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LGi cam on

Loi dau tién, toi xin gii 161 biét on chan thanh v sau sic nhat dén
PGS.TS. Ha Thanh Hung, PGS. TS. Nguyén Thi Ha Loan va
TS. Lé Tho Hué. Nhiing nguoi thay da huéng dan, giup dé va tao dieu
kién cho toi trong sudt thai gian toi lam NCS. Toi ciing xin giii 10i cAm on
chan thanh dén TS. Nguyén Huy Thao vi da gitp toi rat nhiéu trong

cac thu tuc hanh chinh.

Xin cam on Khoa Vat Ly, Phong Dao tao Truong Dai hoc Su
pham Ha No6i 2 da tao moi kiéu kién thuan lgi dé toi hoan thanh cac

thu tuc hanh chinh va bdo vé luan an.

To6i xin cAm on don vi cong tac va cac dong nghiép da tao diéu kien
va dong vién toi trong quéa trinh hoc tap, nghién cttu.

Cudi cling, toi gii 101 cdm on dén tat ci nguoi than trong gia dinh
da tng ho, dong vién toi ca vat chat 1an tinh than trong sudt thoi gian toi

hoc tap.

NCS HOANG HANH PHUONG



L1 cam doan

Toi xin cam doan luan an nay gom cac két qua chinh ma ban than toi
da thuc hién trong thoi gian lam nghién cttu sinh. Cu thé, phan M dau va
Chuong 1 1a phan tong quan gisi thieu nhitng van dé truée do lien quan
dén luan an. Trong Chuong 2, Chuong 3, Chuong 4, Chuong 5 va cac phu
luc toi sit dung cac két qua da thuc hién cung véi cac thay, co huéng dan
va cac cong su. Cudi cling, toi xin khang dinh céc két qua c6 trong luan
4n "Bo dinh mot vong vao cac kénh ra ctia Higgs va lepton mang
dién trong mé hinh 3-3-1 dao va 3-3-1 véi 8 tuy y" 1a két qua méi

khong trung lap véi két qua ciia cac luan an va cong trinh da co.

NCS HOANG HANH PHUONG
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PHAN MO DAU

Tinh cap thiét cta dé tai

Mo hinh chuan (Standard model — SM) thong nhat ba tuong téac dien -
tit, yéu va manh dua trén nguyen li déi xing chuan la mot thanh cong clia
vat 1y hién dai vao cudi thé ki XX. Hat vo huéng boson Higgs dong vai
tro rat quan trong trong SM. boson Higgs duge dua ra nham giai thich
khoi lugng ciia tat ca cac hat co ban thong qua co ché Higgs. Diéu nay,
mot lan nita khang dinh sy thanh cong va vai tro ctia SM. Tuy nhién, cac
két qua thuyc nghiem gan day da chi ra cac han ché ma SM khong giai
thich dugce nhu: khéi luong khac khong clia neutrino, so6 thé hé fermion,

van dé vat chat toi, sy bat ddi xing so baryon ctia vii truy,. . .

Chinh vi nhimg van dé da néu trén, SM can dude mé rong dé co thé
giai thich duge cac han ché vira néu, ching toi goi chung la mo hinh md

rong mo hinh chuan (BSMoman- Beyond the Standard Model).

Mo hinh 3-3-1 ra doi dya trén viec md rong nhom chuan SU(3)¢ ®



SU(2) @ U(1)y thanh nhém SU(3)c @ SU(3)r @ U(1)x. D6 chinh la su
md rong nhém chuan khong giao hoan don gian nhat ctia mau Glashow-
Weinberg-Salam. Mo hinh nay da duge kiém ching bang nhiéu két qua
Iy thuyét dur doan béi mo hinh phu hgp véi két qua ctia thue nghiem va
gial thich duge mot s6 van dé nhu s6 thé hé fermion, sinh khéi luong
neutrino,... Hau hét cac mo hinh duge xay dyng bang cach mé rong ludng
tuyén fermion trong mo hinh chuan thanh (phan) tam tuyén SU(3), trong
mo hinh 3-3-1. Thanh phan thi 3 ctia cdc (phén) tam tuyén quark luon
la céc quark méi, goi 1a quark ngoai lai. D61 véi (phan) tam tuyén lepton
thi thanh phan tht 3 c¢6 thé la lien hop dién tich ciia lepton mang dién
phan citc phai thong thuong (mo hinh téi thiéu), neutrino phan cie phai,
hodc lepton méi. Qua do, cac mo hinh khac nhau duge phan biét theo cac
lepton duge thém vao ¢ thanh phan thi 3 cia (phan) tam tuyén lepton.
Hién nay, nguoi ta con phan biét cac mo hinh 3-3-1 khac nhau theo hé
s6 3, duge dinh nghia trong hé thic toan ti dién tich duoc xay dung dé
tinh dién tich ciia cac hat trong mo hinh. Tat ca cac mo hinh nay deu du
doan duge mot hat Higgs trung hoa chan CP véi khoi lugng nhe, da duge
thuc nghiém tim thay nam 2012, duoc goi 1a boson Higgs tuong tu SM
(SM-like Higgs), do boson Higgs nay mang nhiéu dic diém tuong dong
v6i boson Higgs du doan béi SM. Tuy nhién, cac dic diém tuong téc cla

n6 van chua dude nghién ciiu k va so sanh véi cac so liéu thyc nghiém



mdi duge cong bo. Cho nén, viée nghién ctiu cac dic diém nay va nghién
citu sy phit hop véi dit lieu thyce nghiém hién nay 1a nhu cau tat yéu, dic
biet 1a mo hinh 3-3-1 véi 8 bat ky (3318) c6 pho Higgs mdi duge xét dén
gan day. Hon thé nita, viéc nghién ctitu déng gop ciia cac hat méi vao cac
qua trinh ra ctia SM-like Higgs ¢ cac bac bo dinh 1 vong, nhu ra Higgs
ra photon va Z boson ciing rat quan trong. Nguyén nhan 13 tuong tu nhu
ra Higgs ra hai photon, bién do ra chi nhan dong gép bat dau tir bac mot
vong ctia 1y thuyét nhiéu loan, vi vay ti s6 ra nhanh kénh ra nay rat nhay

vOi cac dong gop bac 1 vong cua cac hat méi.

Mot trong cac hudéng nghién cttu nita cing mang tinh thoi sy do la
nghién cttu qué trinh ra vi pham s6 lepton thé he (Lepton flavor violating
- LFV) ctia boson Higgs trong cac BSM. Dé nghién citu qua trinh 1a vi
pham s6 lepton thé hé ctia boson Higgs chtung ta phai nghién ctu cac
mo hinh BSM dong thai cac mo hinh nay phai ¢6 chita nguon LEV. Mot
sO cac cac mo hinh théa man cac diéu kién trén 14 mo hinh 3-3-1 LHN
(Left handed heavy neutral lepton or neutrinos - LHN) [66], mo6 hinh 3-
3-1 tiét kiem [129],... Gan day mo hinh 3-3-1 v6i bicu dién fermion méi
(331 Flipped Models - chiing toi goi 1a cac mo hinh 331 dao) da duge gidi
thieu [112]. Diém khac biét v6i cac mo hinh 3-3-1 truyen thong 1a trong

cac mo hinh 3-3-1 truyeén thoéng cac bicu dién nhém fermion phan cuc



trai déu la cac bieu dién co ban tam tuyén hodc phan tam tuyén. Mot so
m6 hinh 331 dao dude mé rong dua vao viec xay dung bicu dién nhém
fermion mdi, trong d6 mot thé hé lepton phan cuc trai c6 thé duge dua
vao luc tuyén, hoan toan khac biét v6i cac thé hé quark va lepton con
lai [112]. Su sai khac trong biéu dién hat goi mé kha nang ton tai cac dac
diem tuong tac khac biét nhau gitta cac thé heé lepton, tit d6 sinh ra céc
qua trinh ra LFV nhiéu khac biét so véi du doan tit cdc mo hinh 3-3-1
truyen thong. Tuy nhién, cac qua trinh ra LFV trong cac mo hinh 3-3-1
mdi nay van chua duge khdo sat chi tiét. Vi vay, luan an tap trung mot

phan vao nghién citu ra LEV trong cdc mo hinh loal nay.

Téng quan tinh hinh nghién ciu

May gia toc hadron 16n (LHC) thong bao tim ra hat boson Higgs vao nam
2012 [3,23]. Mot s6 bang chiing ctia thyc nghiem veé sy ton tai qua trinh
ra h — 7 chi xuat hién do déng gép bac mot vong ciing da dugc cong
b6 [24,53]. Tuy nhién, kénh ra h — Z~ chi nhan déng bo dinh ciing dugc
duy doan bdéi SM nhung van chua duge thuc nghiém phéat hién cho t6i thoi
diém hién nay. T¥ lé ra nhanh ctia kénh ra nay ducge du doan 1a c¢6 cling
mot bac véi qua trinh 14 h — 7 trong mo hinh chuan [116]. Bé rong

phan ra bac mot vong ctia qua trinh ra h — Z~ da dugce tinh toan trong



trong khuon kho 1y thuyét SM va mo hinh chuan mé rong sieu déi xing
clia n6 [6,33,70,72,90]. T nhiing s6 lieu thuc nghiém, kénh ra nay van
dang dugc tim kiém tai may gia toc LHC bdi CMS va ATLAS [7,25,26].
Nhiéu thao luan lién quan dén céc nghién citu ctia kénh ra nay ciing dang
nam trong cac dir an thu nghiem da duoc lén ké hoach nhu tai LHC ciing

Te~ va ngay cd va cham 2

nhu trong tuong lai gan cho cac may gia toc e
proton ¢ nang lugng 100 TeV [69, 128]. Trong cac mé hinh BSM, nhiing
dinh tuong tac méi clia Z boson véi cac hat méi chac chan sé xuat hien.
Nghién ctu qué trinh ra chi nhan bo dinh tit bac mot vong ciia boson
Higgs tua SM h — Z~ bi anh huéng bdéi sy dong gop cua cac fermion
madi va cac hat vo huéng mang dién da duge nghién cttu trong mot s6 mo
hinh BSM [6,27,34,105,130]. 0 dong gop bac mot vong, bién do cia qua
trinh 4 h — Z~ ciing chia dong gop tit cac hat boson chuan méi clia
cac mo hinh BSM dugc xay dung tit cac nhom 16n hon nhu nhém dién
yéu trai-phai ctia mo hinh 3-3-1 [73]- [92] Gan day, bieu thic tinh gii
tich tong quat cho doéng gép bac mot vong vao bien do ra h — Z~ trong
cac mo6 hinh BSM da duge thuyc hién [91]. Qua trinh ra h — Z~ mac du
da dugc thyc hién trong mot s6 mo hinh néi trén, nhung chua duge khao
sat chi tiét trong mo hinh 3313, c6 tinh dén tat ca cac dong gop bac mot
vong cua cac hat mdéi. Trong luan an nay, ching toi dya trén mo hinh

3318 va mot s6 khao sat duge thao luan gan day [1,2,59,60,89,109] dé



thuyc hién khao sat qua trinh ra h — Zv trong giéi han mo hinh 3315.

Bén canh do, cac kéenh ra LFV cia cac lepton mang dién thuong gap
da duoc thuc nghiem tim kiém, mac du 1y thuyét SM du doan nguon vi
pham nay khong ton tai. Trong hau hét cac mo hinh, cac kénh ra nhu vay
chi xuat hién khi xét dén dong gép bac cao, vi du nhu cic qua trinh ra
LFV cia 7 — py, 7 — ey, up — evy.... Tuy thuc nghiém chwa phat hién
duge cac kénh ra nay, cac giéi han trén cua ty 1é ra nhanh (BR) da duge

thyc nghiem xac dinh rat chat ché [22,49,77,78].

Tuwong tu nhu vay, cac kénh ra LE'V ctua Higgs boson dang duge tim
kiém bdi thuyc nghiem nhu b — er, h — ey, h — ut,..., cing la vat 1y
mdi khong co trong du doan ciia SM. Ngoai LHC, tat ca cac may gia toc
da ton tai trude day déu chua du nang luong dé tim kiém céc kénh ra
nay. Dac biét nam 2015, giéi han trén cho ty 1é ra nhanh ctua qua trinh
ra hY — pt7rF da duge xac lap, BR(hY — p7F) < 1.5 x 1072 v6i do tin
cay 95% bdi CMS va BR(hY — p*7F) < 1.85 x 1072 véi do tin cay 95%
tit ATLAS [50,134].

Song song véi cac nghién citu vé thyc nghiém, c6 rat nhiéu cong trinh da
nghién citu qua trinh ra LEV vé 1y thuyét nhu [35,42,65,75,79,127,136],
trong d6 c6 mot s6 mo hinh da dy doan ty lé ra nhanh 16n gan véi gia

tri gi6i han trén cia thuc nghiém [4,36,43,44,76,104]. Céc gi6i han thyc



nghiém mdi nhat lien quan dén ra LEV la

BR(T — py) < 4.4 x 1078,
BR(T — e7) < 3.3 x 107°,

BR(p — e) < 4.2 x 10713, (1)

Tu nhitng van dé da dé cap 6 trén, trong luan an nay ching toi tap
trung khdo sat hai qua trinh ra: Thi nhat, qua trinh ra hiém h — Zvy
trong mo hinh 3313. Trong d6, chung toi sé khdo sat chi tiét trong mot
s6 truong hop cu thé cia . Cac qua trinh ra ctia boson Higgs trung hoa
trong cac mo hinh dé xuat cling sé duge ching toi thuc hien. Thi hai,
chung toi khao sat qua trinh ra LFV trong moé hinh 331 dao, tap trung
chti yéu khai thac vao phan lepton véi cac bieu dién méi dé tim ra sut khac

biét so v6i cac mo hinh truée do.

Muc dich nghién cttu

e Nghién cttu vé mo hinh 3313, 331 dao
e Nguon LFV trong mo hinh 331 déo.

e Xay dung cac cong thic giai tich cho qua trinh ra h — Z~, vy trong
mo hinh 3318, ra h — eqep, e — ey trong mo hinh 331 dao.

e Khao sat ty lé ra nhanh ctia qua trinh ra h — pr, h — Z~ .
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P6i tuong va pham vi nghién ciu
e Dinh tuong tac LFV, dinh tuong tac lien quan dén ra h — Zv, Gian
do Feynman va bién do ra tuong ting v6i cac qua trinh ra da deé xuat.

e Ham Passarino — Veltman (PV) tng v6i 2 qua trinh ra h — Z7,

h — eqep.

e Khio sat s6 qua trinh rd& h — Zv va h — pur trong 2 mo hinh dé

Xuat.

Phuong phap nghién ctu

e St dung phuong phap Ly thuyét truong lugng tit dé xay dung céc
cong thiic giai tich.

e Stt dung phan mém Mathematica dé giai s, vé do thi.

NOI DUNG NGHIEN CUU

Chuong 1: Tong quan vé cac mo hinh 3-3-1.
1.1 Cac han ché ctia mo hinh chuan.

1.2 M6 hinh 331 dao.

1.3 Mo hinh 3-3-1 vé6i 8 bat ky.

1.4 Két luan chuong.



Chuong 2: Két qua giai tich ctia qua trinh ra LFVHD trong mo hinh
3-3-1 dao.
2.1 Nguon vi pham s6 lepton thé hé va cac tuong tac lien quan dén cac
qua trinh LEVHD
2.2 Biéu thic giai tich ciia bién do clia qua trinh 14 b — pr.

2.3 Két luan chuong.

Chuong 3: Két qua tinh s6 va bién luan qua trinh ra h — u7 trong mo
hinh 3-3-1 dao
3.1 Viing gidi han ctia cdc tham so.
3.2 Két qua khéo sat sd va bien luan

3.3 Két luan chuong.

Chuong 4: Két qua gidi tich ctia qua trinh ta h — Z~, vy trong mo
hinh 3-3-1 véi 8 bat ky.
4.1 Céac tuong tac lién quan dén cac qua trinh ra h — Z~v, vy
4.2 Biéu thitc giai tich ctia bien do clia qua trinh ra h — Z, 7.

4.3 Két luan chuong.

Chuong 5: Két qua tinh s6 va bién luan qua trinh ra h — Z+v, 7 trong
mo hinh 3-3-1 véi B bat ky.
5.1 Vung gidi han ctia cac tham so.

5.2 Két qua khao sat s6 va bién luan



5.3 Két luan chuong.

KET LUAN VA KIEN NGHI

Két luan chung: Tém tat cac két qua chinh thu duge tit 5 chuong va deé

xuat huéng nghién cttu ¢ the phat trién tot tiép theo tir dé tai luan an.

PHU LUC
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Chuong 1

TONG QUAN VE CAC MO HINH
3-3-1

1.1 Céac han ché ctia md hinh chuan (SM)

Mo hinh chuan 1a 1y thuyét t6t nhat vao nhitng nam ntta cudi ctia thé ki
XX. Mo hinh chuan duya trén nhom doi xing SU(3)c ®@ SU(2), @ U(1)y,
trong d6 SU(3)¢ 1a nhom doi xiing mau tac dong lén cac quark mang
tich mau, mo ta tuong tac manh, tuong tac gan giiia cac quark thong qua
viée trao doi 8 gluon khong c6 khéi lugng; SU(2)r 1a nhom téc dong len
cac fermion xoan trai, nham xac dinh tuong tac van nang V-A; U(1)y
la nhom chuan gian véi s6 luong tit 1a siéu tich yéu Y, két hop véi nhém
SU(2)r, mo ta tuong tac dién tit va tuong tac yéu lén cac hat co ban.

Mau chuan S.Glasshow, S.Weinberg va A.Salam da két hop tuong tac
dién-tit va tuong tac yéu, dya trén nhém doi xing chuan SU(2), @ U(1)y
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véi cac hat truyén tuong tac yéu la W+, W, Z. Trong mo hinh nay céc
fermion duge tach thanh thanh phan xoan trai, xoan phai 1a cach don
gian dé c6 dong V-A clia tuong tac yéu. Mo hinh Glashow - Weinberg -
Salam (GWS) gidi thich sy ton tai ctia cac hat co ban va cac tuong téc
gitta chung chi véi 6 lepton (e, ve, i, vy, 7,v7); 6 quark (u,c,d, s,t,b); cac

hat truyen tuong tac (W, W=, Z ).

Tuong tac dién ti la tuong tac tam xa gitta cac hat mang dién, dugc
mo t4 bang doi xtng chuan U(1)¢ trong dien dong luc hoc luong tii. Hat

truyen tuong tac dién tir 1 cac photon khong c6 khoi luong.

Tuong tac manh la tuong tac gan gitta cac quark, duge mo ta bang cac
d6i xing chuan SU(3).. Mdi quark ¢6 mot trong ba tich noi tai goi la
mau (do, xanh da troi, xanh luc). Céc quark tuong tac véi nhau nho trao
doi gluon mang mot mau va mot phan mau. Co 8 gluon khong co khoi

lugng.
Tuong tac yéu la tuong tac ngan trong cic qua trinh ra, dugc mo ta
bang cac déi xing chuan SU(2)r. Dong tuong tac yéu c6 dang V-A
o had lep
Jy = Jhad g glev

T =y (=) L = T = T (1.1)

ZZB,M,T

Trong d6 dong J/lfp la dong tuong tac yéu clia cac lepton, J[jad la dong
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tuong tac véi cac hadron. Tuong tac yéu c6 xuat hien dong V — A lién

quan dén cac fermion trai va phai duge dinh nghia nhu sau:

Y = %(1 —Y5)¢, YR = %(1 +75)1. (1.2)

Dat: Py = 3(1 — ), Pr = 3(1 + ) 1a hai toan tit chiéu c6 tinh chat:

PP, = P, PLPr=0, PrPL=0,

PrPr = Pr, P+ Pr=1.

Tuong tac dién tir va tuong tac yéu dude thong nhat thanh tuong tuong
tac dién yéu, mo ta bdi déi xting chuan SU(2)r, ® U(1)y, goi la mo hinh

Glashow-Weinberg-Salam.
Tuong tac dién tu c6 dong:

T =Pty

Trong mo hinh chuan cac hat fermion duge chia lam 3 ho (thé he ):
Ho thi nhat: e, ve,u, d.; ho thi hai: u=, v, ¢, s.; ho thit ba: 77, v, ¢, b.
Dé ¢6 dong tuong tac yéu dang V-A ngudi ta xép cac hat trai vao ludng
tuyén ctia nhom SU(2)y, (ky hiéu ludng tuyén trai la L) va cdc hat phéi
vao don tuyén ctia nhom SU(2)y (ky hiéu don tuyén phai la R). Tinh
chat vat 1y ctia cac thé he (ho) 1a tuong duong, chi khac nhau vé mat khoi
luong clia cac hat. Vi vay, ta chi can xét mot thé heé 1a co thée ap dung
cho céac thé hé con lai. Ta xét thé hé thi nhat.
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Trong mot thé he viec sap xép cac hat phai thda man:
+ Khong tron lan gitta cac quark va lepton.
+ Céc hat phan ciye trai xép vao ludng tuyén, cac hat phan ciic phai xép

vao don tuyén, cu thé la:

Vel ur,
N(Qu_l)a ~ (27%)7
€r, dp,
4 2
€ER ~ (17_2)7URN (17§)JdRN (17_5) (13>

Dé ¢6 sit bao toan dién tich thi biéu dién ma tran cia toan ti dién tich

phai c6 dang chéo, v6i bicu thitc qui uée trong SM 1a

Q=Ty+Y, (1.4)

trong do T3 = % cho ludng tuyén va o, la ma tran Pauli; Y la siéu tich;

a, B 1a cac heé sob.
V6i phép bién doi chuan dinh xit ctia nhém SU(2) 7, x U(1)y, cac truong
ludng tuyén trai L(z) va don tuyén phai R(z) bién doi nhu sau:

Ja

L(x) - L/ (x) — e—iwa(:c)7 —iw/(:p)YLL (l,) ’
R(z) — R (z)=e “@YRR (),
trong d6 g va ¢’ tuong ting 1a hing s6 tuong tac ctia hai nhom SU(2)r, va

Uy
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Goldstone boson ctia truong chuan la cac boson spin 0, la cac trang
thai rieng khoi lugng bang khongcetia cac thanh phan Higgs xuat hién sau
khi qua trinh pha va d6i xing. Ching l1a cac thanh doc bi truong chuan
hap thu dé nhan trd thanh truong chuan c6 khéi lugng (co ché Higgs).
Ching ta c6 thé lam mat tac dong ciia Goldstone boson trong qui téc

Feynman bang cach ding chuan unita.

Lagrangian toan phan trong mé hinh chuan bat bién duéi phép bién
ddi Lorentz, bién doi nhém va thoa man yéu cau tai chuan héa dude va

duoc xac dinh theo biéu thiic:

L= Lgauge + LHiggs + Lfermz’on + LYukawaa (15>

trong d6 Lgauges Liiggs: L fermions Lyukawa 1an lugt la Lagrangian ctia
truong chuan, truong Higgs, cac truong fermion va Lagrangian tuong tac
Yukawa c6 biéu thitc cu thé nhu sau:

1 va 1 v
Lgauge = _ZF,uuaFM - ZBMVBM )

Litiggs = (Du)" (Do) =V (9),
L termion = Liepton + Lguark
= iL" D, Le + iépy" Dyer +iqry" D,uqr + itigy" Dyug + idpy" D,dp
Lyukava = —h* (Lugen +nd* L) = h* (@16un + e ar
— h* (qrodr + dro*qr) , (1.6)

trong do Le, qr, 1a cac ludng tuyén lepton va quark trai, ¢¢ = ioed*, con
fr(f = e,u) 1a cdc don tuyén phai. Nhu vay, tuy SM da rat thanh cong
trong viec thong nhat cac tuong tac, mo ta day du dic diem ve khoi luong
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va tuong tac cac hat va con dua ra cac tién doan chinh xac da duge thuc
nghiém xéac thie. Tuy nhién SM van con nhing han ché can duge khac

phuc:

Thit nhat, SM mo ta dugc ba loai tuong tdc manh, dién tiu va yéu

nhung chua thong nhat tuong tac hap dan.

Thit hai, trong SM, neutrino khong c6 khéi lugng. Nhung phat hiéen
ve su chuyén héa neutrino khi quyén trong thi nghiém ctia nhom Super
Kamiokande (1998) [68,84] da chi ra rang neutrino c¢6 khoi lugng khéc
khong va c6 sit chuyén hoa gitta cac thé hé khac nhau ctia neutrino. Diéu
nay ching t6 rang c6 su vi pham s6 lepton thé hé trong viing lepton trung

hoa, trong SM dai lugng nay bao toan tuyéet doi.

Thit ba, mac dit hat boson Higgs da duoec LHC quan sat v6i khoi luong
khoang 125 GeV, nhung chua khang dinh no6 c6 phai la boson Higgs ctia
SM hay né dén tit mot mo hinh nao khac, do nhiéu dac diém tuong téc
clia n6 van chua dude thuce nghiem xac dinh cu thé dé c6 thé so sanh duoc

v6i cac du doan béi SM.

Thit tu, trong SM, chua c6 co sé Iy thuyét hay diéu kién nao budc so
thé hé cua cac fermion phai la 3. Ngoai ra, SM chua giai thich dugc su sai
khac khoi lugng cua top quark gitta ly thuyét (khoang 10 GeV) va thuc

nghiem (175 GeV). Bén canh d6, mot s6 van deé chua c6 cau tra 101 thoa
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dang nhu vi pham tich lien hgp dién tich-chén 1é (CP) manh véi doi xing

Peccei-Quinn, luong tit hoa dien tich, vat chat toi,...

Ngoai ra, SM duge xem chi ding ¢ mién nang luong thap, khoang 200
GeV, 1a mién nang luong géc Weinberg c6 thé do duge. Viec mé rong SM,
dong nghia v6i viec mo ta cac tinh chat vat Iy § mién nang lugng cao hon.
Dicu nay that su can thiét vi né co thé giai quyét cac van dé ma 1y thuyét

SM khong thé giai thich, dong thoi chita dung nhiéu tin hi¢u vat 1y méi.

1.2 M5 hinh 3-3-1 dao (331 Flipped Models)

Cau truc cla cac hat cia mo hinh duge trinh bay trong bang 1.1.

Toan t1t dién tich c6 dang:

Q:T?’—I—%TS—FX, (1.7)

voi T38 1a cac vi tit ctia nhom SU(3). Cac boson Higgss c6 trung binh

chan khong (VEV) duge xéc dinh nhu sau:

1
o) =n; + 7 (Ro, +il,), (0V)=mn;, i=1,2,8,

1
ngka+ﬁ(f€a+i[a), (HY) = ko, a =1,2,3,8,

AV =g + % (Ra +iIa), (AY) =eg, (1.8)

Vil €5 < k1235 < nigg la tong quat [112]. Them vao do, eg va kg
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Hat Biéu dién biéu dién theo nhém SM Cac thanh phan # S6 vi

theo nhom 3-3-1

() L2 Lo,
Le (1.6,-3)  (13.0)+(1.2-4)+(11-1) 130 m e
%Ve %e E, .
Lopr (1,3,-2) (1,2—%) + (1,1,—1) (Vs €as Ba)
Car (1,1,-1) (1,1,4) Car
Qo (3.3.3) (3.2.1) +(3,1.3) (da 10, Ua)
UoR (3,1,2) (3,1%) Yo
dar (3,1,-1) (3.1.-3) dar
Pi1,2 (1,3,1) (1,5,%) + (1,1, 0) (H, H,0%)"
s (1,3,-2) (1,5,—%) n (1,1,—1) (HY, Hy .o5)"
At LA Lpg
s (1,6,2) (1.31) + (1.2.4) + (1.10) LAY A LHY
LHE LHY ol

Bang 1.1: Biéu dién s lugng tit clia cac hat trong mo hinh 331 dao [112].

phai nho dé sinh khoi neutrino phit hgp véi dit lieu thue nghiem. Do dé,
ching toi chon ks = eg ~ 0 khi tim trang thai riéng khoi lugng va trang
thai vat 1y clia cac Higgs va boson chuan.

Lagrangian Yukawa cho phan lepton dugc viét nhu sau:

lepton Z Z Zyaﬂ eﬁRL Qb +Z yﬁeﬁRL S*+y€”( e)CLeS—I—H.C.,
1=1 a=u,7 =1

(1.9)

trong do s6 hang tensor bat bién ctia tich ba luc tuyén duge khai trién

nhu sau: (Le)°LeS = €ape€iji(Le)C i (Le)pjSer [54, 71]. Luu ¥ rang ¢g chi

xuat hién trong phan Lagrangian Yukawa ctia quark.
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Cac fermion dugc trinh bay dudi dang spinor hai thanh phan trong
phién ban goc, xem bang 1.1. Trong nghién citu nay, ching toi sé st dung
ky hiéu spinor Dirac bon thanh phan, diya trén sit tuong duong dude dua
ra chi tiét trong [63]. Dac biet, spinor Dirac f = (f, fr)!, véi frr
Ia thanh phan trai (phai) tuong tng clia fermion, cu the: f; = Prf va
fr = Pgf. Lien hop Dirac duge viét nhu sau f = f14° = (fr, fr).
Lien hop dien tich: f€ = CF = ((fr)°, (f2)°)T, tuong tng véi he thitc
(frr) = PrLrf¢. Céc lepton Majorana théa man f¢ = f két qud la
frr = (frr) Theo két qua nghien ciu trong [112], dua trén co s6
\Ing = (eq, FEa, Ee,e, E_)gR ma tran khoi lugng ctia cac lepton mang
dién tich luon c6 mot trang thai rieng khong co khoi lugng & bac cay,
tuong ting v6i khoi lugng electron thong thuong m,. = 0. Tuy nhién khoi
luong nay phit hop véi thuce nghiem khi bo dinh bac mot vong dude tinh
dén. Dé don gian trong cac tinh toan tiép theo, chiing toi sé gia st chi
nhiing lepton mang dién ngoai lai E,, E,, E; tron lan v6i nhau dé dam
bao cac dinh tuong tac cho dong gop vao bién do bac mot vong cia phan
ra LFV. Mat khac, tat ca cac trang thai ban dau clia lepton mang dién
trong SM va ¥~ la trang thai vat 1y. Diéu nay tuong tng vé6i dieu kién

€, kg,ni, ks >~ 0. Dinh tuong tac Yukawa I6n ctua trang thai vat 1y u, 7 va
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Y~ dugc viét theo cac biéu thiic sau

/(1 m /(1 m / my-
it Zk—l“, yas) :k—f, y = (1.10)

 2ng’
Luu v rang khéi luong khéac khong ctia electron thu duge tit bo dinh bac

mot vong [112].

Co 86 ban dau (E,, E-, E,) tuong tng véi so6 hang khoi luong sau,

T
_'Cgmss: (E,uR E. R EeR) MEM,W <ETL E,uL EeL) + H.c.,

/(2 /(2 /(2
[ )

Mg, =na [ 4 L@ L@ | = oy, (1.11)

ng. ¢ nsg, ll Ng

\ v Gl el
¢ day ching toi da st dung gia thiét mot s6 dinh tuong tac Yukawa
trong Lagrangian (1.9) bang 0. Ma tran khoi lugng lepton trong phuong
trinh (1.11) 1 tiy ¥, do d6, né duge chéo hoa bdi phép chuyén co s6 sau

day:

Et E .
Vi MEW,EVL = diag(mpg,, mp,, mg,),

(5,) ()

E - VJQL By : (1.12)

\Ee) RL \E?’) R.IL

v6i mp, la khoi lugng ctia cac trang thai vat ly Eipr, = 1,2,3 Dé

don gian trong nghién ctu nay, chung toi sé chon Vf? = I3, con VLE dugc
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tham s6 hoa theo ba géc tron tu do 9”, i,7=1,2,3 (i < j), cu the:

(1 0 0 cE 0SB\ [ sE o
VE = 0 o s 0 1 0 —st, B0
\0 —s§ ) \~sf 0 cff 0 0 1
( Bk sy sE
= | —cnsth — chhsissy cnacys — spsissy cipsy [ H(113)
\ shshh — kst —chsh — chshsth cBex

E ¢E = cos0E, toan bo pha Dirac va Majorana dude chon

VOl 85 = sm@”, i i

bang 0. Ma tran nay dap tng chinh xac tinh chat unitary. Chiung toi sé

s dung 3 - nhu tham s6 tit do.

Cac dinh Yukawa con lai 14 khac khong dé tao ra khéi lugng neutrino
hoat dong va goc tron phu hgp véi cac thi nghiém, xem cac thao luan trong
tai lieu tham khdo [112], nhung ching rat nhé va khong duge xét dén trong
nghién cttu nay. Chung toi ciing luu v rang cac diéu kién trong phuong
trinh (1.10) van cho phép quark phai trong SM ¢6 khdi lugng va tron.
Tuong tur nhu vay, ¢6 mot neutrino Marojana nang ¥, = (29, 3007
s6 hang khoi lugng —1/2(—2y""ng)2%0 + H.c.. Ba neutrino hoat dong
khac c6 khéi lugng phit hop va tron tit cac bo dinh bac mot vong, trong dé
phtt hgp v6i truong hop phan bac nghich cia dit liéu dao dong neutrino,
voi ba trang thai vat 1y ni, no,ng [112]. Cac trang théi rieng khoi lugng

va khdi luong ctia lepton trung hoa nang la

ng = iXy,  mp, = my- = 2ngy"" (1.14)
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Dinh tuong téc suy ra tu Lagrangian (1.9) chita lepton mang dién tich

thong thuong c6 bicu thic sau:

- - . __
Ly =~ k_f [HY TRpe + 0V ARELL + Hy iRV

HO* —
— ﬁ {EuRylé )+ ETRyli )+ EeRylé )} L

/431 [Hl TRTL + 01 TRET’L + Hl_ﬁl/ﬂd

HY r—— o9)  —— 42) —— 2
- % {EM,R?JQL(% )+ ET,RyQEl )+ Ee,Ryzé )} L

HO* L my- —
_ 752 FEuRyg’ + B gyt + EQR%} er + n—SHg*zR er

ms- ++75 e U

— Ty re —|— A er)er + n e
\/§n5 eLeLt (er)cer \/_ns AL €L

+ H.c.. (1.15)

Tuong ting v6i gia dinh trén rang ma tran khoi luong ctia tat ca cac lepton
mang dién thong thuong la chéo (trang thai ban dau trung trang thai vat
I¥), dinh tuong tac Yukawa lien quan dén bo dinh bac mot vong phai
ddm bao rang si ton tai dinh tuong tac clia cac boson Higgs mdi véi cac
lepton tich dién trong SM khac thé he. Nhu ching toi sé trinh bay sau
day, trong truong hop chiing t6i xem xét boson Higgs tua SM sé la h ~ Rj
khi ching toi cho rang k1 < k3. Két hop véi Lagrangian (1.15), chung ta
c6 thé thay rang cac dinh tuong tac ¢ bac cay cta SM-like Higgs hege;
khong xuat hién. Lepton trung hoa nang ng khong két hop véi lepton tich
dien thong thuong. Ddi véi cac dinh tuong tac clia hege; xuat hien tir sy
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pha tron nhé clia Rg va Ry cho e; = p, 7 va bo dinh bac mot vong cho
electron. Cac dinh tuong tac nay cho cac déng géop nhé doi véi cac phan

ra LFV vi vay ching t6i bo qua.

Dao ham hiép bién ctia nhém SU(3)r, x U(1)x dugce dinh nghia nhu
sau:

Dy = 0y —igWiT" — igx T° X X, (1.16)

voi T (a = 1,2,..,8) la cac vi tit cia nhom SU(3) tuong tng véi céc
boson chuan Wi, T9 = \/LE‘ la vi t1t cia nhém U(1) x tuong ting véi gauge
boson X, va X 1a tich chuan ctia nhém chuan U(1)x. Cac truong hop cu

theé:

e V6i don tuyén ctia nhom SU(3)r: T* = 0 Va = 1,2, ..,8; vi t1t nhom

U(l)x thi T9 = %

e VGi tam tuyén ctia nhom SU(3)p: T* = %)\a Va = 1,2,..,8, T? =

\/Lélg, vdi Ag la cac ma tran Gell-Mann. Cac thanh phan hiép bién c6

the viét lai:
3 8
/Wﬂ + \fWM VoWt V2yt )

1
Wa=WeT = | vaws i LwE vaye |
_ 0% 2 8
\ V2Y, V2V, i)

(1.17)
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trong d6 trang thai khéi luong clia cac boson chuan:

L TR B TU U B AS

e V6i phan tam tuyén cta nhom SU(3)y: T = —%)\* = —%)\T Va =

9_ 1
2,8, T9 = LI,

e VGi luc tuyén ctia nhém SU(3)y, ky hicu 1a S ~ (6,2/3), cho trong
bang 1.1, trong biéu dién tam tuyén citia nhom SU(3)y, chiing ta c6
the viét toan tit dien tich, TS = SA/2 + A\/2ST [13]. Do d6 céc
vi tit trong dao ham hiép bién ¢ thé viét theo dang bicu dién tam

tuyén nhom SU(3) [13,135], cu the:

X
~_X,S. (1.19)

DS = 0,8 —ig [SW, + SW | — igX\/é

Mo hinh pha vd dbi xtng theo céc bude sau SU(3), x U(l)x —

SU@)L x UL)y 22 U(1)g, v6ii=1,2,5 via = 1,2,3, 5.

Dong nang hiép bién ciia boson Higgss viét nhu sau

3

L, =Y (Dudi)' (D"¢i) + (DuS)(D!S). (1.20)

i=1
Tit d6, ma tran binh phuong khéi luong ctia cac boson chuan tich dién
trong co s6 (W=, V=) duge viét nhu sau

vz, =Y ( ki® o+ ko® + ks® + ks® 26 kina + kang + V2ksns + V2kses )
vE T 5 :
2

king + kong + \/5]{?5715 + \/51{3585 k32 + ]{552 + n12 + n22 + 2n52
(1.21)
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Véi diéu kien gia thiét da thao luan 6 trén 1a di dé gia dinh rang k; /n; < 1
choi =2, S. Do do, nhitng s6 hang khong chéo trong ma tran binh phuong
khoi lugng (1.21) 6 thé bé qua. Trong nghién citu nay, chiing toi sé chap
nhan rang:

n—0, 2_ K oy (1.22)
no  ng

Cu thé, ching toi sé chon kj 9 g ~ O(10) GeV va va ng s ~ O(103) GeV,
dan dén két qua sau: k;n;GeV?/(246GeV)? < 1. Cac gia tri khac khong
cta ki van cho phép cac dinh tuong tac Yukawa cua cac lepton mang dién
tich thong thuong nhan gia tri hop Iy duge dua ra 6 Lagrangian (1.15).
Chiing toi luu ¥ rang viéc lya chon gia tri trung binh chan khong VEV
nay van cho phép tao ra khoi lugng quark phtt hop nhu da thao luan truée
day [112]. Khdi lugng va trang thai riéng vat 1y clia boson chuan mang
dien {W*, Y*} duge viét nhu sau:
WE o~ WE md, =202 %= (k% + k3 + k3 + k?q) :

, my=2u?, u=(kj+kg+ni+ni+ng). (1.23)
Dong nhat W= véi boson chuan trong SM, chiing t6i suy ra v ~ 174 GeV.
Néu stt dung diéu kien k1 2 g = O(1)GeV thi ching toi suy ra k3 ~ v. St
dung gia thiét néu ra trong phuong trinh (1.22) khéi lugng boson chuan

trung hoa c6 thé duge xac dinh.

Cac boson VY va V% khong tron véi cac boson trung hoa khac. Khoi
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lugng va trang thai vat 1y clia cac boson nay duge viét nhu sau

2
VOV mi =T (a4 n3). (1.24)

Dé don gian trong tinh toan khoi luong va trang thai rieng vat 1y clia céc
boson chuan trung hoa, chiing toi sé gi6i han rang ki1, ke, kg, €5 < k3. Do
do, cac boson chuan trung hoa nay sé khong tron véi ReV?. Trong co s6

(X, Wj, WE), binh phuong ma tran khoi lugng c¢6 dang:
%t2 (3n52 +u? + 41}2) —%\/gtv2 —%\/Qt (3n52 +u? + 1)2)

2 g 2
Myss =% —§\/gtv2 v? v :
—%ﬂt (3n52 +u? + 02) % (12n52 +4u? + 02)

S|e
w [ \v)

(1.25)
Vol t = gx/g. Cac ma tran nay sé dugc chéo hoa bdi mot ma tran tron

C duge xac dinh bai hé thue:
M7 = CT M5 35C = M = diag(0, M7, M3 ). (1.26)

Co6 thé tém tat ba budc pha v nhu sau: X, WE, WS an, By, WB, Z,
O, Ap, Zy, 7, LA Ay, Zy, Zoy, tuong tng ba trang thai vat ly cla
boson chuan. Hai trong s6 ching duge dong nhat véi photon A,, khong
c6 khoi lugng va boson chuan Z; trong SM duge thiic nghiém tim ra. Sau
bude pha vo thit nhat:

1 >
Y = —T8+ X, o 9x _ 3V2sw (1.27)

3 5
V3 I /3 —4s2,

v6i g va sy la cac tham s6 da biét duge dinh nghia trong SM. Cu thé
I3 hdng s6 tuong tac ctia nhom SU(2)y, va sin goc Weinberg. Trong budc
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bude pha v6 thit nhat, hai boson chuan trung hoa WE va X, tron véi
nhau, sinh ra hai boson B, va Z;/L' Go6c tron duge xac dinh la goc 0331 va

da duge dua ra trong [13]:

S331 = sinf33] =

Vg
=/1—1%,/3,
\/69% + 9% /3
tw

C331 = COS (9331 = —. (1.28)

V3

Mo6i quan hé gitta trang thai ban dau va trang thai riéng vat 1y ciia boson

chuan trung hoa dugc xac dinh theo hé thic sau:

X, (51 0 com \ [ew —sw 0\ (1 0 0 Ay Ay
wil=10 1 0 swoew 0|0 co —so| | Z1u|=C | Z1p
wy \c?,gl 0 —s331 0 0 1/ \0 sp ¢ Zoy, Zoy
s331cw, (—S3315wCh + C33159) ,  (S3318W 89 + C331Cp)
O — - e —SgCu ; (1.29)
\03310W7 — (ca31sweg + 833150) ,  (C3315W 59 — $331C9)

Stt dung gi6éi han 6% < k< n%s, goc tron 6 duge xac dinh nhu

trong [16]:

/3 — dsu 202
5 dsw (1.30)

Sg = sinf ~ .
’ dew* (3ng? +u?) + 2 (253, — 1) v?

Khéi luong clia cac boson chuan trung hoa trong giéi han tren duge viét

nhu sau:
2.9
2 2 g-v
my = 0, mzl—mZ:2—7
%
422 (u? + 3n2
m3 ~ my = g iy 5 S). (1.31)
2 3—45W
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Dé dong nhat duogc hat Higgs tua SM dua trén tuong tac ciia no véi cac
boson chuan W* va Z, ching toi liét ké cac s6 hang tuong tac clia cac
Higgs v6i boson chuan nhu sau:

9 3 3
g _
Ly :5(W+.W ) [Elj 2k;R; + 2ksRg + 4egRa + §_1 R? + R% + 2R3

2
+- L7
degy

3 3
> " 2kiR; + 2kgRs + SesRa + Y R+ RE + 4R}
i=1 i=1

(1.32)

Trong gidi han k1 29,5 < k3, ching t01 c6 k3 ~ v = V2my/g. C6
thé thay R dong nhat duge véi SM-like boson Higgs bdi vi ¢6 dinh tuong

tac dong nhat v6i dinh tuong tac ctia boson Higgs trong SM.

Trong cac nghién cttu trude m222 > mQZ, ta co sy < 1 dya trén phuong
trinh (1.65), do vay goc tron Z — Z’ sé duge bd qua trong nghién citu ra
LFV. Do d6 ching toi sé khong trinh bay van dé nay 6 day.

Thé Higgs c6 dang:

Vi =V (g1, 02,03) + V(S) + V (S, 9),
3

V (g1, d2, ¢3) = Z [M?Qﬁ@ + A <¢I¢i)2] + (M%z@ﬂ% + H.c.)

1=1

Y [ (ol (94er) + 35 (616,) (o1

i<ji,j=1

3
— ) V2 (edidion + He)

i<j<k,ijk=1

V(S) = Tr [12(S18) + AT (S19)%] + AS [Tr(519)]°,
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3
V(S,0) = Te(578) S A6lor + Tr(S'S) (X5 olen + T.c.)

i—1
3
+ 3N o550 + (Myel 556, + He)
i—1
2
>0 (818 Hee) + N [(05)eSu(61)(ds)ueign + Hee
i<jij=1
(1.33)
trong do, cac so hang bat bién trong luc tuyén Higgs dude lay dua trén

[115], € 1a tensor phan xing toan phan.

Co tat ca 8 Higgs trung hoa, tuong tng v6i 8 phuong trinh cic ticu clia
thé Higgs. Mo hinh yeéu cau tat ca chung déu phai c6 VEV khac khong.
Ching toi thay rang 8 diéu kién cuc tiéu ctia thé Higgs cho tuong tng 8
phuong trinh doc lap duoc liet ke trong phu luc A.2, véi gia thiét € = 0

dé cho don gian.

Déi véi cac dong gop mot vong ciia Higgs boson cho phan ra LEV cia
boson Higgs va lepton mang dién, chung t6i chi ¥ dén cac thanh phan
Higgs xuat hién trong cac sd hang tuong tac Yukawa duge dua ra trong
Eq. (1.15). Hon thé ntta, néu X~ hodc E, khong tron véi E,, ra LFV ¢6
chiia e 6 trang thai cudi bi triét tiéu, vi ching nhan doéng gop ti gian do
chtta cac neutrino nhe va Higgs mang dién don. O day, ching toi da chon
truong hop don gian k; < k3, nén ¢ thé chon k1 ~ 0 trong ma tran binh

phuong khéi lugng ciia tat ca boson Higgs. Chiung toi luu v k1 # 0 van
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can thiét dé sinh khéi luong quark phai ciing nhu cac dinh tuong téc clia
SM-like boson Higgs vé6i lepton mang dién thong thuong. Cac thao luan
chi tiét vé khoi lugng quark da duge trinh bay trong tai lieu [112].
Dé don gian trong viéc tim kiém trang thai vat 1y va khoi luong cta
cac hat Higgs trung hoa, ching to6i sit dung cac giéi han sau:
NS 50,00, = 0,757 =0,
#S
PG VAP Vg —"2—2 — 207 (1.34)
Can nhac lai rang céc gia thiét khac ma ching toi da dé cap 6 trén c6 the
duge ap dung dé tim kiém cac trang thai rieng vat 1y ctia boson Higgs:
ko, n1, ks, k1 >~ 0. C6 6 trang thai vat 1y ctiia Higgs trung hoa CP chéan:
Ri=h),R3=h,Ry, = hY, Ry, = hY, Ry, = h, Ra = hY,  (1.35)

tuong ting véi khoi lugng:

m¥ = uE = 2k12A) + ks?Ay + 122Xy + ng?Ag”,

m?—‘zg = 4>\3k§7 mgl = M/12 + 5\127”&% + stn%, m; = 4>\2n§,
2 2 /\S S n% 2¢2S
Mg, = 4ng(A] +A3) — Tng
2/ 3¢S ¢
no‘(ngy~ +
m2A = (nsy f2) — 2n52)\f. (1.36)
ns

Ma tran binh phuong khoi lugng ciia hai trang thai (Ra, Rg) 1a:

~ 1S #S
_nS(nSAQQbS + 2f§525) na(nsAs” +2f55 )

2 2
M2y = o A (1.37)
nQ(nS)\Q +2f22 ) _TLQQ(TLS)\Q +2f22 )
\/5 2715
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T day chung toi tim duge hai trang thai rieng khoi luong tuong ting mot
goldstone boson ctia VO, ky hicu la Gy, va mot trang théi rieng vat ly
ky hiéu 1a ag. Khoi luong va he thiic lien hé clia ching véi cac trang thai

dau la:
S
2 2 2 oy [ faz | Ao
mey, =0, miy = — (ny + 2n) <E+T> |
<R2> _ (Czs —823> (Gv>
s $2s  C2s @/n2—|—2n5 @/n2—|—2n8

(1.38)
Nhu cac gid dinh ¢ trén thi c6 mot goldstone boson Gy ctia boson chuan
khong hermitian V' va Higgs trung hoa nhe CP chan h = Rs. Hat Higgs
nay c6 theé duge dong nhat véi boson Higgs tua SM duge tim thay béi
LHC thong qua dinh tuong tac véi fermion va boson chuan, ching toi sé

trinh bay chi tiét ¢ phan sau.

Mo hinh chi chita mot cap boson Higgs mang dién doi AT* véi khoi

lugng:

oS

0S8
m2A++ = k32/\:q3b + n22 <_n2_z -

X;”) — 2ng2)\Y. (1.39)

Xét cac vo huéng tich dieén don, ching toi tim thay 2 trang thai riéng
khéi luong bang 0 tuong tng véi 2 goldstone bosons ctia W+ va Y+, C6
ba trang thai ban dau ciing la trang thai rieng khoi lugng ciia ching:

Gﬁ/ = H?j—L, me,, =0,

2 _ 2 270
M = 1 + k3" Agg,
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1 - 292 (ng\2” + 90
mas =3 (kg,?Ag,fS o (”SHQS ) ges) (140

Con 3 trang thai con lai (H;E, o, H;), binh phuong ma tran khoi luong

c6 dang nhu sau:

B - 5 2 (2f45 +nsAg”
kPN —ns(2fsy +nshgT)  kanadg a2l o)
2 3 3 A\ ansA3°
M3O'S = k3n2)\5¢3 )\537122 + nS2/\§S %
w M 1 k 2X¢S _ w
V2 V2 2 3 13 ng

(1.41)

Dé dang thay rang Det[M3 o] = 0, dan dén mot trang thai rieng khoi
lwong bang 0 c¢6 thé 1a goldstone boson ciia V.

Xét pho Higgs trung hoa CP 18, ¢6 3 trang thai rieng khoi luong bang

0 tuong ting véi cac goldstone boson clia cac boson chuan Z, 7’ va V.

Cu thé, biéu thitc khoi lugng va trang thai rieng khoi luong 1a

2o\ )
wh =i, =P ) g g
mg, =0, Gz =13, (1.42)

v6i Gz la goldstone boson bi an bdi Z. Nam trang thai con lai chia thanh
hai ma tran khoi lugng binh phuong, tuong tng véi co sé (Is, Ig) va
(I, In,, Isg), cu the:

~ #S 148
_n5(2f2¢2‘9 + ns)\gs) n2(2f5 +nsA5”)

M2, = V2
12s — ~ -
na(2f55 +nshy”) (2155 +nsAgS)
\/5 2”3
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( 5\%7@2 + n525\q1bs + uf? —4n52>\f25 2n2n5)\f§ \

M? = S s s
o120 T _4n52)\g1b2 —4n5f52 2n2f§)2 . (143)
S S 22 fsy
\ 2n2ns)\‘f2 2no f. 5)2 —= nJ; /

Dau tién ma tran 2 x 2 cho mot goldstone boson ciia V0 ky hieu la Gy,
me = 0 va trang thai rieng vat 1y ctia Higgs trung hoa CP 1é ag. Khoi

lugng va ma tran tron cua ching:

2 2 2 2¢QS 5\%55
mey, =0, g, = (=ng” = 2ng”) ns 2 )

= . (1.44)

Lién quan dén ma tran thi hai trong phuong trinh (1.43), dé dang kiem
tra thay Det [MgmA] = 0, tuong (ng ton tai mot trang thai khong c6 khoi
luong c6 thé dudge xac dinh Goldstone boson ctia Z'. Béi vi I, va Ia
khong lien quan véi cac dinh tuong téc trong bicu thic (1.15), n6 dong
gop vao bién do ra bac mot vong cua ra LE'V. Ching toi chon truong hop
don gian )\%S = 0, dan dén I, chinh la trang thai rieng khoi lugng. Céc

Higgs trung hoa CP 1é lien quan dén dong gop bac mot vong cua qua

trinh ra LEV la I, va ag.

Nhu théo luan ¢ phan boson Higgs da dé cap ¢ trén, ching ta c6 thé
thay rang Ry, va I, 1a nhiing phan thyc va o cia cing mot Higgs boson
vat 1y o1 véi khoi luong mgl = //12 + 5\1271% + S\fsn% Tuong tu, c6 boson
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Higgs ky hieu he = (hY + iag)/+v/2 v6i khoi lugng m%G = m3 = m3, cho
trong phuong trinh (1.38) va(1.44).
Tu thé Higgs don gian duge trinh bay 6 trén, quy tac Feynman cho cac

dinh tu tuong tac ctua cac boson Higgs dong gép vao bién do ra LEVHD

cho trong bang 1.2. Cht ¥ rang hé s6 dinh tuong tac hhghg bang 0.

Dinh Heé sé dinh Pinh  Heé s6 dinh

hd?d?* 7i)\13mw/g hO’?hg Zf¢)825/2

Bang 1.2: Quy tic Feynman cho hing s6 tu tuong tic ctia Higgs déng gop vao ra
LFVHD.

1.3 Mo hinh 3-3-1 véi 8 bat ky

Trong phan nay, dau tién ching toi sé tom tat cau tric hat trong mo hinh
3313. Céc lepton phan cyc trai va phai duge xép vao phan tam tuyén trai
clia nhoém SU(3)y, va cac don tuyén phai:

6/

a
N 1
LZLL: _V(/L N(173 __+F) 0,:1,2,3,

1
e;RN(]-;l)_l); V(ILRN(17170)7 ;RN<171’_§+_>7

trong do cac dai lugng trong ngoac don tuong tng la cac dai lugng dac
trung cac bieu dién ciia nhom SU(3)¢, SU(3)y, va siéu tich X ciia nhom
U(1)x. Mo hinh gom ba neutrino phan cuc phai (RH) v/ ,, va lepton ngoai
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lai nang E7 5.
Céc quark dugce sap xép dé dam bao dicu kien khtt di thuong, cu thé 1a
)
1
Qr=1da | ~ (3, S’B_L)’ (1.46)

\" /.
(4

L
—1
)7 ZLRN<3717?)7

—@), J§R~<3, 1,%+@), (1.48)

6dayi=1,2,a=1,2,3 va J,1, g la nhiing quark ngoai lai duge dir doan

béi mo hinh 331 3. Céc lepton ciing ¢6 thée sip xép theo mo hinh chia
ba tam tuyén lepton phan cyc trai, mot thé he tam tuyén quark va hai
thé he phan tam tuyén quark khac. Nhung hai st sap xép 1a tuong duong

theo ¥ nghia la ching du doan ctiing mot hién tugng vat ly [86, 121].

Dé sinh khoi luong cho boson chuan va fermion, can 3 tam tuyén Higgs
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nhu sau:

770
1B
= - [ ~(13,-2-22), 1.49
T ( 2 Né) )
\7")
Vi, A, B la céc dien tich tuong tng: A = H8V3 g = Z14HVS

Cac thanh phan trung hoa c6 trung binh chan khong nhu sau: (\*) =

U3 (%)

77 <p0> = 757 <770> - \1)/_157 dan dén:

0:1)3+7"3—|—ia3 <0>:U2+T2—|—ia2

V2 oo V2 oo

o, U1+rtia

(") N
(1.50)

Su phé vo dbi xting xay ra theo hai bude: SU3)r @ U(1)x = SU(2)1 ®

V1,VU2

U(l)y — U(1)g. Do d6, suy ra dieu kién pha vo tuong ung la vz >
U1, V2. O bude pha v& thtt hai, p va n déng val tro ctia hai ludng tuyén
SU(2), gibng mo hinh véi hai luéng tuyén Higgs (2HDM), ngoai trit sy

khéac biét trong dinh tuong tac véi cac fermion.
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Khoi luong va trang thai vat 1y clia cac fermion thu duge tir Lagrangian

Yukawa:

Y _ eT/ * |/ v/ * E77 * 1/
’C’lepton - _YabL aL®l €pr — YabL aLP Vpp — YabL aL X EbR + h.C.,

(1.51)

ﬁY _ —Y-d_/' d/ . Yd_/ *d/ . Yu_/ B Yu—/ %/
quark — zaQ iLPOqR 3@@ 3L Q4R ia& iLMUaR BaQ 300 UgR
~ Y QlinxTip — Y Q'spx " Jip + hec., (1.52)

Ching toi luu ¥ rang tiy thuoc vao cac gia tri cu the ctia 8, cac s6 hang
Yukawa mdi ¢6 thé xuat hien nhung c6 thé ap dung doi xing Z, dé loai

trit ching, xem mot vi du duge néu trong cong bo [64].

Nhu duge deé cap 6 trén, cac fermion thong thuong nhan khoi lugng ti
tuong tac clia ching v6i hai tam tuyén boson Higgs n va p, tuong tir trong
DM. Mt khac, cdc quark trén (dudi) déu tuong tac véi cd hai ba tam
tuyén Higgs, dan dén mot dac tinh khac véi bon loai 2HDM pho bién,
trong do tat ca cac quark trén (dudi) chi tuong tac véi cing mot ludng
tuyén Higgs dé tranh dong trung hoa thay doi s6 vi (FCNC), xem vi du
[106]. Két qua 1a nhiéu dac tinh tha vi lien quan dén dinh tuong tac cta
cac fermion thong thuong trong mo hinh 3318 da duge chi ra dé phan

biét cdc mo hinh 3-3-1 va mo6 hinh 2HDM  [64].

Céc fermion ngoai lai chi tuong tac véi tam tuyén Higgs y. Do do,
truong boson Higgs trung hoa trong [64] c6 dac tinh 1a xY khong cho
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dong gop vao dinh tuong tac ctia boson Higgs tua SM, do do6 boson Higgs
tia SM khong tuong tac véi tat ca cac fermion ngoai lai. Vi vay, fermion
ngoai lai khong dong gép vao bién do dong goép bac mot vong ctua qua

trinh ra h — ~~, Z~.

Khoi luong ciia fermion thong thuong dude xac dinh dya trén thao
luan trong [13,64,85], 6 day ching toi b6 qua géc tron gitia cac quark
thong thuong, do ching anh huéng khong dang ké dén cac tinh toan de
cap trong luan 4n nay. Vi vay, tat ca cidc ma tran khoi luong fermion
thong thuong la c6 dang chéo. Dé don gian ching téi ciing gia thiét ma
tran khoi lugng cac fermion mdi c¢6 dang chéo. Tuong ting, cac trang thai
fermion ban dau ciing la trang thai vat 1y, do dé chiung sé duge ky hieu

& eqr gy Uar g VA dgr g. Khoi lugng cac fermion duge xéc dinh nhu sau:

Yaeavl )/z%vl Y;?UQ YES%UQ
Me, = y My, = » My, = y Myy = —— =,
NG T N I G T NG
Y4 Yy
mg, = —331 — Zaal3 (1.53)

==, m )
3 \/§ Fa \/§
§day Y, =0Va#b, f=eudFvaF =JE. Ciclien he (1.53) sé
dugc st dung dé xac dinh quy tac Feynman clia cac tuong tic Yukawa
trong cac Lagrangian (1.51) va (1.52).

Mo hinh chtia chin boson chuan mang dien yéu (EW) tuong ting véi

chin 9 trang thai EW ctia nhém SU(3);, ® U(1)x. Dao ham hiép bién
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duge xac dinh nhu sau [13,85,110):
Dy =0y —igT"Wi —igx XTX,,, (1.54)

6 day T = 1/4/6, g va gx la hang s6 tuong tac ctia nhom SU(3)r va

U(1)x tuong tng. Ma tran WT% v6i T* = A\, /2 tuong tng:
/ 3 1 8 + +A

Wi+ ZWe o V2w V2Y) \
1

W =3 VW, W Wl VavEE | (15D)

\ ﬁYu_A ﬂVM_B _%Wﬁ )

¢ day ching toi da xac dinh trang thai riéeng khdi lugng ctia boson:

wE - L = =

Wl ~W2 YiA:
p \/§< W F W)Y 5 NG,

(W FiW32) , Vir? = == (W F iW])

(1.56)

va A, B la dién tich cia boson chuan tuong ting trong phuong trinh:

1 3 1 3
A=§+633 B:—§+ﬂ§< (1.57)

Chung toi luu vy B cling la dién tich ctua cac lepton méi Ej,.

Pha v& déi ximg duoe thuc hien qua hai bude: SU(3)r @ U(1)x —>
SUQ2), @ U1y =2 U(1)g, tuong tng véi sy bién doi sau day cua
cac boson trung hoa tao thanh co sé ban dau cho co s vat 1y cudi cung:
X, wi w8 Ly g ows 7z Myoa, 2,020 Y AL, 71, Zs,. San
budc pha vé thit nhat, nam boson chuan sé nhan khoi luong va bén boson
chuan khong khoi luong con lai duge dong nhat véi cac boson chuan ctia
SM trude khi ¢6 pha v6 doi ximg ve U(1)q. Hai trang thai vat Iy Z 2
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dugc tron 1an tit cac boson chuan trong SM va boson chuan ning Zy, va

Z,,. Céc hang s6 tuong tac chuan duge xac dinh nhu sau:

92=9, 91=9x 7 : (1.58)
\/ 692 + B29%

véi g9 va g1 1a hang s6 tuong tac ctia cdc nhom tuong tng trong SM
12 SU(2)g va U(1)y. St dung goc tron yeu duge dinh nghia theo ty =
tan Oy = g1/g2 va sy = sin by va ey = cos Oy, va hé thiic da biét:

652 652
Ix _ ST | (1.59)

dan dén dieu kien |8] < v/3 duge sit dung trong gidi 6. Khéi lugng clia

cac boson thu duge dua ra trong (1.56):

2 2

mi =mii, = gz(vg + %), mb = mias = gz(vg +v3), (1.60)
2

miy = mie = gz(v% + v3). (1.61)

Diéu kien dé boson chuan W phu hop véi SM cho hé qué v? = v + v3 ~
2462 [GeV?]. Dua trén cac cong bo [13,16], cac ty lé gitta cac VEV dugc

stt dung dé xac dinh ba tham s6 tron nhu sau:

Sij E\/: Cij = \/ 22], Zj = tanﬁw — (162)
VGi i< jvai,j=1,2.3.

Mo hinh dit doan ba boson chuan trung hoa bao gom ca photon khong
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khoi lugng. Céc goc tron boson chuan & bude pha vé thit nhat 1a [13]:

$331 = sinf331 =

\/ 697 + B2g%
c331 = cos 331 = Styy. (1.63)

Méi quan hé gitta co s6 ban dau va co s6 vat 1y clia cac boson chuan trung

hoa la
X, (551 0 e\ few —sw O\ (10 0 (A4, A,
Wwil=10 1 0 sw cw 010 ¢ —s¢ Ziu. | =C| 2,
W) e 0 —ss/ N0 0 1) \0 s & ) \Z, Zs,
(5331CW7 (—s3315WCo + C33159) ,  (Ss3315W S0 + C331Co)
C = Sy, CCos —S9Cy :

K03310W7 — (css18weco + S33150) , (C331SwSe — S331Cp)

(1.64)
6 day gidi han v? < v3, goc tron 0 duge xac dinh nhu [16]:

P 2 /1 — B2t3 02
Sp = sinf = (3585[/ + V(5 1)> W (1.65)

Ciy t%l +1 4CWU§’ ’

va MZ, = g*v3/(3s34,) + O(v?).

Tiép theo, ching toi sé xét gan ding cac hé thic bicu dién trang thai
vat 1y cho cac boson chuan trung hoa Z1 = Z va Z = 7/, trong d6 Z 1a
hat duge tim thay bang thuc nghiem.

Thé Higgs trong mo hinh c¢6 dang:

Vi = 20t +mdoTp+ idxix + M (nn)” + ha (p1p)” + As (xTx)”

+ A2 (p'p) + M) (xTx) + s (') (xTx)

+ A2 (™) + Ais(nTx) (x™n) + Aas(pTx) (xTp)
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— V2f (' P XF + He.) . (1.66)

Diéu kién cyc tieu ctia thé Higgs c6 thé tham khao [13,85]. Sau do,
ching ta c6 thé bicu dién ,uzz 1a ham clia cac tham s6 tu do duge chon cu
thé trong phan tiép theo. Thay vao phuong trinh thé Higgs (1.66) suy ra
phuong trinh duge st dung dé xac dinh khéi luong va trang thai vat ly
clia tat ca cac boson Higgs.

Moi quan heé gitta trang thai dau va trang thai rieng khoi luong cia

boson Higgs mang dién [13,85]:

+ + Y 2
W p 9 A120 fus
_ = 1.
( = ) R(612) ( ni > » Mg 2 + 28126127 ( 67)
+A +A \
Y _ X R AL / 2 2
( A ) = R(i3) ( A > ) Mhpgea = (7+@> (v +v3),
(1.68)
+B +B 3
Vv . X 9 - Xo3  tiaf 2 2
<HiB ) = R(ﬂzg,) ( piB ) y Mg+ = <7+U—3> (U2 +U3),
(1.69)

trong dé cac trang thai myg,,, mg,, mg, = 0, . Cac trang thai rieng khoi
lugng ¢ﬁ/, gbijﬁA va ¢‘i/B la cac Goldstone duge an béi cac boson chuan

vat 1y. 0 day chung to1 qui udc viét ma tran tron R(z) nhu sau:
R(x) = : (1.70)
Xét phan Higgs boson trung hoa, dé tranh su doéng gép 6 cap do cay

ctia SM-like Higgs boson vao dong trung hoa thay doi s6 vi (FCNC) trong
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phan quark, ching toi st dung gidi han dugc gidi thiéu trong [64], cu thé

1a
A2303

f = Aistioug = P (1.71)
12

Tu day, ching to6i chon f va Aoz nhu 1a 1a cdc ham clia phan con lai,

dan dén dang sau clia ma tran khoéi binh phuong tuong ting véi co sé

(r1,72,73):
2)\15%2712 + /\131}% 2D (/\126%21}2 — )\131}32)) 0
M? = | t19 (A2t — Ai3v3)  2ciM00% + 551303 0
0 0 5%2)\137}2 + 2)\31}32)
(1.72)

Két qua la, r3 = hY 1a trang thai vat 1y ctia boson Higgs trung hoa C'P
chan véi khoi luong mig = A13550% + 2>\3u§. Ma tran binh phuong khoi
lugng 2 x 2 trong phuong trinh (1.72) duge ky hiéu la M2, duge chéo

héa theo [64):

R(e)M?R" () = diag(mjo, my), (1.73)
VOIL:
7r

a = [P1g — 5 + 9, (174)

2M2 2

My — M, Y3
mi? — M7, cos? 6 + M3, sin® § — M?, sin 26, (1.76)
m%g — M# sin’ § + M3, cos® § + M?y sin 20, (1.77)

M121 =2 (84112)\1 + Czll2>\2 + S%QC%QAlQ) ’U2 = O(UQ),
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M122 = [—)\13%2 + )\26%2 + )\12(8%2 — 0%2)] 81261202 = O(UQ),

302
M222 = 28%26%2 [)\1 + A9 — )\12] 112 + ig 3
12
Tuong tu:
r1 hY
~ Rl | '], (1.78)
79 hg

Dé xac dinh boson Higgs tia SM, dau tién ching toi xét phuong trinh

(1.75), dan dén 6 = (’)(“—g) ~ 0 khi v* < v} Trong gidi han, m? =

i~

M?, +v% x O(g—g) ~ M? trong khi m%g = M3, + v? x O(Z—;) ~ M3,. Do
vay, hY = h duge dong nhat véi boson Higgs trong SM duge LHC tim ra.
Hon thé nita, trong tinh todn sau nay ching toi sé thay ro hon rang cac
dinh tuong tac ctia Higgs boson dang xét giong nhu dinh tuong tac duge

dwa ra trong SM trong giéi han § — 0.

Bdi vi ma tran M/ cho trong (1.72) va trong (1.73) chi khac nhau bdi
phép bién doi unitary R(a), nén vét ciia ching bang nhau: Tr[M'?] =
Tr[R(a)M?RT (a)] = m3 +m3o. Theo d6, A3 c6 the tinh theo bicu thitc

1 2

2
Cl2 [, 2 2 2(.2 2
)\13 = U—g |:mh(1) + mhg — 20 (812)\1 + 012)\2)i| . (179)
Vi vay ching toi chon §, myo = my, va mye nhu tham s6 tu do dau vao.
y g ) hl h2

Khi do6, cac tham s6 A3, A2 v& A9 1& cac tham s6 phu thuoc, tinh dugc
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theo cac bidu thic sau:

— [Cg(t%Q —1)+ t12825} m% + [S%(l — t%2) + 825t12] mig

)\2 == tzll2)\1 + 2 )
2¢750?
(325 + 2t12C§) m}% + (—325 + 2tlgs§) mio
A2 = =220 + Sy : (1.80)

va A13 cho trong (1.79).

Hang s6 tu tuong tac ciia boson Higgs phai dam bao rang budc ve diéu
kién on dinh trung binh chan khong ctia thé Higgs [20], cac gidi han nhiéu
loan va dieu kién duong ctia ma tran binh phuong khoi luong cac boson
Higgs. Chung toi luu v rang trong truong hop khong ap dat cac moi quan
hé trong (1.71), su tron gitta Higgs boson tua SM vdéi cac Higgs boson
trung hoa nang khac van bi triet tieu do dieu kieén vg > 5 TeV du 16n dé

khit FCNCs trong mo hinh 3-3-1 [80].

1.4 Két luan chuong

Trong chuong nay, ching toi da trinh bay pho hat, cac trang thai vat
Iy cia cac lepton va boson trong mo hinh 3313. Tat ca cac tham s6 tron
gitta cac boson, cac Higgs... cling da duge ching toi trinh bay. Day la co
s6 dé ching toi tinh cac dinh tuong tac va khao sat cac qua trinh ra da

de cap.
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Chuong 2

KET QUA GIAI TiCH CUA QUA
TRINH RA LFVHD TRONG MO
HINH 3-3-1 DAO

2.1 Nguén vi pham s6 lepton thé hé va cac tuong tac lién

quan dén qua trinh ra LFVHD

Nguon LFV trong mo hinh dén tir tuong tac clia cac lepton, cac hat
Higgs mdi... Trong phan nay, ching toi chi chia ¥ dén cac dinh gép phan
vao bien do phan ra ctia LEV ra h — epeq va e, — eqy 6 bo dinh bac
mot vong. Ching toi ciing 4p dung cic két qua duge gidi thieu trong [83]
dé tinh toan bien do ra h — eqep. Trong mo hinh nay, dinh tuong tac clia
lepton mang dién v6i neutrino cho dong gép khong dang ké vao cac bién

do ra LFV, tuong tu nhu truong hop cua neutrino nhe trong SM. Do do
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nhitng dinh tuong tac clia cac lepton thong thuong cho dong gop dang ke
vao bien do ra LFV chi lien quan dén cac lepton ngoai lai ning E;, dan
dén két qua la cac tuong tac LFV xét trong truong hop nay chi la VVE;e,
hoac s"Fje, va lien hop Dirac clia ching.

Dinh ffV dugc suy ra tit Lagrangian ctia lepton:

7

£ffV = Ziﬁ’}/uDueiR + Z ZE’YMD,LLL% (21>
1=1 7::€7M7T

vl Pripe, = e;p ~ (1,1, —1) dugc st dung thay vi ef = (e;r)¢ dudc cho
trong bang 1.1, moi quan hé chi tiét gitta cac dal lugng nay xem trong

[63]. Cac s6 hang sau c6 liéen quan dén dinh tuong tac ciia LFVHD:

1 — -
EIJ?W =g [EeLWHGL + — (B pr + ETL’}/HTL)] Vﬁ? + h.c.

V2

— 1
[(v B Pre+ = [(VEWER P+ (VE Wy PLT]] Vo

+ H.c. (2.2)

Dua trén quy tac Feynman dé tinh bién do ¢ déng gép bac mot vong ctia

qua trinh 14 h — eqep, cac gian do can chia dinh AVOV% hodc hs'1V/0%
khac khong, ¢ day s% 14 boson Higgs trung hoa. Trong mo hinh dang xét
cac loai tuong tac nay khong xuat hién trong mo hinh. Nguoc lai, céc
dinh tuong tac duge dua ra trong (2.2) lai déng gop vao bién do phan ra
ep — €47y

Dinh ffs? dugc suy ra tit Lagrangian Yukawa (1.15). Trong co s6 vat
Iy, dinh Yukawa dong gop t6i LEVHD nhu sau:

HY* _
Lo ff=— kll [muﬂRuL + m,TRTL]

47



3
_092 T E(vE), EPR;H—k—(V )ZEPRr}
=1

3 —
* — — CosN J—
—hi > |sas (YSEPop + Y5 B PLT) + 2;—25Y3€EiPLe] +He, (2.3)
=1 -

6 day ma tran Y* cho trong phuong trinh (1.11), c6 thé duge viét theo
so hang khdi luong lepton mang dién nang va cac tham so tron dua trén
phuong trinh (1.12):

1 E
vt = n_gdlag(mE“ mg,, mg,)V; [}

(2.4)

Dé thuan tién trong viéc tinh toan cac dong gép mot vong vao bién do

clia qué trinh ra boson Higgs trung hoa, Lagrangian (2.3) dugc viét dudi

dang sau:
HO* 3
Lsrr= [mu,uR,uL + m;TRTL] — U? Z Z E iPre(j11)
i=1 j=1,2
— R Z Z YO E; Prej1) + Yol EiPre| + He, (2.5)

¢ day hang s0 Y, 4,j = 1,2,3, dugc xac dinh nhu sau:

: L VE =12
; ) &) h ¢
}/j(;l — y }/j]'lﬁ — SQSYJ@; ] = 17273 (26)
0, j=3

CasNs

¢ day da st dung s9s = =

Céc gidan do Feynman bac mot vong déng gép vao bien do ra LEVHD

dugc biéu thi trong hinh 2.1.
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o .7
.
h

N
N

N

N €y

1)
Hinh 2.1: Gian do dong gép bac mot vong clia qua trinh rd h — e,ep trong chuan
unitary, véi s, sV, s = hg, o}.

2.2  Biéu thiic giai tich ctia bién do qua trinh ra h — pur

Bé rong ra clia qua trinh ra h — eqep dude xac dinh nhu sau:

L(h— eep) =T(h = e, e )+T(h— efe;) = % (1A payz]” + 1Aparl?)

(2.7)
véi dieu kien my, > Mg,p VA Mgy 1oy khoi luong cac lepton mang dién,
a,b=1,2,3 tuong tng vdi e, u, 7. Dieu kién vé xung luong cho cac hat bén
ngoai p?%b = mgjb Va p,% = (po+m)? = m% Ty lé ra nhanh cia qua trinh

LEVHD 1a BR(h — eqep) = D'(h — eqep) /T80 voi Tt = 4.1 x 1073

GeV. Céc cac qui udc trong [83], ham A, r, g duge viet nhu sau:

5
A(ba)L,R = Z AE;J)G)L’Ra (28>
i=1

cac tinh todn chi tiét cac dai lugng Agz)a) ; g duogc cho trong [83]. Trong

mot s6 nghién citu trude [84,85], ¢ the thay Ag:)?ﬁ R VA Agg;r)? » cho dong

g6p rat nhd, do do ching toi chi tap trung vao cac bicu thic AE;Q) LR=
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A(pa)r,r VOI cac dong gop sau khac khong:
A Aa?al Aalhﬁ Ahﬁal
(32)L.R = RioLr T 232, T 2@2)LR
thﬁ
Ap1)L,r = A(b1)L R’ (2.9)

vol b = 2,3 va:

050 m >\13mW Op . g0 T
0107 T o? o g 5 5
A(32)L 167T Z Yli YQi __CQ(O, 07 mEi, ma?, ma?)i| ,

101 m )\13mW 1 1 [ 2 2 2
A‘(jég)lR q677 ZYU YO' Cl(O,O;mEi,ma?,mU?)} ,

he [ Ps2s o0k h 229
A(312)L - E :le'l Yo mEiCO(QO,mEi,mgg,th) ,

3272
o%h
A(52)63 =0,
h 01 .
A(§2) =0,

3
heot  f%s2s 0
A(5520)1? - 39272 ; E : Yﬁ Y2}£6* |:mEiCO(O7 0; m2Ei> m%G, mi?)} )

othe
Ay =0,

vh f?s2 lyh 2 92 9
A((jbl)GR_ 3273 ZYUY6* [mEiCO(O,O,mEi,mhﬁ,mU?)}.

Ham Cp12 = 01’2<0,0;m%,m20,m§0) la cac ham Passarino-Veltman
i 2

(PV) ba diém bac mot vong cho trong [83].

Trong chuan unitary, gian do Feynman cho déng gép bac mot vong vao
bién do ciia qua trinh ra e, — e,y (a < b) duge cho trong 2.2. Trong gidi
han nang luong thap, ty 1é ra nhanh ctia qua trinh ra cLFV c6 thé viét 6
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Hinh 2.2: Gidn do déng goép bac mot vong clia qua trinh ra e, — e,7, véi s° = a?, hg.

dang thuan tién nhu sau:

30,
2

m

2\ 3
BR(e, — eqy) = (1 — Eé) X

(‘F(ba)L’2 + ‘F(ba)R|2) xBR(eb — eaﬂaz/b),
(2.10)

-1
V6l Qe =~ 1/137, F(ba)L,R = Coarr.r X ( g ) va C(ba)L,R la déﬂg g()p

m, 32n2mZ,
bac mot vong vao bién do ra trong 2.2. Cac gia tri thyc nghiém da biét
cho BR(ey = eqtu1p) la BR(T — pvyvy) ~ 17.41%, BR(T — ever;) ~
17.83% va BR(p — every) ~ 100% [94]. Cong thiic tinh Cpeyp g thu
duge dia trén két qua [84,85]. Do vay, ching toi c6 thé sit dung gidi han

m2, m% ~ 0, két qud nhu sau:

_ (1) (2)
Foa)L,r = ¥, (ba)L,R T I (ba)L,R’
3 2 0%y 00 3 2 vhexy h
2mi Y, Yo ! 2m,mi Y, Y, 0
F(l) _ Z W-1i  ~2i q (t . ) + Z KW R T 24 q (t )
32)L 2,72 s\Voy i 2,2 s\he,i/>
) i=1 9 Mgy 1 i=1 Mz g~y
3 2 0%y 00 3 2 vhexyh
2m,mi Y, b Yo ! 2mi Y, Y, °
F(l) _ Z PUTW i T 24 q (t o ) + Z W1 ~2i q (t )
32)R 20172 S\ o7y, 2.2 s\ he,i /s
) -1 Mgy 1 i—1 97
3 2 v hexyh
Y Mep) 3 ZmemiYsi Yot (i )
(DL = " GDR i:1 meQm%G s(Che,i) s
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2) my 2mw 1By
F(32)L m, F mvo Z Vl * Ly Z)
1= 1

(2) 2mw viE
Flonyr = %F mZ, Z ViV, o), (2.11)
=1

VOl ty; = m%/m% (z = 0?, hg, VO);

VE) ) a=3
1( Lo , (2.12)
E(VLE)M-, a=1,2

va ham gs(ts4), gv(ty,i) dudgce cho trong phu luc A.

7
Vai -

Ching toi luu ¥ ring o chi cho déng gép vao ra LFV ¢ — puy va

h — pur.

2.3 Két luan chuong

Trong chuong nay, chung toi da tinh duge cac dinh tuong tac lien quan
dén qua trinh LFVHD trong mo hinh 331 ddo. Chung toi ciing da xay
dung duge cong thite giai tich tinh ty 1é ra nhanh (BR) cho qua trinh ra
h — eqep,  €q — eyy. Phan phan ky ciing duge ching to6i chi ra 1a da bi

khtr trong cong thic tinh bién do cudi cing.
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Chuong 3

KET QUA TINH SO VA BIEN
LUAN QUA TRINH RA h — ur
TRONG MO HINH 331 DAO

3.1 Gié6i han viing khéng gian tham sé

Trong phan giai s6 dudi day, cac tham so6 tuy do dau vao la: khéi luong

va tham s0 tron clia lepton mang dién nang mp, va 55, khoi luong Higgs
trung hoa nang va tham so tron Mgo, Mpy VA 82s. Thém vao do, trung
binh chan khong ctia mo hinh chua duge xac dinh 1a k; va ns. Tt phuong
trinh (1.38) va (1.31), ching toi c6:

(3 — 4s%,)m7%,

492c3,

525M2

023\/5’

G day tos = sas/cas. dicu d6 cO nghia rang n3 +4n% ~ (2.15mz/)%. Dol voi

ng = n3(1+2t3,) = : (3.1)

gi6i han dudi mdi nhat ctia m%, > 4 TeV duge lay tir [100], ching t6i c6
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\/n3+ 4n% > 8.3 TeV. Trong khéo sat nay ching toi chon 4/n3 + 4n%

8.3 TeV, ng = 1 TeV, ng > 4 TeV, dan dén tos = v2ng/no = 44/2, tuong
duong sos =~ 0.985. Gia tri 16n clia s9, tuong tng hing s6 Yukawa Y 16n
trong phuong trinh (2.6). BSi vi &y sinh khoi lugng cho lepton 7 ¢ muic
cay. Thém vao d6, u3, cho trong phuong trinh (A.5) ciing nhan gia tri
16n néu kq nhan gia tri nhd. Do dé ching toi sé chon 10 GeV < k; < 50
GeV. Su lya chon mg, nhan gia tri cu thé nhu trén 13 mot minh hoa cho
truong hop tong quat c6 thé cho phép BR(h — epe,) nhan gia tri 16n véi
dieu kien can la mg, — mp, = O(10?) GeV khi mp, = O(1) TeV dugc ap

dung trong thao luan nay cua ching toi.

Trong truong hop gidi so6 dau tién, cac gia tri mac dinh dau vao duge
chon 1a k= 20 GeV, \i3 = 1, f® = 2 TeV, mp, = 1 TeV, mp, =
mp, —k x 100 GeV, ng =1 TeV, so, = 0.985, Mo = Mp, =1 TeV. Gidi
han nhiéu loan ctia hang s6 tuong tac Yukawa lien quan dén khdi luong
lepton nang mp, < novam = 3.5 TeV khi ny = 1 TeV. Gia tri cia mg,,
dugc chon dé tranh truong hop khoi luong ciia ba lepton nang mang dién

suy bién dan dén BR(e, — e47) = 0.

Tat cd cac tham s6 da biét khac duge lay tu tai lieu [94] nhu khoi
luong SM-like Higg boson my;, = 125.01 GeV va bé rong phan ra toan

phan I'j, = 4.07 x 1073 GeV: khéi luong ctia W boson, khéi lugng clia
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lepton thong thudng me, my,, mr, hang so tuong tac ae.

Vé ma tran tron VF, xét 3 truong hop ting véi duy nhat mot trong céc
goc tron thoa man sfj = 1/\/5, tuong tng véi sy tron cie dai cua chi hai
lepton mang dién nang. Hé qua la mot s6 ty 1é ra nhanh LEV nhan gia tri
16n trong khi nhitng truong hop con lai bi triet tieu. Diéu nay gitp ching

toi udc tinh duge gia tri 16n nhat cta ty lé ra LFVHD.
3.2 Két qua giai s6 va bién luan

Trong truong hop s12 = 1/\/§ va s13 = s93 = 0, chung toi luon co
BR(h — pe) = BR(h — 1e) = BR(u — ey) = BR(7 — ey) = 0. Ngugc
lai, ty 1& ra BR(h — 7p) va BR(T — py) c6 thé nhan gia tri 16n va dugce
vé theo clia mp, véi cac gid tri khac nhau cta k1. Két qua giai so duge vé

trén hinh 3.1. C6 thé thay rang BR(7 — u7) nho hon nhiéu so voéi gidi

E_.E
s13=523=0
:

E_E
s13=523=0

0.001}

= S 2x107M}
2 10 7
[E =
o
10-5 L e 1.x107M ¢ Kk1=10[GeV] k1=40[GeV]
e k1=10[GeV] Kk1=40[GeV] 1= =
-------- K1=20[GeV] *=+=-= k{=50[GeV]
-------- k1=20[GeV] ===+~ k=50[GeV] 1=20(GeV] 1=50[GeV]
10-6 i i i i i 5.x10-15 i i i i i
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
mg4[GeV] me4[GeV]

Hinh 3.1: D6 thi BR(h — 7p) v BR(7 — uy) phu thuoc vao mg, trong truong hop

E _ 1 E _ E _
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han thyce nghiém hién tai duge dua ra trong phuong trinh (1). Mac du
BR(h — 1) ~ O(1073) gan véi gidi han thyc nghiém hién tai bi rang
buoc trong (1), cac giéi han thap hon thu duge tir cdc thi nghiem trong
tuong lai gan c6 thé duoc sit dung dé gisi han khong gian tham s6 clia mo
hinh. Hai tham s k1 va mpg, anh huéng manh dén BR(h — 7u) nhung
BR(7 — wy) lai phu thuoc yéu vao nhiing tham s6 nay. Két qua nay co

0
601

thé duoc giai thich nhu sau: dong gép vao bién do ra h — 7 la Agz ty

lé thuan véi f"ﬁme%/k‘l va Cp ~ 1/m3E cho m% > m2h6,m(270, dong
% % i 1

¢6p cho bien do clia qué trinh ra 7 — py lien quan dén déng gop clia o

nhé hon nhiéu so véi su déng gép cua he.

Tuong tu nhu vay, véi st = 353 =0 va 3{% = \%, chung toi thu duge

chi c6 2 dong gop khac khong BR(h — pe) va BR( — e). Minh hoa cac

ty 1é ra nhanh nay theo cac ham cta mp, véi cac gia tri khac nhau cia

k1 dugc cho trén hinh 3.2. Theo d6, BR(u — ey) < O(1071), van théa

man gidi han duéi trong (1). Can luu ¥ rang mac dit BR(h — pe) phu

thudc manh vao k1, con BR(p — ev) thi nguge lai, bdi vi chiing khong
0

nhan dong gop tir hang s6 Yukawa ctia oy

Trong truong hop s, = sf5 = 0 va s&; = \/Li tuong tng véi 2 ty lé ra
khac khong la BR(h — 7e) va BR(7 — e7). Minh hoa ty 1é rda nhanh cua

hai qua trinh ra nay nhu la ham cia mp, véi cac gia tri khac nhau cua kg
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E_E
S12=523=0

5.x10715
2.x10715 ¢ E
$ % L 10_15 /\
: t
@ 5 5.x10716}
,",' i =10[GeV] 1 =40[GeV] . k1=10[GeV] k1=40[GeV]
WX r
________ k1=20[GeV] === k4=50[GeV] k1=20[GeV] k1=50[GeV]
10-9 i i i i i 1.x10-16 i i i i i
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
mg4 [GeV] Mg+ [GeV]

Hinh 3.2: D6 thi BR(h — ue) va BR( — ey) phu thuoc vao mg, trong trudng hop
E

duge cho trén hinh 3.3. Trong truong hop, BR(h — 7€) ¢6 cung bac vdi

E_.E
STp=573=0 .
T sT2=513=0
5.x10719 ‘
1073
T 107 = 2.x10719}
T )
= A
& 2z
1075 “
et 1.x10719
7 ky=10[GeV] ky=40{GeV] k1=10[GeV] k1=40[GeV]
N - ky=20[GeV] -=-=- - kesoGev] | k1=20[GeV] ==-=- = k1=50[GeV]
i i i i i 5.x10-20 i i i i i
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
me4[GeV] mg4[GeV]

Hinh 3.3: Do thi BR(h — 7¢) va BR(T — ev) phu thudc vao mpg, trong truong hop
B

BR(h — 7p), bdi vi cd hai BR déu nhan déng gop ti A?Ecjl)iz' Cac dong

g6p khéc A,y da duge kiem tra biang gidi s6 véi két qua la ching c6 gid

tri rat bé. Tuong tu nhu truong hop ctia BR(7 — py), BR(7 — ey) nho

hon nhiéu so véi do nhay ciia thuc nghiém hién tai va trong thoi gian sap

to1.
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3.3 Két luan chuong

Chung toi da khao sat qua trinh ra LFV cta boson Higgs tua SM
h — p7 va ra cua lepton mang dién e, — e,y trong mo hinh 331 dao.
Thé Higgs duge chon trong truong hop don gian nhat, trong d6 ching
toi da chi ra rang mo hinh c6 chita boson Higgs tua SM da duge tim
thay bdi thye nghiem. Cac nguon chinh ctia LFV bat nguon tit cac lepton
mang dién nang. Vi lepton dugc xép trong luc tuyén khac véi hai thé he
muon va tau, dong goép bac mot vong vao cac bién do ra LEV h — ur va
T — vy 16n hon so véi ra h — Te, ue va 7, u — evy. Gid st rang tat ca
cac hat ning mdi déu ¢ thang TeV, ty 1& ra nhanh BR(h — Tu,7e) va
h — pe c6 thé duge tim thay ¢ bac O(1073 — 1074) va O(1079%) tuong
ting. Céc gia tri nay rat gan véi giéi han dudi méi nhat duge tim ra boi
thuc nghieém va ching can dude xem xét dé han ché khong gian tham s6
ctla mo hinh néu trong thoi gian tdi gi6i han dudéi dude cai thién so véi s6
lieu hién nay ve cac qua trinh ra LFV. Cac gia tri 16n BR ctia ra LEVHD
van xuat hién ngay ca khi khoi luong ctia my ~ O(10) TeV. Mat khac,
BR(ep — e47y) luon thoa man gidi han cia thyc nghiém. Hon thé nita, két
qua khao sat s6 ctia ching toi cho thay BR(T — uy,ey) < O(10714) | ¢6
thé con nho hon so véi do nhay hién tai clia cac may gia toc. Tuong tu

nhu vay, BR(u — ey) ¢ the tim ra c6 bac cd O(1071°) hiia hen sé dugce
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tim ra bdi thuyce nghiém.
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Chuong 4

KET QUA GIAI TiCH CUA QUA
TRINH RA h — Z~v,vv TRONG
MO HINH 3-3-1 VOI 3 BAT KY

4.1 Cac tuong tac lién quan dén qua trinh ra h — Zv, vy

T cac thao luan 6 Chuong 1, chiing toi tim dudce tat ca cac dinh ty tuong
tac cua SM-like Higgs boson véi cac boson Higgs Higgs khac co lién quan
dén sy phan ra h — Zv va h — 7y, st dung Lagrangian Lpgg = —Vj,.
Quy tac Feynman tuong ting dude cho trong bang 4.1, é day mdi s6 hang

—i\hss tuong tng véi dinh hss, véi s = HE, H¥4 H*+5.

Duya trén Lagrangians Yukawa (1.51) va (1.52), dinh tuong tac cua
boson Higgs tita SM v6i cac fermion trong SM ¢6 thé duge xac dinh nhu

bang 4.2, ¢ day chung toi st dung lien he (1.74). Ky hiéu cia quy tac
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Pinh He s6 dinh: —iApss

—IALH+ - i [2512012 (—A1c12 Ca + A2512 50) + (SaC:fz - Casifz) A2 — 655\14
—IApgAg-A ’L'C%g, {’U S$aC12 ()\12 + t%3)\23) — CaS12 (2)\1 + t%3()\13 + 5\13)) + vsti3 (sza — Ca5\13>}

*iAhHBH*B iC%g {’U SaC12 (2)\2 —+ t§3(>\23 —+ 5\23)) — CqS12 ()\12 —+ t%3)\13) —+ U3t23 (Sa>\23 — 2{}%)}

Bang 4.1: Quy tic Feynman cho dinh tit tuong tac gitta cac boson Higgs chita SM-like

boson Higgs v6i cac boson Higgs mang dién.

Feynman: —i (YhffLPL + YhffRPR) cho méi dinh hff. Dé cho don gian,
hang s6 tuong tac Yukawa ctia cac fermion trong SM dude xac dinh giong
nhu trong SM. Khi d6 ching t61 ¢6 Yz, = Yfsp, cho trong bang 4.2.

C& C P-even boson Higgs h va kY khong tuong tac véi fermion ngoai lai

_ZYhZeQL R _ZY}uTiuiL R _ZY}ngugLJ% _ZYthdiL,R _ZYth:,ddL R

-m s .mui Ss Moy, .mdi .My Ss
— ; ( Cs — E) —1 p” (65 — E) vS (65 + t1285) —’LT (65 +t1285) —1 p” <C5 - E)

Bang 4.2: Dinh tuong tédc Yukawa cua SM-like Higgs boson.

1.71). Nguge lai, A9 chi tuong tac véi cac fermion ngoai lai, trong khi né
g 3 g g g
khong tuong tac véi cac hat trong SM.

Dinh tuong tac ctia boson Higgs v boson chuan dude suy ra tit La-

grangian sau:

L = (D) (DY) + (D)t (DFp) + (Dym)T (D)
= Z ghvvg/whv_QMUQV

+ Z Zg hsvV ( +Qa h —=ho S+Q) + ZghS'UUQ (S_Qa“h - ha'uS_Q)]

+ ZigZSSZ’“‘ (S_QE?MSQ — SQaMS_Q)
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+ Z [igZUSZMUQVS_QgMV + ig*szZNU_QVSQgW/}
S,V
+ Z ieQA! (S_Qa'uSQ — SQaMS_Q) + ..., (4.1)
S

§day s = HE, H¥4, H*B va v = W, Y, V. Thém vao d6, ching t6i chi
liet ké cac phan c6 dong gop vao su phan ra h — Zv, vy va bo qua cac so
hang con lai. Quy tac Feynman duge cho trong bang 4.3 va 9,h — —ipo,h
va QﬁiQ — —z'piusi@ va moi quan he (1.74) da duge st dung. Cac ky
+

hieu po, p+ tuong ting véi xung luong 4 chiéu cac boson Higgs h va s

véi chieu qui uée di vao dinh tuong tac.

Dinh He s6 dinh: Dinh He s6 dinh
Ihw+w-— gmw Cs Ihy+Aay-4a | §Mw CaS12
ghv+BYv-B | —gMWw SaC12 | GJhH-W+ 9285
hH-AY A —% JhH-BYVB g@;s(’

Bang 4.3: Quy tic Feynman cho dinh tuong tac gitta boson Higgs tua SM véi Higgs

mang dién va boson chuan.

Tuong ty nhu truong hop boson Higgs tua SM, quy tac Feynman cho
cac dinh ctia Z véi boson Higgs va boson chuan trong Lagrangian (4.1)

duge dua ra trong bang 4.4.

Dinh tuong téc ctia Z boson va photon A,, véi cac fermion dudce suy ra
tu Lagrangian:

3
‘Cl{in = Z (TaL’YﬂDuLaL + %’Y'ua,uyaR + %’YMD,ueaR + EaR’YMDuEaR)

a=1
3

+ Z (QaL/VMD,uQaL + m’YﬂDuuaR + E’Y“Dudafi + EVMD,M]@R)

a=1
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Dinh Heé s6 dinh

Jzmem- g (ce cow + ss[ﬁgfvvv(i/fjfﬁz)t;ﬁsﬁv])

9zHAH-A Sew (ce [s35 — (1 +V/38)s%] + Se[ﬁc%wsjj;i%w;igﬂcfwsa])
9zHBH-E QZZV ((39 (535 + (V3B — 1)s%,] + 59[\/5031/(Sfj;i}ﬂ;?)/;(z\t/ziﬁ—cgg,)sﬁv])
9zZw+H~ 7%@?

G2y AH-A, gi% { cocw [s12 (1+ (2+ V3B ) v+ t15(1 — V3Bt )vs]

G7y—Apa +3\/%7% [s12 (V3 = 38(2 + V3B)t%,) v+ V3t13 (1 + 35%t%,) vs) }

2
9ZVBH-B, 22 L cpew [er (=1 + (=2 + V3B)tE, ) v — tas(1 + V3Bt vs]

g7V -BHB -‘rﬁ [612 (\/g — 35(—2 + \/gﬁ)t%[/) v+ \/§t23 (]. + 3521%[/) ’Ud]}

Bang 4.4: Quy tic Feynman cho dinh tuong tac gitta Z boson véi Higgs boson va

2
boson chuan.

=Y li—fj?w (gﬁpL + g{%PR) FZ,+ eQ A" fAH} , (4.2)
f

véi f la tat ca cac fermion trong mo hinh 3313, Qy la dién tich cia

fermion f. Gia tri cia gj:i » cho trong bang 4.5. Dinh cta ba boson chuan

f a1 9%

€q _%"-8124/4-% S%’V<1_cwt195/32t5v)

U; %*%S%‘,+W 7%5%,(, (1cwt %

u | 4B+ D | g <1_Wtfj%>

- 2 —
d; _%+%S%V+tecw(/3tw V3) %S%/V <1_CW to B

64/1—p8%t%,
tocw (Bty, +V/3)

lSQ 1— to 8
6/1-B242, 3°W cw/1-B12,

d3 —%4‘%8%‘/"'

Bang 4.5: Dinh ctia Z boson véi cac fermion

duge suy ra tu:

8
1 E a auv
EgD — _Z F,w/F K ; (43)
a=1
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8
F, = 0,We —0,Wi+g > frewhwr, (4.4)
b,c=1

£ (a,b,c = 1,2, ...,8) la hiing s6 cau tric cia nhom SU(3). Ching dugc

xac dinh:

LY = — gzo0Z" (po)v T () v p) x Tn(po, Py p-),
— eQAM(po)v T (p )™M (p_) X Tpr(po, p+,p—),  (4.5)
voi Lya(po, 21, P—) = Guw(Po — P4 )a + gua(P+ — =) + 9ru(P— — po)x v

v=W,V,Y. Cac dinh tuong tac lién quan cia Z duge dua ra trong bang

4.6.

binh He sé dinh

—igZW-%—VW_A —igCWCQ
—igzyay-a | 4 {00 (—cw + V3Bswtw) + s01/3 — 352tw
—igzyBYy-B % {Cg (CW + \/gﬂSWtw) + 594/3 — 3ﬂ2tg/vw

Bang 4.6: Quy tic Feynman cho dinh 3 boson lién quan dén sit phan ra h — Zv, 7.

Cac dinh tuong tac gitta 3 boson ciing duge dua ra trong [110,114] khi

x6t G giéi han 0 = 0.

4.2 Biéu thic giai tich ctia bién do ctia qua trinh ra h — Zv,vv

Trong chuan unitary, cac dinh & trén tao ra cac gian do Feynman cho dong
gop bac mot vong vao bién do phan ra cua SM-like Higgs boson h — Z~
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duge vé trong hinh 4.1.

_L)l_ Zu Zu Z}l

Hinh 4.1: Gidn do Feynman ba diém bac mot vong cho déng gép vao bien do ra
h — Zv trong chuan unitary, véi f;; 1a cac lepton trong SM, s;; = HE, H¥4 H*B

vy = WE YA VEB,

Bé rong phan ra rieng phan c6 biéu thiic dang [28,67]

m3 m2 3
C(h = Zy) = oo (1—m—) | Foy |, (4.6)

4 h
v6i Foy dude xac dinh tir cac dong gop mot vong. Cac cong thiic tong

quat hon da duge dua ra trong [91], dan dén biéu thiic sau:

331 331 331 331 331 331
21 s 21 v 21 vss 21 svv) :

{va}

(4.7)
Chtng toi luu v rang F23131)53 Fg’ﬁlsw da khong dugc tinh dén trong céc

nghién cttu trude [29,110].
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Cong thiic giai tich chung cia (4.7) duge dua ra trong phu luc C. Be

rong phan ra rieng phan h — vy duge tinh nhu trong [28,91]

D(h =) = < [FP, (4.8)
VOI:
331 331 331 331
Fy _ZF f+ZFWS ZF’WU’ (4.9)
f v

xem cong thic giai tich chi tiét trong phu luc C. Dé xac dinh BR clia

boson Higgs tua SM, chiing ta can biét bé rong phan ra toan phan. Trong

SM, beé rong phan ra toan phan cia boson Higgs [37,119):

M ="M = gg) + > TM(h— £507) + TM(h = W) + TM(h — 227)
q#t l=e,ut

+ M = ) + TM(h = Z7) + TM (R — gg), (4.10)
d day bé rong phan ra tuong ting véi khoi luong ctia boson Higgs 13 125.09
GeV da duge thyc nghiem tim ra [94]. Cu thé, BR ctia kenh ra h — X X,

XX =gg,7, Z:

MM — X X)

SM
Fh

BR™M(h — X X) =

(4.11)

Két qua gidi so cho trong bang 4.7 [37,119], trong d6 phan ra ra 2 photon

phit hop véi két qua trong [93], BR(h — v7y) = (2.27 £0.07) x 1073.

Cuong do tin hiéu gan day duge thuc nghiem ATLAS xac dinh la:
oy = 0.99 + 0.14 [93]

Bé rong phan ra toan phan ciia SM-like Higgs boson trong mo hinh
3313 dugc tinh toan dya trén do sai léch cia cac dinh tuong tac cta
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bb T wrp cc g9 vy Zy WWwW YA M (GeV)

0.5809 | 0.06256 | 2.171 x 10~* | 0.02884 | 0.0818 | 0.00227 | 0.001541 | 0.2152 | 0.02641 | 4.10 x 10~3

Bang 4.7: Ty l¢ ra nhanh cta boson Higgs tua SM (h — X X) tuong tng véi khoi
lugng Higgs 1a 125.09 GeV.

Higgs boson v6i fermion va boson chuan clia hai mo hinh SM va 3315,
dugc liet ke cu thé trong bang 4.1 va 4.3. Két qua tinh cu thé cho bé rong

ra toan phan nay la:

2
31— 0.6725 (5 — -2 | M
t12

2
2cpSpc 812Cq + C128
2 9SoCW 2 12Ca + €128 SM
+cs 02152+ |1 — ———— | ftiy + ———— 0.02641| T
’ [ ( L= B2ty < " V3cs )> ] '

+ T3 h = ) + T30 — Z7) +T3Yh = gg). (4.12)

C6 3 kénh phan ra h — v, Zv, gg can xac dinh trong 4.12. Cac boson
Higgs tua SM khong tuong tac véi cac quark ngoai lai trong mo hinh
33143, nén chung toi chi xét dong goép 16n nhat cia top quark vao qua

trinh phan ra h — gg, két qua thu duge:
T3 — gg) = (c5+ t1ass) TN (h — gg), (4.13)

4 day do sai lech do dong gop cia dinh tuong tac htt duge cho trong
bang 4.1. Diéu nay phu hgp véi nghién citu gan day cho h — v+ trong

mo hinh 3-3-1 [9].

Trong mo hinh 33143, ty lé ra nhanh cia h — XX v6i XX = vy, Zv
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duce xac dinh:

334(h — XX)
F?L31

BR*!(h = XX) = (4.14)

Mot s6 két qua thuc nghiem ctia boson Higgs tya SM da duge cong bo [53].
Chiing toi xét qua trinh sinh boson Higgs dua trén qua trinh tong hop
ctia gluon ggF tai LHC. Cuong do tin hiéu tuong tng duge dy doan béi

3316 duge dinh nghia nhu sau:

331 _ 0331(99 — h)

1t = SW(gg — 1)

~ (c5 + t1285)° | (4.15)

trong do6 gia tri cudi cling xuat phat tir gid dinh cltia ching toi rang chi
déng goép chinh tir top quark trong cac gian do mot vong dudge tinh dén.
Cuong do tin hiéu cua kénh ra do dong gop bac mot vong sinh ra la:

BR*!(h — X X)
BR™M(h — XX)

331

wy = (c5 + t1285)2 X (416)

Thie nghiém cho gi6i han trén cia cuong do tin hiéu ciua ra h — Z~ la:

1z < 6.6(5.2) [94,96).
Qua trinh phan ra cta Higgs boson trung hoa hj

Trong cac thao luan ¢ trén, ching toi chi rat ra cac dinh gép phan vao
bién do bac mot vong cua hai kénh phan ra cua boson Higgs tua SM
h — ~v,Z~. Cac dinh khac duge ching téi dua ra ¢ phu luc B. O day

ching toi nhan manh mot tinh chat rat tha vi ctia Higgs boson trung hoa
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nang hY rang n6 chi c6 duy nhat mot dinh tuong tac khéc khong véi hai
hat SM, cu thé 1a Apzp0 # 0. Chiing toi 6 myg > 2my, dong thoi néu hj
nhe hon tat ca cac hat ngoai lai khac duge du doan béi mo hinh 3314,
chi ¢6 phan ra d bac cay xuat hién hJ — hh. Cac phan ra bac vong nhu
h) — gg,vv, Zv cling xuat hién, sé khao sit ¢ phan sau. Do d6, bé rong
phan ra toan phan hY khong thé théa man diéu kien on dinh ctia vat
chat toi [po < 1.3 x 21 X 10742 GeV [18,21,122,123]. Du sao, cic ting
ctt vien DM nhu boson Higgs trong mo hinh 3-3-1 da duge chi ra truée
d6 [30,38,126].

Dinh tuong tac ctia boson Higgs trung hoa h9 9.3 VOI cac fermion:

(

’U (t12 + 85) f = ea7ui7d3
O f == eaauaada
Yigrrr,r = § 2L (—cstiz +s5),  f=ug,di » YRffLR = -
ZL_; f - an Ja
\07 f - ECL7 Ja-
(4.17)

Mot diém thi vi la cac tuong tac Yukawa ciia hg chi xay ra véi cac fermion

ngoai lai, tuong tir nhu hat Higgs boson trung hoa nang xuat hién trong
mo hinh SU(2); x SU(2)2 x U(1)y [124], bé rong phan ra riéng phan
ctia kenh hY — gg la [67,98]:

Oé mh[)

327T3U3

I'(h — gg)

zta Ut (A1
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VOl t, = 4m3a / m%g,

arcsin? , r>1
f(z) = v 2 (4.19)
1 141
-1 1n1ﬁ—m} . x<1.
Trong gidi han t, > 1 Va =1,2,3, (4.18) c6 thé duge ude tinh [124]:
0 042m20
I'(h3 = 99) ~ —5—5 (4.20)
832 v3

Bé rong ra rieng phan clia miuc cay hO — hh khi mpg > 2my, la [64]:

2
L(AY = hh) _ Pl 4mh 1335”3 M (o)
87 Mg hO 87 s My Mo ’

v6i A1z duge cho trong (1.79).
Bé rong ra toan phan clia hY:

Tpo = T'(h) — hh) + T(hY — gg) + T(hY = v7) + T(h] = Z~).

(4.22)
Hai qua trinh ra sau cung duge xac dinh bai:
3
0 mio my 0 2
[(hy = 27) = 552 (1= — | Fulhy = Z9))7, (4.23)
321 My
3
0 m3° 331 /7,0 2
L(hy = yy) = == < [F (hg = )7, (4.24)

vOl:

EFNhy = Z7) = ) Fyp(h§ — Z7v) +ZF§ﬁi(h§ = Zy)+ Y F(hg— Z7)

F=E,,Ja v=Y,V

+ > [FIR (W = Zy) + FiL (WS = Z)], (4.25)

21 vss 21,svv
{sv}
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FEY W — yy) = Y FEL.(h— Zv) +ZF531 (h§ — Z7)+ > FEL(h§ — Zv),

v, F TV, YV
F=Eq,,J, v=Y,V

VOl s = HY, HHA 5B o =YHA VEB vy {5 0} = {HHA YA}, {HTB V5],

4.3 Két luan chuong

Trong chuong nay, chung toi da xay dung duge cac dinh tuong tac lién
quan dén qua trinh ra h — Zv,~y~. Biéu thic giai tich tinh bién do, ty
16 ra nhanh va cuong do tin hiéu ciing da dugce chi ra. Trong chuong tiép
theo ching toi sé gidi han ving khong gian tham s6 va khdo sat so dua

vao két qua tinh duge ¢ Chuong 4.
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Chuong 5

KET QUA TINH SO VA BIEN
LUAN QUA TRINH RA h — Z~,vy
TRONG MO HINH 3-3-1 VOI 5
BAT KY

5.1 Viung giéi han ctia cac tham sé

Trong nghién ctu nay, dé the hien do léch dinh luong gitta cac du doan
ctia hai mo hinh 3313 va SM cho qua trinh ra h — XX (XX = v, Zv),
ching toi dinh nghia dux nhu sau:

opux = (p3t — 1) x 100%. (5.1)
Chiing toi ciing gidi thieu mot s6 dal lugng mdi: Rz 1y = 0412+ /01147]
dé nghién citu su khéac biét tuong déi gitta hai cuong do tin hieu c6 nhicu

tinh chat tuong tu nhau. Céac gia tri duge phép lien quan dén phan ra
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SM-like Higgs ra hai photon la: —15% < éuy < 13%, tuong tng vdi cac
rang budc thuc nghiem gan day: y, = 0.99 £ 0.14 [93]. Trong tuong lai,
cuong do tin hieu thu duge tir thiye nghiém ma ching toi chap nhan 6 day
la: ftyy = 140.04 va pz, = 1£0.23 [97], tuong ting voi |[dpu] < 4% va

|5,LLZ7‘ < 23%.

Nhieu dai lugng da biét duge sit dung trong phan nay duge ¢ dinh tit
cac thi nghiem [94] 14 khoi lugng SM-like Higgs boson my, = 125.09 GeV;
khdéi lugng cac boson chuan myy, my; va khoi luong fermion mang dién;
trung binh chan khong (VEV) v ~ 246 GeV va hing s6 tuong tac nhém

SU(2)p 1a g =~ 0.651, e = 1/137, e = /AT Qtem, 3, = 0.231.

Cac tham s6 tu do chua biét duge stt dung 1a 8, t19, thang pha vd cla
nhom SU(3)y, 1a v3, goc tron Higgs boson trung hoa sg, khoi lugng boson
Higgs trung hoa my,g, myg, hang so tu tuong tac ctia Higgs boson gom Ay,

A2, A3, Ao3 va khéi luong cac fermion méi mg,, My,

Khoi luong fermion méi mp , my, chi anh hudng dén cac phan ra cta
hg do dong gop bac 1 vong gay ra. Ching toi chon: mg, = my = mp
cho don gian. Mot truong hop tong quat hon cé thé xay ra la xuat hien
sif tron gitta cac lepton ngoai lai khac nhau, dan dén c6 dong gop bac 1
vong gay ra voi hai fermion khac nhau sé goép phan vao bién do ra cia

phan ra hy — Z~v nhung khong dong gop vao bien do ra hJ — vv.
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Thang phé v ctia SU(3) 7, phu thude vao khoi lugng boson chuan nang
my, ma gidi han dudi bi gidi han tit cac két qua tim kiém clia thyc nghiem
tit phan ra thanh cac cap lepton ctia SM Z" — £¢ cho mo hinh 3-3-1 [138],
trong d6 phan ra thanh cac cap lepton ngoai lai da duge tinh dén. Theo
do, tai LHC vé6i nang luong tim kiém cd 14TeV, my < 4 TeV dudc loai
trit ¢ do trung 23 fb~1 cho B = —1/4/3. Cac cong trinh gan day da sit
dung myz > 4 TeV cho mo hinh véi 3 = —1/4/3 [62,99], dua trén két qua
mdi nhat ma LHC tim ra [8,52,100]. Bbi vi vg ~ O(1) TeV, khoi lugng

2,,2.2

mz dude tinh xap xi tu m%, = 3[1_9(1”555)82 - Tt day, gidi han dudi cua
w

my > 4 TeV tuong ting véi giéi han dudi ctia v3 > 10.6, 10.1, 8.2, 3.3 TeV
véi cac gia tri tuong tng cia 8 = 0,41//3,4+2/v/3, £v/3. Nghién citu
gan day vé cac mo hinh 3-3-1 véi neutrino nang phan cic phai 8 = —1/v/3
va my = 3 TeV la duge phép [47,55] bdi vi ra cia Z' thanh 2 neutrino
ngoai lai nhe da duge tinh dén. Gi6i han dudi tuong ting ctia thang pha

VO SU(3)L 1a V3 > 7.6 TeV.

Mat khac, mo hinh véi 8 = /3 van cho phép thang SU(3), kha thap,
vi du my =~ 3.25 TeV, tuong tng véi vg ~ 2.7 TeV [56]. Bbi vi két qua
s6 khong thay doi dang ké trong pham vi 7.6 TeV < v3 < 14 TeV, chiing

toi sé chon v = 14 TeV cho || < V3 va v = 3 TeV cho |B] = V3.

Céc gi6i han nhiéu loan yéu cau rang cac gia tri tuyét doi cia tat ca cac
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tuong tac Yukawa va Higgs boson phai nhé hon V4w va 4x, tuong tng.
Diéu nay dan dén gi6i han trén clia t1o bat nguon tir tuong tac Yukawa
clia quark top trong biéu thitc (1.53), vi du nhu 1a 19 < v/27v/my ~ 3.5.
Céc nghién cttu khac veé 2HDM cho thay rang t12 > 1/60 [97]. Chung toi
sé gidi han 0.1 < t19 < 3, phit hop véi [64] va cho phép [sg| > 5 x 1073

16n.

Xét myg, ma, mp+, t12 va ss nhu la cac tham s6 ctia mo hinh 2HDM
duge dé cap trong [120], mot gidi han quan trong c6 thé duge tim thay
nhu ¢5 > 0.99 cho tat ca cac mo hinh 2HDM, dan dén khoang dude phép
kha 16n |ss| < 0.14. Nhung ss 16n tuong tng gia tri duge phép cta tqo
phai tuong doi gan 1 [58], tuong tu véi két qué cong bo gan day [68]. Gia
tri nho ciia khoi Iugng boson Higgs nang dao dong quanh gia tri 1 TeV.
Nhu ching toi sé chi ra, cuong do tin hiéu gan day ctia phan ra boson
Higgs tua SM h — v ngay cang dua ra cac rang buoc chat ché hon cho
s, do d6 ching toi tap trung vao ving c6 gidi han |sg| < 0.05. Tham s6
Ao va Ap9 lien quan dén mo hinh 2HDM c¢6 anh huéng manh dén M.
Gia tri 16n cia |sg| dan dén gia tri nhoé cho phép cla Mg dé cho Ao
dap tng gidi han nhiéu loan. Nguogc lai, tat cd dai lugng khéc lien quan
dén nhém doi xing SU(3), déu thoa man. Céc ving khong gian tham s6

duge chon ¢ day phut hop véi cac cong trinh gan day khao sat trong mo
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hinh 2HDM [81,82,108]. Céc tim kiém thyc nghiem gan day cho cac Higgs
boson duge dy doan bdi mo hinh 2HDM da duge nghién citu nhieu [101].
Gia tri 300 GeV cho gidi han dudi cia khoi lugng Higgs boson mang dién
va Higgs boson trung hoa C'P- chan dudce chap nhan trong cac nghién cttu
veé mo hinh 2HDM [82]. Suy ra, gia tri clia mpg va my= sé duge chon de

dap ung myg, mp= > 300 GeV.

Chiing t6i ciing sé xem xét truong hop khoi lugng Higgs boson mang
dien 14 nhe, dam bao cho dong gép vao bién do ra h — vy, Z~ ¢6 thé lén.
Do do, hiing s6 tu tuong téc ciia boson Higgs \;; lien he véi khoi lugng
boson Higgs mang dién trong phuong trinh (1.67), (1.68) va (1.69), c6 thé
am. Khao sat ciia chiing toi cho thay |A1323] < O(1073) khi |A12] co thé
dat bac 1. Chung toi sé xem x¢ét chi tiét hon trong khdo sat s6 ¢ phan
sau.

Nhitng rang buoc ve dinh tu tuong tac ctia 3 Higgs boson cho trong
mo hinh 3-3-1 v6i neutrino phan cuc phéi da duge théo luan trong [20],
trong d6 thé Higgs thoa man diéu kién ve trung binh chan khong. Do do,

cac két qua nay co thé duge ap dung cho cac mo hinh 3313, cu thé la:
A > 0, fij = )\ij + 2 )\i)\j > 0,
fii = Nij + Nij + 24/ N\ > 0, (5.2)

véi 1,5 = 1,2,3 vai < j. Luu y rang cac rang budc cho cac hé s6 ty tuong
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tac cua Higgs boson Ai1212 tuong tng véi cac truong hop cu thé cua
mo hinh 2HDM [94,120,125]. B&i Vi (t12 + 15 + c12(v/v3)?) fog ~ m%
13 binh phuong khoi lugng ctia Higgs boson trung hoa C'P-1¢, dieu kién
m? > 0 dan dén f > 0 [14,64]. Cac dieu kien khac ddm béo rang tat
ca cac binh phuong khoi luong boson Higgs phai duong va khéi luong
boson Higgs tua SM phai phit hop véi gia tri thuc nghiem. C6 thé thay
qua céac cong thie (1.67)-(1.69) rang tat ca cac binh phuong khoi lugng
Higgs boson mang dien luon duong néu tat ca A;; > 0, nhung gid tri ciia
chiing c6 thé rat 16n. Cac truong hop tht vi hon tuong ting véi sy ton tai
ctia boson Higgs nhe mang dién, c6 thé dong gop dang ke bien do ra bac
mot vong cua boson Higgs tua SM. Dya vao phuong trinh (1.71), uée tinh
ban dau cho thay f c6 cing bac vdi thang pha vo ctia SU(3), 1a v3, dan
dén yéu cau 5\12,13723 < 0 cho sy ton tai ctia boson Higgs mang dién nhe.
Hon thé ntta, moi quan hé (1.79) dan dén he qué 1a A3 sé nhd doi véi
truong hop ching ta quan tam v > 3 TeV va my,g nho gan 1 TeV. Trong
truong hop nay f cling nho, nhu ching toi tim thay trong khao sat so
cting nhu da duge cong bd trong cac nghién ciu trude [15]. Xét cho cac
boson Higgs mang dién trong (1.68) va (1.69) chung toi dua ra gia tri
clia 5\13,23 am va rat nho. Nguoc lai, sy xuat hién ctia boson Higgs mang
dien H* cho phép A2 am vy |5\12| khé 16n dé théa man dicu kien fi2 > 0
cho béi phuong trinh (5.2). Chung toi sé giéi han ving khong gian tham
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t X\ij > 0 vGi tat cd i > j, 4,5 = 1,2,3 va A;p < 0. Gid tri clia Ai3.93

On

S
luén dude chon dé c6 duge gia tri tuyét déi du 16n clia cac déng gop Fg’f”ls

va/hodc F3Ll = F3l 4 F31

21,500 21,085

Nhiing thao luan 6 trén cho phép chung toi chon cac gia tri mac dinh
clia cac tham s6 doc lap chua biét nhu sau: 8 = 1/v/3, s5 = 0.01, \; = 1,
tig = 0.8, A1g = A1z = Mgz = 0.1, myg = 1.2 TeV, myg = 1 TeV, v3 = 14
TeV, mp, =my, = 1.5 TeV. Chang toi chon gidi han nhiéu loan cia hang
sO tu tuong tac clia boson Higgs 1a 10, chat ché hon mot chit so véi can
trén duge phép 1a 4. Ngoai ra, tity thuoe vao cac khao sat s6 cu the, viéc
thay doi bat ky gia tri s6 clia cac tham s6 doc lap ciing sé dude chi thich

cu theé.

5.2 Két qua khao sat s6 va bién luan

5.2.1 Trudng hop 1: A\ > 0

Dau tién, ching toi tap trung vao cac tham s6 c6 lien quan dén mo hinh
2HDM. Céc hinh 5.1 va hinh 5.2 minh hoa khdo sat s6 cac hang s6 tu
tuong tac cua boson Higgs va f;; la ham ctua myg, cac tham so doc lap
khac dugc c¢o dinh 1a t1o = 0.8 va cho ss nhan mot s6 gia tri du lén:
ss = +1072, 45 x 1072. V6i s5 > 0, thi t12 ducc chon di 16n dé thoa man

fi2 > 0 va mpg > 1 TeV. Tham 6 A2 > 0 va cac gia tri am 5\13’23 — 0
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Hinh 5.1: D6 thi f;; va hang s0 tu tuong tac ctia boson Higgs phu thuoc vao my,g véi
ss > 0 va t1p = 0.8. Cac duong nidm ngang & gia tri 10 tuong ing véi gidi han nhiéu
loan ctia hang so tu tuong tac clia boson Higgs.

khong anh hudng dén két qua khao sat sé trong truong hop nay. Ching
toi c6 nhan xét rang diéu kién ve trung binh chan khong yéu cau fio > 0
cho anh hudng rat manh dén gidi han trén cia Mg, CU thé ss 16n chi cho
phép mye nhan gia tri nho. Hinh 5.2 minh hoa cac viung duge phép khi
ss < 0, 6 day ching t61 chon t13 = 0.1, du nho cho Ag > 0 va myg > 1
TeV. Mot lan nita ching toi thay rang |ss| cang 16n sé cho cho gidi han
trén cua mypg cang nho. Noi chung, qua khao sat so clia ching toi cho
thay t12 va sy phu thudoc manh nhat vao su thay doi khéi lugng myg. Nhu
minh hoa, hinh 5.3 cho thay vimng cho phép t12 va sg véi 2 diem co6 dinh
mpg = 1 TeV va 2.5 TeV. C6 the thay réng véi myg 16n hon, két qua sé cho
|s9| nho hon. Cac duong cong mau den nét diit the hién cac gia tri khong
ddi clia fi2 sé hitu ich cho cac thao luan cho truong hop Ao < 0, do cac

rang budc tu flz > 0 sé nghiém ngat hon tur f1o > 0 khi xét Ao < 0, cho
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Hinh 5.2: D6 thi f;; va hang s0 tu tuong tac ctia boson Higgs phu thuoc vao my,g véi
S5 < 0 vatio=0.1.
két qua sé tuong duong véi fio > |Ma|. Vi vay, fi2 dong vai tro la gidi

han trén cua |5\12\.

Cac viing tham s6 duge phép ciing phu thuoc vao A1, xem vi du minh
hoa bang do thi biéu dién cac duong bao trong hinh 5.4 tuong tng véi
A = 0.5,5. C6 the thay rang A\; phai di 16n mdi cho phép |sg| nhan gia

tri 16n, xem thém cac do thi minh hoa véi Ay = 0.1, 10 trong phu luc D.

Trong truong hop gia tri 16n |sg| = 0.02, cac gia tri duge phép ctia A
va t19 cho trén hinh 5.5. C6 thé thay rang chi c6 gia tri sy am sé cho fio
I6n. Truong hop |sg| = 0.05 nhan gia tri 16n hon cho trong hinh vé trong
phu luc D. Ching t6i chon myg = 1.2 TeV, di lon dé gia tri |sg| = 0.05
van duge théa man. Trong dieu kien ca |s5| va myg deéu 16n, cac ving
tham s6 dugce phép clia t12 va A\; va fio kha hep. Véi |ss| < 1072 nho, cac

gid tri dude phép cua myg va t1a duge mo rong hon. Tuy nhién, cac ving
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Hinh 5.3: D6 thi duong bao ctia Ay, f, [Ai2| va fio phu thuoc vao sg va t1o. Céac ving
mau luc, lam, cam, do tuoi duge loai trit bdi cac yeu cau 0 < Ay < 10, f > 0, [Aj2] < 10

va fi2 > 0 tuong tng. Dudng cong mau den thé hién gia tri khong doi clia fio.
duge phép nay sé khong dan dén nhiéu sai léch so véi du doan ctia SM.

Do thi trai trong hinh 5.6 minh hoa cac do thi duong bao véi gia tri
c6 dinh 8 = —1/4/3 mo ta cac gia tri dugc phép clia dpz, tuong ting voi
cac viing khong t6 mau, 1a cac viing thoa man day du cac rang buoc ciia
tham s0 va giéi han thuc nghiém gan day cho §4uy,. Do thi bén phai cia
hinh 5.6 bicu dién duong bao clia Rz, /4, trong do vung khong t6 mau
thoa man diéu kien Ry, /., > 2. Trong ving nay, ching ta ¢6 thé thay
5] ~ O(1073) va c6 gia tri am. Thém vao d6, djuy, < 0.04. Do vay, ving
firy = 0.99 £0.14 dan dén [dpz,| < 0.15 van con nhé hon do nhay trong

tuong lai 6p17, = £0.23 cho trong tai lieu [97]. Ngoai ra, hau hét cac khu
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Hinh 5.4: D6 thi duong bao cia Ay, [A12| va fi2 nhu ham ctia s5 va t15. Cac viing mau
luc, lam, cam, d6 tuoi dugce loai trit béi cac yeu cau 0 < Ay < 10, f > 0, [A12| < 10 va
fi2 > 0 tuong tng. Dudng cong mau den nét dit thé hien gia tri khong ddi ciia fio.

vire duge phép deu dap ing 0.8 < Ry ., < 2, do d6 gia tri gan ding
BR(h — vy) ~ BR(h — Z7v) la gia thiét hop 1y dé don gidn héa cac

tinh toan da dugc thita nhan trong cac nghién ctu truée day:.

NGi chung, véi gia tri 16n vz = 14 TeV va gia tri gan day cla dpy,,
nghién citu ctia ching toi cho thayrang cac thao luan 6 trén vé cac ving
tham 6 duge phép ciing nhu Ry, /., phu thuoce yéu vao tham so 3. Keét
qua ciing khong thay doi déi véi gidi han dudi ciia vz = 8 TeV tuong
ing véi B = £2/v/3. Dac tinh nay c6 thé duge giai thich béi thic té
v3 ~ 10 TeV la gia tri 16n dan dén cac boson chuan mang dién nang

my, my nhan khéi lugng khoang 4 TeV va khoi lugng ctia boson Higgs
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A2, f, 1Azl fr2, s6= 0.02, m g =1 TeV A2, 1, 1Azl fr12, s6= =0.02, m g =1 TeV
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A
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Hinh 5.5: D6 thi dudng bao ctia Ay, [A12| va fio nhu 1a ham ctia Ay va ¢y v6i mot s6
gia tri ¢d dinh myg . Céac viing mau luc, lam, cam, d6 tuoi bi loai trit béi céc yéu cau
tuong tng 0 < Ay < 10, f > 0, [A\12| < 10, and f1» > 0. Duong cong mau den thé hién
gi4 tri khong doi clia fio.

mang dién khong nho hon 1 TeV. Dong gop bac mot vong tit cac hat méi
dic trung cho nhém SU(3)p vao F3it va Fg:?l nho hon it nhat 4 bac so
v6i dong gop tit SM vao bién do ra F2811\,4W, xem vi du minh hoa trong
bang 5.1. O day chiing toi st dung bien do duge du doan béi SM, cu thé
la Re[FPM] = —5.6 x 107° [GeV '] va Re[F2M] = —3.09 x 1075 [GeV ]
va bo qua nhitng phan phan ao c¢6 gia tri rat nho,ching ta co the thay ca
hai dai lugng 641z, va dpiyy phu thudoc manh vao ss va t12. Ngudc lai, cac
dong gop mot vong tur cac hat mdéi nhan gia tri cyc nhd, nhu minh hoa
trong dong cudi cing trong bang 5.1. Luu ¥ rang Fg’ﬁgv ¢ thé 16n hon

dang ké so v6i F23131}, do d6 ca hai dai luong nay nén duge dong thoi dua

83



= 1

\/? RZY/VYv B=_f

0.06 - ! z . LY ! 0.021-

004}
0.01F
0.02 (S A

e i l |
-7 . .
- |
| | l
e o
‘ : : 000
1 1 1 7

(-4

¢ 000

~
—————————————

I 1 1 1
~0.02p \ > R Rt EEEEEE

-0.01}F
-0.04}- -

_0'067“‘1““1“"1““1““\’ -0.02}

ty2 t2

Hinh 5.6: Do thi dudng bao hién thi cac ving dugc phép s5 va t1o (tréi) va Rz, /.,
nhu ham cia ss va t15. Cac ving mau luc, lam, cam, dé tuci va vang dugc loai trit béi
cac diéu kién can ctia cac tham s6 Ao, f, A2, fiz va dji,, tuong ting. Cac dudng cong
mau den va cham den hién thi gid tri khong doi ctia duz., va O, tuong ting. Ving
khong c6 mau trong bang bén phai tuong ting véi R/, > 2.

vao bien do phan ra h — Zv. Su dong gop khong dang ké clia cac hat

mdi 0z, duge hién thi ro rang trong do thi trai clia hinh ctia 5.6, trong
d6 ba dudng cong khong doi ss = dp1z, = Sy = 0 rat gan nhau.

Vé6i gia tri duong du 16n cua A2 VA M du nho, déong gép bac mot
vong tit H= vao F3pt va F231 chiém wu thé nhung van khong di 16n dé
tao ra nhimg sai lech dang ké cho Oz, xem vi du minh hoa véi gia tri
nho s; = 1073 trong dong dau ctia bang 5.2.

O day chung toi luon ap dat |dp,| < 4% tuong tng do nhay thuc

nghiém trong tuong lai cua piy,. Mat khéac, do sai léch 16n co thé xuat
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B 5 t12 Re[FSM] Re[FSM] Re[FSM] Re[FSM] RefpsMy  OHzy Opiyy
& 2% 1072 1.5 -33x107* 3x107® —16x107* —6x10"* 55x107* 44 6.5
% —2x107% 15 ~107° 3x107° —15x107* ~107° 53x107* —54 6
% 2x1072 05 13x107* —9x107° —5x107° 23x107%  22x107*" 6.8 8.1
% —2x 1072 05 —42x107" —9x107® —4x107° —75x107* 21x107* —75 74
% -1073 1.5 —-16x107* 3x107° —16x107* —29x107* 54x107* —-0.8 -0.2

Bang 5.1: Doéng gép ctia cac hat thuoe nhom SU(3);, t6i F32t va 33! xem phuong

Y
s 5 £ 1331 — 733l 331
trinh (4.7) va (4.9), v6i F3PL, = Fopo,, + Foiua.
Fits Fith Fit e Fyos i
56 t12 Re[F5M Re[FpM Re[FSM] Re[FSM] Re[F5M] Opzy  Ofiyy

1073 1.7 —1.46x1072 4x107° —1.7x107* —264x107%2 57x107* —3.1 —47

-1073 1.7 —144x1072 4x107% —-1.7x107* -261x10"2 57x107* -3.6 —5.3
3x1072 1.5 —124x107%2 3x107° —-1.6x10"* —223x1072 55x107* 44 5.2
—-3x1072 15 —96x1072 3x10° —15x10"* —1.75x107% 53x107* —-96 —12.3

S e Sl S| =

Bang 5.2: Déng gop ciia céc hat trong nhém SU(3) t6i F32t va F23! cho Ay = 5 16n
va mypg = 600 GeV nho.
hién khi |ss| di 16n. Trong truong hop nay, tat ca cac dai luong oz -

va 5 cO cung dau.

Xét truong hop S = v/3 tuong tng véi mo hinh duge thao luan trong
[56], véi gid tri nho vz = 3 TeV van duge chap nhan, cac ving duge phép

thay doi dang ké, nhu duge minh hoa trong hinh 5.7.

Dac biét, mo hinh du doan gi6i han chat ché hon cho s5 < 0.03. Dong
g6p bac mot vong clia cac hat dac trung nhom SU(3)r, ¢6 the dan t6i ca
hai do sai lech dpz., dpuyy dat gid tri ¢d vai phan tram, nhu mo ta trong

hinh 5.7 trong d6 hai duong bao dzy = o, = 0 tach biet han so véi
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0.02

Ss

-0.02

-0.04

-0.06

Hinh 5.7: Duong bao viing duge phép clia s5 va t15 v6i vs = 3 TeV cho trong [56]. Céc
ving mau lyc, lam, cam, dé tuci va vang bi loai trit bdi cac dieu kién can thiét tuong
ing clia Ao, f, A2, fi2 va 0fiy,. Céc dudng mau den va cham den hién thi gia tri khong

doi tuong tng véi Ofhzy VA O flysy -

duong bieu thi s; = 0. Cac két qua tinh s6 thi vi duge minh hoa trong

,
bang 5.3.
5 s F F FL FE DE 5
d 12 Re[FEM Re[F5] Re[F5" Re[F3] Re[F3Y]  OHZy  OHny

V3 1073 15 —1.8x107% —16x1073 —4x10"3 —32x10"% 22x1072 —-16 4.8
V3 =103 15 —16x107% —1.7x1073 —4x1073 —-29x10"% 22x1072 -2 4.2

Bang 5.3: Dong gop cila céc hat trong SU(3)y, t6i 3Pt va F33' cho m6 hinh duge cho
trong [56]. Cac ky hi¢u dugc 14y tit cha thich 6 bang 5.1.

Chung t6i can nhan manh hai tinh chat quan trong sau. Thi nhat,
dong gop bac mot vong tit cac boson chuan déc trung cho nhém SU(3)

co the lam 0y, dat t6i do nhay tuong lai. Thit hai, cac gia tri clia F3}

86



3 331
va F21,sv

dong gop nay khong du 16n dé lam cho do sai lech kenh ra h — Zv 16n

t6i do nhay thuc nghiem tuong lai |6pz+] > 23%.

Dé két thuc truong hop A;; > 0 ching toi da dé cap & trén, ching toi
thay rang trong truong hop nay, tat ca cac khoi luong ctia boson Higgs
mang dién c6 bac O(1)TeV va ¢ he s6 dinh tuong téc véi h nho. Vi cac
gia trilon cua Ap 12 va gia tri nho mpg = 800 GeV, c¢6 thé xuat hién truong

hop dp4yy nh6 nhung gz 16n, nhu vi du trong bang 5.4. Ching t6i muon

¢6 thé cho ciing bac do lon 1a 1073 so véi SM, nhung nhiing

331
F5is

331
57

331
51 50

7331

7331

A A 59 t12 Re[FSM] Re[FSM] Re[FSM] R,c[F"%;}jVI] R,c[’YF"LS)f}I] Opzy Oy

1.95 8 1073 1.5 —1.22x1072 —1.7x107% —44x10"% —221x10"2 22x107? —4. 0.4
1.95 8 —1073 1.5 —1.21x1072 —1.7x107% —4.4x107% -219x107%2 22x1072 —45 —0.17
1 5 —2x107% 195 —1.6x10"% —9.7x107* —5x 1073 —-1.2x1072  24x107%2 7.7 —4

Bang 5.4: Vi du mo hinh trong [56], déng gbp ciia cac hat trong nhém SU(3),, téi

ESPtva F33 v6i myg = 800 GeV. Cac ky hiéu duge dwa ra tit chi thich ctia bang 5.1.

nhan manh 6 day mot dac diem thi vi 1a do su ton tai ctia Higgs va boson
chuan méi, cac dong gép clia ching
¢6 thé c6 dau ngude nhau va cling bac, do d6 dan dén cuong do tin hieu
tuong tng c6 thé dii nhé thoa man cac gidi han trén thu dude tir thuc
nghiém. Dong thoi, tat ca cac dong gop cho bién do phan ra h — Zv c6
thé ¢6 cing dau lam tang bien do ra, dan dén do lech tuong tng iz, ¢6
thé 16n. V6i mo hinh 8 = /3 va v3 = 3 TeV, ching ta c6 thé tim thay do

léch nay c6 thé dat duge gia tri —10, nhung van con xa so véi do nhay clia
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thuc nghiem dpz, = £23% trong cac du an thue nghiem HL-LHC [97].
V6i cac mo hinh c6 v3 > 8 TeV, déng gop clia cac hat boson chuan ning
khong dang ké, do d6 dong gop 16n chi yéu dén tit cac boson Higgs mang
dien. T do, cac giéi han tit dpy sé dan dén cac gidi han chat ché hon

cac gidi han cta dpuz, thu duge tir thire nghiém.
5.2.2 Trudng hdp 2: \j» < 0.

Nhu ching ta c6 thé thiy trong phuong trinh (1.67), A2 am c6 thé dan

dén khoi lugng boson Higgs mang dién m g+ nhan gia tri nho. Thém vao

d6, | A12] 16n 6 thé cho phép xuat hien cac gia tri 16n cia hé s6 dinh tuong

tac ctia boson Higgs nay véi SM-like boson Higgs, lam cho xuat hién kha
331

nang |F5pi| va [F25L] ¢6 the nhan cac gid tri 16n. Ching t6i s tap trung

vao truong hgp nay:.

Mot trong nhiing dieu kién trong (5.2), cu thé fio > 0, sé tu dong thoa
man néu fi2 > 0 va A2 > 0. Trong truong hop Ao < 0, f12 > ( tuong
duong véi diéu kien khat khe hon fi2 > [Ai2] > 0 hodc — fi2 < A2 < 0.
Diéu nay gitp ching toi xac dinh cac khu vie duge phép véi [Aia| 16n,
dan dén dong gop mot vong clia boson Higgs mang dien H* vao bién do
clia 2 qua trinh ra h — Zv, vy nhan gia tri 16n. Dya trén thuc té la céc

khu vire duge phép ¢d fio duong va du lon sé cho phép A2 nhan gia tri
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16n, cu thé 1a hai do thi 5.3 va 5.4 cho thay gia tri 16n A\ tuong tng
véi vilng c6 s5 am va 1o nhd. Cac gia tri sy nhé cho phép [A2| nhé. Do
thi 5.5 cho thay gia tri A\; duong nhu khong anh hudéng dén gia tri dugc
phép cita Aig trong vimg c6 s5 am. V6i vz dii 16n, [Aia| 16n trong truong
hop nay khong c6 anh hudng 1o rét dén ca hai dai luong dpz- ~, xem vi

du minh hoa trong bang 5.5. Do dé, truong hop A1z am c6 thé dan dén

331 331 331 331 331
Fais Fot Fa1 sw FySis v

Foomg VT w5 G e Ok
% 1 —1073 3.4 x 1074 —1.4x107% ~0 6.1 x 1073 9x107° -1.8 —1.2
% 0.6 —1073 1.2 x 1073 —1.4x107% ~0 —2.1x107% 9x107° —1.7 —0.9
% 1 —2x1072 —14x107% —14x107* ~0 —2.6x107% 9x107° —23.9 —23.9
% 0.6 —2x 1072 6.6 x 1074 —1.2x 1073 ~0 -1.2x107% 9x107° —23.7 —236

Bang 5.5: Dong gop cila céc hat trong nhom SU(3),, t6i F5P' va F231. Gia tri 6 dinh
clia céc tham s6 chua biét 1a: f = 2/v/3, ts = 0.1, Mg = —1.

boson Higgs mang dien H* nhan khoi luong nhe, nhung né khong cho

déng gop du 16n ¢ bac mot vong tit boson Higgs mang dién dén cac bién

do ra h — Z~,vy.

V6i mo hinh ¢6 8 = /3 duge dé cap trong [56], sit khac biét chinh la gia
tri nho v3 = 3 TeV, dan dén kha nang c6 déng goép 16n bac mot vong tir cac

boson chuan nang vao cac bién do ra, cu the la

EPL F |, |ESPL FRM,
|FS3LFSM, [F33LJESM | F33L /M ~ O(1072). Nhung véi Az < 0,
dong gop cuing dau lai xuat hién trong bién do ra h — v, trong khi dé
lai xuat hién nhting déng gép trai dau ¢ bien do ctia phan ra h — Z+.

Do vay, cac giéi han thu dugc tur dit lieu thuc nghiém kénh ra h — v+ du
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doan do sai léch pz, nhan gia tri nho hon so véi cac gia tri tuong ting véi

truong hop 5\12 > 0.

Cudi ciing, tit nhiing thao luan trén ching t6i muén nhan manh rang
trong cac BSM ¢6 md rong phan boson chuan, vi du nhu mo hinh SU((2)1®
SU(2)2®U(1)y van cho phép ton tai cac gia tri nho cta khoi lugng boson
mdi va boson Higgs mang dién [31,88,102,124,137], nhiing déng gép nhu
F12 g, van co thé 16n, do dé ching can dudc tinh vao bién do ra h — 2.
Thém vao dé6, nhing mo hinh nay c6 thé du doan 6u 7~ 160, trong khi van
thoa man [dpy| < 0.04. Chi de tha vi nay dang duge nghién citu chi tiét

hon.
5.2.3 Qua trinh ra i) nhu moét tin hiéu méi cia mo hinh 3313

Cac dong gop khac nhau cho phan rda bac mot vong hg — vy, Zy v6i

sgp = 1073, mpg = 700 GeV, t12 = 0.8 duge minh hoa trong hinh 5.8, tuong

ing v6i cac do thi mo ta cac ty s6 |Fa1 . (hY — Zv)|/|Fa1(h§ — Z7)| va
|Eyry (R — ZY)| /| Fyny (B — Z7)|, @ = £, s,v,sv. Ngoai ra, cac khdo
sat clia ching toi cho thay cac duong do thi trong hinh 5.8 khong thay doi
nhicu khi thay doi cac gia tri ctia s;. Ching toi ¢ the két luan rang dong

gop tu cac fermion ngoai lai nang luon la déng gép chinh véi 8 du 16n.

Nguoc lai, Fo1 4 cho dong gop khong dang ké. Xét qua trinh ra hg — ¥,
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h3-2zy,ss= 1073 H3-yy.se= 1073

b AL
"""" R R
—-_.—-_-’ =
L \
0.100 AN
-7 N ,’ \\~
””” \‘, ~~-_-'————-
- '
001 - .
\\ ’ :
\YJ I
u
1000 ! 1
! Fypt ===~ Fys ="~ Fypv
I
107 L ‘ ‘ ‘ ‘ ‘ ‘
15  -10  -05 00 05 1.0 15

Hinh 5.8: Cac dong gop khac nhau cho ra h§ — 7y, Zv phu thudc vao 3.
moi tuong quan trai dau ctia Fy,, va F,. ¢ xdy ra khi || nho. Dieu nay
dan dén sy xuat hién hai dinh huéng xudng ctia do thi trong hinh minh
hoa, tuong tng voi |Fyy| < |Fyy f]s [ Fyy 0l

Céc ti 86 rd nhanh rieng phan ctia kY duge cho trén hinh 5.9. Dac diém

s5=5x1072
100 knm e e e e
9 R — I
< <
x x
o o
< 0.001 < 0.01
i3] m — Zy — hh
— v — g9
10-6 1074
15 -10  -05 0.0 05 1.0 15 15 -10 -05 0.0 0.5 1.0 15

Hinh 5.9: Céc ty lé ra nhanh ctia ra hS — X X phu thuoc vao .

thi vi ¢ day 1a BR(hY — ) c6 thé c6 gia tri 16n va bién doi rat nhay véi
sit thay doi ctia 8. Do d6, kénh ra nay la mot kenh day hia hen dé xac

dinh £, mot khi hg thuc su ton tai. Mat khac, BR(hg — hh) phu thude
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rat nhay vao s5: BR tang dang ké theo gia tri tang clia s;, nhung gia tri

nay luon luon nho, BR(A] — hh) < 1%.

Vi mp > myy bé rong ra toan phan clia b nhan dong gop chinh tir
kénh ra ra hai gluon, do vay BR phu thudéc manh vao M va vg nhu biéu
thiic ¢6 trong phuong trinh (4.20). BR phu thuoc yéu vao 8 xem minh

hoa trén hinh 5.10.

m g=1TeV m, 9=0.8 TeV
h3 h3
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv 0.005 —+—————+——r+——— 7
b m;:=2mhg mF_th b m;:=2mh0 mF_mhg
0-005 —— mF=15mgo —— mF=0.5m g 0.002 —— mF=15mgo —— mF=0.5m g
h3 h3 h3 h3
> S 0.001
Q [0}
S S
oM oM 4
s LS 5.x107
0.001
2.x1074
Bx QA bt DT T e P S A
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Hinh 5.10: Bé rong ra toan phan ctia hd phu thuoc vao 3, 6 day chua bao gom ra

cua cac hat ngoai lai.

5.3 Két luan chuong

Chiing toi da thao luan chi tiét cac tin hiéu ctia vat 1y mdéi duge du doan
bdi cac mo hinh 3-3-1 tit cac kénh ra boson Higgs trung hoa chi nhan dong
gop bac mot vong h, hy — v, Zv. D6i véi truong hgp tong quéat véi 3
tly v, ching toi da rat ra két luan rang kénh ra ciia SM-like boson Higgs
(h — 77, Z7) khong phu thuge vao 3, do d6 chiing khong thé duge st
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dung dé phan biét cdc mo hinh khac nhau theo cac gia tri 8 cu thé. Day
1a do gia tri duge phép cta thang phéa vo doi xting SU(3)r, 1a vs hién nay
Ia rat 16n 10 TeV, lam cho cac boson chuan nang va boson Higgs mang
dién dac trung nhom SU(3)y, cho cac dong gop bac mot vong khong dang
ké. Déng gop chi véu dén tit Higgs mang dien H* tuong tu Higgs duoc
du doan trong cac mo hinh 2HDM va khong c¢6 lien quan dén tham so
8. Do d6, cac do sai lech 16n 07+ 4 bat nguon tir su dong gép bac mot
vong clia H* va gi tri |ss| 16n. Trong cic viing khong gian tham s6 cho
gia tri dpg, 16n, thi gz, luon bi chan trén boi py,. Cu thé la, du doan
tir khéo sat s6 clia ching t6i cho thay [0p2+] < |0p4| < 0.23, 1a do nhay

du kién cua iz~ trong cac di an thie nghiém HL-LHC.

Mt khac, trong mo hinh véi S = /3 véi gia tri dude phép vz ~ 3
TeV [56], 611z~ 6 thé nhan cac gid tri 16n trong ving khong gian tham so
duge phép théa man gy, = 0.99 £ 0.14. Trong tuong lai gan, du an thuc
nghiem HL-LHC, do nhay cta thuc nghiéem cho kénh ra b — v c6 thé
dat gia tri [0py,| = 0.04, mo6 hinh nay van cho phép do sai lech |0pz-|
tién gan toi gia tri 0.1. Nhung né khong thé dat dén do nhay duoc du

doan trong tuong lai gan la |6z, | = 0.23.
Ve mit Iy thuyét, ching t6i da tim thay hai dac diem rat dang quan

tam. Thi nhat, F$PL  c6 the cing bac véi F5Pl trong cac ving khong
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gian tham s6 dude phép. Dieu nay cling xay ra trong mo hinh 3-3-1 vdi
B = /3, trong do cac dong gép bac mot vong tit boson chuan va boson
Higgs c6 the 16n va c6 ciing bac. Do do, Fg’f’gv khong nén bo qua trong cac
nghién citu trude day dé cho don gidn [29,110]. Thit hai, trong mo hinh
v6i f = /3, dong gop bac mot vong cta boson chuan ¢ thé ciing bac
vdi déng gop clia boson Higgs, dan dén kha nang xuat hién ving tham so
duge phép ¢6 sy dong gép khac nhau vao bién do ra h — ~ theo hudng
khtt nhau, trong khi chung lai cho déng gép cong hudng vao bién do ra
h — Z~. Diéu nay goi v rang c6 thé ton tai cac mo hinh BSM mé rong
nhém chuan cho phép |0p17| nhan gia tri 16n ma van dap tng duge dit

licu thuc nghiém |6pe~| < 0.04.
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KET LUAN

Chiing toi da nghién ctu chi tiét hai qua trinh ra ciia SM-like Higgs
bosson, cu the 1a 14 h — Z~ trong mo hinh 3315 va ra h — pr trong mo
hinh 331 d&o. Ching toi da thu duge mot s6 két qua méi, duge liet ké cu

thé nhu sau:

e Trong mo hinh 331 dao:

+ Xay dung dugc biéu thic giai tich tinh ti s6 ra nhanh ctia qué trinh
ra h — ut, i — ey. Chi ra duge su khit phan ky trong bicu thic cudi
cling ciia biéu thie tinh bien do.

+ Ching toi da tim duge cac ving khong gian tham s6 dugce phép
thoa man cac két qua thuc nghiém trong thoi gian gan day ve ra
cLFV, dong thoi cho ti s6 ra nhanh LFVHD du 16n dé thic nghiém
c6 thé do duge. Ching toi da khéo sat sy phu thuoc cia BR cla
h — pt, ;0 — ey vao cac tham so: khoi lugng lepton niang (MEg),

tham so tron (s;;), trung binh chan khong (k1). Chung toi thu duge
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mot s6 két qua maéi nhu sau:

- Cac nguon chinh ctia LFV bat nguon tir cic lepton mang dién nang.
Vi lepton e duge xép trong luc tuyén khac véi hai thé he p va 7. Dong
gép bac mot vong dén bien do ra LFV h — ur va 7 — py 16n hon
so vOl ra h — Te, pe va T, i — ey tuong ung.

- Khdo sat véi khoi luong cac hat nang mdi déu ¢ thang TeV, ty
le ra nhanh BR(h — 7u,7e) va h — pe ¢6 theé duge tim ra & bac
O(1073 — 10~%) va O(1079) tuong ting. Céc gia tri nay rat gan véi
gi6i han dudi gan day duge tim ra bdi cac may gia toc 16n va chiing
can duge xem xét dé han ché khong gian tham s6 ciia mo hinh néu
giéi han dudi duge cai thién so véi s6 liéu hién nay vé cac qua trinh
ra LFV.

- Mat khéac, BR(ep — eq7y) luon thoa man giéi han ctia thie nghiém.
Hon thé nita, két qua khdo sat s6 ctia ching toi cho thay BR(7 —
wy,ey) < O(1071) | ¢6 thé con nhé hon so véi do nhay hién tai clia
cac may gia toc. Tuong tit nhu vay, BR(jr — e) ¢6 thée tim ra c6 bac

cO (’)(10_15) hita hen sé dugc tim ra bdéi thuc nghiém.

Trong mo6 hinh 3314:

+ Xay dyng dugc biéu thiic giai tich tinh ti 1é ra nhanh ctia cac kénh

ra boson Higgs tya SM h — Z~,~~y. Ching toi da chi ra dugc rang
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cac kénh ra nay khong phu thuoc vao tham so 5.

+ Fg’iiv c6 thé ciing bac véi Fg’f”% trong cac vung dugce phép cua
khong gian tham s6. Dicu nay ciing xdy ra trong mo hinh 3-3-1 vdi
B = /3, trong d6 cac dong gop ¢ bac mot vong tit boson chuan va
boson Higgs c¢6 thé 16n va c¢6 cuing bac. Do do, F231315v c6 dong gop
dang ké khong nén bo qua nhu cac nghien citu trude day.

+ Két qua khao sat cho thay rang c6 the ton tai cac boson méi ciia
BSM tao ra dong gop cho |6z, | 16n, trong khi van thoa man dit licu
thue nghiem duge du doan trong tuong lai gan |§uy] < 0.04.

+ Két qua khéo sat s6 ching toi thu duoce cho thay:

- Do lech 16n 6117, - bat nguon it su dong gop mot vong clia HE va
gié tri |s;] 1on. Trong cac ving khong gian tham so6 cho gia tri dpz,
16n, thi pz, luon bi chan trén bdi p.,,. Dac biet, du doan tir khao
sat sO clia ching toi [dpz,] < [0p44] < 0.23, d6 la ky vong clia piz,
duge du doan bdi dy an thyc nghiém nang cap do trung 16n (high
luminosity) tai trung tam may gia toc hat LHC (HL-LHC) [97].

- M6 hinh 331 v6i 8 = /3, véi vz ~ 3 TeV van con hop 1¢ [56], Suz, c6
thé 16n trong ving khong gian tham s6 duge phép gy, = 0.99 4 0.14.
Trong tuong lai v6i du an thuc nghiém HL-LHC, d6 nhay cia cac

mdy gia toc cho qué trinh phan ra h — vy c6 the dat |0y = 0.04,
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mo hinh nay van cho phép |duz,| tién gan t6i gia tri 0.1. Nhung
n6é khong thé dat dén do nhay dude du doan trong tuong lai gan la
|0 z| = 0.23.

- Bé rong ra toan phan ctia hY va BR(hY — 7, Z7) 1a mot tin hieu

quan trong dé nhan biét cac mo hinh 331.
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Phu luc A

Bién do cua qua trinh ra bac mot
vong e, — e,y va phuong trinh cuc
tiéu thé Higgs trong mé hinh 331

dao.

A.1 Bién do6 cua qua trinh ra bac mot vong ¢, — e,y

Doéng gop bac mot vong ctia qua trinh ra e, — e,y duge tinh toan dua
trén cac ky hiéu cia cac ham PV duge dinh nghia trong [85].
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0(312)3 - Z Co([p;]; mego, Mg, mEi) + Cia(...) + Caof...)

— 1672 i ]
3 hexxh
—m QEY,G YiG _ -
CZ’)GZ)L — Z M 1671_; 2 _02([])?]; mi?, m%i, m%) + 012() + C22(...)_
=1
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3 hexxh
—m,QrY;" Yy
Cé’,62)R _ Z El] 2 {Cl([p?], mi?,m%i,m%i) + 011() + 012()} )

— 1672
S —meQEYETY ) :
C(Izﬁl)L :Z 1672 ( ! C ([ z] m207m%7mE)+Cl2(---)+022(---)_ )
=1
3 —myQEYy™ Yt :
O(};)Gl)R = Z 167T2 ( ) _Cl([pzz]; mg?amQEiamQEi) + Cll() + ClQ(n-)_ s
=1

€g m QE *
C(‘?;Q)L — _J Tkl Z ‘/1 /E

16772mvU —
X [vao (C’o([pi];m%/o,m%i,m%i) —+ 01() + 202() -+ 012() -+ 022())
(A1)
Clan = i%gmiE ; Vvt
X [vao (CO([pi]§ m%,o,m%i,m%i) + 201() + Cg() + 011() + 012())
+m% (—CQ( ) + 011( ) + 012()) + mfl (Cg() + 012() + 022())] ,

\% _ eg meQE 1E /E*

X [vao (00([]%-]; m%,o,m%i,m%i) + Cl() + 202() + 012() + CQQ())
+m2E (—Cl( ) + 012( ) + ng()) + mg (01() + 011() + 012())} ,

C(‘gl)R eg meE Z ‘/E))EV/E*

167r2mV0 —
X [vao (Co([pi]; m%/o,m%i,m%i) + 201() + CQ() + Cll() + 012())

+m%Ei (—Cg() + 011() + 012()) + mi (Cg() + 012() + OQQ())] ,
(A2)

vGi [pg] = mz, 0,m2 1a xung lugng ngoai, ky hiéu (...) thay thé cho cac
ky hieu duge liét ke trong ham trude dé. Trong gidi han m?, mg ~ (0, ham
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PV Cp.1(0,0,0; m2%, m%, m2%) dugc viét nhu trong [84
b 7:7 B F F

1 —t+41In(t)

c 3 —4dt+t*+2In(t)
O_ 2 _127
mB(t )

C1=Cy = ,
! 2 Am%(t —1)3
11 — 18t + 9t2 — 23 + 6 In(¢)
18m%(t — 1) ’

C11 = Cyp =2C12 =

(A.3)

Vi t = m%/m%. St dung cong thiic gan ding

t3 — 6t + 3t + 6t In(t) + 2

gs(t) = [01 + Ch1 + 012] m% = 12(t — 1)4 ,

gv(t) = Qm%/o (C() + 207 +Cy + C11 + 012) + m%i (—Cg + 11 + 012)

—5t4 + 1413 — 39¢% + 182 In(t) + 38t — 8
= . (A.4)
12(t — 1)

Nhiing két qué nay phit hgp véi cac cong thiic duge gidi thieu trong [17],

dugc st dung dé tinh di thuong ctia muon.

A.2 Phuong trinh cuc tiéu ctia thé Higgs trong mo hinh 331

dao

Ching ta c6 8 phuong trinh doc lap tuong tng véi 7 boson Higgs trung
hoa {HO, Hg, Hg, Hg,a(l), 08, ag, AO}. Trong gi6i han €, ko, kg,n1 = 0, va
dieu kien (1.34) duge ap dung, c6 7 phuong trinh dan dén cdc ham sau
clla cac tham s6 phu thuoc:

V2k3na f¢

p? = =22\ +
k1

— k3220 — n?A0, — ng?AS®,
M%Q =0,
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g = k(= A\Ty) + S = 2k,

1¢2S =0,

13y = k12 (=23y) ﬂkﬁfgfé — 2%\ — ng fiy,

1% = k1 2(=29%) — 2ng2A7 — 2ng° A5,

o5 0. (A.5)

Thé vao vao phuong trinh thé Higgs dé loai bé cac tham s6 phu thuoc,
ching ta c6 thée tim dudc cac trang thai vat 1y va khoi luong ctia cac Higgs

boson nhu chung ta da thao luan ¢ trén.
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Phu luc B

Mot s6 dinh tuong tac cia Higgs
trung hoa trong mo6 hinh 331 véi
bat ky

T thé Higgs va gidi han trong (1.71), dinh tuong téac gitta 3 Higgs trong
d6 co6 1 boson Higgs trung hoa nang hg dugc liet ké nhu trong bang B.1.

Chting toi chi dé cap dén cac dinh lién quan dén thao luan ve sit phan ra

0
hy — vy, Z7.
Dinh Hé s6 dinh: 7i)\sis_jsk
RIHTH= | —i [(1 + 5%2) Az + 8%2/\23] v3
thAH_A —1 -28%3)\3 + 0%3)\13 + ;\13_ VU3
thBHiB —1 >2S§3>\3 + 633/\23 + 5\23_ U3

Bang B.1: Dinh tuong téac gitta Higgs h9 v6i 2 Higgs mang dien déng gép dén phan
réd hy =y, 27y

Céc dinh khéc khong cta cac boson Higgs trung hoa nang véi cac boson
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chuan dugc lict ké trong bang B.2. Ching dugc suy ra tit Lagrangian cho
trong (4.1), stt dung cach tinh giong nhu doi vdi cac dinh ctia boson Higgs
tua SM. Do do, cac ky hiéu duge thay thé cho dinh cta cac Higgs nang

h — hY, hY duge dua ra trong phuong trinh (4.1).

Dinh He s6 dinh Dinh Heé s6 dinh
IrIw+w - gmw Ss
Ingy+ay -4 | 9Mw S125a | Gry+ay -4 =
gnyv+By -8B | §MW C12Ca | Gpv+BYy -B QQ%
Irnyaw % IhyHW 0
IhyH-Ay A — I8t IhyH-Ay A 3
9rYH-BYB —928a InH-BY B 952

Bang B.2: Dinh tuong téc giita boson Higgs nang v6i Higgs mang dién va boson chuan.

Dinh Hé s6 dinh g0,
hzZZ 95 les (14 2V3soeoew (1257, V3t B) __ 4sscwsgcgsiacia
34/1-Bt3, V/3(1—B213))
hOZZ gmw ss 1+ 2\/§sececw(1—2s§2—\/§t‘2/vﬂ) T dcscw 9o S12C12
’ ' 3V/1-8%t3, V3(1-B%t2,)

Bang B.3: Dinh h?Z 7 trong gidi han s2 =0, ¢ = 1.

Dinh cta Z vé6i 2 fermion méi duge cho trong bang B.4.

91 9k
E gEa . tocw _ (—14+V3B)sy, 1— tof
@ R V3(1-8212,) 2 ew/1-B2t2,
J: gJi + tocw (=1+3v3B)s%y 1— to
v RO\ /B(-p22) 6 cw/1-B2t2,
J3 ng o tocw _ (1+3\/§ﬁ)5€v 1— to
R\ /31-p%3,) 6 ew/1-B2t3,

Bang B.4: Dinh cua Z véi cac fermion ngoai lai
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Phu luc C

Cac dong gép vao bién do cua kénh
ra Higgs trung hoa h, hg — L, Y
trong mo hinh 331 véi 5 bat ky

Trong mo hinh 33183, cac cong thitc giai tich cho déng goép bac mot vong
t6i phan ra h — vy, Zv sé duoce dua ve dang cac ham Passarino-Veltmann
(PV) [57], cu thé 1a cac ham PV mot vong ba diém duge ky hieu 1a C;
va Cy; véi i, j = 0,1,2. Cac dang tong quat dong gop bac mot vong t6i
bién do ciia qua trinh phan ra h — Z+, vy cho trong [91], phtt hop véi céc
cong thiic trude do [28]. Ching toi da st dung chuan ciia LoopTools [133]

dé thuc hien khéo sat so.

D1 vé6i cac phan ra bac mot vong ctia cac Higgs boson trung hoa niang
h9, cac tinh toan duge thuc hién nhu trong tinh todn ctia qua trinh ra

boson Higgs tua SM h. Tuong ting , khoi luong va dinh ctia h dugce thay
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bang kY. Céc tinh toan cho kY da duge dé cap trong [64], ching toi khong

tinh lai ntta.

Déng gop clia cac fermion trong SM tuong ting v6i gian do 4.1 1a

e@r N, c
F2313} = _ﬁ [mfyhffL& (g£ + gé)] [4 (Ch2 + Co2 + C) + Co] ,
’ 7 cw
(C.1)
voi Cosij = C’(),i,ij(m?Z,O,m%;m?,m?,m?); Q¢ Ne va my tuong tng la

dien tich, s6 mau va khoi lugng ciia cac fermion trong SM. Heang s0 Y}, 7,1

Va g{;,R duge liet ke trong bang 4.1 va bang 4.5 tuong ting.

Déng gop tit cac boson Higgs mang dien s = H*, H*4 H*B tuong

ting véi gian do 2 trong 4.1 1a

e Qs
Fypy = e 2?:5 255 Oy + Cog + O, (C.2)

voi s = H H¥A H*B Gy, 45 = Co.iij(m%,0,m3;m2, m2, m?) va dinh
Ahss, 9755 dugc liet ké trong bang 4.1 va 4.4.

Dong gop tit cac gian do clia ca boson Higgs mang dién va boson chuan
{v,s} = {W*, HEY {y+4 g+4} {V+B Hg*+B} tuong tng hinh 3 va 4
trong gian do 4.1:

2 2
F33L € Qs Ghvsgzovs [(1 + M) (Cro + Cyp + Cy) +2(Cy + Cy + Co)] ;

21,vss 47T2 m%

(C.3)

2 2
33 _ ¢ Qv Ghvsgzvs [(1 + M) (Cra + Co + Cy) — 2(Cy + CQ)] ;

21
,SVV A2 m%

(C.4)
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4 — 2 2. .52 2 .2
AYel! CO,i,ij = C'O’Z-,ij(mz, 0, my;my,, Mg, ms)

hodc Co ;j ij(m%,0,m7; m2, m?,, m3,) tuong ting véi cac phuong trinh (C.3)

hoic (C.4). Céac dinh duge liet ké trong bang 4.3 va 4.4.
Déng gép tit cac boson chuan mang dien v = W+, Y+ V+B tuong
tng trong gian do 4.1:

33l _ e Qv Ghvw 9Zvv
21w {72

Ao+ (o4 2) (2-28)] o e e 2 (1- ) o).

(C.5)

voi v = W, YFA VB, Co,iij = CQHJ(mZ,O mh,m2 m?2,m?2). Céc
dinh dugc liét ké trong bang 4.3 va 4.6.
D61 v6i qua trinh phan ra h — 7, dang cua Ff;’31 c6 the duoe suy ra
f

tu F23131 bdi su thay thé gzuy, 97ss, chLR — eQy, eQs, eQy va cac ham

PV tuong tng:

e Q2
331
Fos 52 - (mYypr1) [4(Cra+ Coa + Ca) + Cy,
62 )\ SS
3315 = % [C12 4+ Coa + Co]
2 02 m2
F331 — % { (6 + —) (Cha+ Cha + Ch) + 400} (C.6)
v mv

voi Co,iij = Co.i5(0,0 mh,m2 m2,m2) véi x = f,s,v tuong tng véi sy

déng gop tit cac fermion, Higgs mang dién va boson chuan.
Lién quan dén A3, ching t6i nhan manh rang chi c6 dinh gifta cac hat

trong SM la dinh 3 véi 2 boson Higgs tua SMs. Do do, fermion dong gop
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dén phan ra hg — v, Z7, gg chi gom céc fermion méi F = E,, J,. Nhiing

331 hS 5331,h8 5331,h8
, I F

WA . Chung dugc suy ra

dong gop nay duge ky hiéu la F

tit phuong trinh (4.7) v6i sy thay thé nhu sau,

F3Pe(hg = Z7) = F3P5(f — Foh — h),

F3L (1Y — Z7) = FL(f - F.h— 1) 1)

Déng gop khac lien quan dén qua trinh phan ra hg duge tinh toan don
gidn boi su thay thé khoi luong va dinh boson Higgs tua SMs véi hj.
Chung toi luu v rang déng gop ciia W bosons khong bao gom trong bién

do.
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Phu luc D

Mot so minh hoa giai so cua vung
khong gian tham so trong mo6 hinh

331 véi B bat ky

Do thi dudng bao véi cac gid tri khac nhau ctia Ay (Hinh D.1) and |sg =

0.05| (Hinh D.2).

A2, el frz. 4125, myg =1 TeV A2.IAvzl, frz, Ar=5. myg=1TeV

Hinh D.1: Do thi dudng bao ctia Ay, [A2| va fio nhu ham cia s; va ty. Céc ving
mau luc, cam, d6 tuoi dugc loai trit béi cac yeu cau 0 < Ay < 10, [Aj2| < 10 va f1o > 0,

tuong ing
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Az, A2l fz, s6= 0.05, m,g =1.2 TeV Az, M2l fz, s6= ~0.05, m,g=1.2 TeV

Hinh D.2: D6 thi dudng bao clia \g, |A2] va fi» nhu ham ciia A\; va t15 v6i mot s6
diém ¢6 dinh mpyg Cac viing mau luc, cam, dé tuci dudc loai trit béi cac yéu cau

0 < Ay < 10, |A2] < 10 va fi5 > 0 tuong tng
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