 — B1)] + s — p(2 —
M) + i, (v2 + 7)1}

T

ZopyHy O *A mguv[%(ﬂz + B1) — sp(v2 +71)]
=

ZoyHy O 1A mg[%w% —u?B2) — s, (V271 — uy2)]

Zgpy e Loy ovne. (Cp = S, S — —Cyp)

Bang D.2: Tuong tac ctia 1 boson chuan trung hoa véi 2 vo huéng.
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Vertex Coupling Vertex Coupling
HWTW~= $92Vu? +v? H WELW 1 29%ucq,
H W W P 19%ucq, HlI/VqulVVQ_:;]_1 292080,
HlT/VerlI/V;f_1 %g%soé2 HyW, %gzusa2
HW? W P %g2usa2 HQWq+1W2_3q_1 —%gzvca2
HoWE WPt —1g?uc,, Hs WL W0 Lg2we,,
HsWEH WP ~19?Vs,, JLI?,VV‘IHW;;I‘1 Lg?wea,
HWhH WPt —16%Vs,, Hy Wi, PWhS Lg?(wea, —
Vsay)
HWEW ! 192wsa, HWEW P 19%Vea,
HWE WL Lg?ws,, HWE Wyt 1g*Vea,
Hy W3, "W %gz(wsal + Vea,) H Wi Wost™ ' \%92’“3@
HIWEWS™ J5gPusa, HIW Wy " Log%u
HIW PWE N HEW W, N
Hng_?)qWE?AL_p ﬁg2u Hq+1W_W1_3q ﬁg%}
HIT WP Wk ﬁg% HEP WP ﬁigzv
HEC W IWTT Sl HEPWLIWE, 559V 50,
HIPWt Wi \%92‘/3% No data No data

Bang D.3: Tuong tac cia 1 vo huéng v6i 2 boson chuan mang dién.
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Vertex Coupling

H ZoW ™ mg%v[%(ﬁz + B1) = sp(v2 + 1)l

Hy AW 5 s9%qusw

HyZ1Wi5! e g2u(l — g+ geow)

H3ZaWiy! sz 9 ulcol(20 = 1)(B2 — B1) — (B2 + Bu)] — dspm}

HEAW P 2 9%pusw

H5Z W1 ," ﬁgQU(l —p+ peaw)

HEZoWyy"  gp0 udeolBr+ B2+ (20— 1)(B2 — Bu)] — 25, [(1+p+ ) (72 —
Y1) — 272]}

HET AW 39°(¢ + Dvsw

HIT Z w0t —29%v[ew + (34 2¢)switw]

HI Z Wyt 539 vicol(3 +29) (B2 — B1)] — (B2 + B1) — 452}

7—[]5’+1AW2_47’_1 $9%(p+ Dusw

HE 2wy —39°v[ew + (3 + 2p)switw]

HET ZaWoi" ™ SmgPvlco B+ Ba+ (3+2p) (B2 — B1)] — 25, [(1+p+ @) (2 —
7)) — 2ml}

Mg "2 Wy ! — 5779 wVee (B2 + B1) = sp(v2 + M)l

D3 iy (Cp = Sy, 8, = —Cy)

Bang D.4: Tuong téac ctia 1 vo huéng v6i 1 boson chuan trung hoa va 1 boson

chuan mang dién.
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Vertex Coupling

lelzl 401 92,/,“2_'_,02

:
W

Hy 72,7 s I WP (cpBr — sem) — v (cpB2 — sp72)]

H1Z3Z5 mg%ﬂ(c@ﬁl — 8om1)° + 02 (cpB2 — 5p72)?]

2,25 e P [u(epB1 — 5o (e + 581) + 03 (oo —
spY2)(CpVe + 5p52)]

HyZ,Z 7= 9 uvleo (B + B2) — sp (1 +72)]

HyZy75 mg%v[(%ﬁl = 5o71)% = (o2 — 5p72)°

HyZy75 Wﬁg%ﬂ)[(cwﬁl — 5u71)(CoY1 + Sp51) — (cpPa —
8o72)(Co2 + 8552)]

H3ZyZ, T59°{wea, [so (1 + a1 — qy2) + o (B + B2)]* — Visa, 8% [(q —
1)(y1 —72) +3n)?}

HsZyZ3 9 Vsa,s0col(q— 1) (71 — 72) + 3711)% — wea, [cp(B1 + B2) +

Sp(11 +av1 — av2)llep(v1 + a1 — a72) — su(B1 + B2)]}
HyZ2 2y 591V ea,521(q — 1) (n — 72) + 3711]% + wsa, [sp (11 + g1 —

q72) + cp(B1 + B2)]?}
HyZ573 92 {—Vea,5pc0[(q — 1) (71 — 72) + 371)? — wsa, [cp(Br + Ba2) +
So(71 + 71 — q72)][co (71 + a1 — qv2) — 5, (B1 + 52)]}

Bang D.5: Tuong tac cia 1 vo huéng v6i 2 boson chuan trung hoa.
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Vertex Coupling Vertex Coupling
WHW - AA 1g? WHW=H{HT 39°
W+W~-H,H, 192 W+W~HyH, 19
WHHHIW™ Slsgea, W+ Hy HEW,, P~ 5v39 Cas
WHHH W 56250, WHHH P W, 55975
WHHHIW ™ Sleg?sa, W+ HyHEW, Pt 5v39 Sas
WHHH Wy — 5162 Ca, Wt HyH; P~ WP, — 5597 Cas
WHEAHIW " =52 g?sa, Wt AHEW, P~ ~ 55975,
WHAH W SisgPca, WHAH P WP, 5759 Cas
WHHT Hy W 39750, WHHTH P 39750
WHHTHIT WL Lg%, WHHHE T W, 19%Ca,
WisWys" Hi Hy %92032 WisWys" H1 Hy %9232042
WLW 39 Hy Hy 1g%s2, WEWLTAA 19782,
WisWig' Hs H 19°¢, WisWigHs Hy 19°520,
W1q3W1_3qH4H4 %92331 W1q3W1_3qH;rH1_ %92032
WEW T HIH, 192 WEW T HE H 192
WEWLTHE P He 59753, Wi Hy 1 W™ 5v3 97520,
WisH\H; " Wi Y 556%ca, WL H H T W 5v3 9 Sas
W1q3H2H?TpW§?4_q 2\1_@9230@ VV1q31LI2f"'qu_1VVJr —ﬁgzcaz
WiHHE Wi 5597 Cla+as) WiSHSHG Wi’ 5259780 +as)
WA W™ =i g%eoa, Wi AH PWE N
WHAHTIWE SisgPe, WEHT HoWoy ™ =546,
WEHTHST T WET 9%, Wi H Hy "W 10250,
WisHy THEW 39° Wi T HET W 19
Wi W,"Hi Hy 19°¢2, Wi, W, Hi Hy 197520,

Bang D.6: Tuong tac ctia 2 boson chuan mang dién véi 2 vo hudng.
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Vertex Coupling Vertex Coupling
Wr W PHyH, 1972, WP wFAA 1972,
wW,Wi,FHsHj 19782, W W FH3H, — 19820,
W1p4W1_4pH4H4 %92031 Wf4W1_4pHTH1_ 292032
WELW HEH 397 WEHWLPHE He 192
Wf4W1_4pHg_pHg_q %92‘%3 W_&HlHTWz_sz_l r1@9252a2
WEH M, WP 5lsgca, W H H; P W 559750,
WEHH, Wi 5Lm62s0, WEHHS T W —2log%e,,
W HsHE " Wis' 559%Cla+as) WHLHHE " Wi 52508 (a1+as)
WﬁAHfW;f_l _ﬁgg%mg WﬁAHz_qu_p #5923012
WHAHSTIWE SisgPen, W HT HyWo P —5v39 C2as
WEHTH T W 9%, Wi HL Hy "W 3970z
WEHSHS W' 507 WM Hy P W 29°
W Wt H Hy 16?82, W Wt Hy Hy 142594,
W Wyt " HoHy  1g%¢2 ) WL W3t HyHy 1g2c2,
WL Wt " HyHy 192500, W Wt Hy Hy 19252,
W Wo P AA g2, W Wyt 1T HT ! g2332

qt1lyr7—a—19/99,—9q
W W23 H2H2 §g
q+1 —q—19/9—pq/p-g 2 2
Wosm Was" "Hg "Hg 59785,

1 _
WD HiH W™ SlsgPca,

Wi T HoHy "W Sheg?sa,

WQ+1H Hp qW242fg C(a1+a3)

Q+1AH5P 1w3 \i/§g20a2
WEHT HTPWETT 625,

T —p—1
Wq quH?;WMp %92

q+1 —q—19.9+19,—q—1

+1 -
Wq H]_Hl #59282012
1 1 —
Wq+ H17_[5p Wp q 2_\1/5923(%2
1 1
W HoHs "™ WY —5isg%ca,
Wq+1H er—qW—p—l 124
471¢g 24 2\59 (o1+as)
+1 — j
Wi AH, W 2\1/5923@2
Wq+17'[+7‘[4_q_1W_ %926(12
tlq,—
Wq Hl H2 —ﬁi‘gQCQa2

q+1q9/—q—19pp+1y5,—p—1 1.2
Wos' " Hy " Hy T Wy 59

Bang D.7: Tuong tac cia 2 boson chuan mang dién véi 2 vo huéng.
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Vertex Coupling Vertex Coupling
WER WP H Hy 16?82, wWEH W, P H H,y — 142594,
WEHW, P HoHy 1922, WEH W, P~ HyHs 1g?s2
Wp“W;p—lﬂgm 192504, Wi Wa P HyH,y lg2c2,
WERW P AL Lg2e2 ) WEH W P 1 HT 19?52,
WPHWQ;p_ng’H;p %92 WpHWz_f_ngH’ng_l §g
Wp+1W2;p—1%g—pHg—% 2.2 Wp+1H1rH1—W1—4p ﬁgzs%g
WESTHHTW ™ SlsgPea, WETTHH T IWET 525050,
WP HyHy PW 55975 WEH HyH 97 WP — 5597 Cas
Wp+1H37'[q pW23q2_\1}9 Clai+as) VVp—HH‘l%g_pVVZ_Bq_1 ﬁﬁg%(aﬁ-as)
WP AHT W Lﬂg Co0 p+1AH3 Pyww—= #5925042
W AH T 1W34 7759 Cas W H I H P W 1g%Ca,
Wi H Ha "W 5950 WEHTHI H W =550 coa,
WpHHg”ngWng_l %92 Wp+1Hq+17_[5—p—1W2—3q—1 %gz
W3y PW3 “H3Hj 19 Wiy "W3y “HyH,y i9°
W3q4_pW§)4_quH2_q %92 Wél;pwp—q'y_[p?_[g—p 592
Wi PWwh- quq+1H;q—1%g2 Wi PWE; quHHs p—1 égz
Wi PWETHETPHE T 597 Wiy "HiH, "W, 339 Cas
Wi THIHEW ! 5lsgca, Wi PHH T IWET g,
W:?zl_pﬂngHWQ?)q 12\1f9 Saa Wi PHoH, W #923@
Wi THoHEW T 515650, Wi PHH T IWET — s gca,
Wi P HoHE Wiy = 51 g2 ca, Wiy AR, W 55950,
WHPAHEW ! —3isg%sa, Wi PAHTTWET g,
Wi PAME W™ S i P ca, Wi PHEHE W 39750z
Wi THEH T IWE, 597, Wi Py My W 39750,
W PHTHET WL Lg%c,, No data No data

Bang D.8: Tuong tac clia 2 boson chuan mang dién véi 2 vo huéng.
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Vertex Coupling Vertex Coupling

AW THoHT —1¢%sw AWTAHT 19%sw
AWLH H, 1 292qca, sw AW HoHy 1 292qSa, Sw
AW AH, 397450, 5W AWEHTHL T 356%(q + 2)cazsw
AWY HyHS %ngconW AWY HoH P %ngsOQSW
AW AHSP 59°DS0, SW AWEHTHST™ 2562 (0 + 2)cassw
AWQ"“HlH;Q‘l 59°(a+ Dsasw  AWETHHT —50(q + Deaysw
AWEF AT L2 (q+ Deagsw AW HITH, \%g%q — 1)Sa,sw
AVVp“Hl;LLgp—1 1P+ Dsaysw  AWETHHIP™Y —1g2(p 4+ 1)ca,sw
AWPFPAHZP™Y L2(p+ D)caysw  AWETTHTHS P \%92(1) —1)80, 8w
AW{ PHSHE ™ 59°(p — AW TPHHE ™ 59°(p —
Q)Clar—as)SW Q)8(a1—as)SW
AW HL " HE S50+ @)sw AWETPHITTHET S5 (0 + a4+ 2)sw
ZyWTHyHT %gzswtw ZWWHAHT —%ggswtw
Z\W{,HiHy ﬁg2(1—2qs‘2,v Coy ZAW{3HoHS? ﬁgz(l—qu%,V)soé2
ZIyWELAHS 4ciW (1 —2qs%)50, ZIWLHTH ! 7 lew _z(f/tfjv)swca?

Coy AW HoHP mg 2(1—2ps?)Sas

(
WP H H;P =g%(1—2ps?,
(

dew
ZWILAUTY P (=205 )50y ZaWEHT AP Ll
21Wq+1H17-[4q "162(q 4 1)sa, 5w leq“Hﬁf‘l ~102(g+ Veaysw
Wt AT 1% (g + 1)cay sw WL HT H, \%92(61—1)8042%1/
leém HyHP L gQ[c%V+<i;2Vp)s%v]sa2 legﬂ HyH "™ gQ[c%w(iszvp)s%v]cag
TWE AP igﬂc%ﬁ(ijjp)s%ﬂcag ZWE I H M _gﬂc%—éi/—izfv)s%v]s%
LW H G et LW H G O et

51Ty MY 507 (0 + Qswiw ZIWETTHY T HET — 2ot (gt

Z)Sth

Bang D.9: Tuong téc ctia 1 boson chuan trung hoa va 1 boson chuan mang

dién v6i 2 vo huéng .
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Vertex Coupling

ZoWTH\Hy mg%v[ap(ﬁl + B2) — sp(71 + 72)]

ZyW T HyHy s/ I Lo (B1v? = Bou?) — sy (10® — pou?)]
ZyW T AH — 57w 9 10 (B1v? — Bau?) — sp (110 — 72u?)]
ZaWisH Hy " — s 9 ufcp (ButB2) [1+(1—4¢*) 8y | +4s,71 }
ZyWigHyHy — s =9 v{co (Bt B2) [1+(1-4¢®)tiy | +4s,71 )}
ZyWig A, " — s =9 v{co (Bt B2) [1+(1—4q®)tfy | +4s,7 }
ZWEHIH T — a9 ules(Bi+ B2)[1 — (348 +4¢°)ty ] +

4572}

LWEHHH s g?u{co [B1(1-p)+ Bapl+ sy [(g+p+1) (11—
V2) +272]}

LWHHH;? e g?o{eo 81 (1-p)+Bapl+ 5 (g+p+1) (11—
V2) + 272]}

ZoWi) AHS " mg%{% [81(1=p)+B2p]+s,[(g+p+1) (11—
V2) + 29]}

Bang D.10: Tuong téc clia 1 boson chuan trung hoa va 1 boson chuan mang

dién v6i 2 vo huéng .
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Vertex Coupling
ZWEHIH" s g uleo[Ba(24p) = Bi(1+p)] +s,l(g+p+
(71 —72) +2ml}
ZoWiy THiH " — g9 v{ce (B + B2)[1 — (3+8q +4¢°)tfy | +
Aspy2}
ZoWsy T HaHy* ™" save==0 u{c (B + B2)[1 — (3 + 8¢ + 4¢*)t3 ] +
4sp72}
Z; W3y AR T — gm0 ulcp (B + B2)[1 — (3+8q+4¢%) 3| +
4sp2}
ZWETHTH T — sz 9P v e (Bi+82) 14+ (1-4¢?) | +4s,m }
ZWETTHIHS" rmrmgtuleg[B2(24p) = Bi(1+p)] + sl (g +p+
D) (y1 —v2) + 27}
ZoWE T HyHy P! _mg%{% [B2(2+p) — B1(1+p)] +5,[(g+
p+ 1) —72) +2nl}
WhH AN WQQU{%[@@ +p)—B1(1+p)|+s,[(g+p+
D)(y1 —v2) + 27}
ZWETHTH " s A gPolco[Bi(1=p)+Bap]+ 50 [(a+p+1) (i —
V2) + 272}
ZoWd PHHE ™4 mg%(l + g — p)wsa, (Bic, — M8y) —
Ve, (Bacp —=7250)]+ (1 =g +p)[wsa, (Bace —7280) —
Vea, (Brce —ms,)l}
ZoWi PHHE ' a9 (e — 4 — Dlwea, (Bicp — ms,) +
Vsa, (B2cp =7254)] = (1=q+p)[Vsa, (Brce —715,) +
Wea, (B2¢p — 7250)]}
ZoWs PHY HE e 9Pl a4 p)(sem1 = cpBr) + (1 —q—p)(spr2 —

Co2)]
LW PHL T HET =P [(1+ g+ p)(cpfa — sp72) — (B+ g+ p)(cofr —
$o71)]
Zg.ooon.. Zyooon.. (Cp = 84,8, = —Cy)

Bang D.11: Tuong téc clia 1 boson chuan trung hoa va 1 boson chuan mang
dién véi 2 v6 hudng .
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Vertex Coupling Vertex Coupling

AAHTHT g*sty, AAMHIH, g**sty
AAHEHS? 92p?s3y AAHIT 1! 2(1+ q)2s%,
AAHET H P g*(1+p)%shy AANHE T HE 9 (p— q)%s%y
AZVHTHT g% (sow — tw) AZ HIH, 1 —292¢%s%, tw
AZ HEMHSP —2¢2p? s tw AZVHITIH T —262(1+ )2 s tw
AZHET 1P —202(14-p) 22ty AZVHETPHE™T —2¢%(p—q)2s tw
Z\ZvHy Hy 29 CGw Z1ZyHyHy ! 9°q° sty tiy
Z1Z My 9P’ sivtiy TWHHTTH T (14 q) sty

ZlZlH§+1H5_p_1 G*(1+ p)?si th, ZyZyHETPHE ™ g% (p — q)?s¥ t3,

Vertex Coupling
AZHTHy mgzsw[%(?ﬂﬁz —v?P1) = sp(uye — v?m)]
AZyHIH, %928WQ{C@[Q(52 —B1) — (B2 + B1)] — s }
AZyHEH; " \/ngzswp{%p(ﬁz —B1) —sollg+p+2)(v2 —m) — 372}
AZHTTH Z=g?sw(1+ ) {cpla(Ba — B1) — 2681] — 5070}

AZyHE T H " ng?sw (L4 p){ep (L4 p) (B2 = B1) = spl(a+p) (72— 1) — 37}
AZyHE PHE ! \/ngst(P — ) {cpls2, (B2 + B1) + (p— @) (B2 — B1)] +
Selc2, (2 +71) —p(v2 — 1) + 1}

AZs ... AZy ... (Cp = Sp, 50 — —Cyp)

Z1ZoH1 Hy e e 9 uvlee (B2 + Br) — sp(v2 + m)]
ZVZMTHY  srares 9w e (u” B2 — v2B1) — sp(uPqz — vPm)]
2\ ZoHiHy ! —\/%Q%Wtwq{% [q(B2 — B1) — (B2 + B1)] — s}
ZyZMEH " — g swiwplepp(Be — B1) — sol(a +p+2) (72 —71) — 372]}

ZiZHTTH T —TegPswtw (L4 a){cgla(Be — Br) — 261] — 5072}
Zy ZoyHE T H P —\/Agg%wtw(l +p){cp(L+p)(B2 — 1) — su[(p+ @) (72 —
71) = 3nl}

Z1 ZyME P HE 1 _%QQSWtW(p — q){cols2,(B2+ B1) + (p—q) (B2 — B1)] +
Splct, (2 +71) — p(v2 —71) + M}

Bang D.12: Tuong tac clia 2 boson chuan trung hoa véi 2 vo huéng.
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Vertex

Coupling

5. ..

ZoZoH1Hy
ZoZoyH 1 Hy
Lo ZiaHoHy
ZoZoHsHs

ZoZoHsHy
ZoZoHy Hy

ZyZy AA
ZoZoH{HT
ZoZoHIH S
ZoZoHEHS P
ZoZoHIT H 1!

Zo ZyHE T M P

Zy ZoyHE P HE ™1

Z1Zy ... (Co = 8p, 845 — —Cy)
saarrony 9 [0 (B — 5om)” + 0% (o2 — 572)°)
mg%v[(%ﬁl — 5o71)% = (Cpf2 — 5572)7]
sir o 97107 (CoBr — 5o71)% + uP (B2 — 5p72)°]
T [eo(Bo + B1) + sp(n + a1 — ar2)]2 + 52 82 [q(y2 —
) =72 = 211}

3197520, {[¢o (B2 + B1) + s (11 4+ a1 — ¢72))? — 52 la(vy2 —
") =72 — 2m1)°}

L2, [eo(Ba + B1) + 5o (11 + am — q12))2 + 2, 52 [a(7a —
Y1) — 2 — 21)?}
m92[v2(%51 — 5p71)% + u?(Cp 2 — Sp72)?]
T 97107 (CeBr — 5om1)% + uP (B2 — sp72)°]
139°1{cp[a(B2 — B1) = (B2 + B1)] — spm }?
139°4cep(B2 = B1) = su[(g +p +2) (72 — 1) — 39e]}?
5% cola(Ba — Br) — 2B1] — sp2 )2
1597 {co(L+p)(B2 — B1) — spl(p+ @) (72 — 11) — 3]}

mfgﬂ [co(P — @) (B2 — B1) — sp(Py2 — P71 — 72 —

271))% + w3 ey ((p— q)(B2 — B1) + B2 + B1) — sp(py2 —
pn— )}

Bang D.13: Tuong tac clia 2 boson chuan trung hoa véi 2 vo hudng.
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Vertex Coupling

ZoZsHiHy mgzuv[(%& — S )(Com1 + SpP1) — (cpfa —
8o72)(CoV2 + 8p2)]
227 H Mo i 2 epBy — som)(epm + 5p61) + uX(epB -
$pV2)(CoV2 + S 32)]
ZyZ3H3Hj — 55922 [eo(Ba+B1) + s (1 + a1 — a72)][co(n + g —
q72) = sp(B2 + B1)] + 8%, 86co[(1 — @) (72 — 71) + 3m1]%}
ZyZisHyH3 — 1597520, {[co (B2 + B1) + 5o (1 + 411 — 72)] e (11 +
g1 — q72) — S (B2 + B1)] — suc[(1 — q)(v2 — 1) + 3m]?}
ZyZ3HyH, —159°{52, [co (B2 + B1) + 50 (71 + a1 — ¢2)][co (71 + g1 —
q72) = 5¢(B2 + Br)] + €, spcel(1 — @) (92 —71) + 3n)*}
ZyZ3AA iy 02 (CoBr — spm)(epm + 5pB1) + u2(cp B —
Sp72) (€2 + 5p02)]
2o 25 My st [0 (€oB1 — o) (e + 5,61) + u(cgfa
$pY2) (o2 + 542)]
ZyZsHsHy ! %{Qp (B2 + B1 — (B2 — B1)] + spr1 Hsp B2 + B1 — q(B2 —
B1)] = com}
ZoZ3HEH P 5% {cop(B2 — B1) — spl(p+ g+ 2)(v2 — ) —

372l Hsop(B2 — B1) + ol + g+ 2) (72 — 1) — 372]}
ZoZsHT M 2 {cpla(Ba—B1)—2B1]— 572 Hspla(B2—Br) —2B1]+cpy2}
ZoZsHE H T §9°{co(L+p)(B2 = B1) = sl(p + @) (2 — 1) —

31 H{sp (1 4+ p) (B2 — B1) + col(p + @) (v2 — 11) — 31}
ZoZsHg " He ! %{Vz (p—lp—1(2—m)—3nl(B2 - B1) -

w?[n = p(y2 = ))B2 + B+ (p — ) (B2 — B)]} +
sz (V2(p — @)2(B2 — B2 — [(p — V(e — 1) —
3P+ w? [y —p(y2—1)]? = [Ba+ B+ (p—a) (B2 = B1)°]}

Z37s5. .. ZyZsy ... (Co = Sp, Sp —> —Co)

Bang D.14: Tuong tac clia 2 boson chuan trung hoa véi 2 vo huéng.
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E. Kiém tra di thudng
Cac di thuong c¢6 nguyén nhan tir cac nhom:

[SUB)c]PU(1)x, [SUB)c)?U(1) N, SU4) LU (1) x, [SU4)L]?U (1) N,
[Gravity]*U (1) x, [Gravity]*U (1) n, [U(1) x]2U (1) n, U(1) x [U(1) n]?,

TW)x]? UM~

chting to6i viét cac di thuong tit cac nhém nhu sau:

[SUBCPUMx ~ ) (Xop — Xgp)

quarks

— 4Xg, +2x4Xo. —3X,, —3Xg, — Xy, — Xk,

—2X, —2Xk.

= (PR s () - (5)
3(5)(+3) (+3)
2(--g)-2(-g) -0 @

[SUBCPUMN ~ ) (Ngy — Nog)

quarks

= 4NQ3 + 2 x 4NQa _3Nua _3Nda _NJS _NKg

—9N;. — 2Nk,
_ <m+n4+ 10/3) L (_m+n+2/3)

S()-5)- ()
NE

[SUA) L PULD)x  ~ > Xp, = 3Xy, +3X0, +2 x 3Xg,

(anti)quadruplets

(E.2)
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-1 5/3 1/3
_ 3(p+i >+3(p+Q4+ / >+6(_p+q4+ /)

= 0 (E.3)
[SUA) L PUL) N ~ > Np, = 3Ny, +3Ng, +2 x 3Ng.

(anti)quadruplets

-2 1
_ 3(m+n >+3<m~|—n—l— 0/3)
4 4
2/3
6 GW) _o. (E.A)

[Gravity?U(L)x ~ > (Xp, — Xp,)
fermions
= 3JIx4Xy, +3x4Xqg, +2x3x4Xg, —3 x3X,,
_3X3Xda —SXJS —3XK3—2X3XJa —2X3XKa

—3Xp, —3Xp, —3X., —3X,,

1
= 12 <p—+i > +12 (p—+ q4+ 5/3>

() () ()
3(03)2(0+3) +(o-

6 (—p - %) 83— 3p—3(—1)—3(0)=0. (E.5)

Gravity’U(L)y  ~ > (Ny, — Ny)

fermions
= 3 XxX4Ny, +3x4Ng, +2x 3 x4Ng, — 3 X 3Ny,
—3X3Nda—3NJ3—3NK3—2X3NJa

—2 X SNKQ — SNEa — BNFa — 3Nea — 3N,/a

-2 1
_ 12<m—|—j )+12(m+n4+ 0/3)
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() () o)
(4o

—6 (—m — g) —3n—3m —3(—1) — 3(-1)
=0 (E.6)

UMxPUO)N = > (XF Np, — X7, Np,) =3 x4XF Ny,
fermions

+3 x 4X3 Ng, +2 x 3x 4X3 Ng, — 3 x 3X. Ny,
—3 x 3X] Ny, —3X3 Ny, —3Xj% Nk, —2x3X5 Ny,
—2 x 3Xy. Nk, —3Xp Ng, —3X7 Np, —3X2 N,

—3X3a N,.

2
_ 19 p+q—1 m+n—2
4 4

19 p+q+5/3\> (m+n+10/3
4 4

oy pt+g+1/3 2 - m+n+2/3
4 4

YO0

-9

UOxUWY = Y (XpNf, = XpN7,)

fermions

= 3x4Xy, NJ +3x4Xq,N},

137



+2 x 3x4Xqo, Np, —3%x3Xy, N —3x3Xq,Nj,
—3X N7, —3Xk,Np, —2%x3X; N; —2x3Xg, Ni.

~3Xp, N3, — 38X, NE, - 3X,, N2 —3X,, N2

_ 19 p+q—1 m—+n—2\>
B 4 4

1 2
12 <p+q4+ 5/3) <m—i—n4—i— 0/3>

(et (o) () )
(F)() 25 (+3)
) () () (-3

—3(=1)(=1)% = 3(0)(=1)* = 0. (E.8)

ST (X3, - X},) =3 x4X3, +3x4XE, +2x3x 4XY,
fermions

—3x3X) —3x3X] —3X5 —3Xp, —2x3X}
-2 x 3X} —3Xp —3Xp —3X) —3X)

3 3 3
-1 1
12(2?—!—3 ) +12<p+q4—|—5/3> +24<_p+q4+ /3)

() o(3) D) 56+
o) oo}

—3¢° — 3p® — 3(—1)% — 3(-0)> = 0. (E.9)

> (N}, —N}) =3x 4N} +3x4Nj +2x3 x4N§,
fermions

—3 X 3N, —3x3N; —3Nj, —3Ny, —2x3Nj

—2x 3Nj. —3Np —3Np —3NS — 3N
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3 3
_ 1 (m—i—zf—2> L 12 <m+n4—i—10/3)

() () ) o)
o) o(or3) o)

—3n® —3m3 —3(-1)°> - 3(-1)* = 0. (E.10)

Diéu nay xac nhan cac hé s6 (83,7,b,c) thi khong phu thudc vao di

thuong.
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